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ABSTRACT Reactive oxygen species (ROS) are
implicated in the pathogenesis of a wide variety of
human diseases. Recent evidence suggests that at
moderately high concentrations, certain forms of
ROS such as 11202 may act as signal transduction
messengers. To develop a better understanding of the
exact mechanisms that underlie ROS-dependent dis-

orders in biological systems, recent studies have
investigated the regulation of gene expression by
oxidants, antioxidants, and other determinants of the
intracellular reduction-oxidation (redox) state. At
least two well-defined transcription factors, nuclear
factor (NF) KB and activator protein (AP) -1 have
been identified to be regulated by the intracellular
redox state. The regulation of gene expression by
oxidants, antioxidants, and the redox state has
emerged as a novel subdiscipline in molecular biol-
ogy that has promising therapeutic implications.
Binding sites of the redox-regulated transcription
factors NF-KB and AP- 1 are located in the promoter
region of a large variety of genes that are directly
involved in the pathogenesis of diseases, e.g., AIDS,
cancer, atherosclerosis and diabetic complications.
Biochemical and clinical studies have indicated that
antioxidant therapy may be useful in the treatment
of disease. Critical steps in the signal transduction
cascade are sensitive to oxidants and antioxidants.
Many basic events of cell regulation such as protein
phosphorylation and binding of transcription factors
to consensus sites on DNA are driven by physiological
oxidant-antioxidant homeostasis, especially by the
thiol-disulfide balance. Endogenous glutathione and
thioredoxin systems, and the exogenous lipoate-di-
hydrolipoate couple may therefore be considered to
be effective regulators of redox-sensitive gene ex-
pression. The efficacy of different antioxidants to
favorably influence the molecular mechanisms impli-
cated in human disease should be a critical determi-
nant of its selection for clinical studies.-Sen, C. K.,

Packer, L. Antioxidant and redox regulation of gene
transcription. FASEB J. 10, 709-720 (1996)
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A DELICATE BALANCE BETWEEN intracellular oxidants and
antioxidants likely influences health, aging, and longev-

ity. Oxygen free radicals and their by-products that are

capable of causing oxidative damage, collectively referred
to as active or reactive oxygen species (ROS),2 may be
cytotoxic when produced in excess. However, moderate
concentrations of intracellular ROS influence gene ex-
pression as well as posttranslational modification of pro-
teins (1). To develop a better understanding of the exact
mechanisms that underlie ROS-dependent disorders in
biological systems, recent studies have focused on the
regulation of gene expression by oxidants, antioxidants,

and other determinants of the intracellular reduction-oxi-
dation (redox) state.

At least two well-defined transcription factors, nuclear
factor-KB (NF-KB) and activator protein-i (AP-i), are
regulated by the intracellular redox state (Fig. 1). NF-KB
and AP-i are implicated in the inducible expression of a
wide variety of genes involved in oxidative stress and cel-
lular response mechanisms. Cellular redox state may
modify more than just these transcription factors because
oxidant challenge has been shown to perturb intracellular

Ca2+ homeostasis (2). Such an effect may exaberate free
radical reactions, activate endonuclease (or endonu-
cleases), and contribute to apoptosis (3). This review se-
lectively summarizes the various steps in NF-KB and
AP-i activation that are currently known to be regulated
by oxidants, antioxidants, and other factors that influence
intracellular redox status with the aim to further explore
the potential of antioxidant therapy.
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Figure 1. Hypotheticalscheme illustrating the steps in cellular NF-KB and AP-1 activation that may be influenced by oxidants

and antioxidants. Filled hexagons indicate the antioxidant-regulated steps. 1) Antioxidantsscavenge ROS and also may inhibit

certain oxidant sensitive protein tyrosine kinases; 2) reduced thioredoxin may reduce activated NF-KB proteins, thus facilitating

nucleartranslocation;3) reduced thioredoxin and perhaps also glutathione promote in vitro DNA binding of NF-KB and AP-i;

4) certainantioxidants,especiallyphenolic ones, repress AP-1 transactivation; and 5) as a net effectantioxidantsinhibitNF-icB

transactivation. DAG, diacylglycerol; RPTK, receptor-associated protein tyrosine kinases; ROS, reactive oxygen species; TCF,

ternarycomplex factor; SRF, serum response factor; SRE, serum response element; TRE, tetradecanoylphorbolacetate (TPA)
response eletnent.

NF-KB: A REL FAMILY TRANSCRIPTIONAL
ACTIVATION

Rel proteins

The eukaryotic transcription factor NF-KB is a member of
the Rd family of proteins that are present in the cytosol
in an inactive form. The Rel protein family comprises two
groups classified on the basis of their structure, funcion,
and mode of synthesis. Group I includes p50 and p52,
which are synthesized as precursor proteins of 105
(plO5) and 100 (plOO) kDa, respectively. Group II com-
prises p65. Rel or c-Rel, Re1B, and theDrosophila pro-

teins dorsal and Dif. Rel proteins undergo proteolytic
processing to be transformed to mature proteins. Group I
mature proteins are characterized by the presence of a

Rd homology domain, which is about 300 amino acids in
length, and includes a DNA binding domain and a nu-

clear localization signal. Group II mature Rel proteins
possess the Rel homology domain as well as one or more
transcriptional activator domain (or domains). Rel/NF-KB

family proteins can form homo- or heterodimers. Dimeri-
zation is functionally important because it is required for
DNA binding of the activated factor (4, 5).

