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Arsenic Induces Oxidative Stress and Activates Stress
Gene Expressions in Cultured Lung Epithelial Cells
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Abstract Chronic exposure to low levels of arsenic can cause lung cancer. However, the cellular and molecular
mechanisms for lung cell transformation in response to arsenic are not known. These studies investigated the hypothesis
that low levels of arsenic increase intracellular oxidant levels, promote production of mitogenic transcription factors and
antioxidant enzymes. Initially, arsenic decreased GSH cellular level and rapidly increased to 280% of GSH level in
nonexposed lung cells in 24 h. Buthionine sulfoximine (BSO) potentiated the arsenic toxicity of lung epithelial cells (LEC).
Exposure of LEC to 5 mM arsenite cause time-dependent increase in g-glutamylcysteine synthetase (g-GCS) expression.
Our data demonstrated that arsenic induced the heavy subunit of g-GCS (g-GCS-HS) mRNA levels as early as 4 h as
compared to the control level. It significantly increased (sixfolds) g-GCS-HS mRNA expression after 8 h of treatment. The
activation of AP-1 transcription factors may also play a regulatory role in this process. Significant elevations in c-fos and
c-jun mRNA levels were observed within 30 min after exposure to arsenic and by enhancement of AP-1 DNA binding
activity and transactivation activity. Responsiveness of LEC to oxidative stress caused by arsenic exposure was further
evaluated with mobility shift assay involving redox-sensitive transcription factor NF-kB. The specificity of binding was
verified by an antibody-supershift. The NF-kBDNA binding activities increasedmore than twofold 30min after exposure
to arsenic and returned to control levels after 4 h of treatment. It remains to be determined whether NF-kB plays a role in
the As-induced apoptosis or alternatively in attempting to protect the cells fromAs-induced cell death by upregulating the
expression of resistance factors. J. Cell. Biochem. 87: 29–38, 2002. � 2002 Wiley-Liss, Inc.
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Environmental carcinogens have been postu-
lated to be an important etiological factor for
the majority of human cancer [IARC, 1982].

Arsenic, a known human carcinogen and te-
ratogen, is widely found in nature and is
distributed throughout the environment by
water, food, and air. Epidemiological studies
have shown that chronic exposure to arsenic can
result in an increased incidence of cancer of the
lung, skin, bladder, and liver [IARC,1987;Bates
et al., 1992; Chen et al., 1992; Nriagu, 1994;
Waalkes, 1995; Schwartz, 1997]. Despite a
wealth of epidemiological and clinical data, its
carcinogenicmechanismso far remainsunclear.

For reasons that are not clear, arsenic is not
carcinogenic in rodent models [Wang and Ross-
man, 1996]. In the absence of animal models,
in vitro studies become particularly important
in providing information on the carcinogenic
mechanisms of arsenic. Reactive oxygen species
(ROS) have been implicated in the pathogenesis
of cancer. Oxidative stress can be involved in
either initiation, promotion, or progression
[Guyton and Kensler, 1993; Kaidobad et al.,
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1997]. Several recent studies suggest that the
genotoxicity ofarsenicmaybemediatedbyROS.
Although the lung is one of the major organs
that affected by arsenic, little information is
presently available for the production of ROS in
arsenic-exposed lung cells.

Inhalation of metals, such as arsenic, ber-
yllium, cadmium, chromium,nickel, andvanad-
ium, may promote directly and indirectly
enhanced generation of ROS in pulmonary
tissue [Ding et al., 2000]. ROS generation can
cause specific molecular changes resulting in
activation or inactivation of transcription fac-
tors that may alter gene expression leading to
cell proliferation, differentiation, and carcino-
genesis. The mechanisms responsible for
arsenic-related lung pathogenesis are not well
understood. Arsenic does not act through classic
genotoxic and mutagenic mechanisms, as do
other metals such as cadmium or chromium
[Simeonova and Luster, 2000], but oxidative
damage is believed to play a major role. Re-
cently, Hei et al. [1998] have shown that arsenic
is indeed mutagenic to endogenous genes in
mammalian cells and that it induces mostly
large multilocus deletions that are mediated
through ROS. These data are consistent with
the recentdemonstration thatantioxidantenzy-
mes such as superoxide dismutase, glutathione
peroxidase, and particularly catalase reduces
the incidence of arsenite-induced chromosomal
aberrations and sister chromatid exchanges
in cultured mammalian cells [Nordenson and
Beckman, 1991; Wang and Huang, 1991].

