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Introduction 
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD, dioxin) represents the prototype for a class of 
stmcturally relaled halogenated aromatic hydrocarbons (HAHs)'"'. These man-made compounds 
are mostly by-products of industrial processes involving chlorine chemistry and combustion of 
fuels. Many such chemicals are widespread and persistent environmenlal conlaminanls. TCDD is 
the mosl potent among the chemicals; animals exposed to TCDD exhibit a wide range of loxic and 
adaptive responses. Humans exposed to TCDD exhibit certain skin lesions such as chloracne; the 
possibility that TCDD exposure causes certain neuro- and psycho-pathological alterations, some 
forms of cancers and diabetic conditions, and reproductive lesions is a particular concem of public 
health. 

The aryl hydrocarbon receptor (AhR) is a ligand-activated transcription factor wilh a basic helix-
Ioop-helix PAS (bHLH/PAS) modular structure' •*'. Mouse genetic studies implicate AhR in most 
of the biological responses lo TCDD, presumably by affecting the expression of target genes. 
Recent observations also imply that AhR plays certain roles in embryonic development, liver and 
immune funciions, and vascular developmenl in mice*'*, and modulates the growth, differentiation, 
and apoptotic processes in certain cell lines and mouse liver''"; these functions of AhR were 
observed in the absence of known exogenous agonists, implicating a mechanism(s) of activating 
AhR under physiological conditions in vivo. Activation of AhR by its ligand, such as dioxin, 
involves a muhi-step signal transduction process. In uninduced cells, AhR is localized in the 
cytoplasm, complexed with hsp90'" and AlP, an immunophillin-type chaperon protein""". 
Binding wilh an agonist triggers the dissociation of AhR from the associated proteins and 
translocation inio nucleus, where AhR dimerizes wilh Arnt, another bHLHPAS transcription faclor. 
The AhR/Amt dimer binds to a specific nucleotide sequence termed DRE (dioxin responsive 
element) in the enhancer region ofthe CYPlAl gene'* and mediates the transcription ofthe gene. 
TCDD activated AhR is rapidly degraded through the ubiquitin-26S proteasome proteolysis 
controlled by a labile faclor ADPF (AhR degradation promoting factor)". Because ofthe broad 
range and the complexity ofthe biological responses that AhR contributes lo, it is conceivable that 
the signal transduction of AhR involves a complex process during which AhR is regulated Ihrough 
different cellular mechanisms. Furthemiore, these regulatory mechanisms may intersect with other 
signal fransduction processes, through which certain non-AhR ligand, environmental/occupational 
chemicals influence the signal transduction and function of AhR. 
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Oxidative chemicals represeni a broad range of endogenous, dietary, environmental, and 
occupational chemicals that can cause "oxidative stress" by changing the balance between reactive 
oxygen species (ROS)/antioxidants in cells, thereby affecting many important cellular processes 
such as cell division and differentiation, cancer formation, inflammation and immune response'^ 
These chemicals include diphenols and quinones, isothiocyanates, peroxides, mercaplans, Irivalent 
arsenicals, heavy metals, flavones, and Michael reaction acceptors. Certain oxidative chemicals 
exhibit both oxidative and anlioxidalive properties. Certain biological effecis of phenolic 
chemicals are caused by modulating the expression of target genes Ihrough the Nrf2 (NfE2 relaled 
factor 2)-mediated, antioxidant response element (ARE)-dependenl, gene transcription. For 
instance, phenolic chemicals induce phase 11 enzymes such as NADP(H):quinone oxidoreductase 
(NQOR) and glutathione s-transferase (GslYa)"'""; these enzymes are also inducible through the 
AhR-mediated, DRE-dependent gene transcription"". 