1KB

In the dormant form, two types of Rel protein complexes
are found in the cytosol: 1) a Rel homo- or heterodimer
(e.g., pSO-p65) bound to a member of the 1KB family of
inhibitor proteins, and 2) a complex between a mature
Rel group II protein (e.g., p65) and a group I precursor
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protein (e.g., plOS). The 1KB protein family is charac-

terized by the presence of1) a partially conserved do-
main that docks between five to seven ankyrin repeat

motifs 33 amino acid long that allow these proteins to in-
teract with the Rd proteins, and2) a carboxy-terminal
protein destabilizing sequence rich in the amino acids

proline, glutamate/aspartate, and serine/threonine, also
known as the PEST sequence. The presence of this PEST

sequence facilitates proteolytic degradation of 1KB pro-

teins (4, 5).

NF-KB activation

Cytosolic NF-KB activation can be brought about by a va-
riety of pathogenic or pathogen-elicited stimuli including
cytokines, mitogens, bacteria and related products, virus

and viral products, physical stress such as UV and ioniz-
ing radiation, oxidants such as H202, and a variety of
chemical agents such as phorbol esters, certain phos-
phatase inhibitors, etc. These stimuli trigger reactions
that lead to the degradation of the bound 1KB protein.
Loss of the inhibitory 1KB protein bound to the Rel pro-
tein complex p50-p#{244}Sis followed by a rapid translocation

of the p50-p65 heterodimer to the nucleus. Under favor-
able conditions, transcription is switched on after the
binding of pSO-p#{243}Sto cis-acting KB sites in the promot-
ers and enhancers of genes (Fig. 1). NF-KB binding is
implicated in the activation of several gene families en-
coding cytokines, cytokine-receptors, cell adhesion mole-
cules, acute-phase proteins, and growth factors, and as a
stimulator of viral replication (4, 5).

Clinical implications of NF-KB

One major clinical significance of NF-KB activation is
that it is involved in human immunodeficiency virus
(HIV) gene expression. The long terminal repeat of HIV-

1 has been shown to contain two NF-KB binding sites
that may be crucial in regulating AIDS latency (6). Baur
et al. (7) reported a dose-dependent inhibitory effect of
the natural thiol antioxidant a-lipoate on HIV-l replica-
tion. We were interested in the possible mode of action of
a-lipoate on HIV-1 and observed that ct-lipoate inhibits
NF-KB activation in response to a variety of stimuli in
Jurkat human T cells (Fig. 2).

NF-KB may also play a role in atherogenesis, because
minimally modified human low-density lipoproteins
(LDL) result in activation of NF-KB (8). NF-KB can also
be activated in response to an atherogenic diet (9) and by
advanced glycation end products (AGE; 10). NF-KB
binding sites have also been found in genes for various
adhesion molecules (ii). Furthermore, minimally modi-
fied LDL induces NF-KB-regulated genes that encode
proteins essential for leukocyte margination and adhe-
sion, events that may be firmly associated with the patho-
genesis of the atherosclerotic plaque. AGE-induced
NF-KB activation may also be a factor that mediates dia-
betic vascular complications, as many endothelial genes
known to be activated in diabetes are regulated by the KB

site (12). Some other target genes that are regulated by
NF-KB activity include those that affect acute inflamma-
tion responses, cytokine production, and nitric oxide syn-

thase expression (4). Effective strategies to inhibit NF-KB
activation should be of therapeutic importance.

ROS AS INDUCERS OF NF-KB ACTIVATION

Activation of NF-KB by ROS

Phosphorylation of 1KB is a prerequisite for the activation
of NF-KB (4, 5). The possible existence of specific 1KB
kinases has been hypothesized, however, definite evi-

dence in human cells is not yet available. Numerous

studies indicate that ROS may serve as common intracel-
lular agents that contribute to the process of NF-KB acti-
vation in response to a diverse range of stimuli (4).
Baeuerle and colleagues (4) have developed a Wurzburg
subclone of Jurkat T cells that are highly sensitive to mi-
cromolar concentrations of hydrogen peroxide. In our
laboratory we have also observed that in certain cell

types, e.g., Wurzburg T cells and L6 skeletal muscle
myotubes, the ROS, hydrogen peroxide, is a sensitive in-
ducer of NF-KB activation. We have also observed that
sodium hypochlorite, another oxidant, is capable of
weakly inducing NF-KB activation in L6 skeletal muscle
myotubes (C. K. Sen, S. Roy, and L. Packer, unpublished
observation). Hypochlorite is a physiological microbicidal

oxidant produced by stimulated neutrophils during the

TNFct +++

PMA - - - +++ - - -
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Figure 2. Inhibition of NF-KB activation by a-lipoate is independent of

the ability of a-lipoate to enhance the intracellular glutathione level in
human T cells. Wurzburg T cells were preincubated with the glutathione
synthesis inhibitor buthionine sulfoximine (BSO, 0.2 mM) either in the
presence or absence of 0.5 mM a-lipoate for 18 h. Such BSO treatment

decreased intracellular GSH level by 80-90%. Although a-lipoaie treat-
ment can markedly increase intracellular glutathione levels, this effect is
arrested in cells cotreated with BSO and a-lipoate. However, even in

glutathione synthesis-arrested cells, a-lipoate inhibited NF-icB activa-

tion induced by PMA, TNF-a, H202. Cells were harvested after 4 h for
nuclear extraction and electrophoretic mobility shift assay (EMSA).
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oxidative burst by myeloperoxidase. Interleukin-2 (IL-2)
and IL-2 receptor (IL-2Ra) genes contain a KB cis-regu-
latory element in their enhancer regions.Los et al. (13)

showed that in T lymphocytes, hydrogen peroxide induces
NF-KB activation, IL-2 release, and IL-2R expression.

