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Abstract 

Zinc has been shown to have antioxidant properties and to exhiNt inhibitory effects on apoptosis. In this work we investigated the effect 
of zinc on DNA integrity and on apoptosis of HaCaT keratinocytes. Cells were submitted to zinc deprivation by a diffusible zinc chelator, 
(N,N,N',N'-tetrakis(2-pyridylmethyl)ethylenediamine) (TPEN) or supplied with zinc chloride and submitted to UVB radiation. 

After cell exposure to TPEN for 2 h, strand breaks significantly impaired DNA resistance to alkaline denaturation. DNA strand breaks 
induced by a 6 h TPEN application were significantly prevented if zinc chloride was supplied together with the chelator. TPEN also generated, 
after 4-6 h of application, cytoplasmic histone-associated DNA fragments (mononucleosomes and oligonucleosomes), features of cell death 

by apoptosis. 
Moreover, UVB irradiation led to early DNA strand breaks and to an increase in cytoplasmic nucleosomes which was maximum 10 h after 

irradiation. These effects were prevented by the supply of zinc chloride (0.1 mM) in the culture medium. 
These results suggest that zinc ions interfere with the apoptosis process at an early stage, by decreasing DNA damage able to trigger 

apoptosis. 
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1. Introduction 

Apoptosis is the morphological aspect of the:, ~ctive process 
of cellular self-destruction occurring in various physiological 
or pathological conditions. This process allows file homeo- 
static control of cell number in multicellular organisms (pro- 
grammed cell death), and the suicide of cells to avoid cancer 
or senescence if their DNA is irreparably damaged after a 
genotoxic stress. Apoptosis plays an important role in epi- 
dermal biology. Indeed genotoxic radiations such as UVB 
are known to induce apoptosis. Several studies have recently 
shown an antiapoptotic effect of Zn (II) ions in various leu- 
kocyte cell types submitted to different apoptotic stimuli [ 1- 
3]. It is thus relevant to wonder whether zinc is implicated 

in keratinocyte apoptosis. 
The most commonly accepted hypothesis to explain this 

effect of zinc is the inhibition of an endonuclease activated 
in apoptosis, originally described by Wyilie [4]. However, 

* Corresponding author. 

this inhibition of DNA fragmentation by zinc does not always 
prevent subsequent cell death [5,6]. Zinc ions exhibit other 
properties which can explain their antiapoptotic effect; zinc 
is involved in several enzymes of DNA metabolism [7 ], and 
in transcription factors potentially activated in apoptosis [ 8 ]. 
Finally, zinc has antioxidant properties which might be 
involved in its interference with apoptosis pathways, for reac- 
tive oxygen species are described as apoptosis mediators 
[9,10]. Now reactive oxygen species (ROSs) are pruduced 
in the skin irradiated by UV light [ 1 ! ], and zinc supplied to 
cultured skin cells protect them towards UVA and UVB cyto- 

toxic effects [ 12]. 
The aim of this work was to study the effect of zinc on 

DNA integrity and on apoptosis of HaCaT keratinocytes. The 
effect of zinc deprivation was investigated using a diffusible 
zinc chelator, N~,N',N'-tetrakis (2-pyridylmethyl) ethyl- 
enediamine) (TPEN). To assess the effect of zinc supply in 
these cells, UVB irradiation was used as an apoptotic stimu- 
lus. Indeed, UVB is a physiologically relevant stimulus of 
keratinocytes apoptosis for it generates in vivo sunburn cells 
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in the epidermis, which are considered as good markers of 
U'V-induced acute effects on skin. 

2. Materials and methods 

2.1. Chemicals 

tus is controlled by microprocessor monitoring the time of 
irradiation according to the suitable energy. Control keratin- 
ocytes were sham irradiated. Cells were irradiated in PBS 
without calcium-magnesium (10 ml per flask or 1 ml per 
dish). Dishes were irradiated without lid. For apoptosis deter- 
mination, cells were replaced in their respective medium after 
irradiation for up to 24 h. 

L-glutamine was purchased from Gibeo (Grand Island, 
USA). RPMI medium, fetal calf serum (FCS), penicillin, 
streptomycin, trypsin--ethylenediamine tetraacetic acid 
(EDTA) were purchased from Boehringer ( Mannheim, Ger- 
many). TPEN and Dulbecco's phosphate-buffered saline 
without calcium chloride and magnesium chloride were pur- 
chased from Sigma Chemical Co. (Saint-Louis, MO, USA) 
and zinc chloride from Prolabo (Pads, France). 

