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Apoptosis is an active form of cell death that is initiated by
a variety of stimuli, including reactive oxygen species
(ROS) and ultraviolet (UV) radiation. Previously, it has
been reported that UVB-irradiation of keratinocytes leads
to intracellular generation of hydrogen peroxide (H2O2)
and that antioxidants can inhibit ROS-induced apoptosis.
Although both UVB-irradiation and H2O2-incubation led
to increased intracellular H2O2 levels, the antioxidants
catalase and glutathione monoester (GME), inhibited
apoptosis only when induced by H2O2, not by UVB.
Furthermore, extracellular signal-regulated kinase (ERK),
a prominent member of the mitogen-activated protein
kinase (MAPK) family, was found to be activated by
treatment with both UVB and H2O2. Inhibition of ERK
phosphorylation by pre-treatment with PD98059 resulted
in enhanced apoptosis after H2O2-exposure. However, no
significant difference of apoptosis was observed between
cells with and without inhibitor pre-treatment upon UVB-
irradiation. DNA damage in the form of cyclobutane
pyrimidine dimers was observed after exposure to UVB,
but no photoproducts were found in H2O2-treated cells.
These results suggest a ROS-independent pathway of
UVB-induced apoptosis. Although UVB-irradiation causes
moderate increase in H2O2, the generation of H2O2 does
not contribute to the induction of apoptosis. Moreover,
activation of ERK only blocks H2O2-dependent apoptosis
but has no impact on UVB-induced apoptosis.

Keywords: Antioxidant; Apoptosis; ERK; H2O2; Poly(ADP-ribose);
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INTRODUCTION

Apoptosis is an important and well-controlled
form of cell death that occurs under a variety of

physiological and pathological conditions, such as
elevation of intracellular Ca2þ, ionizing and non-
ionizing irradiation, growth factor deprivation and
oxidative stress.[1,2] The skin, which is situated at the
interface between the body and its environment, acts
as a barrier to harmful effects of ultraviolet (UV)
radiation and exogenous chemicals. It has been
shown that UVB induces apoptosis in keratinocytes
and epithelial cell lines.[3 – 6] Reactive oxygen
species (ROS) such as hydrogen peroxide (H2O2),
hydroxyl radicals (OH†) and superoxide anion
radicals ðO2

2 Þ are known mediators of intracellular
signaling cascades. It was demonstrated that ROS
and the resulting oxidative stress play an important
role in apoptosis.[7] ROS can react with all biological
macromolecules, i.e. lipids,[8] proteins,[9] carbo-
hydrates and nucleic acids.[10] This may result
in oxidative DNA modifications, protein–protein
and protein – DNA crosslink formation.[11 – 13]

Generally, UVA radiation is regarded as the most
relevant source of ROS generation in skin.[14] Recent
reports suggest, however, that also UVB radiation
generates ROS intracellularly in keratinocytes.[15,16]

It was shown that, UVB induced generation of ROS,
such as H2O2, OH† and O2

2 ; in keratinocytes.[15,17,18]

Furthermore, it was reported that UVB-induced
apoptosis can be inhibited by various antioxi-
dants.[19]

Mitogen-activated protein kinases (MAPKs) are a
family of serine/threonine kinases.[20] The p42/p44
extracellular signal-regulated kinase (ERK1 and 2)
are the best characterized of MAPKs. ERK–MAPKs
have been shown to play an important role in
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cell proliferation, differentiation, survival and
apoptosis.[21] Up to date, the role of ERK on
apoptosis is discussed controversially. The function
of ERK in apoptosis appears to depend on the cell
type as well as on the stimulus and the cellular
environment.[22 – 24]

Poly(ADP-ribose) (PAR) formation was previously
shown to be an early and very sensitive marker
for the detection of apoptosis induced by UVB and
H2O2 in keratinocytes. PAR formation correlated
well with conventional markers of apoptosis, such as
cell blebbing, DNA laddering and TUNEL assay.[25]

The present study was undertaken to clarify the role
of H2O2 in UVB-induced apoptosis using PAR
formation as an apoptosis marker in keratinocytes,
and to investigate the influence of ERK on ROS- and
UVB-induced apoptosis. It was demonstrated that
UVB induced apoptosis via mechanisms indepen-
dent of ROS, and that H2O2, but not UVB-induced
apoptosis is influenced by ERK activation.

