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Metallothlonelns (MTs) are small, cysteine-rich zinc binding
proteins that are powerful antioxidants. In this study, we
Investigated the Interaction between zinc, MTs, and other
components of the antioxidant defense system In HepG2cells.
Cells were prelncubated with zinc and then exposed to sodium
nitroprusside (SNP), a nitric oxide (NO) donor. Both zinc
pretreatment and SNP exposure separately Induced transcrip-
tion of MT genes (MT1 A, MT2A, MT1 E, MT1 X), as measured
using real tlme-polymerase chain reaction (peR) after reverse
transcription (RT). Pretreatmentof HepG2cells with zinc sulfate
(Zn504) followed by SNP exposure caused MT and glucose-6-
phosphate dehydrogenase (G6PD) mRNA levels to Increase
more than In cells only exposed to SNP. However, when cells
were Incubated with N,N,N',N'-tetrakls(2-pyrldylmethyl)ethyl-
enedlamlne (TPEN), a membrane-permeant Zn2+ chelator, the
stimulation of MTtranscription by SNPwas blocked, suggesting
that SNP-Induced upregulatlon of these genes Is zlnc-depend-
ent. Human glutathlone-S-transferase (hGSTA1) and G6PD
mRNA levels In the cells treated with 5 I'M TPEN decreased.
Additionally, the Induction of MT by SNPafter zinc pretreatment
appears to be mediated by metal-actlvatedtranscription factor-1
(MTF-1), which Is Induced by labile zinc In the cytosol. SNP
cytotoxicity was Inhibited by preinCUbation with zinc. Taken
together, these results suggest that NO plays an Important role
In regulation of cellular zinc homeostasis and that NO-mediated
release of protein-bound zn2

, may be an Important signal In
antioxidant defense. Exp Bioi Mad231:1555-1563, 2006
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Introduction
Cells utilize a variety of strategies to ensure survival

under adverse conditions. One of these strategies involves
immediate upregulation of genes that encode antioxidant
proteins (1) in response to exposure to reactive oxygen
species (ROS). For example, the metallothioneins (MTs), a
family of proteins with antioxidant activity (I), are
upregulated in response to zinc and oxidative stress (e.g.
elevated hydrogen peroxide [H20 2]).

In their reduced forms, the sulfhydryl-rich MTs form a
complex with Zn2+, which is released when MTs are
oxidized. Zinc induces MT transcription by binding to
metal-activated transcription factor-I (MTF-l). MTF-I
bound to labile intracellular Zn2+ interacts with metal
responsive elements (MRE) in the 5' regulatory region of
MT genes (2, 3). However, MTF-I plays a wider role than
just mediating transcription of MT. Among the confirmed
MTF-I target genes are MTF-l itself, ZnT-l (a Zn2+
transporter also known as slc30AI), glutathione-S-trans-
ferase (GST), and glucose-6-phosphate dehydrogenase
(G6PD) (4-8). GSTs represent a major group of detox-
ification enzymes (9). In humans, hGSTAI is one of the
most important detoxification proteins (10), and is the most
abundant GST isoenzyme in liver and kidney (11). G6PD is
essential to the maintenance of a supply of reducing power
in the form of nicotinamide adenine dinucleotide phosphate
(NADPH) (12), which, as the reducing equivalent for all
major ROS-producing and detoxifying pathways, plays a
central role in cellular metabolism of ROS (13, 14).
NADPH is also required for the enzymatic restoration of
reduced glutathione (GSH) by GSH reductase (15). GSH, in
tum, is used by GSH peroxidases to convert H20 2 and
organic peroxides into water or alcohols. In addition to GST
and G6DP, a large number of other genes with antioxidant
functions possess multiple MREs in their 5' flanking regions
(2, 4).1 Thus, it is possible that the well-known protective

I N. Hill. P. Cunningham. C. Hogstrand and P. Kille. unpublished data, October 3.
2003.
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effect of zinc against oxidative damage is largely a result of
zinc-stimulated gene expression.

Nitric oxide (NO) is a free radical species that can react
with superoxide anion (02' - ) to generate peroxynitrite
(ONOO-), which induces apoptosis by increasing cellular
oxidative stress, mitochondrial cytochrome-c release, and
DNA damage (16). NO nitrosates thiol groups of MTs in
vitro (17), and release of high levels of NO is associated
with cell death (18). The damaging effects of NO are
countered by NO-induced release of bound zinc (Zn) (19) or
cadmium (Cd) (20) ions from MTs and perhaps other
intracellular stores. The mobilization of zinc by NO has
been described by Katakai et al. (19) and their data indicate
that MT-I levels may increase inside the cell following zinc
release.

