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Abstract

Zinc is an essential oligoelement for cell growth and cell survival and has been demonstrated to protect cells from oxidative stress

induced by UVA or from genotoxic stress due to UVB. In a recent work we demonstrated that the antioxidant role of zinc could be

related to its ability to induce metallothioneins (MTs). In this study we identified the mechanism of zinc protection against solar-

simulated light (SSL) injury. Cultured human keratinocytes (HaCaT) were used to examine MTs expression and localization in

response to solar-simulated radiation. We found translocation to the nucleus, with overexpression of MTs in irradiated cells, a novel

observation. The genoprotective effect of zinc was dependent on time and protein synthesis. DNA damage was significantly de-

creased after 48 h of ZnCl2 (100lM) treatment and is inhibited by actinomycin D. ZnCl2 treatment (100lM) led to an intense

induction, redistribution, and accumulation of MT in the nucleus of irradiated cells. MT expression correlated with the time period

of ZnCl2 treatment. CdCl2, a potent MT inducer, did not show any genoprotection, although the MTs were expressed in the nucleus.

Overall our findings demonstrate that MTs could be a good candidate for explaining the genoprotection mediated by zinc on ir-

radiated cells. � 2002 Elsevier Science (USA). All rights reserved.
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Zinc is an essential oligoelement for cell growth [1]
and cell survival. Zinc controls the activity of more than
300 zinc-metalloenzymes, which participate in cell me-
tabolism, and plays an essential structural function in
zinc-requiring proteins that influence gene expression at
different stages of cell proliferation [2–4] and cell death
[5]. Zinc has been demonstrated to protect cells from
oxidative stress, whereas zinc deficiency causes oxidative
damage to various molecules [6,7] and can lead to the

accumulation of iron, a prooxidant metal [8]. We pre-
viously reported that increased intracellular levels of
zinc can protect human cutaneous cells from the dele-
terious effects of UV1 [9,10], particularly DNA damage
[11] and lipid peroxidation [12,13]. These protective ef-
fects of zinc against UV-induced damage are still poorly
understood.

In a recent work we demonstrated that the antioxidant
role of zinc could be related to its ability to induce me-
tallothioneins (MTs) [14]. MTs are an abundant ubiq-
uitous family of low-molecular-weight (6000–7000Da)
metal-binding proteins, containing 25–30% cysteine res-
idues. They are rapidly induced in cells in response to a
variety of stimuli [15]. High levels of MT protein and
mRNA are found in organisms and tissues exposed to
high levels of zinc or cadmium [16]. Because of their high
affinity to bind to, and be induced by, essential (zinc,
copper) and harmful metals (cadmium, mercury), MTs

Archives of Biochemistry and Biophysics 405 (2002) 170–177

www.academicpress.com

ABB

* Corresponding author. Fax: +33-(0)-4-76-76-56-64.

E-mail address: MJRichard@chu-grenoble.fr (M.-J. Richard).
1 Abbreviations used: ActD, actinomycin D; BSA, bovine serum

albumin; Cd, cadmium; Da, Dalton; DNA, deoxyribonucleic acid;

MRE, metal responsive element; MTs, metallothioneins; mRNA,

messenger ribonucleic acid; ROS, reactive oxygen species; SSL, solar-

simulated light; TPEN, NNN 0N 0-tetrakis(2-pyridylmethyl)ethylenedia-

mine; UV, ultraviolet; Zn, zinc; Zn())/Zn(+), cells cultured in basal

conditions ()) or in Zn added medium (+).

0003-9861/02/$ - see front matter � 2002 Elsevier Science (USA). All rights reserved.

PII: S0003 -9861 (02 )00401-0

mail to: MJRichard@chu-grenoble.fr


are believed to play an important role in the homeostatic
function of essential metals and in the detoxification
against toxic metals [17]. They may serve to buffer in-
tracellular zinc levels [18]. Thus, MTs regulate the
transport and the compartmentation of zinc, maintain
adequate and appropriate intracellular zinc levels, and
mediate its redistribution.

