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Abstract  

Induction of glutathione S-transferase Ya and NAD(P)H:quinone re- 
ductase gene expression by a variety of chemical agents is mediated by 
regulatory elements, EpRE and ARE, composed of two adjacent AP-l-like 
binding sites and activated by Fos/Jun heterodimeric complex (AP-1). 
Recent studies show that chemical induction of glutathione S transferase 
Ya and quinone reductase gene expression is associated with an induction 
of c-fos and c-jun gene expression and AP-1 binding activity. In this report 
we present evidence that the AP-1 binding activity and the expression of 
chloramphenicol acetyitransferase activity from an EpRE Ya-cat gene 
construct are induced by an increase in intracellular oxidant levels. We 
observe that lowering the glutathione levels with buthionine sulfoximine, 
an inhibitor of 3,-glutamylcysteine synthetase, or diamide, a thiol-oxidizing 
agent, stimulates both basal and chemical-inducible expression of chlor- 
amphenicol acetyltransferase activity from EpRE Ya-cat and the AP.1 
binding activity. Furthermore, we observe that the induction of these 
activities by a variety of chemical agents is inhibited by thiol compounds 
N-acetylcysteine and glutathione. These findings suggest that diverse 
chemicals that induce the AP-1 complex, leading to the AP-l-mediated 
transcriptional activation of glutathione S-transferase Ya gene expression, 
may act through a common mechanism involving the production of reac- 
tive oxygen species and depletion of reduced glutathione. 

Introduction 

Exposure of mammalian cells to a variety of chemical agents results 
in increased levels of xenobiotic-metabolizing enzymes, GSTs, 3 gluc- 
uronosyl transferases, and NAD(P)H:quinone reductase. These en- 
zymes function as intracellular detoxication systems of mutagens, 
carcinogens, and other toxic compounds (1-3) and, by decreasing the 
levels of compounds capable of generating reactive oxygen species, 
they are part of the enzymatic antioxidant defense against oxidative 
stress (4). The recent study of a mouse GST Ya gene has shown that 
chemical agents such as planar aromatic hydrocarbons, diphenols, 
PMA, barbiturates, and electrophilic compounds all operate through a 
single cis-regulatory element to induce the expression of this gene 
(5-7). Induction of mouse GST Ya gene was found to be mediated by 
a DNA-regulatory element, defined as EpRE, composed of two adja- 
cent AP-l-like binding sites that bind and are transactivated by the 
Fos/Jun heterodimeric complex (AP-1) (6). A number of other chemi- 
cal-inducible genes were observed to be regulated through enhancers 
similar in structure to the EpRE of mouse GST Ya gene (8-12). Such 
regulatory elements, termed ARE in rat GST Ya (9) and rat quinone 
reductase (11) genes, were recently also found to be activated by the 
AP-1 complex (13). Treatment of HepG2 or H4II hepatoma cells with 
a variety of chemical inducers such as 13-naphthoflavone, 3-methyl- 

Received 10/18/93; accepted 11/12/93. 
The costs of publication of this article were defrayed in part by the payment of page 

charges. This article must therefore be hereby marked advertisement in accordance with 
18 U.S.C. Section 1734 solely to indicate this fact. 

1 This work was supported in part by the Israel-U.S.A. Binational Science Foundation 
and the Leo and Julia Forscheimer Center for Molecular Genetics. 

2 To whom requests for reprints should be addressed. 
3 The abbreviations used are: GST, glutathione S-transferase; BSO, u-buthionine-S,R- 

sulfoximine; EPR, electron paramagnetic resonance; GSH, glutathione; NAC, N-acetyl- 
cysteine; PMA, phorbol 12-myristate 13-acetate; CAT, chloramphenicol acetyltransferase. 

cholanthrene, tert-butylhydroquinone, trans-4-phenyl-3-butene-2- 
one, PMA, hydrogen peroxide, phenobarbital, arsenite, arsenate, and 
heavy metals were all found to induce an increase in AP-1 binding 
activity (7, 13, 14). Exposure of hepatoma Hepa-1 cells to dioxin was 
also reported to induce an increase in AP-1 activity (15). The inducible 
increase of the AP-1 binding activity by many of these chemical 
agents was shown to involve an induction of c-los and c-jun gene 
expression with accumulation of increased levels of the respective 
mRNAs (13-15) and a de novo synthesis of the AP-1 protein com- 
ponents (13). 