In the present study, we examined the interaction
between zinc and the antioxidant defense system in HepG2
human hepatoma cells, using sodium nitroprusside (SNP) as
a slow-release NO donor. The objectives of this research
were 3-fold: (i) to establish whether key antioxidant genes
are induced by zinc and SNP, (ii) to determine whether
ROS-responsive mammalian antioxidant genes with multi-
ple MREs are dependent on zinc and MTF-I for activation
by ROS exposure, and (iii) to assess if induction of
antioxidant genes by zinc offers protection against oxidative
stress. The overall aim of this work is to provide evidence
for a role of zinc as an intracellular signal for oxidative
stress.

Materials and Methods
Chemicals. Dulbecco's minimum essential medium

(DMEM), fetal bovine serum (PBS), liquid gentamicin
reagent solution, penicillin and streptomycin (PEST), and
trypsin (T)-EDTA were purchased from Join Bio-Innovation
(Seoul, Korea). Falcon tissue culture plates were obtained
from Becton Dickinson (Franklin Lakes, NJ). F1uoZin-3
AM was obtained from Molecular Probes, Inc. (Eugene,
OR). Powerscript Reverse Transcriptase was obtained from
Clontech (Palo Alto, CA). An oligo(dT)15 primer and
random hexamers were obtained from Promega (Madison,
WI). Most other reagents were purchased from Sigma
Chemical Co. (St. Louis, MO).

The membrane permeable zinc chelator N,N,N',N'-
tetrakis(2-pyridylmethyl)ethylenediamine (TPEN) and SNP
were purchased from Sigma Chemical. TPEN was stored as
a 25 mM stock solution in dimethyl sulfoxide (DMSO) at
-20°C and added to cultures at the appropriate dilution. SNP
was diluted in DMEM immediately before use.

Cell Culture. Human hepatoma cells (HepG2) were
obtained from the Korean Cell Line Bank (Seoul, Korea).
The cells were seeded in 6-well Falcon plates at I X 106

cells/ml in DMEM supplemented with 10% PBS, 1% liquid
gentamicin reagent solution, and 1% PEST. They were
cultured at 37°C in a humid atmosphere containing 5% CO2

until 60%-80% confluent and then used in RT-PCR or real
time PCR assays.

HepG2 cells were seeded in 24-well Falcon plates at 1
X 104 cells/ml and grown for 48 hrs and then used in the 3-
(4,5-dimethy1-2-y1)-2,5-diphenyltetrazolium bromide
(MIT) assay. Culture medium was replaced on alternate
days, and cells were kept in medium free of serum and
antibiotics during treatment.

Treatments. In experiments in which the effects of
zinc and the membrane-permeant zinc chelator TPEN on
cell viability were examined using the MIT assay, HepG2
cells were incubated in fresh DMEM with or without
experimental additives. Cells were exposed to zinc sulfate
(ZnS04; 0, 50, 100, and 200 ~ alone, to TPEN (0 and 50
~ alone for 24 hrs, to DMEM containing SNP (0, 2, and 4
mM) after pretreatment with ZnS04 (0-200 ~ for 24 hrs,
or TPEN (0 and 5 ~ and SNP (0, 2, and 4 mM) together
for 24 hrs.

In cultures used in reverse transcriptase-polymerase
chain reaction (RT-PCR) or real time PCR assays, HepG2
cells were pretreated with 100 J.IM ZnS04 in DMEM
medium for 24 hrs. The zinc-containing medium was then
removed, and cells were exposed to fresh DMEM contain-
ing 2 mM SNP (for 12 hrs). Cells in 2 mM SNP were
incubated for an additional 12 hrs. HepG2 cells were treated
with 2 mM ZnS04 together with 5 J.IM TPEN for 12 hrs.
Controls consisted of (i) untreated cells, (ii) cells treated
with ZnS04 only, and (iii) cells treated with SNP only.