2.2. Cell culture 

Spontaneously immortalized human keratinocyte cell line 
HaCaT was characterized and developed in the Division of 
Differentiation and Carcinogenesis in Vitro of the German 
Cancer Research Center (Heidelberg, Germany) and kindly 
supplied to us [13]. Culture medium RPMI 1640 with 
NaHCO3, penicillin (50000 UI !-~), streptomycin (50 mg 
I-~) and L-glutamine (4 raM) was added with 10% FCS. 
Cells were incubated at 37 °C in a 5% CO2-enriched atmos- 
phere (Forma Scientific incubator). Culture flasks were from 
Nunc (Grand Island, USA), Petri dishes from Beckton Dick- 
inson (Plymouth, UK) and 96 wells strip plates from Costar 
(Cambridge, MA, USA). 

2.3. N,N,N',N'-tetrakis( 2-pyridylmethyl)ethylenediamine 
application 

TPEN stock solution (5 mM) was prepared by dilution in 
deionized water and filtered through a 0.2 /zm pore 
membrane. Dilutions in culture medium were realized before 
use and applied on confluent cells for varying times. 

2.4. Zinc chloride supply 

The RPMI medium with 10% FCS was added with ZnCI2 
(stock solution (100 mM) prepared in deionized water and 
filtered through a 0.2/.~m pore membrane). The final concen- 
trations of zinc-enriched media were checked by electrother- 
mal atomic absorption. Cells were supplied for 36 h before 
UVB irradiation with fresh medium added or not with zinc. 

2.5. UVB irradiation 

Confluent cells were irradiated using a Biotronic apparatus 
equipped with three 40 W Vilbert-Lourmat T-40M fluores- 
cent tubes (spectrum distribution, 280-320 nm; Ama~ = 312 
rim). Radiation fluences were measured using an interna- 
tional light radiometer (RX Vilbert-Lourmat). The appara- 

2.6. DNA strand breaks determination 

Strand break determination was carried out using the 
method described by Birnboim and Jevcak [ 14]. This assay 
measures degree of double-strandedness of DNA through 
binding of fluorescent dye. Immediately after cell irradiation 
or TPEN application, cells in 75 cm 2 flasks were rinsed twice 
with 10 ml of PBS without calcium chloride and magnesium 
chloride, trypsinized and centrifuged at 1200 rev min- ~ for 
4 min. The pellet from two flasks per assay was then resus- 
pended and assayed as described in the original method. 
Strand breaks were detected by exposing cell lysates to alka- 
line solutions and monitoring after denaturation for 40 and 
80 min the rate of strand unwinding. 

2.7. Apoptosis detection and measurement 

After incubation with TPEN for up to 6 h or up to 24 h 
after UVB irradiation, apoptosis was evaluated using the cell 
death detection ELISA from Boehringer (Mannheim, Ger- 
many) after the following sample processing: culture 
medium was removed from the wells (TPEN application) or 
the dishes (exposure to UVB) and cells were rinsed with 
PBS without calcium chloride and magnesium chloride. Lysis 
was then realized by adding 320/zl per well or ! ml per dish 
of incubation buffer and incubating for 30 rain at 4 °C. The 
lysate was then centrifuged at 5000 rev min- ~ for 40 min and 
the supernatant carefully removed and stored at - 20 °(2 until 
testing. Results are expressed as relative absorbance at 405 
nm, which increases as the amount of cytoplasmic nucleo- 
somes rises. For UVB-irradiation-induced apoptosis, the 
enrichment factor was calculated in order to compare the 
effect of UVB on zinc supplied and control cells. The enrich- 
ment factor is given by the absorbance at 405 nm of irradiated 
cells divided by the absorbance at 405 nm of the correspond- 
ing unirradiated cells. 

2.8. Statistics 

The data have been analysed by a Mann-Whitney U-test. 