The finding that chemical agents of diverse structure all activate 
GST Ya and quinone reductase gene expression through the induction 
of AP-1 complex interacting with the respective EpRE or ARE en- 
hancers raises the question of the molecular mechanisms involved in 
the induction of AP-1 activity. The possibility that the various chemi- 
cals may all produce a common transduction signal responsible for 
AP-1 induction is now investigated. Because many chemical inducers 
of GSTs and quinone reductase gene expression have the potential to 
induce conditions of oxidative stress (16) and in view of the central 
role of GSH as a major cellular antioxidant that protects cells against 
oxidative damage (17), we have studied the role of intracellular GSH 
levels on the induction of AP-1 activity and GST Ya gene expression. 
In the present report we show that the induction of AP-1 activity and 
EpRE-mediated GST Ya gene expression by chemical agents is pre- 
vented by thiol compounds and is enhanced by lowering the cellular 

GSH level. 

Materials  and Methods 

Chemicals. Phorbol 12-myristate 13-acetate, N-acetylcysteine, glutathione, 
diamide, /3-naphthoflavone, 3-methylcholanthrene, L-buthionine S,R-sulfoxi- 
mine, and Ellman reagent were purchased from Sigma Chemical Co. (St. 
Louis, MO) and trans-4-phenyl-3-butene-2-one from Aldrich Chemical Co. 
(Milwaukee, WI). 

Cell Culture, Transfection, and CAT Assays. HepG2 hepatoma cells 
were grown in Dulbecco's modified Eagle's medium with 10% fetal calf serum 
as described (18). Transfections were carried out by incubation of cells for 6 
h with calcium phosphate-precipitated plasmid DNAs (5/xg test plasmid, 5/xg 
RSV-gal internal control plasmid and 10 /xg pGEM-1 carrier DNA plasmid/ 
10-cm dish). After transfection the cells were glycerol shocked for 1 min, 
supplemented with fresh medium containing 10% fetal calf serum and, after 12 
h recovery at 37~ were exposed to chemical inducers. Protein extracts were 
prepared 16 to 24 h after induction. CAT activities were measured as described 
(18) and were calculated after normalizing each assay relative to the internal 
control of/3-galactosidase activity expressed from the cotransfected RSV-gal 
vector. All CAT activity data are derived from 3 separate transfection experi- 
ments. 

Oiigonucleotides and Piasmid Constructs. Synthetic oligonucleotides: 
the 41-base pair EpRE-regulatory element (nucleotides -754 to -714) of 
mouse GST Ya gene (5) and the AP-1 consensus sequence 5'-GATCATGACT- 
CAGCA were prepared by O. Goldberg (Weizmann Institute). To serve as 
probe for AP-1 complex binding in electrophoretic mobility shift assays, the 
double stranded AP-1 consensus sequence, cloned into the BamHI site of 
pGEM-1 (Promega) and excised as a 43-base pair oligonucleotide by XbaI and 
EcoRI, was labeled at the 3' recessed ends by [ct-3ep]deoxyribonucleoside 
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triphosphates and Klenow DNA polymerase. The EpRE Ya-cat plasmid was 
constructed by ligation of the EpRE 41 base pair oligonucleotide into the -187 
site of the GST Ya gene promoter driving the expression of CAT gene (18) and 
was transfected for transient expression into HepG2 cells. 