RNA Extraction and RT·PCR or Real Time
PCR. Total RNA was extracted from cells using the TRI
REAGENT LS kit (Sigma Chemical) according to the
manufacturer's protocol. Total RNA (2 ug) was reverse-
transcribed into cDNA using PowerScript Reverse Tran-
scriptase (Clontech) according to the manufacturer's proto-
col, using an oligo(dT)ls primer and random hexamers
provided by Promega. The resulting volume of cDNA was
20 ~l.

PCR primers were designed based on published
nucleotide sequences and are listed in Table 1. DNA
sequences for MT-IA, MT-2A, MT-lE, MT-IX, MTF-l,
ZnT-l, and 18S rRNA are from Hasumi et ai. (21), and
sequences for hGSTA1 and G6PD are from Xiang et al. (11)
and Riganti et al. (15), respectively. RT-PCR was
performed according to the method described by Chung et
al. (22). PCR with G6PD and GSTA1 as templates began
with incubation at 95°C for 15 mins, followed by 25 cycles
at 94°C for 30 sees and 60°C for 30 sees, and final extension
at noc for 30 sees, PCR using 18S rRNA templates began
with incubation for 10 mins at 95°C, followed by 10 cycles
of 30 sees at 94°C, 30 sees at 60°C, and 30 sees at noc.
Final extension was carried out for 5 mins at noc.

PCR products were electrophoresed on 1.5% agarose
gels and visualized with ethidium bromide under UV light.
The intensities of the bands were analyzed and quantified by
SigmaGel software (Jandel Scientific, San Rafael, CA). The
intensities of 18S rRNA transcripts were used as internal
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Table 1. Sequences of PCR Primers

Gene Primer SequenceS

MT1A forward CTCGAAATGGACCCCAACT
reverse ATATCTTCGAGCAGGGCTGTC

MT2A forward CCGACTCTAGCCGCCTCTT
reverse GTGGAAGTCGCGTTCTTTACA

MT1E forward GCTTGTTCGTCTCACTGGTG
reverse CAGGTTGTGCAGGTTGTTCTA

MT1X forward TCTCCTTGCCTCGAAATGGAC
reverse GGGCACACTTGGCACAGC

ZnT-1 forward AATACCAGCAACTCCAACGG
reverse ATCACTGAACCCAAGGCATC

MTF-1 forward CTTTCTGTTGTTGCTGGGGC
reverse ATGCCTCTTCTTGTTTGATGATG

hG5TA1 forward TCCATATGGCAGAGAAGCCCAAGC
reverse CCGAATTCTCCATGACTGCGTTATTA

G6PD forward CCGGATCGACCACTACCTGGGCAAG
reverse GTTCCCCACGTACTGGCCCAGGACCA

185 rRNA forward CGGCTACCACATCCAAGGAA
reverse GCTGGAATTACCGCGGCTGC

S Primers are written 5' ~ 3'.

controls. The identities of PCR products were verified by
DNA sequencing.

Real-time PCR was performed with 12.5 III iQ SYBR
Green Supermix from Bio-Rad (Hercules, CA), 0.5 III each
primer (IS J.IM), and I III cDNA. The final volume of the
reaction mixture was 25 Ill. Real-time PCR using the
MTlA, MTIA, MTIE, and MTlX templates was per-
fonned in one cycle of 3 mins at 95°C followed by 40 cycles
of 30 sees at 94°C, 30 sees at 60°C, and 30 sees at noc. A
final extension was carried out for 5 mins at noc.
Following amplification, a melting curve of amplified
DNA was analyzed at temperatures between 54°C and
95°C. All real-time PCRs were performed in an iCycier iQ
(Bio-Rad). During the primer extension step, the increase in
fluorescence from the amplified DNA was recorded using
the SYBR Green optic channel set at a wavelength of 490

nm.
Fluorescence Imaging of Free Intracellular Zinc

by FluoZln-3 AM Staining. Cells were seeded at I X 105

cells/ml in 6-well Falcon plates (2 ml/well) and grown for 1
or 7 days. Cells were serum-starved for 6 hrs and then
treated with the cell-permeant Zn2+-selective probe F1uoZin-
3 AM (Molecular Probes; 4 J.IM) at 37°C for 30 mins in
DMEM (23). Cells were washed in DMEM to remove
nonspecifically bound F1uoZin-3 and then incubated for an
additional 40 mins to complete the intracellular cleavage of
the acetoxymethyl (AM)-ester. During this time, ZnS04 or
ZnS04 plus SNP were added. Samples were observed under
a Zeiss fluorescence microscope (Carl Zeiss, Munchen-
Hallbergmoos, Germany) with excitation at 494 nm and
emission at 516 nm. Images were obtained at X20
magnification with a Zeiss digital camera.

