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ABSTRACT. 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD; dioxin), the prototype agonist of the aromatic
hydrocarbon (Ah) receptor, is a potent tumor promoter as well as a complete liver carcinogen that produces an
oxidative stress response in rodents and in cultured cell lines. It has been proposed that TCDD promotes
neoplastic transformation through oxidative signal transduction pathways, which results in activation of
immediate-early response transcription factors. To set the stage for a test of this hypothesis, we evaluated the
effect of TCDD treatment on the activation of several transcription factors, including those in the nuclear
factor-kB (NF-kB) and activator protein-1 (AP-1) families, which are activated by changes in the redox state
of cells. In an extension of prior results, we found that TCDD treatment produced a sustained overexpression of
AP-1 for at least 72 hr in wild-type mouse hepatoma Hepa-1 cells, but not in the Ah receptor-deficient
derivative c35 or in cytochrome P450-1A1 (CYP1A1)-negative c37 cells. In addition, TCDD treatment caused
a significant increase in the DNA binding activity of NF-kB, but not in the activities of the other transcription
factors tested. AP-1 and NF-kB activation were blocked by the thiol antioxidant N-acetylcysteine and by
nordihydroguaiaretic acid, an antioxidant and lipooxygenase inhibitor and an inhibitor of the epoxygenase
activity of CYP1A1, and did not take place in c35, c37, or in Ah nuclear translator-deficient c4 cells. Hence,
sustained activation of these two transcription factors by TCDD is likely to result from a CYP1A1-dependent
and Ah receptor complex-dependent oxidative signal. Electrophoretic mobility supershift analyses with specific
antibodies showed that most of the increase in NF-kB binding activity could be accounted for by increases in
p50/p50 complexes. Since these complexes are known to repress NF-kB-dependent gene transcription, our
results delineate a second molecular mechanism, in addition to the recently found block of tumor necrosis
factor-a-mediated p50/p65 activation, that may be responsible for the immunosuppresive effects of TCDD.
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Polycyclic aromatic hydrocarbons including the polyhalo-
genated dibenzodioxins, dibenzofurans and biphenyls, form
a group of environmental contaminants that are known or
suspected carcinogens in animals and in humans [1–3].
Because of their slow rate of metabolic detoxification, these
compounds have very long biological half-lives, and hence
can produce biological effects long after the initial exposure

[4]. TCDD,¶ a potent tumor promoter as well as a complete
liver carcinogen [5–7], is the prototypic congener in this
group. TCDD and related compounds bind to and activate
the cytosolic Ah receptor, which subsequently migrates to
the nucleus and forms heterodimers with the aromatic
hydrocarbon nuclear translocator protein, ARNT. The
AHR/ARNT complex functions as a transcription factor by
binding to aromatic hydrocarbon response elements
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(AhREs, also termed DREs and XREs) and inducing the
expression of target genes [3]. Genes activated in this
fashion include those encoding the cytochrome P450
monooxygenases CYP1A1, CYP1A2, and CYP1B1, and
several phase II detoxification antioxidant enzymes [8, 9].

Changes in the cellular pro-oxidant status resulting from
induction of cytochrome P450 monooxygenases may alter
the activities of transcription factors involved in the oxi-
dative stress response, such as NF-kB and AP-1, two factors
modulated by alterations in the cellular redox state [10, 11].
NF-kB is rapidly activated by H2O2 treatment or by
glutathione depletion, and activation is inhibited by anti-
oxidants [12–15]. Paradoxically, NF-kB may also be acti-
vated by antioxidants such as tert-butylhydroquinone, bu-
tylated hydroxyanisole, and pyrrolidine dithiocarbamate.
Activation can be blocked by antioxidant thiols, suggesting
that these compounds in fact may also cause a pro-oxidative
state in the cells that is responsible for the activation [10].
As a JUN–JUN homodimer or a JUN–FOS heterodimer,
AP-1 binds to the regulatory regions of many genes respon-
sive to environmental stimuli [16]. Induction of the fos and
jun proto-oncogenes and activation of AP-1 are the result
of many different types of stimuli that generate a change in
cellular redox status, including phorbol esters, redox-cy-
cling antioxidants, heat shock, and ionizing and non-
ionizing radiation [10, 11, 17]. Clearly, NF-kB and AP-1
factors mediate to a large extent the cellular responses to
environmental stimuli.