Cumulative evidence indicates that oxidative chemicals can modulate AhR-dependent responses, 
suggesting that oxidative signal transduction interacts with the AhR signaling process. Because of 
the broad impact of the oxidative processes, the inleraction between AhR and oxidative signal 
transduction may contribule to the complexity of dioxin toxicity and AhR function. The molecular 
mechanism of such interaction is not clear at the present. In this sludy, we examined the 
interaction of AhR and oxidative signaling from two aspects: (1) the polenlial inleraction between 
the AhR/DRE and the Nrf2/ARE signaling on the induction of NQOR, and (2) activation of AhR 
dependent gene regulation by phenolic chemicals. Our results reveal that bolh AhR/DRE and 
Nrf2/ARE systems require a labile factor for the induction of NQOR. Phenolic chemicals such as 
tert- butyl hydroquinone (IBHQ) and hydroquinone (HQ) induce a number of DRE-regulated AhR 
target genes. The induction is dependent upon the oxidative properties of the chemicals. These 
findings provide new opportunilies for studying the aclivalion of AhR through oxidative pathways 
and reveal new insights into the mechanism of AhR action upon exposure to mixtures of chemicals. 

Methods and Materials 
Cell Culture and Treatment. The mouse hepalclc7 cells were gifts from Dr. J. P. Whitlock, Jr. 
(Stanford University). The cells were grown as monolayer in a-minimal essential medium 
(aMEM), containing 10% fetal bovine serum and 5% CO2 at 37 "C. The cells were treated wilh 
TCDD (InM), iBHQ (90 uM), HQ (90 uM) or other agents as described in figure legends; DMSO 
was used as the solveni control. 

RNA Analysis. For Northern blotting of CYPlAl, a cDNA fragment (-700 bp) encoding the 5'-
untranslated region ofthe mouse CYPlAl messenger RNA was used to generate a riboprobe for 
CYPlAl. To prepare actin, NQOR, TIGl, and CYPIBI probes, cDNA fragments ofthe mouse 
genes were generated by RT-PCR wilh primers specific for the genes, subcloned into pCRll, and 
used as a template for riboprobe synthesis. Riboprobes were synthesized in the presence of DIG-
UTP using a DIG RNA-labeling kit (Roche Molecular Biochemicals). Total RNA was isolated 
from cells using a Qiagen total RNA isolation kit (Qiagen). RNA samples of 5 pg each were 
electrophoresed in a 1% agarose-formaldehyde gel and transfened to a Nytran membrane. After 
cross-linking, the membranes were hybridized with the DIG-labeled riboprobes at 68 "C ovemight; 
signals were visualized by chemiluminescence. For all samples analyzed, parallel blots were 
assayed al the same time for the gene of inleresi and actin lo ensure equal loading. Quantitation of 
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the blotting results was performed by using the ImageQuaNT program. All dala were conecled for 
loading variations by comparing the amount of actin ofeach sample analyzed. 
Electrophoretic Mobility Shift Assav (EMSA). Nuclear exfracts were prepared according to 
published procedures'*. EMSA was canied oul using nuclear extract from hepalclc7 cells, as 
described, except that 6% polyacrylamide gels were used. The DNA probe contains the DNA 
recognition sequences for the AhR/Arnt heteromer designated as DRE D, or for the Nrf2 
designated as ARE. 
Immunoblot Analvsis. For immunoblotting, total cell lysate or nuclear extract of 5 pg were 
fractionated on SDS-polyacrylamide gels, and transfened to nitrocellulose membranes according 
to established procedures. An affinity-purified Polyclonal antibody against AhR was used for 
detection of AhR Signals were visualized by chemiluminescence using an ECL kil (Amersham). 
To ensure equal loading of the samples, the same blots were reprobed with a monoclonal anti-
mouse actin antibody (Santa Cruz Biotechnology, Inc). For quantitation ofthe blotting results, the 
visualized results were scanned and analyzed by using the ImageQuaNT program (Molecular 
Dynamics). 