Eiectrophoretic Mobility Shift Assays. HepG2 cells were grown on 
100-mm plates and after 3 h exposure to chemicals were used to prepare 
nuclear extracts (19). Mobility shift assays were carried out by incubation of 
7 ~g nuclear extract with 1.5 • 104 cpm of 32p-labeled AP-1 oligonuclcotide 
probe for 20 rain at room temperature in 25-/.d reaction mixtures containing 10 
naM 4-(2-hydroxyethyl)-l-piperazineethanesulfonic acid buffer (pH 8.0), 0.1 
rnM EDTA, 4 rnM MgCI2, 2 n ~  dithiothreitol, 2 rnM spermidine, 2 /xg 
polydeoxyinosinate-polydeoxycytidylate, and 10% glycerol. Samples were 
loaded onto nondenaturing 5% polyacrylamide gel in 0.5 • Tris-boric acid- 
EDTA (1 • TBE is 89 n ~  Tris-89 nva boric acid-2.5 n ~  EDTA). After 
electrophoresis the gel was dried and exposed to X-ray film. 

Measurement of Cellular Sulfhydryl Groups. Total cellular--SH groups 
were measured using the Ellman reagent (20) and the EPR spectroscopy 
method of Weiner et al. (21). For measurements of--SH groups by Ellman 
reagent, 2.5 • 105 cells washed in phosphate-buffered saline were suspended 
in 200/xl of 0.1 n ~  Tris buffer (pH 7.5), freeze-thawed 3 times, adjusted to I0 
rnM. Ellman's reagent in a fmal volume of 1.2 mi, and, after 10 rain at 37~ and 
10 min centrifugation at 5000 • g, the absorbance was measured at 412 nm 
(E4=2 = 1.36 • 104 M -l cm-l). 

For measurement of--SH groups by EPR, intact cells (1-2.5 • 103) were 
suspended in 200/xl phosphate-buffered saline (pH 7.2) containing 8 • 10 -5 
M t~S-SI~ nitroxide biradical. The biradical I~S-SI~, a gift from Dr. L. Weiner 
(The Weizmann Institute of Science, Rehovot, Israel), contains a disulfide bond 
that undergoes thiol-sulfide exchange with thiols resulting in a characteristic 
EPR spectrum. The EPR spectra were measured at 22~ in a Bruker Electron 
Spin Resonance GR200D SRC instrument as described (21). The instrumental 
parameters were: microwave frequency, 10 GHz; incident microwave power, 
10 roW; center of the field, 3480 G; scan range, 100 G; field modulation, 1 G; 
receiver gain, 6.3 • 104, and time constant, 640 ms. 

Results 

Depletion of Intracellular GSH by BSO and Diamide. To assess 

the role of  GSH in the AP- l -media ted  induction of  GST Ya gene 

expression, a depletion of  cellular GSH pools was carried out by 

chemical  agents BSO, and diamide. BSO is a specific inhibitor of  

v-glutamylcysteine synthetase, the enzyme responsible for the first 

and rate-limiting step of  GSH synthesis (22) and diamide is a thiol- 
oxidizing agent which converts intracellular GSH into the oxidized 

GSSG dimer  (23). Experiments were performed with HepG2 cells to 

select a dose and exposure time of  BSO and diamide that produced an 

optimal GSH depletion with a minimal toxicity. Cell viability was 
determined by trypan blue dye exclusion. Table 1 shows the extent of  

GSH depletion following exposure of  HepG2 cells to 50 and 500/~M 
BSO for 24 h and to 250/XM diamide for 2 h. In these conditions a 50 

to 68% depletion of  GSH was seen in cells treated with BSO or 

Table 1 GSH level in HepG2 cells following treatment with BSO, diamide, and 
arsenite 

GSH levels (nmol/106 cells) 

Treatment EPR method Optical method 

Control 7.63 • 0.94" (100) t' 9.70 _ 1.7 (100) 
BSO, 50 p.M, 24 h 3.51 +__ 0.06 (46) 5.07 _ 0.55 (52) 
BSO, 500 /~M, 24 h 2.44 +__ 0.55 (32) 4.46 "4- 0.30 (46) 