In female rats, TCDD produces an atypically large
oxidative stress response characterized by enhanced hepatic
lipid peroxidation and decreased hepatic membrane fluidity
[1]. TCDD has been shown to cause CYP1A1-associated
oxidative DNA damage in cultured mouse hepatoma cells
[18] and in C57BL/6J mice [19]. In established tissue culture
hepatoma cell lines, we have shown that TCDD exposure
leads to an elevation of the pro-oxidant state of the treated
cells [20], possibly as a result of induction of CYP1A1 and
hydroxylation and epoxidation of arachidonic acid metab-
olites [21–25]. In fact, TCDD has been shown to induce the
expression of cyclooxygenase-2, the inducible form of the
rate-limiting enzyme in arachidonic acid peroxidation [26–
28]. Hence, it is likely that TCDD-induced oxidative stress
is responsible for the increased expression of c-fos and c-jun
proto-oncogenes and for the concomitant increase in AP-1
DNA binding activity observed in TCDD-treated mouse
hepatoma cells in culture [29,30].

Until recently, activation of AP-1 and NF-kB has been
considered to be a sensitive biomarker of the oxidative
stress response in higher eukaryotes [31]; however, it has
become apparent that NF-kB can also be activated under
non-oxidant conditions [32, 33]. To test the hypothesis
that TCDD produces a sustained activation of AP-1 and
NF-kB via a redox signal, we evaluated the DNA binding
activities of these two transcription factors in mouse hep-
atoma cells in culture. Our results indicate that TCDD
activates a CYP1A1- and AHR-dependent oxidative stress

signal that results in the prolonged activation of NF-kB and
AP-1.

MATERIALS AND METHODS
Cell Lines and Treatments

The mouse Hepa-1c1c7 cell line, hereafter referred to as
Hepa-1, is a subclone of the Hepa-1 hepatoma cell line [34].
Three Hepa-1 mutant derivatives, a gift from O. Hankinson
(UCLA), were used in these studies; c35, lacking Ah
receptor protein expression; c37, containing a mutant
Cyp1a1 gene that codes for an inactive CYP1A1 enzyme;
and c4, lacking ARNT expression [35]. Exponentially
growing cells were cultured at 37° in alpha-minimal essen-
tial medium supplemented with 5% fetal bovine serum,
0.1% gentamicin, and 26 mM NaHCO3. When indicated,
cultures were treated with TCDD to a final concentration
of 5 nM in DMSO, and control cultures, hereinafter
referred to as untreated, were treated with an equivalent
volume of DMSO vehicle (never to exceed 0.05% v/v). In
some experiments, cells were also treated for 1 hr with 10
mM NAC brought to pH 7.1 immediately before use, or
with 30 mM NDGA.