MATERIALS AND METHODS

Cell Culture

Human immortalized keratinocytes (HaCaT) were
cultured in Dulbecco’s modified essential medium
(DMEM; Biochrom, Berlin, Germany) supplemented
with 10% fetal calf serum (FCS; Biochrom, Berlin,
Germany), 100 U/ml penicillin/streptomycin and
0.25 mg/ml amphotericin B (Sigma, Munich,
Germany) at 378C in a humidified atmosphere
containing 5% CO2.

Cytotoxicity

To assess cytotoxicity, trypan blue staining was
carried out. Dead cells are incapable of excluding
trypan blue, therefore, the uptake of this dye was
used as a marker of cell death. A 10ml of trypan blue
(Merck, Darmstadt, Germany) was mixed with 50ml
cell suspension. For each sample, at least 100 cells per
field were counted with a hemocytometer under a
light microscope. Cytotoxicity was defined as the
percentage of trypan blue positive cells.

UVB-irradiation and H2O2-treatment

HaCaT cells were UVB-irradiated or H2O2-treated as
described previously,[25] and post-incubated in
DMEM medium with 10% FCS for indicated time
periods. In order to detect the dose-dependent effect
on apoptosis, thymine dimer formation, and ERK
phosphorylation by UVB, different doses of UVB (10,
20, 30 mJ/cm2) were employed. For the antioxidant
experiments, the lowest UVB dose which showed
clear effects on apoptosis (20 mJ/cm2) was used.

Catalase Pre-treatment

Catalase was obtained from Sigma (Munich,
Germany, 2,000–5,000 U/mg). Prior to UVB- or
H2O2-exposure, HaCaT cells were pre-treated with
100 ng/ml, 1mg/ml, or 10mg/ml catalase in DMEM
medium for a period of 24 h, as previously described
for neutrophils.[26] Then, the medium was
removed and cells were washed twice with PBS.
Thereafter, cells were covered with PBS and
irradiated with 20 mJ/cm2 UVB, post-incubated
with catalase (at levels matching the pre-incubation
periods) for 16 h. Thereafter, PAR immunofluore-
scence was performed.[25]

For H2O2-treatment, cells were pre-incubated with
catalase in the same manner as given for UVB
experiments. After the catalase pre-incubation, cell
culture medium was removed completely, cells were
washed twice with PBS, and then exposed to 1 mM
H2O2 for 16 h. For H2O2 experiments, no catalase
post-incubation was performed, since this would
directly lead to extracellular scavenging of H2O2.

Glutathione Monoester (GME) Pre-treatment

Prior to UVB or H2O2 exposure, HaCaT cells were
pre-treated with 1 and 10 mM GME (Glutathione
reduced, ethyl ester, GME) in DMEM medium for
6 h. Thereafter, the medium was removed and cells
were washed with PBS twice. Then, cells were
covered with PBS and irradiated with 20 mJ/cm2

UVB, and post-incubated for 16 h. Thereafter, PAR
immunofluorescence was performed.

For H2O2 treatment experiments, cells were pre-
incubated with the same concentrations of GME
given for UVB experiments. Afterwards, cell culture
medium was removed completely, cells were washed
twice with PBS, and exposed to 1 mM H2O2 for 16 h.

NAC Pre-treatment

Prior to UVB or H2O2 exposure, HaCaT cells were
pre-treated with different concentrations of N-acetyl-
L-cysteine (NAC) (0.5–20 mM) in DMEM medium
for 1 h. Thereafter, cells were washed twice with PBS,
irradiated with 20 mJ/cm2 UVB, and post-incubated
for 16 h.

For H2O2 treatment experiments, cells were pre-
incubated with NAC in the same manner as given for
UVB experiments. After the NAC pre-incubation,
cell culture medium was removed completely, cells
were washed twice with PBS, and exposed to 1 mM
H2O2 for 16 h.