MTs have been suspected not only to control metal
homeostasis but also to maintain cell survival because of
their free radical scavenging activities [19–22]. MTs are
quickly induced in response to some stimuli such as
glucocorticoid hormones, lipopolysaccharides, interleu-
kin-1 and -6, tumor necrosis factor, and oxidative stress,
suggesting that they belong to the family of stress pro-
teins and may be directly involved in antioxidant
defense mechanisms.

MTs are expressed in mouse and human skin [23–25].
UV irradiation induces MT production in human skin,
suggesting a photoprotective role [26]. Different studies
have delineated the protection afforded by MTs against
the deleterious effects of UV in vivo and in vitro [27–29].
In mice, subcutaneous injection of cadmium has been
reported to induce MTs and reduce UV toxicity [30].
Conversely, MT-null mice exhibit reduced tolerance to
UVB injury in skin [27]. Few studies have reported that
MT could penetrate the nucleus [31–33], to directly
protect genomic DNA. The ability of MTs to redis-
tribute zinc [34,35] can also explain their role in cell
proliferation and cell survival after UV irradiation by
maintaining the activities of some Zn enzymes such as
DNA polymerase and DNA repair enzymes or by re-
storing the functions of some transcription factors
[4,25,36].

We have previously demonstrated in vitro that cells
exposed to zinc deprivation entered apoptosis [11] with
lower basal MTs expression [37], which could be one of
the mechanisms by which zinc could influence cell via-
bility.

We demonstrate here that both ZnCl2 and CdCl2
treatment leads to an intense induction, redistribution,
and accumulation of MTs into the nucleus of irradiated
cells. In addition, zinc treatment protected against SSL-
induced DNA damage, and CdCl2 treatment induced a
genotoxicity. These results suggest that the nature of the
metal bound to MTs is essential for genoprotection.

Materials and methods

Cell culture and chemical treatment

Cells. A spontaneously immortalized human kerati-
nocyte cell line, HaCaT was maintained in RPMI 1640
culture medium supplemented with 10% fetal calf serum
(FCS) (ATGC Biotechnologie, Noisy-le-grand, France).
Cells were grown at 37 �C under a 5% CO2 atmosphere.

Culture medium was replaced once a week, and the cell
monolayer was split 1/6 at 90% confluence. To avoid
bacterial and fungal contamination, the medium was
supplemented with 5000UI/L penicillin (Prolabo, Paul
Block and Cie, Strasbourg, France) and 50mg/L strep-
tomycin (Polylabo, Strasbourg, France). Cells were
tested for mycoplasma using an immunostaining tech-
nique (Mycoplasma Detection Kit, Boehringer–Mann-
heim, Indianapolis, IN).

Chemical treatment. A sterilized stock solution of zinc
chloride (ZnCl2, 0.1M) was prepared in deionized water
(Merck, Darmstadt, Germany). ZnCl2 (100 lM) was
added in HaCaT culture medium for 24, 48, or 72 h, in
order to induce MTs. This final concentration was
chosen according to the laboratory results previously
described [11].

A sterilized stock solution of cadmium chloride
(CdCl2, 0.1M) was prepared as ZnCl2 solution and was
added in HaCaT culture medium for 24 h at a final
concentration of 3 lM. Actinomycin D (Sigma Chemi-
cal, St. Louis, MO), an inhibitor of transcription, was
used at 5 lM for 48 h, to inhibit protein synthesis.