Electrophoretic Mobility Shift Assays

Nuclear extracts were prepared according to procedures
described previously [36, 37], with minor modifications.
Nuclear extracts were obtained in a final volume of 100 mL
buffer containing 2 mM EDTA, 2 mM dithiothreitol, 0.4 M
KCl, 10% glycerol, and 25 mM HEPES, pH 7.9, at a protein
concentration of 10–20 mg/mL. DNA binding reactions
were performed in a 20-mL reaction volume with 10,000
dpm (approximately 0.1 ng) of double-stranded probe and
5–15 mg nuclear protein, in a buffer containing 1 mM
EDTA, 1 mM dithiothreitol, 240 mM KCl, 10% glycerol, 1
mg poly(dI-dC)-poly(dI-dC) carrier, and 20 mM HEPES,
pH 7.8. The transcription factors and their cognate nucleo-
tide sequences that were used as probes are shown in Table
1. One strand of each complementary pair of oligonucleo-
tides was end-labeled with T4 polynucleotide kinase and
[g-32P]ATP, and annealed to an excess of the unlabeled
complementary oligonucleotide. Binding reactions were
allowed to proceed for 20 min at room temperature and
samples were loaded onto non-denaturing 4% polyacryl-
amide gels. Following electrophoresis at 200 V for 2–3 hr in
0.5X Tris–borate buffer, the gels were dehydrated and
exposed to x-ray film. For antibody supershift assays, 2 mL
of 1 mg/mL NF-kB/p65/RelA or 2 mL of NF-kB/p50 subunit
antibodies (Santa Cruz Technologies) was added to the
DNA binding reaction mixture and incubated at room
temperature for an additional 20 min prior to electrophore-
sis. Quantitation was by phosphorimaging in a Storm 860
phosphorimager (Molecular Dynamics).
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RNA Isolation and Northern Blot Analysis

Cells were lysed directly in each culture dish with 3 mL TRI
Reagent (Molecular Research Center), and the cell lysate
was homogenized by passing through a pipette several
times. To the homogenates 0.6 mL chloroform was added,
and the mixture was shaken vigorously for 15 sec and
centrifuged at 4500 g for 15 min. RNA remained in the
aqueous phase, whereas DNA and protein partitioned to
the interphase and organic phase. RNA was precipitated
from the aqueous phase by mixing with 1.5 mL isopropanol,
collected by centrifugation, and washed with 75% ethanol.
Concentration and quality of the RNA preparations were
confirmed by examination of the 28S and 18S ribosomal
RNA species resolved by electrophoresis in agarose–form-
aldehyde gels.

For the Northern blot shown in Fig. 2, 40-mg aliquots of
each RNA sample were separated by electrophoresis in 1%
formaldehyde–agarose gels and transferred to nitrocellulose
filters by capillary blotting. A probe of the 2.2-kb PstI
fragment of mouse c-jun cDNA [29] (sp. act. ca. 2 3 109

cpm/mg) was prepared by random primer labeling (New
England Nuclear) using [a-32P]dCTP as the labeled precur-
sor. Prehybridization, hybridization with denatured probe at
a concentration of 1.5 3 106 cpm/mL, and washes were as
previously described [37]. For autoradiographic detection,
filters were exposed to x-ray film at 270° with intensifying
screens. Quantitation was by phosphorimaging in a Storm
860.

RESULTS
Sustained Induction of Ap-1 Binding Activity by TCDD

Exposure of Hepa-1 cells to TCDD has previously been
shown to induce transcription of c-fos and c-jun and to
activate the DNA binding activity of AP-1 [29]. In those
experiments, AP-1 activation was only measured within
2–4 hr after treatment, and it was never determined
whether the effect of TCDD treatment would be prolonged
beyond that time interval. It could be argued that if the
effect of TCDD on AP-1 was short-lived, it would be less
critical to the overall physiologic outcome of TCDD
exposure than if the effect were sustained over a longer
period of time. To determine whether TCDD treatment
would induce elevated AP-1 levels over long periods of
time, we used electrophoretic mobility shift assays from

