
Introduction

Zinc is one of the most abundant inorganic elements in
mammalian cells, where it regulates a wide variety of biolo-
gical activities including maintenance of structural as well
as functional integrity of cells (2). Despite the fact that in-
side cells zinc is mostly found in a bound form, its intracel-
lular homeostasis has to be strictly regulated, as it has been
amply demonstrated that increased intracellular zinc abun-
dance contributes to cellular injury and, in some cases, le-
ads to ultimate cell death (5).

The type of zinc-inflicted injury and its final outcome
depends on several factors, such as the extent and timing of
zinc influx and efflux as well as the availability of intracel-
lular zinc trafficking and sequestering mechanisms. Zinc
transport and trafficking is generally regulated by two gene
families – the ZnT proteins and the Zip family. ZnT and
Zip proteins seem to have opposite roles in cellular zinc ho-
meostasis, with ZnT transporters reducing intracellular cy-
toplasmic zinc levels by promoting zinc efflux from cells,
while Zip transporters increase intracellular cytoplasmic
zinc by promoting extracellular zinc translocation into cy-
toplasm (9).

Recent efforts have led to the identification of at least 9
members of the ZnT family and 5 members of the Zip family
of transporters, with each of them showing distinct expres-

sion and localization in individual tissues and cells. More-
over, upon zinc starvation or excess exposure, particular zinc
transporters also show varying response rates in terms of
their downregulation, upregulation and localization (9).

When the cell is exposed to conditions which acutely or
subacutely increase its intracellular zinc concentrations,
thus bypassing normal zinc homeostatic mechanisms, cellu-
lar status becomes compromised and several stress response
cascades are activated. Among them, mitogen-activated
protein kinase (MAPK) cascades appear to play a promi-
nent role. They include three major kinases: extracellular
signal-regulated kinase (ERK), c-JUN N-terminal kinase
(JNK) and p38 kinase, which under physiological conditi-
ons (transient activation) mediate cell growth, proliferation
and generally cell survival (13). When activated persistent-
ly, however, they may mediate growth arrest and finally pro-
mote cell death.

In our previous report we showed that externally sup-
plied zinc induces cell injury and apoptosis in Hep-2 cells
during 96 h of treatment, in particular by means of oxidati-
ve stress, activation of p53 pathway as well as via direct zinc
effect on mitochondria (15). Presently, we wanted to in-
vestigate the effect of subacute zinc exposure on Hep-2 cells
viability while focusing on putative involvement of MAPK
cascades and their functional linkage with p53-dependent
signaling.
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Materials and methods

Chemicals

Zinc sulfate, 6-diamidino-2-phenylindole (DAPI), Tri-
ton-X, horseradish peroxidase, dithiotreitol (DTT), Chelex-
100, p38–specific inhibitor SB 203580, JNK-specific
inhibitor SP600125 and ERK (MEK)-specific inhibitor
U0126 were purchased from Sigma-Aldrich (Prague, Czech
Republic). p53–specific inhibitor Pifithrin-α (2–(2-imino-
4,5,6,7-tetrahydrobenzothiazol-3–yl)-1-p-tolylethanone,
HBr) and sodium catalase mimetic MnTMPyP were ac-
quired from Calbiochem (EMD Biosciences, Inc., La Jolla,
USA). Primary antibodies (p-53 and phospho-p53) were
obtained from Sigma-Aldrich (Prague, Czech Republic)
and polyclonal rabbit anti-human caspase-3 was purchased
from Dako (Glostrup, Denmark). Secondary antibodies
were from Alexis Corporation (Lausen, Switzerland).
Newport Green diacetate was obtained from Molecular
Probes (Eugene, USA). All other chemicals were of highest
analytical grade.

Cell line and treatment conditions

The continuous cell line Hep-2 (ECACC, No. 86030501,
Porton Down) was maintained in a humidified 5 % CO2 at-
mosphere at 37 °C in Dulbecco’s modified Eagle’s medium
– DMEM (Gibco, Prague, Czech Republic) supplemented
with 10 % bovine serum (BS) (Gibco, Prague, Czech
Republic), penicillin G (100 U/ml) and streptomycin (100
μg/ml).