The mechanism responsible for the produc-
tion of ROS in arsenic-exposed lung cells is not
fully understood. Glutathione is the major thiol
compounds in the lung cells thatmaintain redox
homeostasis and cope with the ROS produced
during oxidative stress. Current evidence indi-
cates that ROS can act as signaling messengers
to activate transcription factors and induce
gene expression. Activator protein-1 (AP-1) and
nuclear factorkB(NF-kB)areexamples of trans-
cription factors that are sensitive to changes in
cellular redox state andare capable of binding to
a specific response element present in the 50-
flanking region of genes that regulate cell
differentiation, proliferation, and cell death
[Barchowsky et al., 1996; Cavigelli et al., 1996].
For example, AP-1 protein complexes bind to 50-
flanking region of genes, including g-glutamyl-
cysteine synthetase (g-GCS), the first enzyme in
the glutathione synthesis, and glutathione S-

transferases (GSTs) that catalyze conjugation
of glutathione (GSH) to electrophiles. Stress of
various types and the subsequent restoration of
cellular homeostasis after insults often lead to
the activation or silencing of genes encoding for
regulatory transcription factors, acute-phase
proteins, antioxidant enzymes, and structural
proteins [Muller et al., 1997;Daltonet al., 1999].

In this study, using a well-characterized rat
alveolar epithelial cell line, we designed to exa-
mine the hypothesis that arsenic-mediated
oxidant stress stimulates g-GCS gene expres-
sion in cultured lung cells, and to explore poten-
tial mechanisms that may be involved in
regulation of g-GCS altered gene expression.

METHODS AND EXPERIMENTAL PROCEDURES

Cell Line and Culture Condition

Rat lung epithelial cell (LEC) line used in this
investigation was isolated and characterized by
Li et al. [1983]. Cells were routinely grown at
378C in 95% air/5% CO2 using F-12 nutrient
supplementedwith 2mmol/L glutamine, 100U/
ml penicillin, and 100 mg/ml streptomycin
(GIBCO-BRL, Grand Isle, NY), and 10% new-
born bovine serum (JRH Bioscience, Lenexa,
KS). Unless otherwise stated, cells were grown
to 75% confluence and changed to fresh com-
plete medium 18–24 h prior to use in experi-
ments.

Glutathione Analysis

Intracellular levels of glutathionewere deter-
mined as described in our previous article
[Shukla et al., 2000a]. Briefly, following extrac-
tion of the cells with 3.5% perchloric acid, a
high-pressure liquid chromatography (HPLC)
assay with o-phthalaldehyde precolumn deri-
vatization was used to measure total soluble
glutathione. In another set of experiments, cul-
tured cells were treated with buthionine sul-
foximine (BSO, Sigma, St. Louis, MO) at
concentrations and times described in the text
and figure legend. Stock solution of BSO was
filtered and sterilized prior to use.

Determination of ROS Formation

Intracellular ROS generation was measured
by oxidation of dihydrorhodamine-123 (DHRh-
123) to rhodamine-123þ (Rh-123þ), as described
previously [Shukla et al., 2000b].Toperform the
analysis, cells were washed once with Hank’s
balanced salt solution (HBSS) (GIBCO-BRL)
and then were incubated for varying times, in
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the presence or absence of arsenite, with
2 mmole/L DHRh-123 (Molecular Probes, Eu-
gene, OR). Following incubation, the cells were
rinsed with HBSS and subsequently evaluated
with a Perkin Elmer spectrofluorometer using
excitation and emission wavelengths of 500 and
530 nm, respectively.