nuclear extracts of Hepa-1 cells treated with 5 nM TCDD
for increasing lengths of time. Within 1 hr of treatment, the
AP-1 DNA binding activity increased by more than 3-fold
over untreated control cells, and within 6 hr after treatment
the increase was almost 5-fold. Subsequently, AP-1 DNA
binding activity remained at 3-fold higher levels than
control for at least 72 hr (Fig. 1, A and B). Sustained AP-1
induction by TCDD was dependent on the presence of the
Ah receptor and on the enzymatic activity of the CYP1A1
enzyme, since it was almost completely blocked in
CYP1A1-negative c37 cells and did not occur in Ah
receptor-negative c35 cells (Fig. 1C). Concomitant North-
ern blot hybridization experiments in Hepa-1 cells showed
a significant dose-dependent increase in accumulation of
c-jun mRNA 24 hr after TCDD treatment, reaching a
5-fold induction level over the untreated control (Fig. 2).
Within this time frame, similar effects on the accumulation
of c-fos mRNA were also observed (data not shown). These
results indicate that TCDD can maintain high levels of
AP-1 DNA binding activity and of expression of AP-1
components for extended periods of time and that the Ah
receptor and CYP1A1 are required for this effect of TCDD.

Sustained Induction of NF-kB DNA Binding Activity in
Hepa-1 Cells by TCDD

In addition to its role in tumor promotion and cellular
differentiation, TCDD causes a plethora of other biological
effects, including immunosuppression [38–41] and cranio-
facial developmental abnormalities [42–44], suggesting that
TCDD may extensively interfere with the molecular mech-
anisms that regulate more than one single pathway of gene
expression. To test this hypothesis and to determine
whether TCDD treatment could alter the expression of
transcription factors other than AP-1, we examined
TCDD-treated Hepa-1 cells for effects on AP-2, CREB,
NFI, NF-kB, and Oct-1, chosen for their established roles
in immune system regulation and in craniofacial morpho-
genesis [45–49]. As a positive control, we analyzed the
same Hepa-1 nuclear extracts for the activation of the
AHR/ARNT transcription factor complex. When com-
pared with nuclear extracts from vehicle-treated cells, only
the DNA binding activities of AHR/ARNT and NF-kB
showed statistically significant increases after treatment
with TCDD, albeit with very different kinetics. In agree-

TABLE 1. Oligonucleotides used for electrophoretic mobility shift assays

Factor Sequence Reference

AP-1 59-CTAGTGATGAGTCAGCCGGAT-39 [77]
AP-2 59-GATCGAACTGACCGCCCGCGGCCCGT-39 [45]
AHR/ARNT 59-TCCGGCTCTTCTCACGCAACTCCGAGCTCA-39 [78]
CREB 59-GATTGGCTGACGTCAGAGAGCT-39 [79]
NFI 59-ATTTTGGCTTGAAGCCAATATG-39 [80]
NF-kB 59-GATCGAGGGGACTTTCCCTAGC-39 [31]
Oct-1 59-GATCGAATGCAAATCACTAGCT-39 [81]
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ment with prior observations by other authors and by
ourselves [50–52], AHR/ARNT activation increased by 40-
to 50-fold within 2 hr after exposure and then decreased to
a plateau level 3 times lower, which was maintained for at
least 72 hr (Fig. 3). NF-kB activity levels, on the other
hand, increased for a period of 10 hr to a level approxi-

mately 2-fold higher than in vehicle-treated cells, and this
level was maintained or slightly decreased for the next
60–70 hr (Fig. 3). None of the other factors tested showed
statistically significant changes due to TCDD treatment
(Fig. 3).

The NF-kB complexes shown in Fig. 3 consisted of a
single electrophoretic mobility species, in contrast with the
more commonly found banding pattern of a doublet of
complexes formed by the binding of p50/p50 and p50/
p65(relA) dimers to the cognate binding site [53]. To
determine whether TCDD activated the formation of
p50/p50 or p50/p65 dimers, we used specific anti-p50 and
anti-p65/relA antibodies in gel supershift assays. Positive
control cells, treated with TPA, showed the formation of
p50/p50 and p50/p65 dimers, both of which were super-
shifted by anti-p50 and anti-p65 antibodies, respectively
(Fig. 4). In contrast, anti-p50, but not anti-p65/relA anti-
bodies, supershifted practically all the NF-kB activity in
vehicle-treated cells as well as in cells treated with TCDD
for 2 or 5 hr. Residual complexes at the p50/p50 position
seen after supershift with anti-p50 antibodies are likely to
be p50/p50 homodimers, since they could be completely
supershifted by larger amounts of antibody. We cannot rule
out, however, the possibility that they are homodimers of
cross-reacting p52 species. At the later time points, a trace
of p50/p65 heterodimers could also be detected by the
anti-p65 antibodies (Fig. 4). These results indicate that
TCDD activates p50/p50 homodimers to a considerably
larger extent than p50/p65 heterodimers.