Cells were plated into standard cultivation media and
left overnight in an incubator at the above specified condi-
tions. Thereafter, they were exposed for 24 h to zinc-defi-
cient medium which was generated by incubation of BS
with 10 % Chelex-100 overnight at 4 °C and by its addition
to DMEM. Thus treated cells were exposed to 150 μM zinc
for 24 h and analyzed. The particular antioxidants and in-
hibitors were administered as follows: MnTMPyP (5 μM –
added to cells 24 h prior to zinc exposure), Pifithrin-α (30
μM – added to cells 24 h prior to zinc treatment), SP600125
and SB 203580 (both at 10 μM – supplemented to cells 30
min before exposure to zinc) and U1026 (20 μM – admi-
nistered to cells 2 h before exposure to zinc).

Measurement of free intracellular zinc 

concentrations

Free intracellular zinc in Hep-2 cells treated with zinc
as described above was monitored using microfluorometry
of the zinc-specific dye Newport Green diacetate (6). Briefly,
cells grown in black-bottom 96–well plates were incubated
with Newport Green diacetate (5 μmol in PBS, dark, 30
min at 37 °C) and fluorescence intensity was determined by
a multiplate reader TECAN SpectraFluor Plus (TECAN
Austria GmbH, Grödig, Austria) at 485 and 535 nm, res-
pectively with stable integration time 1000 ms and gain
150. The results in relative light units (RLU) were obtained

from raw data minus reagent blank and expressed as per-
centage of the fluorescence intensity of controls.

Assays of ERK, p38 and JNK activities

Treated and control cells were harvested and collected
by centrifugation. Whole cell extracts were prepared and
ERK, p38 and c-Jun N-terminal kinase (JNK) activities
were measured using Elisa kits (Sigma-Aldrich, St. Luis,
MO, USA and Calbiochem, San Diego, CA, USA) specific
for total ERK and phospho-ERK (pTpY185/187), total and
phospho-p38 (pTpY180/182), and total and phospho-JNK
(pTpY183/183) according to the manufacturer’s instructions.
The assays were performed in 96–well plate format and
samples were read against standard curves obtained from
ERK and phospho-ERK, p38 and phospho-p38 and JNK
and phospho-JNK standards. Results were normalized to
micrograms of protein in the cell extract and expressed as
the ratio of phosphor-to total kinase in the same sample.
The results of zinc treatment were expressed as percentage
of control values.

Western blot analysis

Zinc-treated and control cells were harvested at diffe-
rent time intervals with trypsin, washed with PBS and cen-
trifuged (1000 rpm, 5 min, 4 °C). The resulting pelet was
resuspended in 5 ml of ice-cold lysis buffer (137 mM NaCl,
10 % glycerol, 1 % n-octyl-β-D-glucopyranoside, 50 mM NaF,
20 mM Tris, 1 mM sodium orthovanadate, Complete
TMMini).

The whole cell lysates were boiled for 5 min/95 °C in
SDS sample buffer (Tris-HCl pH 6.81, 2-mercaptoethanol,
10 % glycerol, SDS, 0.1 % bromphenol blue) and thereafter
they were loaded onto a 12 % SDS/polyacrylamide gel.
Each lysate contained an equal amount of protein (30 μg)
as determined by bicinchoninic acid assay (BCA assay)
(Sigma-Aldrich, Prague, Czech Republic). After electro-
phoresis, proteins were transferred to a PVDF membrane
(100 V, 60 min) and incubated at 25 °C for 1.5 h with a so-
lution containing 5 % nonfat dry milk, 10 mM Tris-HCl (pH
8.0), 150 mM sodium chloride, and 0.1 % Tween 20
(TBST). Membranes were incubated with primary antibo-
dies (monoclonal mouse anti-p53, 1:500, monoclonal mou-
se anti-phosphorylated p53, 1:750 and monoclonal mouse
anti-β-actin, 1:100) at 4 °C overnight followed by 6 min of
washing five times in TBST. Next, the blots were incubated
with secondary peroxidase-conjugated antibodies (1:1000,
1 h, 25 °C), washed with TBST and the signal was develo-
ped with a chemiluminescence (ECL) detection kit
(Boehringer Mannheim-Roche, Basel, Switzerland).

Determination of cell death

The presence of cell death in zinc-treated cells was eva-
luated by the nuclear architecture and the presence of
caspase-3 as described before (14). Briefly, treated and con-
trol cells grown on coverslips were fixed with 2 % parafor-
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maldehyde, blocked in skimmed milk for 30 min and sub-
jected to immunofluorescent detection of activated caspa-
se-3 using a polyclonal rabbit anti caspase-3 antibody (1:50,
2 h, 25 °C). The nuclear architecture was observed simul-
taneously after staining samples with DAPI (1 mg/ml, 5
min, 25 °C). Quantitative data from samples were obtained
from cell cytometric analysis using Lucia Nis elements soft-
ware analyzing at least 2,000 cells per coverslip.