Immunofluorescence of Thymine Dimers

Confluent HaCaT cells grown on coverslips were
exposed to 0, 10 or 30 mJ/cm2 of UVB or to 1 mM
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H2O2. Cells were analyzed at 30 min, as well as 2, 16
and 24 h after exposure for immunofluorescence of
DNA photoproducts. Cells were fixed with 4%
paraformaldehyde for 10 min at room temperature,
kept in freshly prepared 70 mM NaOH in 70% ethanol
for 2 min to denature DNA, followed by neutraliz-
ation for 1 min in 100 mM Tris–HCl (pH 7.5). Cells
were then washed once in 70% ethanol and twice in
PBS for 5 min each. After washing, cells were
incubated with 10% goat serum in PBS for 30 min to
prevent non-specific binding. Cells were incubated
with 50mg/ml cyclobutane thymine dimer-specific
monoclonal antibody (clone KTM53, Kamiya Bio-
medical company, Seattle, WA, USA). After incuba-
tion for 1 h at 378C and three washes in PBS, cells were
subsequently incubated with a Cy3e-conjugated
goat anti-mouse secondary antibody for 1 h at 378C.
Coverslips were then washed in PBS, embedded in
Vectashielde mounting medium and analyzed by
BX-40 fluorescence microscopy and, subsequently,
densitometric image analysis. Three areas of each
slide were randomly selected and the staining
intensity per cell was measured and quantified
using Analysis 3.0 Softwaree (Soft Imaging System,
Muenster, Germany).

Fluorescence Measurement of Intracellular
Peroxides

H2O2 generation was measured using a H2O2-
sensitive fluorescent probe 20,70-dichlorofluorescin-
diacetate (DCF-DA) as described previously.[27]

Confluent HaCaT cells were treated with
30 mJ/cm2 UVB or 1 mM H2O2 for 30 min, and then
incubated with 20mM DCF-DA (Sigma, Munich,
Germany) for additional 30 min at 378C. After
chilling on ice, cells were washed with ice-cold
PBS, trypsinized and resuspended at 5 £ 105 cells=ml
in PBS containing 2% fetal bovine serum and 20mM
DCF-DA. The fluorescence intensities of oxidized
form 20,70- dichlorofluorescein of 10,000 cells from
each sample were analyzed using a flow cytometer
(DAKO GALAXY, Hamburg, Germany) with exci-
tation and emission settings of 488 and 525 nm,
respectively. Data were analyzed using FloMax
Software (Partec, Muenster, Germany). Results are
given as the mean peak (MP) of fluorescence
intensity.

Activation of ERK

Phosphorylation of ERK was examined by western
blot analysis using antibody against phospho-ERK
(Cell Signaling Technology, Frankfurt, Germany).
After serum starvation for 24 h, cells were subjected
to H2O2 or UVB treatments as indicated. Thereafter,
HaCaT cells were extracted in a lysis buffer (50 mM
Tris (pH 7.5), 150 mM NaCl, 5 mM EDTA, 1 mM

EGTA, 1% Triton X-100) supplemented with protease
and phosphatase inhibitors (1 mM PMSF, 20mg/ml
Aprotinin, 20mg/ml Leupeptin, 10 mM Benzamidin,
1 mM Vanadate, 50 mM NaF). Protein extracts were
resolved by SDS-PAGE on 10% acrylamide gels and
were transferred to PVDF membranes (Amersham
Pharmacia Biotech, Freiburg, Germany). After block-
ing with TBS-Tween buffer containing 5% dry milk
for 30 min at room temperature, membranes were
incubated overnight at 48C with anti-phospho-
ERK antibody diluted 1:2,000 in TBS-Tween
buffer containing 1% dry milk. The membranes
were washed three times with TBS-Tween, and,
subsequently incubated for 1 h at room tempe-
rature with HRP-conjugated goat anti-mouse
secondary antibody (Santa Cruz Biotechnology,
Inc., Heidelberg, Germany) (diluted 1:5,000). After
three washes in PBS-Tween, proteins were visualized
using a ECL detection system (Amersham Pharma-
cia Biotech) according to the manufacturer’s instruc-
tions. To ensure the equal loading of proteins, the
same stripped membranes were probed with an
antibody for panERK (BD Transduction Labora-
tories, Heidelberg, Germany).

PD98059 Treatment

HaCaT cells were pre-treated with 20mM of the
MEK1 inhibitor PD98059 (Calbiochem, Schwalbach,
Germany) for 1 h before exposure to 30 mJ/cm2

UVB or 1 mM H2O2. After the treatments, cells were
incubated in the medium with 20mM PD98059 for
15, 30 and 60 min. Thereafter, western blot for
detection of phospho-ERK was performed. For
the detection of apoptosis, after pre-treatment
with PD98059, cells were irradiated with 10
or 30 mJ/cm2 UVB and incubated for 4, 8, 16
and 24 h, or exposed to 0.1–1 mM H2O2 and
incubated for 16 h. Thereafter, immunostaining of
PAR was performed.