DNA Fragmentation Assay. DNA isolation was
perfonned according to the TRI REAGENT LS (Sigma

Chemical) protocol. The extracted DNA content was
measured spectrophotometrically. Isolated DNA samples
were analyzed electrophoretically on a 1.2% agarose gel
containing 0.2 mg/ml ethidium bromide at 95 V for I hr.
Bands were visualized under UV light.

Cell Viability Measurements. Cell viability was
assessed with the MIT assay according to the method
described in Chung et al. (22). In brief, mitochondrial
dehydrogenase activity was estimated using MTT as a
substrate. Data are expressed as a percentage, with untreated
cells equal to 100%.

Statistical Analyses. Each experiment was per-
formed a minimum of three times. One-way analysis of
variance (ANOVA) followed by Tukey's test was used to
compare the results from different treatments. A Student's t

test was used for comparisons between two groups.
Statistical significance was set at P < 0.05. Data are
reported as the mean ± SD.

Results
Effect of Zinc and TPEN on Expression of

Antioxidant Genes (MT1A, MT2A, MT1E, MT1X,
hGSTA1, and G6PD) in Response to Oxidative
Stress. When HepG2 cells were treated for 12 hrs with
2 roM SNP or pretreated for 24 hrs with 100 JlM ZnS04, a
significant increase in the levels of MTlA, MTIA, MTlE,
and MTlX mRNA was observed (n = 3, P < 0.05) (Fig. 1).
Treatment with 100 JlM ZnS04 also increased the
abundance of G6PD mRNA by 1.6-fold above the control
(results not shown). Treatment with Znso4 prior to exposure
to 2 roM SNP for 12 hrs resulted in significantly higher
levels of MTlA, MT2A, MTIE, and MTlX mRNA (Fig. 1)
and G6PD mRNA (results not shown) than with Znso4 or
SNP treatment alone. Neither SNP nor zinc separately or in
combination changed expression of hGSTAI mRNA
(results not shown). However, treatment with the zinc
chelator, TPEN, drastically reduced basal transcript levels
for hGSTI (Fig. 2). TPEN also completely abolished the
induction of G6PD (Fig. 2) and MTs (Fig. 3) in response to
SNP, suggesting that this is a zinc-dependent effect.

NO Leads to an Increase In Labile Intracellular
Zinc. Because the above results suggested that NO leads to
mobilization of intracellular zinc, labile intracellular zinc
was measured using fluorescence imaging with the cell-
permeant fluorescent zinc probe, F1uoZin-3 AM (23) after 1
and 7 days in cultured cells. After loading with 4 JlM
FluoZin-3 AM, untreated cells exhibited no fluorescence
(Fig. 4, A-I and B-1), whereas cells treated with 100 JlM
ZnS04 exhibited bright fluorescence at days I and 7 (Fig. 4,
A-2 and B-2). Treatment with 100 JlM Znso4 plus 2 roM
SNP caused an increase in fluorescence at days 1 and 7 (Fig.
4, A-3 and B-3). Thus, SNP exposure caused release of zinc
from the intracellular pools.

Induction of MTF-1 Transcription by SNP and
Zinc. To investigate the role of MTF-l in zinc-mediated



1558 CHUNG ET AL

Figure 1. Effectof ZnS04on SNP-induced activation of the MT genesMT1A, MT2A, MT1E, and MT1X. HepG2 cellswerepreincubated with
medium withor without ZnS04at the indicated concentrations for24 hrs.Medium wasthen removed and replaced withmedium withor without
SNPat the indicated concentrations for 12hrs.Arrows (~) indicate 24-hrpreincubation withZnS04,followed by 12·hrexposure to SNPwithout
ZnS04.Results arefromthreeexperiments andareexpressed as themean:t SO(n= 3). 'P < 0.05 compared to control; +P < 0.05 compared
to 2 mMSNP;•P < 0.05 compared to 100 ~M ZnS04' The quantity of MT mRNAIn eachsample wasnormalized to the quantity of 18SrRNA
(18S). "Fold-induction" of eachmRNAspecies wascalculated as follows: d Threshold cycle{dCt) = (Ctof MTmRNA) - (Ctof 18SmRNA); ddCt
= (dCtof mRNAin treated cells)- (dCtof mRNAin untreated cells); fold-induction =2-<k!C .