3. Results 

3.1. Effect of N,N,N', N' -tetrakis( 2-pyridylmethyl )ethylene- 
diamine application 

3.1.1. On DNA integrity 
Fig. 1 (a) shows the results of strand breaks determination 

after treatment of the cells by TPEN for 6 h (mean + standard 
deviation, n = 3). After alkaline denaturation for 80 min, the 
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Fig. i. (a) TPEN-induced DNA strand breaks. DNA strand breaks were 
evaluated immediately after exposure of the cells to TPEN or to TPEN + zinc 
in equimolar concentration (50/~M) by DNA resistance to alkaline dena- 
turation (values represent mean + standard deviation of three separate 
experiments): * ,  p=0.05,  TPEN-treated cells vs. control cells; * * ,  
p = 0.05, zinc- and TPEN-treated cells vs. TPEN-treated cells. (b) Effect of 
duration of TPEN application on DNA strand breaks. DNA resistance to 
alkaline denaturation was evaluated immediately after exposure to TPEN 
(50/~M) for 2, 4 or 6 h (values represent mean + standard deviation of 
three separate experiments): *, p = 0.05, TPEN-treated cells vs. control 

cells. 
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Fig. 2. (a) Apoptosis of HaCaT cells induced by TPEN. Cells were submiued 
to TPEN at various concentration or to TPEN + zinc in equimolar concen- 
tration for 6 h and apoptosis immediately measured using ELISA detection 
of cytoplasmic histone-associated DNA fragments (mononucleosomes and 
oligonucleosomes). Values are expressed as relative absorbances. (b)  Time 
course of apoptosis appearance under continuous exposure to TPEN (50 
/xM). Cytoplasmic nucleosomes are detected by ELISA method• Values are 

expressed as relative absorbances. 

The TPEN concentration used is 50/xM. No increase in the 
level of cytoplasmic histone-associated DNA fragments is 
detected before 4 h of exposure to TPEN. 

percentage of intact DNA is significantly reduced for TPEN- 
treated cells and this effect is prevented if the equimolar 
association of the chelator plus zinc is applied instead of the 
chelator alone. 

The appearance of DNA strand breaks as a function of the 
time of TPEN application at the concentration 50/zM is 
shown in Fig. 1 (b). After incubation with TPEN for 2 h, 
DNA strand breaks are already present, impairing DNA resis- 
tance to aikaline denaturation. The percentage of intact DNA 
is significantly reduced after 40 minutes of alkaline denatur- 
ation for 6 h of exposure to TPEN, as well as after 80 minutes 
of alkaline denaturation for 2, 4 and 6 h of exposure to TPEN. 

3.1.2. On cell apoptosis 
The effect of TPEN applied for 6 h, at various concentra- 

tions, on the level of cytoplasmic histone-associated DNA 
fragments is presented in Fig. 2(a). The absorbance at 405 
nm increases with increasing TPEN concentration and this 
effect is also avoided if the equimolar association of the 
chelator plus zinc is applied instead of the chelator alone. The 
effect of duration of TPEN application is shown in Fig. 2(b). 

3.2. Effect of zinc supply on cells submitted to a genotoxic 
stress 

3.2.1. UVB-induced DNA strand breaks 
DNA strand breaks are detected immediately after UVB 

irradiation of the cells, as shown in Fig. 3. Zinc chloride 
treatment of the cells before irradiation provides a statistically 
significant protection. 

3.2.2. UVB-induced cell apoptosis 
Fig. 4(a) presents the appearance of nucleosomes in the 

cytoplasm induced at different time points by a single dose 
of UVB (40 mJ cm-2). The enrichment factor of the cyto- 
plasm in oligonucleosomes and mononucleosomes due to 
UVB irradiation increases 4 h after irradiation and this 
increase is maximum after 10 h irradiation. 

Fig. 4(b) shows an increase in the enrichment factor of 
the cytoplasm in histone-associated DNA fragments at dif- 
ferent doses of UVB 10 h after irradiation. This effect is 
partially prevented by zinc chloride supply in the culture 
media. 
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Fig. 3. Effect of zinc supply (0.1 mM) on the UVB-induced DNA strand 
breaks on HaCaT. DNA strand breaks were evaluated immediately after 
UVB irradiation (400 nO cm- 2) by DNA resistance to alkaline denaturation 
( values represent mean + standard deviation of three separate experiments): 
*, p = 0.05, irradiated cells vs. control cells: * *, p = 0.05, zinc- and UVB- 
treated cells vs. UVB-irradiated cells. 

4. Discussion 

The ROSs generated in the skin by UV irradiation [ 11 ] 
are involved in the deleterious effects caused by sun exposure. 
These include acute effects such as erythema or photosensi- 
tization, and long-term effects such as photocarcinogenesis 
or photoaging [ 1S ]. UVB irradiation induces in keratinocytes 
damage characteristic of ROSs, such as lipid peroxidation 
[ 16]. ROSs also act as apoptosis mediators [9,10]. There is 
growing evidence that the sunburn cells formed in epidermis 
following by UV irradiation in response to DNA damage are 
actual apoptotic cells [ 17,18]. 