Los et al. (14) showed that CD-28-mediated activation

of NF-KB requires the production of intracellular ROS by
5-lipoxygenase. NF-KB activation by the viral transactiva-

tor Tax from human T- cell leukemia virus 1 (HTLV1)
has been suggested to be ROS mediated (15). Consis-

tently, HIV-1 Tat protein-dependent potentiation of tumor
necrosis factor a (TNF-a) -induced NF-KB activation has
been observed to be mediated by changes in cellular re-
dox status (16). Not only ROS themselves but biological
derivatives such as oxidatively damaged DNA and ad-
vanced glycation end products have also been identified

as inducers of NF-KB activation (17). Localization of the
exact step (or steps) that are the loci of oxidant action in
NF-KB activation is unresolved. The possibility of the
presence of oxidant sensitive 1KB kinase (or kinases) may
not be ruled out, however, concrete evidence is lacking.
Available information indicate that several tyrosine ki-
nases are responsive to ROS.

Which form of ROS activates NF-KB?

Hydrogen peroxide has been found to be effective in activat-
ing DNA binding of NF-KB in vivo but not in vitro (18). Such

an observation suggests that a by-product of hydrogen perox-
ide in an in vivo situation probably is responsible for the
NF-KB binding. Cells overexpressing antioxidant enzymes
with a well-defined activity for ROS removal are a valuable
tool to test the specific form of ROS that are involved in
triggering the activation of NF-icB. In our laboratory, tran-
sient catalase (H202 - HO) overexpression studies with

cos- 1 cells have shown that hydrogen peroxide may not serve
as a messenger for TNF-a or phorbol ester induced NF-KB
activation (19). More recently, Schmidt et al. (20) stably
overexpressed catalase and cytosolic superoxide dismutase
(02 -* H202) in mouse epidermal JB6 cells. Cells overex-
pressing catalase were unable to activate NF-KB in response
to TNF-a or okadaic acid. The catalase inhibitor aminotria-

zole restored the NF-KB response. Overexpression of cytoso-
lic superoxide dismutase, which causes cytosolic hydrogen
peroxide accumulation, potentiated such NF-KB response.
These results from different cells using a different overex-
pression systems support the hypothesis that hydrogen per-
oxide and/or its derivatives in certain cell types is involved in
the activation ofN F-KB.

ROS/ANTIOXIDANT-SENSITIVE PROTEIN
PHOSPHORYLATION IN NF-KB ACTIVATION

Oxidant-induced changes in LCa21i involved in
NF-KB activation?

In B cells, hydrogen peroxide increases tyrosine phospho-
rylation of the insulin receptor and other cellular pro-

teins. This information is of particular relevance in this
context because tyrosine kinase activity is known to be
required for hydrogen peroxide-induced NF-KB activa-
tion. Protein tyrosine kinase inhibitors, e.g., genistein and
herbimycin, block such activation (21). In this study,

H202 treatment induced inositol-1,4,5-triphosphate (IP3)
production within 10 s of exposure. 1P3 binds to Ca2
channels, opening the channels and resulting in intracel-
lular Ca2+ ([Ca2+]i) mobilization. In a recent flow cy-
tometric study with Jurkat T cells, we consistently
observed a multifold increase in the [Ca2] within 10-30
s of 0.25 mM hydrogen peroxide treatment (Fig.3). This
ROS-induced response was suppressed in antioxidant(a-
lipoate pretreated cells (Fig. 3). High [Ca2]i is known to
contribute to oxidative stress susceptibility by activating

Ca2 +..dependent intracellular proteolytic processes, which
may lead to the breakdown of intracellular proteins and

release of protein bound metal ions. Calcium-activated
proteases such as calmodulin and calpain play a crucial
role in intracellular proteolysis. The thiol protease, rn-cal-

pain, is implicated in the specific degradation of a wide
variety of transcription factors (22). Because proteolytic

processing of 1KB proteins is an important step in NF-KB
activation, ROS-induced increase in [Ca2+]t may be a
significant step in its induction of NF-KB activation. Ser-
ine-threonine phosphorylation is another sensitive regula-
tor of NF-KB activation because okadaic acid and
calyculin A, serine/threonine protein phosphatase-1/-2A
inhibitors, are strong inducers of NF-KB activation (23).

Oxidant-induced [Ca2} may also induce NF-KB activa-
tion by activating such phosphorylation processes (24).
Recently, NF-KB activation could be inhibited by the in-
tracellular Ca2+ antagonist 8-(diethylamino)octyl-3,4,5,-
trimethoxybenzoate (20). Taken together, these data
suggest that changes in [Ca2] play a crucial role in NF-
KB activation.

Src and syk protein tyrosine kinases are redox
sensitive

The pattern of protein tyrosine phosphorylation after ROS

treatment has striking similarilty with that following surface
immunoglobulin (slg) -dependent physiological stimulation
(25). Src family protein tyrosine kinases-e.g., lck, fyn, and
lyn-are activated after slg stimulation. At least two mem-

bers of the src family, S#{244}lckand p59fY’, have been found to
be activated by hydrogen peroxide and also by the thiol
oxidizing agent diamide (26-28). Another member of the
protein tyrosine kinase family that has been observed to be
highly responsive to treatment of B cells with hydrogen per-

oxide is syk (26). Syk was responsive to hydrogen peroxide,
UV light, and slg stimulations, suggesting a common path-
way of signal transduction. The antioxidant N-acetylcysteine
(NAC) inhibited antigen-mediated syk activation in mast
cells (29). In macrophages phorbol ester, zymosan, and-

glucan induced tyrosine phosphorylation, and all were
shown to be ROS mediated (30,31). In fibroblasts, TNF and
IL-l rapidly induced the formation of ROS as well (32). In T
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Fig. 3. Oxidant-induced transient increase in cytosolic Ca2 is stabilized in cells pretreated with a-lipoate. A gated (a)

homogenous group of human Jurkat T cells was studied. Cells were treated with either 0 (b), 1 mM (c), 2 mM (d), or 5 mM (e)