Activation of NF-kB by TCDD did not take place in
AHR-negative c35 cells, and was greatly ;diminished,
particularly at the early time points, in c4 and c37 cells
lacking functional ARNT and CYP1A1 proteins, respec-
tively (Fig. 5). In contrast, TPA treatment showed a robust
induction of high levels of NF-kB DNA binding activity in
all three cell lines (Fig. 5), suggesting that the signaling

FIG. 1. Induction of AP-1 DNA binding activity by TCDD. (A)
At the indicated times, Hepa-1 cells were treated with DMSO
(0) or with 5 nM TCDD for various periods of time, and nuclear
extracts from these cells were analyzed by electrophoretic
mobility shift using a 32P-labeled TPA response element oligo-
nucleotide containing the AP-1 binding domain (Table 1).
Time–course studies indicated that vehicle (DMSO) treatment
had no effect on AP-1 binding activity. This experiment was
independently repeated three times. (B) The data in (A) were
quantitated and plotted relative to the time after TCDD addi-
tion. (C) Hepa-1, c35, and c37 cells were treated with 5 nM
TCDD (T) or with DMSO vehicle (0) for 5 hr and analyzed as
in (A). To determine probe specificity, binding to Hepa-1
extracts was competed with increasing amounts of unlabeled
double-stranded TRE oligonucleotide (lanes labeled Comp).

FIG. 2. Induction of c-Jun mRNA by TCDD. Hepa-1 cells were
treated for 24 hr with TCDD in 0.05% DMSO at the indicated
concentrations. Total RNA was extracted from these cells,
fractionated in agarose–formaldehyde gels, and transferred and
hybridized to a mouse c-jun probe as described in the Methods
Section. Fold induction, determined by densitometry, is indi-
cated below each lane.
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mechanisms followed by the two inducers are fundamen-
tally different.

TCDD-Induced AP-1 and NF-kB by Subtle Changes in
Cellular Pro-oxidant Status

As described earlier, both AP-1 and NF-kB are transcrip-
tion factors activated by oxidative stress. To determine
whether TCDD caused a direct biochemical effect in
Hepa-1 cells, we evaluated several parameters indicative of
a sustained oxidative stress response. At doses of 1 and 10
nM, well into the range of full biological effects, TCDD was
not cytotoxic and did not alter the thiol status of the cells,
as evidenced by the absence of changes in intracellular
GSH, cysteine, or protein thiol levels in TCDD-treated

FIG. 3. Electrophoretic mobility shift analyses of several transcription factors in Hepa-1 cells treated with TCDD. (A) Nuclear extracts
from Hepa-1 cells treated with 5 nM TCDD for the indicated lengths of time or with vehicle were assayed for DNA binding with probes
for the transcription factors indicated to the left. The sequences of the oligonucleotide probes used are shown in Table 1. (B) The
mobility shift analyses were repeated 3–4 times and quantitated by phosphorimaging. Phosphorimager units, representative of the
number of radioactive counts bound to each transcription factor, are plotted as a function of the time after TCDD addition. *The
asterisk denotes values significantly different (P < 0.05) from vehicle-treated controls.