Previous studies have shown that zinc supplied to cultured 
skin fibroblasts is able to prevent some damaging features of 
UVA radiations [ 19] and UVB cytotoxicity [ 12]. Moreover, 
zinc has an important role in epidermal biology. This trace 
element is also known to inhibit apoptosis in several leuco- 
cyte models [ 2,20]. The zinc effect on keratinocyte apoptosis 
thus appears to be important to assess, and to our knowledge 
no work o~ this matter has been published so far. 

To investigate the role of zinc in keratinocyte apoptosis, 
chelation of intracellular zinc was realized by applying TPEN 
on the cells. Our findings show that TPEN is itselfa genotoxic 
stress, for DNA strand breaks appear when 50/.~M of this 
chelator are added in the culture medium. This is an early 
event for, after TPEN application for 2 h, DNA strand breaks 
are already detected. The involvement of zinc in the observed 
effect is shown by the prevention of TPEN effect when it is 
applied in equimolar concentration with zinc. Because the 
alkaline unwinding method for assaying strand breaks 
involves alkaline denaturation of the DNA, single-strand 
breaks as well as frank double-strand breaks or any alkali- 
labile site are detected [21 ]. 
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Fig. 4. (a) Time course of UVB-induced apoptosis. Cells were irradiated 
with 40 mJ cm- 2 UVB or sham irradiated and lysed at different time points 
after UVB irradiation to detect cytoplasmic histone-associated DNA frag- 
ments (mononucleosomes and oligonucleosomes). Values are expressed as 
the enrichment factor of cytoplasm in nucleosomes. (b) The effect of zinc 
supply on UVB-induced apoptosis. Cells were treated with zinc-chloride- 
enriched medium (0.1 mM) for 36 h before UVB-irradiation and replaced 
in their respective medium for 10 h. Apoptosis was then measured using 
ELISA detection of cytoplasmic mononucleosomes and oligonucleosomes. 
Values are expressed as the enrichment factor of cytoplasm in nucleosomes. 

Apoptosis is best characterized biochemically by cleavage 
of chromatin at internucleosomal regions into fragments of 
180-200 base pairs, yielding a classical DNA ladder pattern 
on gel electrophoresis. In our experiments, histone-assoeiated 
DNA fragments were assayed in the cytoplasm of cells using 
ELISA detection. TPEN application led to mononucleosome 
and oligonucleosome enrichment of the cell cytoplasm, indi- 
cating that HaCaT keratinocytes apoptosis was triggered. In 
our experiments this effect appears after TPEN appiicatio~a 
for 4 h, is dose dependent and is prevented by zinc chloride 
addition during TPEN application. This observation confirms 
what was observed on leucocyte models, which have been 
extensively used to study the effect of zinc on apoptosis [ l -  
3J. 

Our results also show an increase in cytoplasmic nucleo- 
somes after UVB irradiation. The enrichment factor increases 
when the energy of irradiation increases. Moreover, this 
apoptotic feature is seen from 2-24 h after UVB irradiation 
These results are in accordance v,ith the finding in mice skin 
of apoptotic keratinocytes using fluorescent in situ end label- 
ling of DNA nicked strands 24 h after UVB irradiation [ 17]. 
However, in our experiment, UVB-induced apoptosis is best 
detected at the tenth hour after UVB irradiation. To explain 
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the decrease in cytoplasmic nucleosome measurement after 
10 h in our system, we hypothesize that dead cells detached 
from the dish bottom are eliminated with the culture medium 
and are thus not submitted to the lysis buffer. 

In our study, HaCaT cells submitted to UVB (400 mJ 
cm -2) also exhibit an increase in DNA strand breaks as 
detected by DNA resistance to alkaline denaturation, meas- 
ured immediately after irradiatien. Both UVB and UVA 
wavelengths are known to induce DNA strand breaks [ 21 ]. 
In the apoptosis occuring after a genotoxic stress, nickel DNA 
can be either the signal initiating apoptosis or the result of 
the activity of the activated calcium- and magnesium-depend- 
ent endonuclease responsible for internucleosomai DNA 
fragmentation. In our experiments, DNA strand breaks are 
assayed immediately after UVB irradiation. They thus reflect 
the initial damage to DNA. 