Statistics

Statistical analysis was carried out with a statistical pro-
gram GraphPad Prism (GraphPad Software, Inc. San Diego,
USA). We used a one-way Anova test with Dunnett’s post
test for multiple comparisons. Results were compared with
control samples and means were considered significant if
P<0.05.

Results

Changes in intracellular free zinc concentrations 

in Hep-2 cells

Hep-2 cells were first left for 24 h in zinc-free cultivation
medium. This time interval was sufficient for reducing free
intracellular zinc stores (Fig. 1) while having no effect on
cell viability. Upon the following exposure of thus treated
cells to 150 μM zinc, intracellular free zinc abundance was
quickly restored (within several hours of treatment) and in
the interval of 6 to 16 h of exposure these free zinc levels
were significantly elevated (Fig. 1).

Zinc induces the expression 

and phosphorylation of p53

Since zinc has been shown to produce oxidative stress
and possibly damage DNA, we examined the level of p53 in
treated Hep-2 cells. The p53 protein level was already aug-
mented at 4 h and reached significant elevation at 8 h of
treatment (Fig. 2 upper panel). Phosphorylation of the
Serine-15 residue is known to be a very early step in the ac-
tivation of p53. We have thus assessed this step by means
of a specific antibody recognizing the phosphorylated
Serine-15 residue of p53. The phosphorylation of Serine-15
paralleled the increased expression of p53 in treated Hep-2
cells and reached its maximum at around 8 h (Fig. 2 lower
panel).

Zinc activates p38, JNK and ERK

There is a recognized functional linkage between phos-
phorylation of p53 and activation of various kinases. In or-
der to verify the involvement of the three members of the
MAPK family, p38, JNK and ERK, we measured their ac-
tivities in zinc treated Hep-2 cells using specific Elisa func-
tional assays. As shown in Fig. 3 A–C, we found that zinc
caused a very early activation of all three examined kinases
but the kinetics of their activities differed significantly.
While p38 showed the most sustained and massive activity

which peaked at 16 h of treatment, JNK and ERK activiti-
es were relatively short-lived, with their maxima being rea-
ched at 6 h and 8 h of exposure, respectively.

To further test the roles of individual MAPKs in p53
phosphorylation, we employed their selective inhibitors.
Fig. 4 shows that neither of these inhibitors was capable of
abrogating zinc-mediated p53 phosphorylation at Serine-15
in Hep-2 cells; however, p38–specific inhibitor SB 203580
proved to have a more significant inhibitory effect than ot-
her inhibitors, in particular ERK inhibitor U0126.
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Fig. 1: Time course of changes in intracellular free zinc
concentrations in Hep-2 cells treated with 150 μM zinc
during 24 h. Cells were first cultivated in a zinc-free me-
dium for 24 h and then exposed to cultivation medium
supplemented with zinc. Intracellular free zinc levels were
determined spectrofluorimetrically. Results were expressed
as a percentage of the untreated control and considered sig-
nificant if <0.05 with one way-Anova test and Dunnett’s
post test for multiple comparisons. Values represent the
mean ± SD of three independent experiments.

Fig. 2: Accumulation and phosphorylation of p53 in Hep-
2 cells treated with 150 μM zinc during 16 h. Treated cells
and controls were harvested and the p53 detection was per-
formed by means of immunodetection as described in the
Material and Methods section. The experiment was repeated
three times.