cz-lipoate for 18 h. Cells were then washed once and loaded with indo-! (Molecular Probes). Real time changes in intracellular
Ca2 were followed using a fluorescence-activated cell sorter (EPICS ELITE XL, Coulter). The ratio of fluorescence intensities
at510 and 405 ntis in response to a 350 nm UV laser excitation was continuously followed for 10 mm at a flow rate of 250-300
cells/s. After 45 s of baseline measurement, cells were challenged with 0.25 mM H202 (indicated by an arrow). Experiments

were carried out in the presence of 1 mM of the extracellular calcium chelator ethyleneglycoltetraacetic acid to follow oxidant

induced mobilization of intracellular calcium reserves. In the contour plots t-e, the abscissa represents time. The entire X-axis

represents 600 s split into 8 equal segments. The ordinate represents the unbound/bound indo-! ratio. Thus, a downward

deflection of the ratio illustrated in the figure represents an increase in cytosolic CaS+. Elevation of the contour from the plane

of the paper (i.e., Z-axis) represents relative cell number. The colors (a-e) representthe relative cell number at any given point
on the plot. From the violet to the red end of the visible spectrum, colors represent progressively increasing cell densities.

Source: C. K. Sen. S. Roy, and L. Packer, unpublished results.

cells, a syk-related tyrosine kinase ZAP-70 associated with
the antigen receptor (TCR) is highly responsive to hydrogen
peroxide (33). Both syk and ZAP 70 contain SH2 domains
and are therefore expected to participate in the complex
SH2-mediated signaling cascade. Immunoprecipitated syk
family kinases were not responsive to oxidants or antioxi-
dants, indicating that these kinases may not be directly regu-
lated by ROS (26). It may thus be hypothesized that only
certain cellular syk family kinase regulatory components are
sensitive to ROS. For example, ZAP 70 may be activated

after phosphotyrosine-phosphatase inhibition (34). All pro-
tein-tyrosine phosphatases have reactive cysteine residues
in their active site, a feature that makes some of these en-
zymes oxidant sensitive. In vitro studies (35-37) have shown

that comparable to vanadate, hydrogen peroxide selectively
inhibits phosphotyrosine phosphatase activity.

JAK-STAT pathways are involved in the regulation
of src and syk tyrosine kinases

S#{243}lck is associated with CD4-CD8 surface molecules and

IL-2 receptor n-chains, and 59fn is associated with the

T cell receptor/CD3 complex. Surface receptor-associated
protein tyrosine kinases, especially the Janus kinases or

JAK, directly modify latent cytoplasmic forms of the
STAT (signal transducers and activators of transcription)
family of transcription factors. Tyrosine-phosphorylated
STAT factors appear in the nucleus, bind to DNA, and
activate transcription (38). The JAK-STAT system is
known to activate the ROS-sensitive tyrosine kinases that
are possibly involved in NF-KB activation. It has been
shown that JAK1, JAK2, and JAK3, as well as STAT3
and STAT5, are involved in the cytokine receptor-medi-
ated activation of lck, fyn, and syk tyrosine kinases (39).

ANTIOXIDANTS INHIBIT NF-KB ACTIVATION

Phenol and catechol antioxidants

Inhibition of induced NF-KB activation by antioxidants
confirms the involvement of ROS in the activation proc-
ess. Antioxidants alone are not effective enough to influ-
ence NF-KB function (40). However, studies in our
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laboratory and in others reveal that a variety of structur-
ally diverse antioxidants are capable of inhibiting NF-KB
activation induced by a wide range of stimuli ranging
from phorbol esters to TNF-a, to hydrogen peroxide. This

evidence lends further support to the hypothesis that
ROS are involved in a common pathway of NF-KB activa-
tion. Studies from our laboratory have shown that vitamin
E derivatives inhibit TNF-a-induced NF-KB activation in
human Jurkat T cells. Incubation of the cells with varying

concentrations (0.01-1 mM) of a-tocopherol acetate or
a-tocopherol succinate resulted in a concentration-de-
pendent inhibition of NF-KB activation. Only 10 .tM of
pentamethylhydroxychromane, a vitamin E derivative

lacking the phytyl tail, was sufficient to obtain a com-
plete inhibition of such NF-KB activation (41). a-Toco-

pheryl succinate not only inhibited activation and
translocation of N F-KB to the nucleus, but was also capa-
ble of inhibiting the in vitro binding of the activated pro-

teins to the KB DNA site (42). Catechol derivatives with
characterized antioxidant properties, e.g., nitecapone and
OR-1246, were also able to inhibit TNF-a-induced NF-
KB activation in Jurkat cells (43).

Thiol antioxidants

Intracellular thiol redox status appears to be a critical de-
terminant of NF-KB activation. At low levels of cytosolic
glutathione disulfide (GSSG), T cells fail to activate NF-
KB in response to appropriate stimuli, whereas high

GSSG concentration inhibits the binding of activated NF-
KB to its cognate DNA site. Thus, it appears that an in-
termediate optimal level of intracellular GSSG is required
for effective NF-KB activation (44). Droge et al. (44) have
found that glutathione (GSH) deficiency of T cells is as-

sociated with a suppression of NF-KB function. This ef-
fect is perhaps related to very low levels of GSSG in

GSH-deficient cells.
Another physiologically relevant thiol that plays a cru-

cial role in the regulation of NF-KB function is reduced
thioredoxin, an important cellular protein oxidoreductase
with antioxidant functions. Transient expression and ex-
ogenous addition of thioredoxin cause a dose-dependent
inhibition of phorbol ester-induced NF-KB activation in
human cervical carcinoma HeLa cells (45). However, we
observed that in L6 skeletal muscle myotubes exogenous
thioredoxin potentiates TNF-a or hydrogen peroxide-in-
duced NF-KB activation (unpublished observation). Con-
sistent with our observation, it has been found that
thioredoxin up-regulates DNA binding of activated NF-
KB in vitro and augments gene expression from NF-KB-
regulated, HIV long terminal repeat in intact cells (27,