Results and Discussion 
To study the interaction of AhR and oxidative signal transduction, we analyzed the mechanism by 
which AhR and Nrf2 mediate the induction of NQOR by TCDD and phenolic chemicals, and the 
mechanism by which phenolic chemicals activate DRE-dependent AhR target genes. 
Regulation of AhR/DRE and Nrf2/AR£ pathways bv a labile factor. NAD(P)H:quinone reductase 
(NQOR) catalyzes the two electron reduction of quinones and quinoid chemicals. Induction of 
NQOR constitutes a major mechanism of defense against toxicity of quinones, azo chemicals, and 
other redox-cycling chemicals. Prototypical inducers of NQOR include TCDD, and IBHQ. 
Induction of NQOR by TCDD involves binding ofTCDD to AhR, AhR/Arnt dimer formation, and 
binding ofthe dimer to a dioxin response elemenl (DRE) in the upstream region of NQOR. The 
antioxidants induce NQOR Ihrough a pathway involving activation ofthe Nrf2 transcription faclor, 
which dimerizes wilh a Maf protein and binds lo an antioxidant response elemenl (ARE). 
However, the molecular mechanism ofthe induction by these inducers is nol well undersiood. To 
gain new insights inlo the molecular sleps of the induction, we examined the effect of 
cyclohexamide (CHX), a potent inhibitor of protein synthesis, on the transcriptional regulation of 
NQOR by TCDD and iBHQ. Northem blot analyses reveal that CHX blocks both the basal 
expression and the induction ofthe enzyme by both TCDD and tBHQ. The inhibition occurs in a 
dose- and lime- dependent manner, and does nol affecl the mRNA stability of NQOR. These 
resulls demonsttate that CHX inhibits both DRE- and ARE-mediated transcription of NQOR. The 
blocking involves inhibition of proiein synthesis. Time course analyses ofthe inhibition implicate 
a labile faclor in the induction. Taken logelher, these results demonstrate that a novel labile faclor 
is required for the transcriptional regulation of NQOR by TCDD and phenolic antioxidants. These 
findings provide new insights into the interaction and regulation of AhR/DRE and Nrf2/ARE 
pathways for the induction of phase 11 enzymes. 

Activation of DRE-dependent gene transcription by phenolic chemicals. Phenolic chemicals 
exhibit both oxidative and antioxidative properties through influencing the balance between ROS 
and antioxidant species in cells, thereby affecting many cellular functions and processes. In this 
study, we investigate the effecl of phenolic chemicals on AhR and DRE-dependent gene regulation. 
Our results reveal that phenolic chemicals, such as iBHQ and HQ induce several AhR target genes, 
including CYPlAl, CYPIBI, and TiPARP (TCDD-inducible poly(ADP-ribose) polymerase), 
suggesting that phenolic chemicals activate AhR-mediated signal transduction. The induction is 
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both lime and dose dependent, and is mediated through an oxidative palhway(s). These resulls 
demonstrate that oxidative chemicals can activate AhR-dependent gene regulation and reveal a 
link belween oxidative chemical exposure and AhR activation Ihrough oxidative signal 
transduction. Current study is aimed at elucidating the molecular mechanism by which AhR 
interacts wilh the oxidative signal transduction pathways. 
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Fig.l. Proliferation of MCFIOA cells by 2,3,7,8-TCDD (30 nM), insulin (800 nM), 
lGF-1 (0.1 nM) or diefr combinations in the presence (Figs. 1 A) or absence (Fig. 
IB) of 100 ng/ml of cholera toxin (CTX). Abbreviations one: C for conttol, T 
for TCDD, I for insulin, Ab for a specific antibody againsi IGF-receptor. Results 
.shown are the means + SD for representative experiments carried out in 
friplicate and repeated on at least three occasions. Conttol is a TCDD solvent (I, 
4-Dioxane). 
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Fig. 2. TCDD activates tyrosine phasphorylaUc« and prevents its down-regulation 
following stimulation with insulin (left figure) or IGF-I (right figure) in die 
MCF-IOA cells. The cells were grown in the aimplete growth medium. Wlien 
the cells reached 70% confluency tiie medium was changed U) serum-free 
MEBM supplemented with IOO ng/ml cholera toxin. After 24 h of starvation llie 
cells were tteated for 5 and 15 min wilh 30 nM TCDD, in.sulin (0.8 pM) or 
TCDD (30 nM) plus msulin (0.8 pM) (Fig. 3 lefl) and IGF-I (O.I nM) w IGF-I 
(0.1 nM) plus TCDD (30 nM) (Fig. 3 right) in fresh .serum-free MEBM 
supplemented with 100 ng/ml cholera toxin. Conttol cells were incubated wilh 
solvent for 15 min. was prepared as described in die Materials and methods 
section. Tyrosine-phosphorylated proteins were detected in whole cell extracts 
by immunoblotting witli aiiti-phosphotyrosine antibtidy (4G10). 
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