Electrophoretic Gel Mobility Shift Assay (EMSA)

EMSA were used to demonstrate activation
and translocation of proteins that bind to
specific consensus DNA sequences for AP-1
and NF-kB as described previously [Shukla
et al., 2000c]. The binding site for the AP-1
protein complex (i.e., 50-AGCATGAGTCAGA-
CACCTCTGGC-30) or for the NF-kB protein
complex (50-AGTTGAGGGGACTTTCCCAGG-
C-30) were labeled using T4 polynucleotide
kinase (Boehringer-Mannheim) and [g-32P]ATP
(4,000 Ci/mmol, ICN Costa Mesa, CA). After
incubation of nuclear protein (5 mg) with 0.5 ng
of labeled probe, the reaction mixture was
resolved on a nondenaturing polyacrylamide
gel. Afterward, the gel was dried, autoradio-
graphed, and radioactivity was measured with
PhosphoImager (Bio-Rad, Hercules, CA). Su-
pershift assays were performed with affinity
purified, polyclonal antibody to p50 (SantaCruz
Biotechnology, Santa Cruz, CA). Nuclear
extracts were incubated with labeled probe as
above, then incubated for an additional hour
with 1.0 mg of the antibody.

Northern Blotting

Northern blotting analysis was conducted
according to the procedure of Shukla et al.
[2000a]. Total cellular RNA was extracted from
cellmonolayerswith 1ml ofRNA-STAT-60 (Tel-
Test, Inc., Friendswood, TX) per 100-mm dish,
following themanufacturer’s instructions. RNA
was electrophorecticlly separated on agarose
gel and blotted to Zeta-probe GT nylon mem-
brane (Bio-Rad Laboratories, Richmond, CA). A
DNA segment for g-GCS was cut from pCRII-
MGCS-Z plasmid and was labeled with
[32P]dCTP using random primer labeling kit
(Gibco-BRL) and used for hybridization probes.
Hybridization signals were detected using Bio-
maxMS autoradiography film (EastmanKodak
Co., Rochester, NY) and quantitated using a
Bio-RadGS-250 PhosphoImager (Bio-Rad, Her-
cules, CA).
For determining the expressions of c-jun and

c-fos, c-fos and c-jun cDNA plasmids were used

as hybridization probes as described in our
previous paper [Zhang et al., 1991]. A 190-bp
fragment of the entire 7S cDNA sequence
(280 bp from plasmid pA6) was used to detect
7S RNA for internal control for Northern
hybridization.

Statistical Analysis

Statistical comparisons were performed by
unpaired t-tests or analysis of variance using
Student–Newman–Keuls to adjust formultiple
comparisons. When variability between groups
differed, logarithmic transformations of data
were used for the analysis. The level of sig-
nificance was set at P<0.05.

RESULTS

Oxidative Stress Induced by Arsenic Exposure

A principal intracellular defense of mamma-
lian cells against low levels of oxidants is
glutathione peroxidase catalyzed reaction of
oxidants with GSH. GSH is a thiol peptide and
antioxidant that plays an important role in
manyxenobiotic detoxification reactions includ-
ing arsenic detoxification. Cellular toxicity is
inversely related to intracellular GSH levels
and is exacerbated by GSH depletion. Arsenite
is directly thiol-reactive. Several reports descri-
bed thatprolongedarsenite treatment results in
GSH depletion [Royall and Ishiropoulos, 1993].
The effect of arsenic treatment on the change in
lung cellular redox status was examined. As
shown in Table I, a significant decrease (31.3%)
inGSHwas observed in thefirst 15minafter the
treatment of LEC cells with 5 mM sodium arse-
nite. Recovery was rapid, as evidenced by the
return of GSH to baseline levels at 1 h. Cellular

TABLE I. Effect of Arsenite on Glutathione
Status in Rat Lung Epithelial Cells

Time (h) n
Total glutathione
(nmol/mg protein)

0.00 4 29.75� 2.5
0.25 4 20.45� 2.1
0.50 4 24.15� 1.4
1.00 4 27.31� 3.2
2.00 3 36.45� 4.9
4.00 4 45.55� 5.9
8.00 3 57.22� 5.4

12.00 4 67.79� 7.9
24.00 4 83.81� 9.1

LEC cells were grown to 75% confluence, changed to fresh
complete medium for 24 h, and then treated with 5 mM sodium
arsenite for the times designated. Results are expressed as the
mean�SEM, where n¼ 3–4.
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GSH continuously rose and reached 280% of
GSH level in nonexposed LEC cells by 24 h.