Figure 2. Effectof TPENon SNP-Induced activation of hGST1A andG6PO geneexpression. HepG2 cellswereincubated with2 mMSNP or 5
~MTPEN for 12hrs,as Indicated, orwith2 mMSNP+5 ~M TPENtogether for 12hrs.Results arefromthreeexperiments andareexpressed as
the mean :t SO (n = 3). 'P < 0.05 compared to control. The quantity of hGST1A and G6PO mRNAIn each sample was normalized to the
quantityof 188 rANA(188)."Fold-Induction" of eachmANAspecies wascalculated as the ratioof the levelof thatmRNAIn treated cellsto that
of the corresponding mean value in control cells.
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Figure 3. Effectof TPENon 5NP-induced activation of MT1 A, MT2A, MT1 E. and MT1 X genes. HepG2 cells were incubated in medium alone
or in mediumcontaining the indicated concentrations of 5NP alone, TPEN alone, or 5NP +TPENtogether for 12 hrs. Aesultsare from three
experiments and are expressed as the mean =SO.•P < 0.05 compared to control; /IP < 0.05 compared to 2 mM5NP. The quantityof MT
mANA in eachsample was normalized to thequantityof 185 rANA(185). "Fold-induction" of eachmANAspecieswascalculated as follows: d
Threshold cy~dC1) =(Ct of MTsmANA)- (Ctof 185 mANA); ddCt= (dCtof mANAin treated cells)- (dCtof mANAin untreated cells);fold-
induction =2

enhancement of SNP-induced activation of MT gene
transcription, we determined the level of the MTF-l
transcript by RT-real time PCR. Cells were treated with 2
roM SNP or 100 ).1M ZnS04, or were pretreated with 100

fJM ZnS04 and then treated with 2 mMSNP. MTF-l mRNA
increased in response to a 12-hr exposure to either of the
individual treatments (SNP or ZnS04). An even greater
increase was observed in cells that were exposed to 2 mM
SNP for 12 hrs after zinc pretreatment (Fig. 4B). The
stimulatory effect of SNP on MTF-I mRNA transcription
was reduced by TPEN (Fig. 4B), suggesting that this
stimulation is a result of NO-induced zinc mobilization.

Effect of Zn2+ Ions on ZnT-1 Gene Expres-
sion. To further test the effect of NO on expression of
MTF-l regulated genes, we measured the abundance of
ZnT-l mRNA in response to NO and zinc. HepG2 cells
were treated with 100 ).1M ZnS04, 2 mM SNP, or 2 mM
SNP for 12 hrs after zinc pretreatment. The levels of ZnT-l
transcripts increased after exposure to zinc or SNP, and zinc
pretreatment enhanced the transcription-activating effect of
subsequent SNP exposure (II=3, P < 0.05) (Fig. 5). To test
the effect of zinc depletion on transcription of ZnT-I, we
exposed HepG2 cells to 2 mM SNP alone, 5 J,lM TPEN
alone. or SNP and TPEN together. for 12 hrs. In cells treated

with 5 J,lM TPEN together with 2 mM SNP, ZnT-l rnRNA
levels were reduced to 19% of that observed in cells
exposed to 2 mM SNP alone (Fig. 5). These results
demonstrate that the interaction between NO- and MTF-I-
mediated gene expression in HepG2 cells.

Zinc Pretreatment Reduces the Cytotoxic Ef-
fects of Nitrosative Stress. Cells were treated with 2
mM SNP or 2 mM SNP after 100 ).1M zeso, pretreatment,
and genomic DNA extracted from treated and untreated
cells was analyzed. DNA fragmentation was not obvious in
cells treated with ZnS04 alone, and pretreatment with 100
J,lM ZnS04 suppressed the DNA fragmentation caused by
exposure to 2 mM SNP.

Cells were treated with various concentrations of
ZnS04 (Fig. 6B) or SNP (Fig. 6B), and cell viability was
quantified using MTT assays. Although high concentrations
of zinc have been reported to be cytotoxic (24, 25), the
exposure of HepG2 cells to ZnS04 (at up to 200 ~ for 24
hrs had no detectable cytotoxic effect in our experiments
(Fig. 6B). In contrast, chelation of intracellular zinc with 5
J,lM TPEN reduced cell viability to 60% of the control (Fig.
6B).