p53

p-p53

β-actin

0h 4h 8h 12h 16h



46

Fig. 4: The effect of MAPK selective inhibition and oxi-
dative stress inhibition on the p53 phosphorylation in zinc-
treated Hep-2 cells. Cells were pretreated with specific
MAPK inhibitors (p38–specific inhibitor SB 203580, JNK-
specific inhibitor SP600125 and ERK (MEK)-specific inhi-
bitor U0126) and sodium catalase mimetic MnTMPyP and
after exposure to zinc for 8 h the p-53 phosphorylation was
determined with help of Western blotting as described in
the Material and Methods. The experiment was repeated
three times.
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Fig. 3: Activation of MAPK in zinc treated Hep-2 cells.
Treated and control cells (both deprived of zinc 24 h prior
to experiments) were harvested and the activities of p38,
JNK and ERK kinases were determined spetrofotometri-
cally as described in the Material and Methods section. (A)
ERK (B) JNK (C) p38. Results were expressed as a per-
centage of the control of the ratio of phospho-to total
MAPK. Values represent the mean ± SD of three indepen-
dent experiments. *P<0.05 significantly different from the
control with one way-Anova test and Dunnett’s post test for
multiple comparisons.
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Subacute exposure of cells to zinc induces apoptosis 

by varying mechanisms

Upon differing exposure, zinc may cause cell injury and
cell death by several mechanisms, including well established
propoptotic pathways and substrates. In our present ex-
periments, we wanted to verify the role of MAPK-p53-de-
pendent pathways in Hep-2 cells exposed to subacutely
increased intracellular free zinc levels. Apoptosis was de-
termined by means of caspase-3 activation and chromatin
fragmentation, as described previously. In addition, we
assessed the effect of various MAPK inhibitors as well as
the specific p53 inhibitor on the execution of cell death.
Control cultures with normal zinc content show a very low
level of spontaneous apoptosis (up to 3 % at 24 h of culti-
vation – Fig. 5B). Conversely, subacutely increased free
zinc abundance in Hep-2 cells leads to a rapid activation of
caspase-3, with subsequent chromatin fragmentation
peaking at 16 h of treatment (Fig. 5A). All the employed
pharmacologic inhibitors expcept for Pifithrin-α had only
a partial effect on the execution of zinc-stimulated apopto-
sis, and their efficiency varied between 20 to 35 %. Pifi-
thrin-α proved to be a decisive and significant inhibitor,
abrogating almost completely caspase-3 activation and nuc-
lear condensation (Fig. 5C).

Discussion

Eukaryotic cells maintain intracellular zinc homeostasis
by means of intricate mechanisms including various zinc



transporters as well as zinc-binding and sequestering me-
chanisms (3). The purpose of these mechanisms is to keep
free zinc abundance in the cytosol at optimal levels. In case
of elevation of free zinc stores cells sustain damage which
often results in cell death, as has been shown in various ex-
perimental models (1, 4). To study effects of elevated free
intracellular zinc levels under normal situation, however, it
is necessary to expose cells to sometimes excessive external
zinc concentrations or to use so called zinc-specific iono-
phores that mediate direct entry of zinc into the cytosol
(10). Both approaches have their disadvantages, and there-
fore we decided to employ more the “physiological” approach