Irradiation procedure. The light source used was a
Dermolum UM-W (M€uuller GmbH Elektronik-optik,
Moosinning, Germany) equipped with a 1 kW xenon
lamp and a water filter. The UV spectrum is obtained by
passing light through a 1-mm WG305 filter (M€uuller
GmbH Elektronik-optik, Germany). This filtered xenon
source provides a simulated solar light that is essentially
identical to mountain sunlight (for spectrum, see Fig. 1).
The irradiation effectively received by the cells
(17.5mW/cm2) was measured using a dosimeter (M€uuller
GmbH Elektronik-optik, Germany) with a spectral
sensitivity from 270 nm to 4 lm. Cells were cultured in
9 cm2 petri dishes and irradiated from the top at three
different physiological SSL doses (0.3, 0.75, or 1.5 J/
cm2). Just prior to irradiation, the culture medium was
removed and held in reserve. Cells were rinsed twice
with phosphate buffer without calcium and magnesium
(PBS, Gibco BRL, Life Technology, Paisley, Scotland)
and maintained in 2ml PBS for irradiation at a con-
trolled temperature. Control cells were similarly treated
and left in the dark while irradiation was carried out.
After the stress, cells were returned to their initial me-
dium and placed in the incubator for 24 h of recovery.

Single-cell gel electrophoresis [9,38]. DNA damage
was evaluated using the Comet assay. Cells were de-
tached from their culture dishes and incorporated into
low-melting-point agarose. Embedded cells were imme-
diately irradiated as previously described [39,40]. All
slides were immersed overnight in a cell lysis buffer in
the dark at 4 �C, in order to prevent nonspecific DNA
damage and the repair process from occurring. Next,
slides were placed in a horizontal electrophoresis unit
containing freshly prepared electrophoresis buffer
(1mM Na2EDTA, 300mM NaOH). The DNA was
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allowed to unwind for 40min before electrophoresis was
performed at 25 V, 300mA for 30min. After neutral-
ization (0.4M Tris–HCl, pH 7.4) the DNA was stained
with 50 ll of 0.5mg/ml ethidium bromide pipetted onto
the slides. The slides were then placed in a humidified
air-tight container to prevent drying of the gel, before
the analysis. DNA damage was quantified using mea-
surement of the tail moment (TM), the product of the
tail distance (i.e., the distance between the center posi-
tion of the head and the center of gravity of the tail), and
the percentage of DNA in the tail (relative to the total
amount of DNA in the entire comet [head+ tail]). For
each condition, the average tail moment was determined
using three different slides, prepared as previously de-
scribed [39]. Sixty-five cells were read per slide, and
means were calculated from three independent experi-
ments.

Immunocytochemical staining of MT. This was
achieved using a mouse monoclonal antibody (clone E9,
Dako, Glostrup, Denmark) produced against a mixture
of horse MT-I and MT-II isoforms used as an immu-
nogen. It has been shown immunocytochemically to be
reactive against a conserved N-terminal epitope shared
by MT-I and MT-II isoforms of several mammalian
species. Cells were seeded on 4-well plastic Lab-Tek
chamber slides (Nunc, Naperville, IL) (5000 cells/well)
and cultured for 2 days. ZnCl2 (100 lM) was then added
for 72 h. After irradiation at the dose of 0.3 or 0.75 J/
cm2, cells were put back in their respective medium for
24 h. After washing twice with PBS, cells were fixed by
4% (w/v) paraformaldehyde in PBS and then placed for
10min in ice-cold methanol. They were washed three
times with PBS, pH 7.4, and blocked for nonspecific
antibody binding by incubating for 30min in a milk

buffer (2% dried milk powder, 0.1% Tween 20 in PBS,
pH 7.4). Cells were then incubated with the primary
antibody diluted 1:100 (final concentration 1 lg=ml), for
2 h at room temperature. Cells were washed and then
incubated with 1 lg=ml of mouse anti-human MT in
PBS, pH 7.4, containing 0.1% Tween 20, 1% bovine
serum albumin (BSA), and 0.1% sodium azide. After
washing with PBS, pH 8.6, and saturating for 5min with
the milk buffer, cells were submitted to 2.3 lg=ml of
biotinylated donkey F(ab’)2 fragment anti-mouse IgG
(Jackson Immunoresearch Laboratories, Westgrove,
PA) in PBS containing 0.1% Tween 20, 1% BSA, and
0.1% thymerosal. After two washes with PBS at pH 8.6,
cells were incubated with the avidin-horseradish perox-
idase complex (StreptABC Complex/HRP, Dako) for
1 h, washed three times in 50mM Tris–HCl buffer (pH
7.6), and incubated with 3; 30-diaminobenzidine (Sigma
FAST DAB peroxidase substrate tablets) for 3min ac-
cording to the manufacturer. After washing in tap wa-
ter, cells were counterstained with Harris’ hematoxylin
and slides were mounted with Aquamount. Blanks were
treated with either 1 lg=ml nonimmune mouse immu-
noglobulin, or 1% (w/v) BSA in PBS. Cells under our
experimental conditions did not exhibit any endogenous
peroxidase activity. Positive control cells were treated
with a monoclonal antibody IgG reactive against a
46 kDa cytokeratin isolated from keratinocyte (KL1,
Immunotech, Marseille, France).