BSO, 50 p.M, 48 h 4.03 __. 0.03 (41.5) 
BSO, 250 p.M, 48 h 3.72 _ 0.12(38.4) 
BSO, 500 p.M, 48 h 3.01 • 0.25 (31.1) 

Diamide, 250 /~M, 2 h 2.97 --- 0.32 (39) 3.36 • 0.25 (34.6) 
Diamide, 500 p,M, 2 h 2.52 • 0.22 (34) 

Arsenite, 25 /XM, 2 h 5.64 • 0.08 (74) 7.56 • 0.45 (78) 
Arsenite, 25 p.M, 4 h 7.86 • 0.33 (81) 

"Mean +__ SD. 
b Numbers in parentheses, percentage of GSH level. 
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Fig. I. Effect of BSO on the expression of EpRE Ya-cat. HepG2 cells were transfected 
with 5/xg EpRE Ya-cat plasmid, 5/~g RSV-gal, and 10 p.g pGEM-I carrier plasmid DNA; 
after 24 h exposure to 50, 250, and 500 p.M BSO, the activities of CAT and/3-galactosidase 
were measured in cell extracts. The CAT activities, normalized to /3-galactosidase, are 
expressed in fold of induction as compared to cells untreated with BSO. Bars, SD. 

diamide, Treatment for 48 h with BSO concentrations up to 500/XM 

did not further decrease the GSH levels. The absolute value for GSH 
in untreated HepG2 cells was found to be 8.6 +__ 1.03 (SD) nmol / lO 6 

cells (Table 1). A similar GSH depletion by BSO treatment was 

observed in H4II cells which have a GSH content o f  7.7 ___ 0.68 (data 
not shown). A GSH depletion of  about 20% was seen after exposure 

of  HepG2 cells for 2 and 4 h to 25 /XM sodium arsenite (Table 1). A 

combination of  arsenite with BSO did not considerably deplete GSH 

below the levels observed for BSO alone but dramatically enhanced 

their cytotoxicity (data not shown). 
Depletion of Intracellular GSH Level Enhances the Expression 

of EpRE Ya-cat and Its Induction by Chemical Agents. In order to 

test the effect of  GSH depletion on the EpRE-mediated expression of  

GST Ya gene, the EpRE Ya-cat plasmid construct was transfected into 

HepG2 cells which were then exposed for 24 h to 50, 250, and 500/~M 

BSO. The expression of  CAT activity from EpRE Ya-cat was found to 
be enhanced with the increase in BSO concentration up to 250 /XM 

(Fig. 1). To test the effect of GSH depletion on the induction of  CAT 

activity from EpRE Ya-cat by chemical agents, HepG2 cells trans- 

fected with this plasmid construct were exposed to 50/XM BSO for 24 
h followed by 16 h treatment with ter t -butylhydroquinone,  3-methyl- 

cholanthrene, or zinc chloride. This BSO treatment, which reduces 
GSH levels to about 45% of  the control value (Table 1), resulted in a 

1.7-2.3-fold increase in the CAT activity induced from EpRE Ya-cat 

by the chemical agents used in this experiment  (Table 2). Similarly, 

treatment of  EpRE Ya-cat-transfected HepG2 cells for 16 h with 250 

p,M diamide added together with inducers ter t -butylhydroquinone,  

3-methylcholanthrene, sodium arsenate, or /3-naphthof lavone has in- 

creased the CAT activities induced by these chemicals by 1.5-2.6-fold 

(Table 2). 
Depletion of Intracellular GSH Enhances Induction of AP-1 

Activity by Chemical Agents .  To test the effect of  GSH depletion on 

the induction of  AP-1 binding activity, HepG2 cells untreated or 

exposed for 24 h to 50 /~M BSO were incubated for 3 h with tert- 

butylhydroquinone. The increase in AP-1 binding activity was moni-  
tored in nuclear extracts of  these cells by electrophoretic mobili ty shift 
assay. Fig. 2 indicates that 24 h treatment of  cells with BSO causes an 
increase in AP-1 binding activity even in the absence of  chemical  
inducer and that a depletion of  cellular GSH enhances the induction of  