Exposure to 2 mM or 4 mM SNP for 24 hrs caused a
significant. dose-dependent reduction in cell viability. Zinc
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Figure 4. (A) CellularZn2+ in HepG2cells detectedby fluorescence microscopy using FluoZin-3 AM and (B) effect of ZnS04 and TPEN on
SNP-induced activation of the MTF-1 gene. HepG2cells were incubated in serum-free media for 6 hrs prior to the experiment. (A-1-3) 1-day
culture. (B-1-3) 7-dayculture. (A-1 and B-1) Untreated cells. (A-2 and 8-2) Cells trealed with 100 J.lM ZnS04. (A-3 and B-3) Cells treated with
100J.lMZnS04 and 2 mMSNP. HepG2cells were incubated with2 mMSNP for 12 hrs,as indicated. or were preincubated with 100 J.lMZnS04
for 24 hrs followedby a 12·hr incubation in medium withor withoutSNP,as indicated by arrows (~). Aesultsare fromthreeexperiments andare
expressed as the mean ± SO (n =3)."P < 0.05 compared to controls; # P < 0.05 compared to 2 mM SNP; +p < 0.05 compared to 100 J.lM
ZnS04.The quantityof MTFmRNAin eachsamplewas normalized to the quantityof 18SrANA(18s)."Fold-induction"of each mANAspecies
was calculated as follows:d Threshold cyclejdCt) = (Ct of MTs mRNA)- (Ct of 18S mANA);ddCt= (dCtof mANA in treated cells) - (dCt of
mANA in untreated cells); fold-induction = 2 del.

pretreatment (50 ~ or 100 J.IM) provided significant
protection against nitrosative cytotoxicity (Fig. 6B). Ex-
posure to 4 mM SNP alone for 24 hrs produced about a 30%
loss of viability, and simultaneous treatment with 4 mM
SNP and 5 ~ TPEN for 24 hrs exacerbated cell death (Fig.
6B).

Discussion
There is an increasing appreciation for the role of zinc

in protection against oxidative stress (3, 22, 39). It has
previously been shown that NO or H20 2 can release zinc
from zinc-sulfur clusters and that the resulting increase in
intracellular labile zinc can stimulate MT transcription
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Figure 5. Effect of ZnS04 and TPEN on SNP-induced activation of the ZnT-1 gene. Cells were incubated with the indicated concentrations of
SNP only or TPEN only, or were preincubated with 100 mM ZnS04 for 24 hrs followed by incubation in media with or without SNP for 12 hrs, as
indicated by arrows (~), or were exposed to SNP +TPEN for 12 hrs. Aesults are from three experiments and are expressed as the mean ~ SO
(n=3). ·P< 0.05 compared to control; #p< 0.05 compared to 2 mMSNP; +P< 0.05 compared to 100 IlMZnS04' The quantity of ZnT-1 mANA
in each sample was normalized to the quantity of 18S rANA (18S). "Fold-induction" of each mANA species was calculated as follows: d
Thres~old cy~~~dCt) = (Ct of MTs mANA) - (Ct of 18S mANA); ddCt = (dCt of mANA in treated cells) - (dCt of mANA in untreated cells); fold-
induction = 2 .

through MTF-l activation (5, 17, 19-22, 26). In rainbow
trout gill cells, treatment with zinc before exposure to H202

protects against oxidative damage through production of
antioxidant proteins, including MT (22). The results of the
present study suggest that the same mechanism of zinc-
mediated protection against oxidative stress is present in
human cells and support a role for zinc as a signal that
communicates between oxidative stress and mobilization of
antioxidant mechanisms. NO seems to regulate the concen-
tration of labile intracellular zinc by controlling the release
of zinc from sulfhydryl groups. This may serve as a signal
for oxidative stress, but can also be involved in other cell
functions, including hypoxic vasoconstriction (27). The
pathway of zinc mobilization is regulated by negative
feedback, because there is a coordinated expression of MT,
ZnT-I, and MTF-l in response to elevation of labile zinc. In
addition to its function in restoring intracellular zinc
balance, the increase in MT expression enhances protection
against oxidative damage (28-30).