Western blot of MT. We developed a technique in
order to detect MT without addition of radiolabeled
cadmium. Cells were washed three times in PBS. The cell
pellet was solubilized in a lysis buffer (10mM Tris–HCl,
1mM Perfabloc, 2mM dithiothreitol (Sigma Chemical)
and centrifuged at 4000 rpm for 15min at 4 �C. Cyto-

Fig. 1. Total emission spectrum of Dermolum UM-W lamp with WG-305 filter.
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plasmic and nuclear proteins were extracted and quan-
tified using the Pierce technique (Micro BC Assay,
Uptima Interchim, Montluc�on, France). Proteins ex-
tracts (50 lg=lane) were subjected to 12% SDS–poly-
acrylamide in a buffer containing mercaptoethanol
(2.5%) for one night at 20mA. Proteins were transferred
to a nitrocellulose membrane (Protan, Schleicher and
Schuell GmbH, Germany) by electrotransfer at 60mA
for 3 h at 4 �C. The membrane was saturated with a milk
buffer (5% dried milk powder, 0.5% Nonidet P-40 (Bo-
ehringer–Mannheim GmbH, Germany) in PBS, pH 7.4,
for 2 h) and incubated with the monoclonal mouse anti-
human MT antibody diluted 1:4600 (clone E9, Dako) in
PBS for one night at 4 �C. The membrane was washed
twice with PBS and incubated at room temperature for
1 h with the second antibody, peroxidase-conjugated
anti-mouse IgG diluted at 1:5000. Bound antibodies
were visualized by chemiluminescence using an ECL
Western immunoblotting kit (Amersham Pharmacia
Biotech AB, Piscataway, NJ) as specified by the manu-
facturer. Pure horse MT-I and MT-II solution (Sigma)
was electrophoresed (6.25 lg=lane) in an independent
lane to control MT migration.

Statistics. Each experiment was repeated three times.
All data, expressed as means� 1SD, were processed
statistically using one-way analysis of variance (ANO-
VA) and a Newman–Keuls test. Differences were con-
sidered significant at P < 0:05.

Results

Protein synthesis is required for protection by zinc against
DNA damage induced by solar-simulated light (SSL)

To examine the zinc-dependent genoprotection, a
comet assay was performed at different time points of
ZnCl2 treatment (Fig. 2). DNA damage was measured
immediately after SSL irradiation (1.5 J/cm2). A signifi-
cant increase of the tail moment was shown in irradiated
cells (18:2þ 2) compared to the tail moment measured
under basal conditions (5þ 1). These results confirmed
that physiological doses of SSL induced serious DNA
damage. ZnCl2 treatment (100 lM for 72 h) significantly
decreased the tail moment (9þ 2). Zinc protection ap-
peared within 24 h of treatment and DNA damage was
significantly decreased in cells cultured with ZnCl2 after
48 h, suggesting that the genoprotective action of zinc is
time dependent (Fig. 2).

In order to verify the hypothesis that zinc-dependent
proteins were implied, we analyzed the genoprotection
afforded by zinc in cells treated by actinomycin D
(ActDþ). Four different conditions were tested: control
cells (Znð�Þ ActD�), cells treated with actinomycin D
alone (Znð�Þ ActDþ), cells treated with both actino-
mycin D and ZnCl2 ðZnðþÞ ActDþ) and cells treated
only by ZnCl2 ðZnðþÞ ActD�Þ (Table 1). The tail mo-
ment was higher in ActD-treated cells than in control

Fig. 2. DNA damage induced by a single solar irradiation (1.5 J/cm2) on HaCaT cells treated or untreated with ZnCl2 (100 lM) for 24, 48, or 72 h was

evaluated using the Comet assay and compared to control cells. The mean tail moment was used to evaluate DNA lesions. Data represent the means

of at least three independent assays; bars, SD.