FIG. 4. Electrophoretic mobility supershift assays with specific
anti-NF-kB antibodies. Hepa-1 cells were treated with 50 nM
TPA for 4 hr or with 5 nM TCDD for the indicated lengths of
time. Electrophoretic mobility shift assays with nuclear extracts
from these cells used the NF-kB probe in Table 1 and were done
in the presence (1) or absence (2) of 2 mg of anti-p50 or
anti-p65 polyclonal antibodies. The arrows indicate the position
of the p50/p50 and p50/p65 dimers.
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cells relative to untreated controls. In addition, no substan-
tial increases of thiobarbituric acid-reactive species, indic-
ative of lipid peroxidation, or of plasma membrane protein
carbonyls were detectable in TCDD-treated cells (negative
data not shown). These results led us to conclude that
TCDD did not produce any gross alterations in the redox
status of Hepa-1 cells. However, NAC, a thiol antioxidant
and cysteine precursor, and NDGA, also an antioxidant
and a strong inhibitor of arachidonic acid metabolism by
lipooxygenases and epoxygenases, effectively prevented the
activation of AP-1 and NF-kB by TCDD (Fig. 6), suggest-
ing that TCDD causes a subtle oxidative stress response

that can be blocked by thiol antioxidants and that is likely
to be dependent on arachidonate metabolism.

DISCUSSION

In this report, we show that TCDD activates the DNA
binding activities of NF-kB and AP-1, two immediate-early
transcription factors whose expression is modulated by
alteration in cellular redox state and strongly implicated in
cellular responses to oxidative stress. In clear distinction to
the effect of phorbol esters, activation of these two tran-
scription factors by TCDD was sustained for as long as 72
hr, possibly due to the slow rate of TCDD detoxification,
which results in a long biological half-life for this com-
pound. Sustained TCDD-dependent activation of AP-1
and NF-kB requires functional AHR, ARNT, and CYP1A1
proteins, suggesting that a product of transcriptional up-
regulation by the Ah receptor complex, possibly CYP1A1
itself, is partly responsible for activation of these factors.
The ultimate effector molecules are likely to be reactive
oxygen species generated by the CYP1A1 monooxygenase
activity and possibly also by cyclooxygenases (see below).

TCDD is known to induce enhanced hepatic lipid
peroxidation in female rats [1] and oxidative DNA damage
in cultured cells [18] and in mice [19]. In medaka fish, the
DNA-damaging effects of TCDD are CYP1A1-dependent

FIG. 5. Activation of NF-kB by TCDD in different Hepa-1
variant cell lines. c35 (AHR2), c4 (ARNT2), and c37
(CYP1A12) cells were treated for varying lengths of time with
0.05% DMSO (0) or 5 nM TCDD in 0.05% DMSO. As a
control, cells were also treated with 50 nM TPA for 4 hr.
Nuclear extracts from these cells were probed for NF-kB DNA
binding activity with the same probe used in Figs. 3 and 4.

FIG. 6. The effect of NAC and
NDGA on the activation of AP-1 and
NF-kB by TCDD. Hepa-1 cells were
pretreated with 10 mM NAC, with 30
mM NDGA, or with DMSO vehicle
for 1 hr and then with 5 nM TCDD
for 24 hr. Control cells were treated
with vehicle throughout. Nuclear ex-
tracts from these cells were probed
with AP-1 and NF-kB probes and the
results were quantitated by densitom-
etry. The histogram shows the fold-
induction over the DMSO-treated
control in arbitrary units.
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and can be significantly blocked by treatment with the
thiol antioxidant NAC [54, 55]. In our experiments, NAC
strongly inhibited activation of AP-1 and NF-kB by
TCDD, pointing to the possibility that the activation
mechanism involves redox cycling at disulfide bonds. Al-
though we did not observe a change in steady-state levels of
reduced glutathione or total protein–cysteine mixed disul-
fides in TCDD-treated cells, we cannot exclude the possi-
bility that specific proteins may be S-thiolated with cys-
teine or glutathione and may mediate an oxidative stress
response responsible for transcription factor activation.
Reactive cysteinyl residues, for example, are critical in bZIP
and DNA binding of dimeric transcription factors, includ-
ing FOS and JUN [56].