DHRh-123 was used to determine intracellu-
lar production of oxidants in response to arsenic
treatment. LEC cells were incubated in the
presence of DHRh-123 and 5 mM of sodium
arsenite for 0, 10, 20, 40, and 60min. The inten-
sity of Rh-123þ, formed by the interaction of
DHRh-123 with intracellular oxidants such as
hydrogen peroxide, was subsequently quanti-
fied using spectrofluorometry. As shown in
Table II, significant increases of Rh-123þ fluor-
escence were detected 20 min after addition of
arsenite. Comparing to control cells, the produc-
tion rate of intracellular oxidants was signifi-
cantly faster in As-treated cells. For example,
As-treated cells accumulated almost threefolds
more fluorescent product than control cells after
1 h treatment.

To examine the effect of alteredGSH levels on
arsenic cytotoxicity, LEC cells were also treated
with BSO. The effect of BSO pretreatment on
cellularGSH level and cytotoxicity of arsenite is
shown in Figure 1A,B. The treatment with 50
mMBSOdecreased cellular GSH level in a near-
linear manner within 24 h (Fig. 1A). Next, we
determined whether GSH depletion affects the
sensitivity of LEC to the cytotoxicity of arsenite.
As shown in Figure 1B, BSO potentiated the
arsenic cytotoxicity of LEC. By itself, it had only
a minimal cytotoxic effect (data not shown).

As-Induced Changes in g-GCS Expression

The rapid recovery of GSH levels after the
initial depletion, followed by the substantial
rise in GSH at later time points after arsenic
treatment, indicated the possibility that the
gene for the rate-limiting enzyme in GSH
synthesis may have been induced. Northern
hybridization experiments were therefore used

to test this hypothesis. We determined whether
the steady-state mRNA levels of the catalytic
(heavy) subunit of g-GCS were increased in
response to arsenic treatment. As shown in
Figure2, arsenic induced theheavy subunit of g-
GCS (g-GCS-HS)mRNA levels as early as 4 h as
compared to the control level. It significantly
increased (sixfolds after normalization by L32
RNA content) g-GCS-HS mRNA expression
after 8 h of treatment.

As-Induced Changes in the Expression of
Immediate-Early Genes and AP-1 Binding Activity

It is known that the 50-flanking region of
promoters for g-GCS-HS gene has response
element for AP-1, a transcription factor com-
posed of either Fos/Jun heterodimers or Jun/
Junhomodimers.We reasoned that induction of
AP-1 in response to arsenic and subsequent
binding of this transcription factor to AP-1
motifs in the g-GCS promoter could explain
the coordinate upregulation of these enzymes.

To explore the potential association between
AP-1 and the induction of this GSH-producing
enzyme, time-dependent changes in mRNA
levels for c-fos and c-jun following the addition
of 5 mM sodium arsenite were measured. As
shown in Figure 3, significant elevations in c-
fosand c-junmRNA levels were observedwithin
30 min after arsenic exposure. Arsenite treat-
ment caused a 3.1-fold induction in c-fosmRNA.
We then determined whether the transcrip-
tional activation of the c-fos and c-jun genes by
arsenic resulted in the formation of a functional
AP-1 complex. To accomplish this, we used
EMSA to compare the ability of nuclear pro-
teins, isolated fromAs-treated and control cells,
to bind to AP-1 consensus sequence. Figure 4
shows that arsenic clearly increased the binding
activity of the nuclear extract to the oligonu-
cleotide probe of AP-1 binding site after treat-
ment with arsenic for 2 h, and peaked at 4 h
post-treatment. To test whether induced AP-1
protein is functional,LECwere transfectedwith
APCAT reporter gene, which contains AP-1
binding sequence in the a-fetoprotein promoter
region, fused to the structural gene coding for
bacterial chloramphenicol acetyltransferase
(CAT) [Zhang et al., 1991]. CAT activity was
measured by theCAT-ELISAmethod, using the
CAT-ELISA measuring kit (Promega). Results
were expressed as the ratio of activity, with
or without tumor promoter treatment, or fold
induction. Shown in Figure 5 is arsenic induced