Table 1

Evaluation of zinc genoprotection in cells treated with ActD as inhibitor of protein synthesis

Zn()) ActD� Zn(+) ActD� Zn(�) ActDþ Zn(+) ActDþ

Nonirradiated (mean tail moment) 5:4� 0:3 4� 0:1 35� 7 32� 2

Irradiated 1.5 J/cm2 (mean tail moment) 18:1� 0:2 13:6� 0:6 72� 1:5 65� 3

Four conditions were tested: control cells {Zn(�) ActD�}; cells treated with ActD alone {Zn(�) ActDþ}; cells treated with ZnCl2 alone {Zn(+)

ActD�}; cells treated with both ActD and ZnCl2 {Zn(+) ActDþ}. Data represent the means of at least three independent assays; bars, SD.
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cells, confirming that ActD was a DNA-damaging
agent. The ratios of the tail moments measured in irra-
diated to nonirradiated cells were 2.03 in ZnðþÞ ActDþ-
treated cells and 2.05 in Znð�Þ ActDþ cells. Zinc had no
significant protective effect on ActD-treated cells. The
photoprotective mechanism afforded by zinc against
DNA lesions induced by SSL seemed dependent on
neosynthesis of proteins.

Evaluation of MT content at different time points in
ZnCl2-treated epidermal cells

Intracellular levels of zinc and other transition metals
are known to induce MTs. To determine if Zn-afforded
protection is related to MT accumulation, we studied
the kinetic of MT induction upon ZnCl2 treatment and
compared it with the genoprotective effect of zinc (Fig.
3). MTs were expressed in HaCaT cells (Fig. 3A, lane 4)
whereas these proteins were not detectable in normal
human fibroblasts (Fig. 3B, lane 6). The level of Zn-in-
duced MTs was time dependent (compare lanes 1, 2, and
3, corresponding to 24, 48, and 72 h, respectively. This
suggests that zinc genoprotection may be related to the
kinetics of MT accumulation.

Effect of cadmium on DNA damage induced by solar light

To determine if cadmium and zinc afforded the same
genoprotective effect, we determined the DNA damage
in ZnCl2 (100 lM, 24 h) and CdCl2-treated cells (3 lM,
24 h) (Fig. 4). CdCl2 treatment induced DNA damage
per se without cell death. Moreover, when cells were
treated with CdCl2 (3 lM, 24 h) and then irradiated
(1.5 J/cm2), the genotoxicity of solar light was potenti-
ated. Under our experimental conditions, the low dose
of cadmium was genotoxic and the tail moment was 2.3
higher in CdCl2-treated than in ZnCl2-treated cells.
These results clearly indicated a specific role of zinc in
the protection afforded by MT.

Effects of zinc and cadmium on cellular localization of
MT in SSL-irradiated cells

Immunostaining (Fig. 5) was used to investigate the
localization of MT in both irradiated and ZnCl2-treated
cells. The presence of constitutive MT observed by
Western blotting in HaCaT keratinocytes was confirmed
(Fig. 5A). Under basal culture conditions, a very low
level of staining was visualized, only localized to the
cytoplasm. The immunostain control (Fig. 5B) indicated
a high specificity of the two antibodies used. Single solar
irradiation at the dose of 0.75 J/cm2 (Fig. 5C) induced
the synthesis of MT and a complete redistribution of the
protein in the nucleus. Interestingly, the cytoplasm of
HaCaT cells was not stained. In contrast, ZnCl2-treated
cells (100 lM for 72 h) showed a very intense staining in
both cytoplasm and nucleus, indicating a new distribu-
tion of the protein (Fig. 5D).