Statistics

Statistical analysis was carried out using Instate
(Graphpad, San Diego, CA). Significance
test between groups was performed using ANOVA.
All data are expressed as mean ^ standard error of
the mean ðMean ^ SEMÞ: Experiments were carried
out in triplicates and repeated at least twice.

RESULTS

UVB-irradiation and H2O2-incubation Induce
Generation of Intercellular H2O2

As shown in Fig. 1, in response to both
stressors, UVB-irradiation and H2O2-exposure,
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the fluorescence intensity was significantly increased
as compared with baseline levels of control cells
ðMP ¼ 34:64Þ: 30 min after UVB-irradiation with
30 mJ/cm2 or after incubation with 1 mM H2O2, the
intracellular H2O2 concentration increased rapidly
(MP ¼ 58:27 and 80.96, respectively).

Catalase and GME Pre-treatment Inhibit H2O2-
induced, but not UVB-induced Apoptosis

H2O2-induced apoptosis was significantly inhibited
by pre-incubation with catalase. Both, morphological
features (data not shown) and PAR formation
showed a significant decrease in the number of
apoptotic cells. In contrast, pre- and post-incubation
with the same concentrations of catalase did not
show any protective effect against UVB-induced
apoptosis (Fig. 2A). Moreover, pre-incubation of

HaCaT cells with another H2O2 scavenger, GME,
inhibited H2O2-induced apoptosis, but had no effect
on UVB-induced PAR formation (Fig. 2B). Similar
results were obtained in NAC treated cells. Pre-
incubation with NAC at 2.5 and 5 mM for 1 h
protected the cells from H2O2-induced apoptosis.
However, similar to catalase and GME, pre-treat-
ment with the same concentrations of NAC did not
show any protective effect against UVB-induced
apoptosis (data not shown). Both antioxidants,
catalase and GME, had no effect on cytotoxicity, as
detected by trypan blue staining (data not shown).

Both UVB and H2O2 Induce ERK Phosphorylation

It was previously described that ERK is highly
activated by treatment with oxidants.[28,29] In this
study, the activation of ERK after treatment with
UVB and H2O2 was evaluated. Levels of phosphoryl-
ated ERK were examined from 15 to 60 min after
exposure to 10–30 mJ/cm2 UVB or 0.1–1 mM H2O2.
Within 15 min of both UVB- and H2O2-treatment,
ERK phosphorylation was maximally upregulated
(Figs. 3A and 4A). By 30 min after treatment, the
activity declined. Total ERK protein levels at all
time points were equivalent as measured by
immunoblot of the same stripped membranes using
a pan-ERK antibody. Phospho-ERK and pan-ERK
antibodies detect both ERK1 and ERK2, however, the
band which is visible depends on the size of the gel,
the concentration of acrylamide, and the time of
running the gel. The band shown in Figs. 3 and 4 is
mostly ERK1. The resolution of the gel did not
separate both isoforms.

Inhibition of ERK Phosphorylation Results in
Enhanced Apoptosis after H2O2-treatment, but
not after UVB-irradiation

The inhibition of ERK activation induced by UVB or
H2O2 by MEK inhibitor PD98059 was determined.
HaCaT cells were pre-incubated with 20 mM
PD98059 for 1 h, and exposed to 30 mJ/cm2 UVB or
1 mM H2O2 for 15–60 min. Both UVB- and H2O2-
stimulated ERK phosphorylation were inhibited by
PD98059 pre-treatment (Figs. 3B and 4B).

Thereafter, the effect of ERK activation on HaCaT
cell apoptosis was investigated. After pre-treatment
with 20mM PD98059 for 1 h, HaCaT cells were
exposed to 10–30 mJ/cm2 UVB or 0.1–1 mM H2O2.
As shown in Fig. 5B, 16 h after incubation with
0.5 and 1 mM H2O2, PAR formation increased
significantly in cells pre-treated with PD98059.
However, no significant difference in PAR formation
was observed between cells with and without
PD98059 pre-treatment, followed by UVB irradiation
(Fig. 5A). PD98059 had no effect on cytotoxicity, as
detected by trypan blue staining (data not shown).