AP- 1 binding activity by ter t -butylhydroquinone.  A similar enhancing 
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Table 2 Effect of GSH depletion on the induction of EpRE Ya-cat by chemical agents 

HepG2 cells transfected with EpRE Ya-cat were treated for 16 h with 30 /xr~ tert- 
butylhydroquine, 50 /xM 3-methylcholanthrene, 100 /XM zinc chloride, 250 /XM sodium 
arsenate, or 50 /ZM /3-naphthoflavone after 24 h of exposure to 50 /XM BSO or concomi- 
tantly with 250/xM diamide as indicated. 

Fold increase in CAT activity" 
following treatment for GSH depletion 

Inducer BSO (50/XM) Diamide (250/xM) 

tert-Butylhydroquinone 2.1 2.8 
3-Methylcholanthrene 2.3 2.7 
Zinc chloride 1.7 
Sodium arsenate 1.5 
IB-Naphthoflavone 1.5 

= Increase in CAT activity induced by the chemical agents in GSH depleted as com- 
pared to that induced in control cells. 

A B 
Cont B-2one 

C o n t  H O  Diamide ' - +. '  '_ . -  ~ +  ' 
I 11 I 

B S O  - + - + 

~ - 1 - ~  

i 

Discussion 

The finding that chemicals of diverse structure activate GST Ya 

gene expression through the induction of Fos/Jun (AP-1) complex 

binding to the EpRE enhancer (6, 7, 13, 14) raises the question of the 

transduction signal serving as ultimate inducer of AP-1 activity. Re- 

cent observations point to an involvement of reactive oxygen as the 

induction signal of c-los and c-jun gene expression and AP-1 binding 
activity (24-28). Reactive oxygen species such as superoxide anion 

02 ,  HEOa, hydroxyl radical.OH and organic peroxides can be pro- 
duced endogenously in all aerobic cells as a result of incomplete 
oxygen reduction during respiration, exposure to radiation, exposure 
to xenobiotics that can participate in redox cycling, inhibition of 

antioxidant enzymes, or membrane perturbations (29). The assump- 
tion that reactive oxygen is involved in the activation of c-los and 
c-jun gene expression may provide an explanation for the inducible 

expression of GST and quinone reductase genes by chemical agents of 
diverse structure. We have recently observed that many of these 

chemical inducers have the potential to produce, by diverse metabolic 
pathways, reactive oxygen and depletion of cellular GSH (16). 

GSH is known to play a major role in the regulation of intracellular 

levels of reactive oxygen species by direct reaction, scavenging, and 
via the GSH peroxidase/GSH system (30). Because of the GSH role 
in maintaining the intracellular redox potential any increase in oxidant 
levels would result in a consumption of reduced GSH and low thiol 
levels. Thus at any time the intracellular thiol levels actually reflect a 

dynamic equilibrium between the GSH available and the amount of 

Fig. 2. Effect of GSH depletion on the induction of AP-1 binding activity. (A) HepO2 
cells were untreated (Cont) or exposed for 3 h to 30 IXM tert-butylhydroquinone (HQ) after 
24 h exposure to 50 ~M BSO where indicated. (B) HepG2 cells were untreated or exposed 
for 3 h to trans-4-phenyl-3-butene-2-one (B-2one) in the absence or presence of 250/XM 
diamide. Gel shift assays were carried out using 7/xg nuclear extract samples and 2 • 104 
cpm of 32p-labeled AP-1 oligonucleotide probe. 

effect of AP-1 binding activity was observed in cells exposed to 250 
/XM diamide and induced by trans-4-phenyl-3-butene-2-one (Fig. 2). 