Figs. 5E and F represented ZnCl2-treated cells irra-
diated at either 0.75 or 0.3 J/cm2. Under these condi-
tions, MT was strongly induced and we observed that
MT accumulated both in the nucleus and in the cyto-
plasm. These data suggest a synergic effect of UV irra-
diation and ZnCl2 treatment on MT synthesis.

Fig. 3. Evaluation of MTs content at different time points in HaCaT keratinocyte cell line exposed to ZnCl2 treatment (100lM) (A) and in normal

human skin fibroblasts after 72 h of ZnCl2 treatment (100lM) (B). MTs were visualized by Western blotting with anti-MT immunoglobulin as

described in the text. Cells were treated with ZnCl2 for 24 h (lane 1), 48 h (lane 2), or 72 h (lanes 3 and 7). Control cells (HaCaT cells, lane 4; and

fibroblasts, lane 6) were cultured in their basal medium containing 3.4lM ZnCl2. Commercial MT-II and MT-I (6.25lg) were loaded on lane 5 and

used as positive controls.

Fig. 4. DNA damage in HaCaT cells treated with ZnCl2 (100lM, 24 h)

or CdCl2 (3lM, 24 h) was evaluated with the Comet assay after a

single solar irradiation (1.5 J/cm2).
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A dose-dependent intensity of MT staining was ob-
served (compare Figs. 5E and F). These data confirm the
induction of MT by SSL and clearly demonstrate the
nuclear localization of the neosynthetized protein.

Treatment of CdCl2 (3 lM) for 24 h inducedMTs (Fig.
5G) which were localized in both cytoplasm and nucleus
similar to that observed in ZnCl2-treated cells (Fig. 5D),
suggesting a similar mechanism of MT induction.

Fig. 5. Intracellular localization of MTs (MT-I+MT-II) in the HaCaT keratinocyte cell line, exposed to ZnCl2 (100lM). MTs were visualized by

immunohistochemistry using light microscopy (40�) (10� for E and F) as described in the text. Representative results are shown. (A) Control cells

grown in their basal medium; (B) cells labeled only with secondary antibody; (C) solar irradiated with cells (0.75 J/cm2); (D) cells treated with ZnCl2
for 72 h; E and F represented cells both ZnCl2 treated and irradiated, respectively, with 0.75 or 0.30 J/cm2; (G) CdCl2-treated cells (3lM, 24h); (H)

cells labeled with KL1 antibody as a control of DAB-peroxidase staining.

E. Jourdan et al. / Archives of Biochemistry and Biophysics 405 (2002) 170–177 175



In Fig. 5H, cells were labeled with KL1 antibody as a
positive control of DAB-peroxidase staining.

Discussion

Zinc is considered as one of the more important trace
elements in humans and animals, as more than 300 zinc
enzymes are dependent of this metal for their activity or
structure. Although the preventive role of zinc in
photoprotection is well known, the mechanism is un-
clear. Thus we focalized on the relation between zinc
and MT, a cysteine-rich protein, widely distributed in a
broad range of eukaryotic species. Previously MT was
considered only a stress protein induced by heavy metals
or other stimuli. Recent studies have pointed out the
constitutive expression of this protein in many human
cell types, especially in epidermal keratinocytes in vivo
[25,26] or in vitro [37]. But their precise role in such
tissues has not been elucidated. Moreover an increasing
number of studies point out the overexpression of MT in
a great variety of cancers [41–43], indicating an impor-
tant role for cell survival and more precisely in the
control of cell proliferation [32].

The present study, which extends our previous find-
ings about cellular protection afforded by zinc, demon-
strates that Zn-MTs prevent DNA genomic lesions due
to a solar irradiation at physiological doses, and con-
firms the role of zinc in photoprotection. We again
demonstrate that zinc genoprotection is an inducible
mechanism, correlated with both overexpression and
nuclear translocation of MTs.