TABLE II. Production of Oxidants by
Arsenite in LEC Cells

Time (min)

Relative fluorescence intensity

Control As-treated

0 1.0 1.0
10 1.2�0.3 1.7� 0.4
20 1.5�0.2 2.5� 0.6
40 1.9�0.4 4.8� 0.7
60 2.3�0.6 6.3� 1.1

LEC cells were grown to 75% confluence, changed to fresh
complete medium for 24 h, then were exposed to 5 mM sodium
arsenite and 2 mmole/L DHRh-123 for 0, 10, 20, 40, or 60 min.
Data are expressed as the mean�SEM, where n¼ 3–4.
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CAT gene expression 48 h after treatment of
transfected cells with 5 mM sodium arsenite.

Arsenic-Induced NF-kB Binding Activities

Activation of NF-kB binding is highly respon-
sive to stress stimuli. These stimuli increase
nuclear translocation of proteins that bind
genomic kB elements. Therefore, responsive-
ness ofLECtooxidative stress causedbyarsenic
exposure was further evaluated with mobility
shift assays involving redox-sensitive tran-

scription factor NF-kB. Nuclear extracts were
prepared from cells exposed to either 0 or 20 mM
of sodium arsenite at 30 min, 1, 2, and 4 h. The
specificity of binding was verified by an anti-
body-supershift. As shown in Figure 6A,B
(autoradiogram and quantitative results from
densitometric scanning, respectively), nuclear
extracts prepared from cells exposed to As for
30 min, 1, and 2 h had approximately double
the NF-kBDNA binding activities, compared to
extracts from control cells. The NF-kB binding

Fig. 1. (A) Depletion of intracellularGSH levels by treatmentwith 50mMofBSO in LECcells for 6, 12, or 24
h. Each point represents the mean� SEM (n¼3). (B) Effect of BSO pretreatment on arsenite-induced
cytotoxicity in LEC cells. LEC cells were pretreated with 0 or 50 mM BSO for 24 h. Cells in each treatment
groups were then exposed to 0, 1, 2.5, 5.0, or 10 mM sodium arsenite for 24 h.

Fig. 2. (A) Northern blot analysis of steady state levels of gGCSmRNA in the cells treatedwith 5 mMsodium
arsenite for 0, 0.5, 1, 2, or 4 h. (B) Right panel depicts the quantitative hybridization data normalized for
differences in RNA loading using L32 ribosomal RNA as an internal standard.

Arsenic Induces Oxidative Stress 33



activity returned to control levels after 4 h of
treatment with arsenic. Supershift analysis
with antibodies specific to the p50 subunits of
NF-kB was used to identify the proteins bound
in response to arsenite. The mobility of the
binding complexes are further retarded by the
antibodies indicating that p65/p50 heterodi-
mers and possibly p50 homodimers accumulate
in the nucleus following treatment with arse-
nite. It remains to be determined whether NF-
kB plays a role in the As-induced apoptosis or
alternatively in attempting to protect the cells

from As-induced cell death by upregulating the
expression of resistance factors.

Antioxidants Prevent Increased Nuclear Levels of
NF-kB in Response to Arsenite

Translocation of NF-kB in response to most,
butnot all stimuli, involves anoxidant-sensitive
regulatory step [Anderson et al., 1994; Suzuki
et al., 1994; Thanos and Maniatis, 1995]. To
demonstrate that oxidants or reaction with
thiols is required for activating NF-kB in
response to arsenite, LEC cells were incubated

Fig. 3. (A) Northern blot analysis of steady state levels of c-Jun and c-Fos mRNA in the cells treated with
5 mM sodium arsenite for 0, 0.5, 1, 2, or 4 h. (B) Right panels depict the quantitative hybridization data
normalized for differences in RNA loading using 7S ribosomal RNA for an internal standard.