46, 47). Thioredoxin, also known as adult T cell leuke-
mia-derived factor in humans, is overproduced in HTLV-
1 transformed T cell lines in which NF-KB is
constitutively activated. After the loss of 1KB, the Rel
proteins of NF-KB require further reduction to acquire its
full DNA binding activity. Intracellular production of
thioredoxin may be increased after transient oxidant chal-

lenge by 11202, TNF, or other agents. Thioredoxin may be
implicated in reducing activated cytosolic NF-KB, and
thus potentially contribute to its nuclear translocation and

DNA binding (27).
In recent years, a-lipoate has been identified as a

therapeutically important biological antioxidant (48). We

observed that pretreatment of Wurzburg T cells for 18 h
with -lipoate suppresses NF-KB activation induced by

either hydrogen peroxide, phorbol ester, or TNF. Previous
results from our laboratory have shown that a-lipoate pre-
treatment of T cells results in a 100% increase in intra-
cellular glutathione reserves (48). Using glutathione
synthesis-arrested Wurzburg T cells, we observed that the
effect of a-lipoate on NF-KB was not the result of its pro-
glutathione effect (Fig. 2). Other reducing thiol agents are

also known to influence NF-KB activation. For example,
pyrrolidinedithiocarbamate (PDTC) inhibits the induced
degradation of1KB-a, as shown with TNF-a and phorbol
ester stimulation of Jurkat T cells (49-51). Micromolar
concentrations of PDTC can also inhibit NF-KB activation
induced by the viral transactivator Tax from HTLV1 (15).
N-acetylcysteine, a proglutathione antioxidant, inhibited
activation of NF-KB induced by UV light (52).
Dithiolthiones, thiol antioxidants with established anticar-
cinogenic and proglutathione properties, also inhibit NF-
KB activation in response to oxidant and other stimuli
(53).

Okadaic acid-induced NF-KB activation appears to
be cell specific

The antioxidants N-acetylcysteitse and dihydrolipoate
have been shown to inhibit NF-icB activation in Jurkat
cells induced by TNF-a, phorbol ester, and lymphotoxin.
However, these antioxidants failed to inhibit NF-KB acti-
vation in human Jurkat T cells and U937 monocytic cells
treated with okadaic acid (75 ng/ml) or calyculin A (25
nglml). Thus, okadaic acid and calyculin A, which are
serine/threonine protein phosphatase- 1/-2A inhibitors,
apparently activated NF-KB in an antioxidant-insensitive
protease-sensitive manner (23). It was therefore proposed

that inhibition of PP-l/PP-2A by ROS in Jurkat or U937
cells is not the mechanism of NF-KB activation by TNF-
a, phorbol ester or lymphotoxin. Further studies in our
laboratory indicate that the mode of activation of NF-KB
by okadaic acid may be cell specific. In the Wurzburg
subclone of Jurkat T cells, okadaic acid-induced NF-KB
activation was observed to be partially inhibited by 30
mM N-acetylcysteine. However, 1 mM a-tocopherol ace-
tate revealed no such inhibitory effect (Fig. 4). A recent

study by Schmidt et al. (20) demonstrated that in HeLa
cells, induction of NF-KB activation by 0.7 iM (i.e., 575
nglml) okadaic acid could be inhibited by 0.1 mM of the

antioxidant PDTC as well as by 20 mM N-acetylcysteine.
The authors showed that treatment of HeLa cells with
575 ng/ml okadaic acid increased intracellular ROS level

by 2- to 2.5-fold. Investigations using HeLa and F26 hu-
man fibroblast primary cells showed that okadaic acid



NF-KB>

free probe>

Figure 4. Okadaic acid induced NF-icB activation in Wurzburg T cells
is antioxidant sensitive. Cells were pretreated with cz-lipoate (LA, 18 h),

N-acetyl-i-cysteine (NAC, 2 h), or a-tocopherol acetate (TA, 2 h) and

then treated with 50 ng/ml okadaic acid for 2 h, after which they were

harvested for nuclear extraction and then subjected to EMSA.
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treatment increased the level of intracellular ROS in a

dose-dependent manner, however, the concentration of
okadaic acid required to obtain maximal effect was high,

about 0.9 l.LM or 740 ng/ml (20).

BINDING OF ACTIVATED NF-KB TO ITS
COGNATE DNA SITE IS REDOX SENSITIVE

Cysteine residue in a short amino acid stretch of
Rel proteins regulates NF-KB DNA binding

Evidence discussed in the previous section indicates that
NF-KB activation, i.e., dissociation of 1KB and transloca-
tion of the activated Rel protein dimer to the nucleus, are
antioxidant inhibitable in response to almost all types of
stimuli. Antioxidants, e.g., reduced thiols, however, have
a contrasting effect on the binding of the Rel protein
complex to the cognate DNA site. Reduced thiols, includ-
ing dithiothreitol, cysteine, dihydroplipoate, and reduced
thioredoxin, enhance the DNA binding of activated NF-

KB (27, 46, 47, 54, 55). The highly conserved Rel ho-
mology domain is responsible for DNA binding of NF-
KB. A short stretch of amino acids (the RXXRXRXXC
motif, R = arginine, C = cysteine, X = other amino
acid) at the beginning of the domain is essential to con-
tact DNA directly (56-58). The cysteine residue in the
motif is critical and must be maintained in a reduced

state to allow DNA binding because oxidation of this cys-
teine residue interferes with DNA binding of NF-KB (27,

47, 56-58). Perhaps reduced thiols enhance DNA bind-
ing of NF-KB by maintaining this critical cysteine residue
in a reduced state (47).