NAC and GSH Inhib i t  Induction of E p R E  Ya-cat by Chemica l  
Agents. To study the effect of thiol compounds on the activation of 
EpRE Ya-cat by chemical inducers, HepG2 cells transfected with this 
construct were exposed for 60 min to NAC or GSH prior to induction. 
The induction of CAT activity by chemicals previously demonstrated 

to activate GST Ya gene (5, 6) is found to be inhibited by NAC (Fig. 
3A). These inducers include planar aromatic hydrocarbons such as 
/3-naphthoflavone and 3-methylcholanthrene, hydrogen peroxide, di- 
methyl fumarate, tert-butylhydroquinone, and PMA. Exposure of 
EpRE Ya-cat-transfected cells to 3 and 30 mM reduced GSH prior to 
induction by tert-butylhydroquinone or H202 is also found to inhibit 
the induction of CAT activity (Fig. 3B). 

NAC Inhibits Induction of AP-1 Binding Activity. To test 
whether the inhibition of EpRE Ya-cat induction by thiol compounds 
is due to a block in the induction of AP-1 binding activity, nuclear 
extracts were prepared from cells treated with /3-naphthoflavone or 
trans-4-phenyl-3-butene-2-one in the absence or presence of NAC. 

The level of the AP-1 binding activities was compared by electropho- 
retic mobility shift assays. Fig. 4 shows that the induction of AP-1 
binding activity in nuclear extracts from HepG2 cells exposed to 
/3-naphthoflavone or trans-4-phenyl-3-butene-2-one was inhibited by 
the presence of NAC. 

A3~ i .8 20 

NAC: - + - + - + . . . .  

i n d u c e r  : C HQ ~N d M  P M A  

30 B ! 

[ ~ 

= 2o t i ~ 

( ~ " l :  _ 3mM 30raM 

Fig. 3. NAC and GSH inhibit activation of the EpRE Ya-cat expression by chemical 
inducers. Five/xg DNA of EpRE Ya-cat plasmid, 5/xg RSVga] internal control, and 10/xg 
pGEM-1 DNA carrier were cotransfected into HepG2 cells. (A) Cells were untreated (C) 
or induced for 16 h with 30 /XM tert-butylhydroquinone (HQ), 50 ~M /3 naphthoflavone 
(/3N), 500 /XM H202, 60 ng/ml PMA, 30 /XM dimethyl fumarate (dMF), or 50 /xra 
3-methylcholanthrene (MC) in the absence or presence of 30 mM NAC. (B) Cells were 
untreated (Control) or induced for 16 h with 30/xM tert-butylhydroquinone (HQ) or 500 
/xra H202 in the absence or presence of 3 or 30 mM GSH. CAT activities were measured 
and calculated by normalizing each assay relative to internal/3-galactosidase activity. All 
CAT activity data are derived from 3 separate transfections. 
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NAC 

C o ~  " 
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Fig. 4. NAC inhibits induction of AP-1 binding activity. Ceils were untreated (Cont) or 
treated for 3 h with 50 /XM /3-naphthoflavone (/3N) or 30 tzu trans-4-phenyl-3-butene-2- 
one (B-2one) after 60 min exposure to 30 mM NAC where indicated. Gel shift assays were 
carried out using 7 p.g nuclear extract samples and 2 • 104 cpm of 3Zp-labeled AP-I 
oligonucleotide probe. 

oxidants produced in the cell. Our present data indicate that the 
induction of AP-1 activity and EpRE Ya-cat gene expression by 
chemical agents occurs at low thiol levels since a 50--60% depletion 
of intracellular GSH by treatment of cells with BSO or diamide 
enhances the effect of the inducing agents by a factor of 1.7 to 2.8 