Fig. 4. (A) Induction of AP-1 binding activity in LEC cells
exposed to 5 mM sodium arsenite for 0, 2, 4, or 6 h. Nuclear
protein (5 mg) from cells treated with arsenite for various time
periodswas used to analyze forDNAbinding activity using a 32P-
end-labeled, double-stranded, oligonucleotide consensus se-
quence for AP-1. Protein–DNA complexes were resolved by

nondenaturing gel electrophoresis, visualized by autoradiogra-
phy, and quantified by densitometer. (B) panel shows the
quantitative data. (A) panel is a representative autoradiogram
showing the retardation of the labeled probe by nuclear proteins
(shown by an arrowhead).
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in complete medium supplemented with 5 mM
N-acetyl-L-cysteine (NAC, Sigma) for 18–24 h
prior to adding arsenite for an additional hour.
Incubation with NAC only slightly reduced
basal kB binding. However, pretreatment with
antioxidant significantly reduced arsenite-
inducedNF-kBbinding (Fig. 7). Thesedata com-
binedwith thosepresented inFigure1 indicated

that increased nuclear levels of NF-kB in
response to arsenite are initiated by or require
critical oxidant-sensitive signaling.

DISCUSSION

Normally, intracellular redox status is tightly
controlled by cellular GSH, and remains rela-
tively constant unless these cells are subjected
to oxidizing conditions. Themechanism of redox
homeostasis regulates the level of ROS formed
continually as side products of reactions invol-
ving electron transfers during oxidative phos-
phorylation. High levels of intracellular
oxidants are deleterious and cytotoxic. There-
fore basal levels of ROS are carefullymodulated
by specific genes that protect cells against
oxidant injury or participate in cellular repair
processes [Arrigo, 1999; Dalton et al., 1999].

The data presented in the present study
are the first demonstration that arsenite can
initiate lung cell signaling and activation of
transcription factors, AP-1 and NF-kB. This
activation follows the same time course as that
for oxidant formation and is prevented by
antioxidant. These findings suggest that oxida-
tion of thiols is required for signaling in
response to arsenite.

The first indicator of arsenic-induced oxidant
stress occurred within 15–30 min after the

Fig. 5. Functional analysis of AP-1 induction by arsenite using
transient transfection of pAFPCAT as a reporter gene. The CAT
activity was determined by CAT-ELISA measuring kit (Promega)
as described by manufacturer.

Fig. 6. (A) Induction of NF-kB binding activity in LEC cells
exposed to 5 mM sodium arsenite for 0, 0.5, 1, 2, or 4 h. Nuclear
protein (5 mg) from cells treated with arsenite for various time
periodswas used to analyze forDNAbinding activity using a 32P-
end-labeled, double-stranded, oligonucleotide consensus se-
quence for NF-kB. Protein–DNA complexes were resolved by
nondenaturing gel electrophoresis, visualized by autoradiogra-
phy, and quantified by densitometer. (B) Right panel shows the
quantitative data. Left panel is a representative autoradiogram

showing the retardation of the labeled probe by nuclear proteins
(shownbyanarrowhead). Supershift analysiswas used to identify
theNF-kBbindingproteins in the retarded complex.Monoclonal
antibody to p50 subunit of NF-kB was added to the incubation
mixture for an additional hour. The arrow designated SS
(supershift) represents the additional retardation in migration
caused by the interaction of the NF-kB DNA complex with an
antibody to p50 subunit.
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treatment of arsenic and was in the form of
a transient decrease in lung cellular GSH
content. The changes of redox status induced
by arsenic could have resulted from the direct
interaction of GSH with intracellular oxidants,
or/and have been due to inhibition of GSSG
reductase that serves to regenerate GSH. Soon
thereafter, an increased level of ROS in arsenic-
treated cells was detected by the probe DHRh-
123 and quantified by spectrofluorometry.
Recently Barchowsky et al. [1996] demonstra-
ted that there was no depletion of GSH in
response to 5 mM arsenite in porcine aortic
endothelial cells. The contradictory resultsmay
be due to (1) Barchowsky et al. did not study
earlier time point and (2) different cell linesmay
have different response.