DNA repair enzyme modulates NF-KB DNA binding

Another cellular redox mechanism that may inde-
pendently or in synergism with the thioredoxin system
help to enhance NF-KB DNA binding is the
apurinin/apyrimidinic endonuclease system or APEX nu-
clease (59), also known as redox factor-i or Ref-i (60).
Apurininc/apyrimidinic sites are generated in DNA as re-
sult of spontaneous hydrolysis or oxidative damage and
the subsequent action of DNA glycosylases removing the
modified DNA bases. Such sites are the most frequent le-
sion found in cellular DNA, and amount to more than i0
residues per mammalian cell per day. The nuclease activ-
ity of Ref-i is specific for the initial repair of DNA tem-
plates damaged by various noxious stimuli: ROS, UV
light, and ionizing radiation nucleases.

TRANSCRIPTIONAL ACTIVATION BY AP-!

Fos and Jun proteins, and their interaction

AP-1 is an important mediator of tumor promotion (see
refs 61 and 62), and thus is a focal point in cancer re-
search. Interaction between cJun and cFos proteins, prod-

LA - 0.51 2 - - -

NAC - - - - 30 60 -

TA - - - - 1

ucts of c-jun and c-fos protooncogenes, via a “leucine-zip-
per” domain has been observed to have crucial regulatory

implications on the expression of a wide variety of genes,
especially growth factor-inducible genes (61). cJun allows
cFos to regulate gene expression by serving as an anchor

that allows the Fos-Jun heterodimer to bind to a cognate
DNA site. In addition, cJun contains three short regions
in its amino-terminal half that are important for transcrip-
tional activation in vivo. Dimerization of Fos-Jun or Jun-
Jun is a prerequisite for DNA binding; however, such
interaction is not limited only to cFos and ciun. Other
members of the Fos and Jun family of proteins are also

known to interact with each other. Members of the Fos
family identified so far include vFos, cFos, FosB, Fra-1
(Fra, Fos-related antigen), and possibly Fra-2. At present,
the Jun family is comprised of vJun, cJun, JunB, and
JunD. All the Jun family proteins are capable of forming

homo- and heterodimers, which are capable of binding to
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a cognate DNA site. Fos proteins do not associate with
each other but are capable of associating with any mem-
ber of the Jun family to form stable dimers that have
higher DNA binding acitivity than Jun dimers. Despite

the high degree of sequence conservation of Fos and Jun
proteins, certain Fos-Jun combinations appear to be more

active in DNA binding than others (61). Although cFos
containing heterodimers activate AP-i target genes, Fra-

containing heterodimers do not (63).

AP-! DNA binding

DNA binding of Fos-Jun or Jun-Jun complexes, or AP-1,
is governed by a “basic region” found immediately up-
stream of the “leucine-zipper” domain. Binding of the di-
mers to a 12-0- tetradecanoylphorbol 13-acetate (TPA)
response element (TRE) of several cellular and viral
genes is a prerequisite for AP-i-induced transcriptional
regulation. TPA is a remarkable activator of protein ki-
nase C and other agents that lead to protein kinase C ac-

tivation such as serum and growth hormones. cFos
proteins and mRNA have shorter half-lives than cJun
proteins and mRNA. As a result, before induction most of

the AP-1 complex is present in the form of Jun homo-
and heterodimers. After induction, Fos proteins are ex-
pressed and most of the induced AP-i are Fos-Jun het-
erodimers. The differential regulation of the c-fos and
c-jun genes supports the contention that the function of
cFos induction is to generate an initial spike of transcrip-
tional activation, whereas ciun is responsible for a steady
sustained AP-i activity. The cis-acting element that me-
diates cFos expression in response to activation by se-
rum, certain growth factors, UV irradiation, and TPA is a
20 bp dyad symmetry or serum response element (SRE)

located in the c-fos promoter. A 67 kDa transcription fac-
tor serum response factor (SRF) is phosphorylated and
binds to the SRE as a homodimer. This DNA binding of
SRF is enhanced by the physical interaction of a phos-
phorylated 62 kDa ternary complex factor (TCF) protein
that binds to a second DNA binding site adjacent to SRE.
ciun expression is driven by the binding of preexisting

AP-1 proteins to a TRE in thec-jun promoter (Fig. 1).
For a description of AP-1 and its mode of action, see ref

Clinical implications of AP-1

A collapse of the regulatory mechanisms that govern nor-
mal growth and development is manifested as neoplasia.
Insights into the molecular basis of such events have
been gained through the biochemical and genetic study of
protooncogenes, the progenitors of retroviral transforming

genes. Apart from being implicated in tumor promotion,
AP-1 activation is involved in disorders of the nervous
system. Most neuronal tissues express basal levels of AP-
1, which increase dramatically in response to certain
stimuli. Electric stimulation or drug-induced seizure in-
duces AP-i activation in the hippocampus, which in turn
enhances growth factor mRNA expression. Stimulation or

blocking of dopamine receptors is another signal that ac-
tivates AP-1 DNA binding activity depending on which
type of dopamine receptor is expressed in the responding
cell. Strategies to pharmacologically manipulate AP-1
transcriptional activity are expected to be of therapeutic
importance (64).

INDUCTION OF AP-1 ACTIVATION BY ROS

Direct evidence suggesting the involvement of
ROS in AP-1 activation

Evidence suggesting the direct involvement of ROS in
AP-i activation have been obtained mostly by using de-
fined oxidative stress generating systems to challenge

cultured cells. Studies from a number of laboratories have
demonstrated that superoxide produced by a xan-
thine/xanthine oxidase system and hydrogen peroxide in-
duce the expression of several early response genes
including c-fos and c-jun, the major components of AP-i
(65-69).