by manipulating the ability to import and retain more free
zinc via changed external cultivation conditions, which al-
low for an increased internalization and availability of zinc.
We found that exposure of thus manipulated Hep-2 cells to
zinc at concentration of 150 μM for 24 h significantly in-
creases intracellular free zinc abundance within hours. The
fact that free zinc levels did not dwindle at later treatment
periods indicate that the speed and extent of incoming zinc
pools was clearly exhaustive for any homeostatic mecha-
nisms the cells might otherwise have employed, thereby
establishing a situation which might better reflect real con-
ditions within an organism.
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Fig. 5: Rate of apoptosis in Hep-2 cells exposed to 150 μM zinc during 24 h. (A) Time course of apoptosis as measured
by immunofluorescent detection of caspase-3 and fluorescent detection of nuclear condensation as described earlier. (B)
Time course of activation of caspase-3 and nuclear condensation in untreated Hep-2 cells (C) Effect of specific MAPK in-
hibitors (p38–specific inhibitor SB 203580, JNK-specific inhibitor SP600125 and ERK (MEK)-specific inhibitor U0126)
and p53 inhibitor Pifithrin-α on apoptosis at 16 h of treatment (D) Effect of specific MAPK inhibitors (p38–specific in-
hibitor SB 203580, JNK-specific inhibitor SP600125 and ERK (MEK)-specific inhibitor U0126) and p53 inhibitor
Pifithrin-α on apoptosis at 16 h in control Hep-2 cultures. Values represent the mean ± SD of three independent experi-
ments. *#P<0.05 significantly different from control with one way-Anova test and Dunnett’s post test for multiple compa-
risons.
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From our previous experiments we know that in Hep-2
cells zinc induces apoptosis, which is characterized by the
involvement of oxidative stress, p53 and mitochondria, and
which is executed both caspase-dependently and -indepen-
dently (15). Hence we wanted to know more details about
the role of p53 in this process and, namely, to explore a me-
chanism whereby this protein could be activated. Given the
fact that zinc has been reported to generate oxidative stress
and/or DNA damage, it was reasonable to suppose that p53
activation would play a significant role in integrating pos-
sible DNA damage signals with proapoptotic machinery.
Genotoxic stresses generally lead to phosphorylation of
p53, especially in serine-15, which in turn promotes accu-
mulation and functional activation of p53 (8). The presented
results confirm this observation, as they show that in Hep-
2 cells concomitant with p53 phosphorylation there was an
increased accumulation of p53 protein. Phosphorylation of
p53 is generally mediated by a variety of factors, including
protein kinases such as DNA-dependent protein kinase,
ATM, ATR, Jun kinases, extracellular signal-related protein
kinases (ERKs), and p38 MAPK (17). We have examined
the activities of three members of these kinases – p38, JNK
and ERK in zinc exposed Hep-2 cells. Of all three examined
MAPK, the activation of p38 was found to be the most sig-
nificant and long-lasting. On the other hand, JNK and ERK
showed the least amount of activation, and the shortest lived
too. Our observation seems to be in contrast with other re-
ports which document the involvement of special isoforms
of ERK in zinc mediated toxicity and cell death (7). Never-
theless, since we have not focused on all ERK isoforms,
their role in proapoptotic signaling cannot be ruled out and
deserves further examination in the future. Pretreatment
with specific MAPK inhibitors had a relatively low effect
on p53 accumulation and phosphorylation; however, the
most potent was the p38 inhibitor, suggesting a role for p38
MAPK in zinc-induced p53 phosphorylation. There is evi-
dence suggesting that p38 MAPK directly phosphorylates
p53 in serine-33 (18) and serine-46 (11). Concerning the
role of p38 in phosphorylation in serine-15, available re-
ports supply unclear data and it remains to be seen whet-
her, in this case, p38 is directly involved or whether its
effect represents just a redundant mechanism (8). Our recent
investigations may provide some answers, as we found that
the use of wortmannin, a selective inhibitor of DNA-PK
and ATM, significantly, although not totally, prevented p53
phosphorylation in serine-15 (unpublished observations).

In our recent work we discovered that treatment of
Hep-2 cells with external zinc during 96 h induces p53-de-
pendent as well as -independent apoptosis (15). To verify
the involvement of p53 in cell injury and apoptosis of Hep-
2 cells subacutely exposed to external zinc during 24 h, we
employed Pifithrin-α, a specific p53 inhibitor, and determi-
ned the rate of apoptosis. We found that pretreatment of
zinc-exposed cells with this inhibitor significantly reduced
the numbers of apoptotic cells. Furthermore, apoptosis was
abrogated even more extensively in the presence of a cata-

lase-mimetic antioxidant. These observations fully implica-
te p53 in propapoptotic signaling in Hep-2 cells treated
with subacute zinc, and suggest that oxidative stress (12)
plays a significant role in the activation of cell death and
possibly in the activation of p53 too. Since we as well as
other authors have found that upon its entry inside the cell
zinc generates oxidative stress, it is reasonable to hypothe-
size that oxidative stress damages DNA and directly or in-
directly activates the p53 pathway by acting on upstream
signaling molecules such as apoptosis signal-regulated pro-
tein kinase (ASK-1) (16). Stimulation of these molecules
might lead to activation of MAPKs in the presence of
a suppressed thioredoxin system. Thus, zinc-induced oxida-
tive stress may serve here as an ultimate feedback amplifi-
cation mechanism, acting on several levels of one cascade
leading to the final cell demise.

Conclusion

Subacute treatment of Hep-2 cells with extracellular
zinc induces an increase in intracellular free zinc levels lea-
ding to p53 accumulation and its phosphorylation in serine-
15. The same treatment induces differential activation of
MAP kinases p38, JNK and ERK. The specific inhibition
of these kinases has a varying effect on the observed p53
phosphorylation, suggesting a major role for p38 in this
process. Zinc induced caspase-3 activation can be signifi-
cantly prevented by specific p53 inhibition as well as by ab-
rogation of oxidative stress. These data show that oxidative
stress is one of the key players in p53-dependent cell demi-
se mediated by zinc in tumor Hep-2 cells.
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