In the present study, we demonstrated that
exposure of LEC to arsenic increased the levels
of intracellular oxidants that subsequently
leads to induction ofGSH synthesis by enhance-
ment of redox-sensitive transcription factor AP-
1 and in turn, upregulation of g-GCS enzyme
activity. g-GCS is the first and rate-limiting
enzyme in thedenovoGSHsnthesis pathway. It
isaheterodimer, consistingofacatalytic (heavy)
subunit and a regulatory (light) subunit [Grif-
fith, 1999]. Very diverse chemical agents are
know to induce g-GCS subunit gene expression,
but all of these compounds have in common the
ability to generate an oxidant stress. For exam-
ple, this study and our previous data [Shukla

et al., 2000a] demonstrated that exposure of
LEC to arsenic or cadmium, upregulated the
expression of g-GCS-HS gene, which was ac-
companied by increased level of intracellular
oxidants. We have recently reported that the g-
GCS-LS gene is also transcriptionally activated
by cadmium [Shukla et al., 2000a]. Induction
kinetics for the heavy and light subunits
appears to be identical.

The mechanism governing the coordinate
induction of heavy and light subunits of g-GCS
gene by arsenic and cadmium remains to be
fully elucidated. However, regulation could be
achieved, at least in part, through a common
response element found in the 50-flanking
region of each gene. It is conceivable that the
coordinate induction of g-GCS isoenzymes by
cadmium and arsenic could be associated with
activation of the transcription factor AP-1, and
the subsequent binding of AP-1 to specific sites
within promoters of these genes [Hayes and
McLellan, 1999].

Several lines of evidence derived from the
current study support the possible involvement
of AP-1 in this regulatory process. We found
that the expressions of c-fos and c-jun were
rapidly and transiently activated by arsenic in
LEC. The increase in c-fos and c-jun transcripts
occurred within 30 min, coincident with the
earliest sign of arsenic-mediated oxidant stress.
Using EMSA, wewere then able to demonstrate
not only that AP-1 binding activity was enhanc-
ed in nuclear extracts derived from arsenic-
exposed cells but also that it was maximal prior
to the time when upregulation of g-GCS expres-
sion was first detected (see Figs. 2 and 3).

In addition to activation of the AP-1 tran-
scription complex, arsenite also increased NF-
kB binding activity, supporting the observation
that acute arsenic induces oxidative stress and
activates NF-kB in cells [Muller et al., 1997;
Kaltreider et al., 1999; Tully et al., 2000]. The
carcinogenic property of arsenic could be ex-
plained by arsenite-stimulated transcription
factors, such as AP-1 and NF-kB that subse-
quently stimulate proliferative genes [La Rosa
et al., 1994; Janssen et al., 1995]. The data in the
current study indicate for the first time that
environmentally relevant concentrations of
arsenite initiate lung cell signaling. This signal-
ing is initiated by cellular oxidation that activa-
tes pathways leading to increased levels of
active nuclear transcription factors. Increased
binding of transcription proteins to genomic

Fig. 7. Suppression of arsenite-induced NF-kB activation in
NAC-pretreated LEC cells. Cellswere incubatedwith 5mMNAC
for 24 h prior to adding 5 mM sodium arsenite for 0, 0.5, 1, 2, or 4
h. The NF-kB binding activity was analyzed by EMSA as
described in Figure 6. The densities of binding bands were
quantified by densitometry.
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kB and AP-1 sites may induce a mitogenic
response.
In conclusion, we have shown in this report

that exposure of LEC to arsenite causes a tran-
sient depletion of GSH which, in turn, leads to
an increased production and accumulation
ROS. In order to maintain redox homeostasis
in the cells and to cope with the excess of ROS
produced during this arsenic-mediated oxidant
stress, the g-GCS gene expression was acti-
vated. The molecular mechanisms by which the
arsenic-induced gene expression will require
further investigation. However, results derived
from current studies suggested that the mecha-
nisms responsible for this event may involve
arsenic-induced transcriptional activation of
the c-jun and c-fos genes. The subsequent
binding of the transcription factorAP-1 complex
to the AP-1 consensus sequence at promoter
region located in the 50 end of the g-GCS gene,
ultimately causing the upregulation of its
expression.
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