(Table 2; Fig. 2). Moreover it appears that depletion of GSH alone, in 
the absence of chemical inducers, is sufficient to induce the EpRE- 
mediated Ya-cat gene expression as well as the AP-1 binding activity. 
Thus a GSH depletion of 60%, obtained by treatment of cells for 24 
h with 250 /XM BSO, induces a 2-fold increase in CAT activity (Fig. 
1). Similarly, under conditions of GSH depletion an increase in AP-1 

binding activity can be seen in nuclear extracts of control cells, un- 
exposed to chemical inducers (Fig. 2). These findings may indicate 
that in GSH-depleted cells the reactive oxygen produced by cellular 

metabolic activities may be sufficient to activate gene expression. 
The various chemical inducers of  GST Ya and quinone reductase 

genes may decrease the cellular GSH level through the generation of 
reactive oxygen intermediates and by interaction with thiol group of 
GSH. Such a GSH depletion is expected to be short-lived. Since GSH 
feedback inhibits its own synthesis (22), in the absence of a specific 
inhibitor of GSH synthesis such as BSO, the GSH depletion by 
various chemical agents would be followed by an increase in GSH 
synthesis. Indeed, after a short GSH depletion of less than 20%, a 24-h 
treatment with thiol-reactive compounds was reported to lead to 

higher than normal levels of GSH (31, 32). We presently observe that 
exposure for 2 to 4 h to arsenite, a potent inducer of GST Ya, c-fos, and 
c-jun gene expression and AP-1 binding activity (13, 14), produces a 
20-25% decrease in GSH level (Table 1). This GSH depletion was 
enhanced by 50/~M BSO but the combination of arsenite and BSO was 
highly toxic (data not shown). 

Further evidence that chemical inducers such as/3-naphthoflavone, 
3-methylcholanthrene, tert-butylhydroquinone, trans-4-phenylbutene- 
2-one, dimethylfumarate, PMA, and H202 may all induce conditions 
of oxidative stress and depletion of cellular GSH is provided by the 

inhibitory effect of thiol compounds NAC and GSH on the induction 
of EpRE Ya-cat expression and AP-binding activity (Figs. 3 and 4). An 
inhibitory effect of NAC and GSH on the induction of AP-1 activity 
and GST Ya gene expression by phenobarbital was recently reported 
(7). NAC acts by scavenging oxygen radicals and by raising the 

intracellular concentrations of cysteine and hence of GSH (33). The 

utilization of exogenous GSH was shown to involve its extracellular 

degradation and uptake of products for intracellular synthesis of GSH 

(22). 

The present findings suggest that the chemical induction of AP-1 

activity leading to the AP-l-mediated transcriptional activation of 

GST Ya gene expression occurs at low GSH levels created by the 

generation of intracellular oxidants and consumption of GSH. The 

activation of GST Ya gene expression by the redox induction of AP-1 

transcription factor appears to be part of a general response to oxida- 

tive stress. The expression of mammalian heme oxygenase gene was 

reported to be induced by conditions of oxidative stress created by 

UVA radiation and hydrogen peroxide treatment or by GSH depletion 

(34). In addition, the PMA-inducible expression of this gene was 

shown to be mediated by multiple AP-1 sites activated by Fos/Jun 

complex (35). In view of these observations we may assume that the 

induction of the heme oxygenase response to oxidative stress is also 
mediated by the redox induction of the AP-1 transcription factor. 

The inducible increase of the AP-1 binding activity was shown to 

involve an activation of preexisting transcription factors responsible 

for the induction of c-los and c-jun gene expression (for a review see 
Ref. 36). It is possible that this activation takes place on protein 

complexes bound constitutively to the regulatory sites of c-los (37) 
and c-jun genes. The regulatory proteins may be activated directly by 
oxidation similar to the activation of OxyR protein (38), a transcrip- 

tional regulator of oxidative stress-inducible genes in bacteria, or 
indirectly by modifications triggered by redox-regulated enzymes 

(39). The study of the signal transduction pathways leading to the 

redox activation of protooncogene c-fos and c-jun transcription should 

further clarify the molecular events involved in regulation of Fos/Jun 
(AP-1) complex synthesis by oxidative stress. 
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