The genoprotection of ZnCl2 treatment is time de-
pendent. Under our conditions, the best genoprotection
is obtained after 72 h of ZnCl2 treatment compared to
shorter time intervals. Zinc is known to induce MT
transcription. In this study, we demonstrate that zinc
genoprotection is correlated with the MT content of
HaCaT keratinocytes. Accumulation of MT in HaCaT
cells is clearly dependent on the time period of ZnCl2
treatment. Genotoxic effects of SSL decrease and the
minimal DNA lesions obtained at 72 h of ZnCl2 treat-
ment corresponded to the maximum level of MT ex-
pression. Zn genoprotection is inhibited by ActD
treatment, suggesting that the genoprotective mecha-
nism implied is not only dependent on zinc per se but
requires protein synthesis.

To test the hypothesis that zinc genoprotective effect
is triggered through a MT-dependent pathway, we an-
alyzed the intracellular localization of MT following
ZnCl2 treatment and/or irradiation. We show here that
MTs are expressed constitutively in HaCaT cells, as
described in normal human skin keratinocytes in vivo
[25,26], or in vitro [37] indicating that HaCaT cells are a
good model for studying the relation between MT ex-
pression and zinc genoprotection. The overexpression of

MT induced by ZnCl2 treatment is visualized in both
cytoplasm and nucleus. An intense nuclear MT staining
is visualized in HaCaT cells 24 h after a single dose of
solar radiation. Complete redistribution of MTs into the
nucleus in solar-irradiated cells is a novel observation.
MT induction can be related to the free radical gener-
ation as previously described [44]. Finally, we demon-
strate an additive effect of UV irradiation on Zn-MTs
overexpression. Interestingly, under these conditions,
the pool of MT accumulates in the nucleus. This nuclear
translocation is an important finding as DNA is very
sensitive to oxidative stress induced by UV irradiation,
whereas the nucleus is lacking in antioxidant enzymes
such as catalase and superoxide dismutase (SOD).

Nuclear translocation of MT must be quite different,
by comparison with other proteins [45]. The mechanism
could be an active translocation in which both MT
mRNA and the cytoskeleton are needed [46].

Analysis of the specificity of the metal in the geno-
protection afforded by MT revealed that CdCl2 treat-
ment induces MTs in HaCaT cells, and that the newly
synthesized protein is localized to both cytoplasm and
nucleus. The mechanism of MT induction by heavy
metals requires a protein called MTF-1 (MRE-binding
transcription factor). This protein is activated by zinc
and subsequently can interact with the multiple copies of
MRE located on the MT promoter. A recent study
points out the fact that the activity of the hMTF-1 is
only modulated by zinc in vitro and in vivo [47], the
mechanism being different for cadmium-induced MT
(for review see [48]).

The genoprotective effects of Cd-MTs are different
from those obtained with Zn-MTs. CdCl2 treatment acts
as a genotoxic agent per se. Moreover, a potentiation of
SSL genotoxic effect is observed in CdCl2-treated cells.
These data show that nuclear MTs are not sufficient to
protect DNA. The nature of the binding metal is im-
portant. Under our conditions, the genoprotection was
only afforded by Zn-MTs, which could redistribute their
zinc atoms to other nuclear proteins such as transcrip-
tion factors [4,36] or DNA repair enzymes to maintain
genomic stability.

The induction of Zn-MTs can be considered an im-
portant adaptive mechanism for the irradiated cells.
These proteins prevent DNA lesions due to UV. Zn-MT
could maintain the nuclear redox potential and facilitate
DNA repair mechanisms by exchanging zinc atoms. In
contrast the redistribution of cadmium, a genotoxic
metal, has no protective effects. Some studies have re-
ported a protective effect of cadmium on stress-induced
apoptosis [30] while others demonstrated that it was able
to induce apoptosis [49,50]. Our results using the sensi-
tive comet assay confirmed that cadmium exerts dele-
terious effects on DNA.

The accumulation of MTs in the nucleus of ZnCl2-
treated cells following irradiation suggests a genopro-
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tective role for these proteins. We propose Zn-MTs as
effectors of zinc genoprotective effects from SSL-induced
DNA damage.
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