Several studies have found an association between
antioxidant activities and the state of oxidative stress in cells
(22, 31). An important aspect of a model in which zinc
mediates the antioxidant response is that a range of
antioxidant genes seems to be MTF-I regulated. Transcrip-

tional activation of GST seems to be linked to Zn2+ through
MREs and MTF-l (22, 32). Lichtlen et al. (33) used a
combination of bioinformatics and experimental approaches
to identify six mammalian antioxidant genes (in addition to
MT) that are potentially regulated by MTF-l. Through
global mapping of MRE distribution in the compact genome
of the fugu puffer fish (Takifugu rubripes), we found 28
genes with antioxidant ontology annotations that possessed
multiple MRE copies within 2 kb of the open reading
frame.2 This includes genes with key roles in antioxidant
defense, such as G6PO, GST, glutathione peroxidase-l
(GPXl), Cu/Zn-superoxide dismutase (SOOI), Mn-super-
oxide dismutase (S002), and catalase (CATA). We
repeated the search for MREs in the human genome and
discovered 20 key antioxidant genes in addition to the MTs.
Thus, considering the large number of antioxidant genes
with multiple MREs in their 5' flanking region and that
MTF-l target genes are clearly activated through mobi-
lization of zinc during oxidative stress, a role for zinc in
signaling of oxidative stress seems plausible.

Small changes in the distribution of intracellular Zn2+
between labile and bound pools regulate MTF-I activity

2 N. Hill, P. Cunningham. C. Hogstrand and P. Kille, unpublished data. October 3,
2003.
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Figure 6. (A) Influence of zinc on SNP-induced DNA fragmentation in HepG2 cells and (B) effect of ZnS04 and TPEN on SNP cytotoxicity by
MTT assay. Cells were incubated with the indicated concentrations of SNP only or TPEN only, or were preincubated with 100 mM ZnS04 for 24
hrs followed by incubation in media with or without SNP for 24 hrs, as indicated by arrows (~), or were exposed to SNP + TPEN for 24 hrs. Cell
viability was determined by the MTT assay as described in the Materials and Methods section. Results are expressed as percentage viability,
with 100% viability for untreated cells. Results are from four experiments and are expressed as the mean ± SD (n= 4). 'P < 0.05 compared to
control; +P < 0.05 compared to 2 mM SNP; #p < 0.05 compared to 4 mM SNP.

(34). In the present study we found that treatment with SNP
and zinc, separately or in combination, activates MTF-l
transcription, and that in either case MTF-l activation is
zinc-dependent. Previous research has shown that labile zinc
can control MT gene expression by interacting with MTF-l,
that aerobic NO can nitrosate protein sulfhydryl groups, and
that MT-bound Cd2+ and Zn2+ are released from MT upon
NO exposure (5, 19,20).

We observed induction of ZnT-l gene expression in
HepG2 cells upon exposure to SNP alone, pretreatment with
zinc alone, and by SNP exposure after zinc pretreatment.
The stimulating effect of zinc supplementation on ZnT-I
gene induction appears to be general to vertebrates and
seems to be mediated by MTF-l (6-8,24). Since ZnT-I is a
zinc efflux transporter, induction of ZnT-I gene expression
has been proposed to provide protection against high
intracellular zinc levels (7, 35, 36).

An antioxidant role for MTs has been proposed based
on observations that animals or cells overexpressing MTs,
due to chemical induction or zinc supplementation, are
resistant to several forms of oxidative injury (22, 25, 37-
39). In addition, animals or cells with decreased MT levels
demonstrate enhanced sensitivity to oxidative injury (22,
40). Preincubation with zinc provides cells with some
protection against SNP-induced death, probably through the
induction of antioxidant genes, such as MT. Zinc-mediated
inhibition of cell death by induction of MT, GST, and G6PD

has been reported in rainbow trout gill cells exposed to
H202 (22).

In conclusion, induction of antioxidant genes is
significantly greater when cells are exposed to SNP after
zinc pretreatment than when they are exposed to SNP or
zinc alone. This induction likely occurs through activation
of MTF-I. The increase in labile zinc may be responsible for
the observed increase in the level of ZnT-l mRNA.
Preincubation with zinc protects HepG2 cells against SNP
toxicity and these results support a model in which zinc
functions as a messenger of oxidative stress.

We thank Dr. Jong-Hoon Kim for his consultation on fluorescence
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