Involvement of ROS in AP-! activation induced by
various other stimuli

Recently it was shown that growth factor-induced AP-1
activation is also ROS dependent. TNF-a and basic fi-
broblast growth factor induced ROS production, which

acted as a common signal to stimulatec-fos gene expres-
sion (70). Angiotensin Il-induced AP-1 DNA binding and

proliferative hypertrophic responses in skeletal muscle-
derived cells are ROS mediated (71). Mitogenic stimula-
tion is also known to induce oxidative stress. After 30-60
mm of such stimulation, a buildup of intracellular ROS
has been detected (72). Scavengers of the most dangerous
form of ROS, the OH, inhibited lymphocyte mitogenesis
(73). Mitogen-induced AP-1 activation has been observed
to be antioxidant inhibitable and has thus been suggested
to be ROS mediated (74). ROS is also involved in the ac-

tivation of AP-i by ionizing radiation (75). Oxidative
stress caused by ionizing radiation and hydrogen peroxide
challenge was a potent inducer ofc-jun expression. This
effect was observed to be protein kinase C dependent and
was evident in both normal and tumor human cells (69).

How do ROS activate AP-1?

Not much is known about the exact mechanisms underly-
ing ROS-dependent AP-i activation. Perturbation of cel-
lular thiol redox status has been suggested to be a signal
that may be implicated in the induction ofc-fos and c-jun
expression caused by asbestos-induced oxidative stress
(76). In support of this, high intracellular glutathione di-

sulfide has been shown to be implicated in AP-i activa-
tion (54). It has been also suggested that AP-i activation
under oxidative conditions may be, at least in part, medi-
ated by phosphorylation of Jun proteins (67, 77-79). In
vascular smooth muscle cells, micromolar concentrations
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of hydrogen peroxide has been shown to enhance protein
kinase C activity by more than iOO% in Go cells, and by
more than 200% in Gi cells. Especially in the Go cells,

hydrogen peroxide and TPA had an additive effect on
protein kinase C stimulation (80). Despite its remarkable

effect on protein kinase C activity, hydrogen peroxide did
not activate AP-1 binding to DNA. In contrast, hydrogen
peroxide suppressed TPA-induced AP-1 activation. Hy-

drogen peroxide was able to trigger AP-1 activation in
cells that were treated to down-regulate protein kinase C

activity. These results suggest that hydrogen peroxide in-
fluences AP-i activation in a manner distinctly unique

compared to the mode of TPA-induced AP-i activation
(80).

Information available regarding the pathway (or path-
ways) involved in ROS-induced AP-1 activation suggests
that SRF binding to SRE, and TCF phosphorylation are
involved in such processes. Both SRE and AP-1 sites in
c-fos promoter have been shown to be implicated in up-
regulating cFos expression in response to hydrogen per-

oxide challenge (81). Consistent with the notion of the
presence of ROS sensitive kinase cascade (or cascades),
oxidative stress-sensitive mitogen-activated protein
(MAP) kinase, and MAP kinase phosphatase have been

evident (82).

AP-! ACTIVITY IS ANTIOXIDANT SENSITIVE

Phenolic antioxidants alone enhance AP-1 DNA
binding but repress transactivation

Unlike the regulation of NF-KB activation, certain anti-
oxidant compounds alone are capable of influencing AP-i
activation. Phenolic antioxidants exhibit antiinflamma-
tory, antiatherosclerotic, and anticarcinogenic activities

(83). Paradoxically, phenolic antioxidants, e.g., butylated
hydroxytoluene and butylated hydroxyanisole alone, have
been observed to substantially increase the expression of
the protooncogenes c-fos and c-jun mRNA and to induce
AP-Il DNA binding (84). That phenolic compounds may
induce AP-i DNA binding has been supported by an-
other independent observation that d-a-tocoph#{233}rolalone
induces such activation in a protein kinase C-inde-
pendent manner in vascular smooth muscle cells (80).

Such an effect of the phenol was not observed with d--
tocopherol, suggesting that the effect may not be depend-
ent on the antioxidant property of d-a-tocopherol.

A role for c-fos and c-jun in the specific activation of
gene expression, mediated by a complex site called the
electrophile response element (EpRE) found in the
mouse glutathione S-transferase Ya-subunit gene, has
been suggested (85). This EpRE includes a smaller site
called the antioxidant response element (ARE), which
was originally identified in the rat homolog of the same
gene and in the NADP(H) quinone reductase gene. The
ARE consensus sequence contains a part that is similar

to the AP-i consensus. Moreover, EpRE and ARE are

known to be bound by cFos-ciun and cJun, respectively,
indicating that AP-1 may be implicated in the electro-
phile and antioxidant responses.

A recent finding confirms that although AP-i may bind
to and activate ARE containing promoters, it is not the

major ARE binding protein (86). The yet uncharacterized
ARE binding major protein-ARE complex had increased
5% nondenaturing gel mobility compared with the AP-1-
ARE complex. Although as observed in previous studies,

the phenolic antioxidant tert-butyl hydroquinone alone
activated AP-i DNA binding, it did not affect AP-1 tran-
scriptional activity. Tert-butylhydroquinone induced c-

jun, junB, fra-i, and fra-2, but was a poor inducer of
c-fos and had no effect of fosB. As a result of such an ef-
fect, AP-1 dimers formed were deficient in cFos and
FosB and were mainly comprised of Fra proteins het-
erodimerized with Jun protein. Such Fra-Jun complexes
are stable and bind to TRE but have very low AP-i tran-
scriptional activation effects (63). Butylhydroquinone-in-

duced AP-i DNA binding thus did not have significant
effects on the transcriptional responses. In addition, Fra-
i protein was observed to repress AP-1 transcriptional
activity induced by TPA or expression of cFos and ciun
(86). TPA-induced AP-1 transcriptional activity was re-
pressed in a dose-dependent manner by tert-butylhydro-
quinone. Such a finding was consistent with a previous
report that although d-a-tocopherol alone activates AP-1
DNA binding, it strongly inhibits AP-i activation caused
by TPA (80). The suppressive effect of tert-butylhydro-
quinone was specific for AP-i-dependent promoters acti-
vated by TPA and was not due to a general inhibition of
translation or transcription. Because AP-i is an important
mediator of tumor promotion, it appears that phenolic an-

tioxidants may interfere with tumor promotion by trigger-
ing the expression of Jun-Fra heterodimers that repress

AP-1 transcriptional activity (86).