The antioxidant and arachidonate oxygenation inhibitor
NDGA also strongly inhibited the TCDD-induced expres-
sion of NF-kB and AP-1, suggesting that the induction
mechanism may also involve the TCDD-dependent eleva-
tion of the pro-oxidant status of the cell, possibly by the
generation of arachidonic acid metabolites. Endogenous
arachidonic acid, released from membrane phospholipids by
TCDD-inducible phospholipase C [57], provides substrates
for TCDD-inducible enzymes with peroxidase and epoxy-
genase activities, such as CYP1A1, or with dioxygenase
activity, such as cyclooxygenase-2 [28, 58]. Monooxygenase
and dioxygenase activities would ultimately tend to pro-
duce more reactive oxygen in cells and, in addition,
TCDD-mediated induction of CYP1A1 epoxygenase may
facilitate the hydroxylation and epoxidation of arachidonic
acid metabolites into reactive epoxyeicosatrienoic acids,
hydroxyeicosatetraenoic acids, and v-hydroxy arachido-
nate and v-1-hydroxy arachidonate products [21–24]. Me-
tabolites produced by all these enzymatic routes induced by
TCDD may produce secondary cellular responses, including
v-hydroxy fatty-generated peroxisomal proliferation,
marked by the induction of acyl-CoA oxidase involved in
peroxisomal b-oxidation [59].

Other investigators have observed the transient induc-
tion of NF-kB in the immature rat thymus by TCDD [60].
In our experiments in cultured Hepa-1 hepatocytes, induc-
tion was sustained for at least 3 days and principally
involved the formation of nuclear p50/p50 homodimers,
which are believed to be repressors of p50/p65-dependent
transcription [61, 62]. In this context, Tian et al. have
recently provided an elegant mechanistic explanation for
the immunosuppressive effects of TCDD exposure. These
authors have found that the activated Ah receptor forms
protein complexes with the p65 subunit of NF-kB, but not
with p50, and blocks tumor necrosis factor (TNF)-alpha-
mediated activation of p50/p65 complexes and transcrip-
tional activation of a NF-kB reporter gene [63]. Our results
are not in conflict with these findings, but rather uncover
a parallel mechanism to block NF-kB function. As a
consequence of AHR activation by TCDD and of NF-kB
by TNF-a, AHR and p50/p65 dissociate from HSP90 and
NF-kB inhibitory factor, respectively, and allow AHR to
sequester p65 in the cytoplasm [63], leaving an excess of

p50 subunits free to interact with each other. Subsequent
generation of reactive oxygen metabolites by AHR/ARNT-
dependent gene activation would lead to higher levels of
repressive p50/p50 homodimers, reinforcing the inhibition
of NF-kB-dependent gene expression. On the other hand,
p50/p50 homodimers do not always function as repressors,
but in some tissues also function as inducers. In particular,
p50/p50 complexes have been shown to induce transcrip-
tion of the amyloid precursor protein in cerebellar neurons
[64, 65]. Hence, the toxic effects of TCDD exposure might
also include positive regulatory responses in some NF-kB-
regulated genes.

NF-kB and AP-1 regulate the expression of genes which
are critical for proliferative responses [66–70], immune
responses [71, 72], and cell adhesion [73, 74], which in turn
are of paramount importance in tumor cell growth and
tumor metastasis [75, 76]. It is appealing to speculate that
the oxidative stress response elicited by TCDD treatment,
subtle yet sustained for a long period of time, leads to the
persistent expression of these immediate-early response
genes and hence to altered patterns of expression of the
genes regulated by these factors. Such an effect might also
be expected for other chemically and biologically recalci-
trant environmental AHR agonists, such as the polyhalo-
genated dibenzodioxins, dibenzofurans, and biphenyls. A
chronic change in expression of genes involved in cell cycle
regulation may eventually increase cancer risk by altering
the control of cell proliferation in the course of clonal
expansion and metastasis.
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