To assess the effect of zinc on HaCaT keratinocytes apop- 
tosis, we pre-treated the cells with zinc chloride (0. ! mM) 
for 36 h before UVB irradiation. This provides significant 
protection against UVB-induced DNA strand breaks. These 
results are in accordance with the inhibition by zinc of DNA 
fragmentation shown on chicken embryo cells by viseometry 
of alkaline cell lysates after exposure to various genotoxic 
agents, including UV light [ 22]. Our findings show the pro- 
tective effect of zinc supply on DNA integrity following UVB 
exposure. Moreover, when zinc chloride is supplied in the 
culture medium, the UVB-dependent appearance of nucleo- 
somes in the cytoplasme of HaCaT keratinocytes is strongly 
reduced. This result is in favour of an antiapoptotic effect of 
zinc supplied to keratinocytes before UVB irradiation. 

The hypothesis usually advanced to explain the antiapop- 
totic effect of zinc is an 18 kDa calcium-dependent endonu- 
clease responsible for internucleosomal degradation and able 
to be inhibited by zinc. However, some of these studies show 
that zinc inhibits DNA fragmentation but has no effect on 
subsequent cell death [5,6]. In fact, it has been recently 
demonstrated that nuclear fragmentation during apoptosis 
occurs in two stages, inw!ving two distinct endonucleolytic 
activities preexisting in the cell, with only the first activity 
being essential for cell death and only the second undergoing 
inhibition by zinc [ 23 ]. 

It is thus relevant to consider other potential action levels 
for zinc in the apoptosis pathway. It has been proposed that 
zinc inhibits the intracellular acidification associated with 
apoptosis, consequently inhibiting deoxyribonuclease II acti- 
vation and hence DNA digestion [ 24 ]. Reactive oxygen spe- 
cies, generated by exogenous stress exposure or during 
normal developmental processes, are believed to be strongly 
implicated in apoptotic cell death. Various morphological 
features of apoptosis, such as DNA strand breaks or 
membrane damage, are typical deleterious effects of ROSs. 
Moreover, many of the chemical or physical stimuli capable 
of inducing apoptosis enhance cellular oxidative metabolism, 
decrease cellular defences against ROSs or are oxidants them- 
selves (hydrogen peroxide, radiation, buthionine sulfoximine 
and tumour necrosis factor a ) ,  whereas treatments able to 

inhibit apoptosis have antioxidant properties or stimulate 
antioxidant cellular defences (catalase, N-aeetyl cystein, glu- 
tathione, vitamin E and Bcl-2) [9,10]. Now zinc exhibits 
antioxidant properties; this trace element prevents the pro- 
duction of ROSs and is involved in cell membrane stabili- 
zation, in metallothionein transcription and in the copper, zinc 
superoxide dismutase structure [25]. Moreover, when sup- 
plied to cultured cells, zinc increases their resistance to oxi- 
dative stress [ 12 ]. 

Another explanation for the effects of zinc comes from its 
strong involvement in DNA metabolism, through numerous 
enzymes containing or activated by zinc [7 ] or through tran- 
scription factors [ 8 ]. Our results confirm that zinc ions are 
of prime importance to DNA integrity, for zinc deprivation 
by TPEN induces DNA strand oreaks which are prevented is 
zinc is added in equimolar concentration. DNA strand breaks 
may thus be one mechanism involved in TPEN-induced 
apoptosis. 

In HaCaT keratinocytes treated by either TPEN or UVB, 
DNA strand breaks are present at an early time when apop- 
tosis cannot yet be detected. In both cases, zinc is able to 
prevent partially this early damage as well as the subsequent 
apoptosis. This observation involves zinc upstream in the 
inhibition of TPEN- or UVB-induced apoptosis. 

Our findings show that zinc deprivation using TPEN as a 
chelator is a genotoxic stress and leads to cell apoptosis as 
detected by increased nucleosomes in the cytoplasm. We also 
demonstrate that the zinc supply is able to decrease the 
appearance of nucleosomes in the cytoplasm ofa keratinocyte 
cell line submitted to UVB, a genotoxic stress occurring in 
vivo when skin is exposed to solar radiations. Furthermore, 
our study suggests that zinc ions have at least one role, at an 
early stage, by decreasing the DNA damage able to trigger 
apoptosis. Further experiments are required to elucidate other 
possible levels of action for zinc in apoptosis. These results 
further implicate zinc in the control of processes of prime 
importance for epidermal cells, such as carcinogenesis and 
senescence. 
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