AP-1 function is responsive to thiol antioxidants

Inconsistent results have been obtained from different
laboratories investigating the effect of thiol antioxidants

on AP-1 activation. N-acetylcysteine inhibited a tyrosine-
kinase-dependent induction of ciun expression, indicat-
ing that the loci of action of different forms of
antioxidants are specific to their chemical class (87). In-
hibition of AP-i activation by NAC has also been ob-
served in cells challenged with a carcinogen,
phenobarbital (88). More recently, NAC has been ob-
served to ameliorate the induction ofc-fos and c-jun
mRNAs caused by asbestos-induced oxidative stress (76).
NAC also prevented c-jun mRNA expression induced by

hydrogen peroxide or radiation (69). Regulation of Fos
and Jun expression via direct interaction of oxidants and
antioxidants with specific cysteine groups of these
polypeptides had been evident previously (89, 90). One
or more proteins that possibly interact with SRE (91)
during AP-1 activation may be sensitive to intracellular
changes in thiol redox milieu caused by antioxidants. It
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has been consistently found that AP-i transactivation is
influenced by intracellular thioredoxin and glutathione

status (40, 45). However, some results available from dif-
ferent experimental systems indicate that the mode of
AP-1 regulation by reduced thiols is opposite from the
regulation of NF-KB. Overexpression of graded amounts

of thioredoxin in cells increased TPA-induced AP-1 tran-
scriptional activity in a dose-dependent manner. The ef-
fect was shown to be specific to the antioxidant property
of thioredoxin (40, 45). These studies also showed that
other reducing thiol agents (PDTC and NAC) enhance
DNA binding activity and transactivation of AP-i. PDTC

did not influence protein kinase C activity indicating that
the antioxidant probably acted downstream of and inde-
pendently from protein kinase C (40). Elevation of intra-
cellular levels of GSSG before stimulation increases AP-i
transactivation (54).

AP-1 DNA BINDING ACTIVITY IN VITRO IS
REDOX REGULATED

Cys in Lys-Cys-Arg of Fos and Jun proteins
regulate AP-1 DNA binding

Fos and Jun DNA binding in vitro is regulated by the re-
ductiots-oxidation of a single conserved cysteine residue
(Lys-Cys-Arg) in the DNA binding domains of the two
proteins. The requirement of a single cysteine residue
and the sensitivity of Fos and Jun to the -SH alkylating
agent N-ethylmaleimide excludes the possibility that oxi-
dation of the cysteine residue involves intra- and inter-

molecular disulfide bond formation. It was suggested that
conversion of the cysteine to reversible oxidation prod-
ucts such as sulfenic (RSOH) or sulfinic (RSO2H) acids
could contribute to the regulation of DNA binding (92).

Regulation of AP-i DNA binding by thiols and the
DNA repair enzyme Ref-i

A hepatic nuclear protein has been recognized to reduce
Fos and Jun and stimulate AP-i DNA binding. This ef-
fect of the nuclear protein could be considerably stimu-
lated by reduced thioredoxin (92). Further studies with
HeLa nuclear extracts revealed the existence of a ubiqui-
tous nuclear redox factor Ref-i (60), also known as
APEX nuclease (59). Ref-i, the protein product of the
ref-i gene, and other chemical reducing agents stimulate
AP-1 DNA binding in vitro by acting on the regulatory
cysteine residue of Lys-Cys-Arg. Replacement of the
critical cysteine residue of a truncated Fos protein by
serine resulted in a threefold increase in AP-i DNA

binding activity that was no longer redox regulated. Such
observations indicate that redox regulation of AP-i DNA
binding limits the total level of Fos-Jun in vivo and that
escape from this control enhances transforming activity
(93). Oxidized thioredoxin and GSSG inhibit AP-i DNA
binding in vitro, the effect being most pronounced with
the former.

The regulation of gene expression by oxidants, antioxi-
dants, and the redox state has emerged as a novel subdis-
cipline in molecular biology that has promising
therapeutic implications. Binding sites of the redox-regu-
lated transcription factors NF-KB and AP-1 are located in
the promoter region of a large variety of genes that are di-
rectly involved in the pathogenesis of diseases: AIDS,
cancer, atherosclerosis, and diabetic complications. The
role of ROS as signal transducing molecules has been
convincingly supported by many observations. Very re-
cently H202 has been shown to be required in platelet-
derived growth factor signal transduction further
supporting the contention that antioxidants may be effec-
tive cardioprotective agents (94). Biochemical and clini-
cal studies have indicated that antioxidant therapy may
be useful in the treatment of a wide variety of diseases.
Such indications provide a strong rationale for subjecting
antioxidant compounds to further scrutiny in order to un-
veil the molecular basis of oxidant/antioxidant action. In-
formation obtained thus far from such studies clearly
indicates that critical steps in the signal transduction

cascade are sensitive to oxidants and antioxidants. Per-
haps many of the basic events of cell regulation such as
protein phosphorylation and binding of transcription fac-
tors to consensus sites on the DNA, are driven by the
physiological oxidant-antioxidant homeostasis, especially
by the thiol-disulfide balance. Endogenous glutathionc

and thioredoxin systems, and the exogenous lipoate-dihy-
drolipoate couple may therefore be considered to be ef-

fective regulators and investigative tools in the
elucidation of redox sensitive gene expression. The effi-
cacy of different antioxidants to favorably influence the

molecular mechanisms known to be implicated in the eti-
ology of human disease should be a critical determinant
of their selection for clinical studies.
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