FIGURE 1 UVB- and H2O2-exposure increase intracellular
levels of H2O2 in keratinocytes. HaCaT cells were treated either
with 30 mJ/cm2 of UVB or 1 mM H2O2 for 30 min, subsequently
incubated with 20 mM 20,70-dichlorfluorescencein diacetate
(DCF-DA) for 30 min at 378C, and analyzed by flow cytometry.
Control without treatment (A); 30 min after 30 mJ/cm2

UVB-irradiation (B); 30 min after 1 mM H2O2 incubation
(C). MP ¼ mean peak: MP values are given for the respective
scan from a representative experiment.
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UVB but not H2O2 Induces Formation of
Cyclobutane Thymine Dimers in Nuclear DNA of
HaCaT Cells

As shown in Fig. 6, UVB-exposure induced
formation of cyclobutane thymine dimers in nuclear

DNA of HaCaT cells. However, no significant
difference of photoproducts was found between
control and H2O2-treated cells (Fig. 6D, H, and I).
As early as 30 min after 30 mJ/cm2 UVB-exposure,
thymine dimer formation increased significantly,
and even 10 mJ/cm2 of UVB resulted in detectable
levels of thymine dimers (Fig 6B, C, F, and G).

FIGURE 3 UVB induces ERK phosphorylation and inhibition of
ERK phosphorylation by PD98059. HaCaT cells were irradiated
with 10–30 mJ/cm2 UVB, and post-incubated for 15–60 min (A).
HaCaTcells were pre-treated with 20mM PD98059 for 1 h, exposed
to 30 mJ/cm2 UVB and post-incubated for 15–60 min (B). Total
proteins were extracted and separated by SDS-PAGE gel
electrophoresis, transferred to PVDF membrane and visualized
with anti phospho-ERK antibody. Equal loading of protein was
monitored by immunoblot with anti panERK antibody using the
same stripped membrane. ERK phosphorylation was maximally
activated 15 min after irradiation, and was inhibited by PD98059.
“-PD”: instead of PD98059, the same concentration of DMSO was
employed as control.

FIGURE 4 H2O2 induces ERK phosphorylation and inhibition
of ERK phosphorylation by PD98059. HaCaT cells were
exposed to 0.1–1 mM H2O2 for 15–60 min (A). HaCaT cells
were pre-treated with 20mM PD98059 for 1 h, exposed to 1 mM
H2O2 for 15–60 min (B). Immunoblotting with anti–phospho-ERK
antibody was performed. Equal loading of protein was monitored
by immunoblotting with anti-panERK antibody using the
same stripped membrane. ERK phosphorylation was maximally
activated 15 min after H2O2 treatment, and was inhibited by
PD98059. “-PD”: instead of PD98059, the same concentration of
DMSO was employed as control.

FIGURE 2 Catalase and GME pre-treatment inhibit PAR formation in H2O2-treated, but not in UVB-irradiated cells. (A) HaCaTcells were
pre-incubated with different concentrations of catalase, exposed to 20 mJ/cm2 of UVB, and post-incubated with catalase for 16 h prior to
PAR immunofluorescence. For the H2O2 treatment, cells were pre-treated with catalase for 24 h and incubated with 1 mM H2O2 for 16 h
prior to PAR immunofluorescence. (B) HaCaT cells were pre-incubated with different concentrations of GME, exposed to 20 mJ/cm2 of
UVB or 1 mM H2O2, and post-incubated for 16 h prior to PAR immunofluorescence. “control”: cells were subjected to the same procedure,
only without GME, but the same amount of vehicle (water). **p , 0:01; ***p , 0:001:
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DISCUSSION

It is well known that UVB-irradiation induces
intracellular ROS generation,[15,30] and that both
ROS and UVB induce apoptosis[17,18] and ERK
phosphorylation[31] in keratinocytes. Some reports
also propose that the effects of UVB-irradiation are
largely mediated by H2O2 and other ROS.[16,31,32]

In the present study using PAR as a marker for
keratinocyte apoptosis, we were able to demonstrate
that (i) UVB-induced apoptosis is not dependent on
intracellular H2O2 generation, and (ii) H2O2, but not
UVB-induced apoptosis is influenced by ERK
phosphorylation. These results indicate that UVB-
and H2O2-induced apoptosis in HaCaT cells
employed different mechanisms.

It has been reported that ROS and the resulting
cellular redox changes regulate signal transduction
pathways during apoptosis, and accumulation of
ROS plays an important role in mediating the
apoptotic effect of UV irradiation.[30] It has also been
shown that UVB-irradiation of keratinocytes leads to
dose-dependent intracellular production of H2O2,[16]

and that the effects of UVB-irradiation, such as
NF-kappa B activation[32] and phosphorylation of
EGF receptors,[16] may be mediated, at least in part,
by H2O2.[31] Thus, ROS were regarded as the second
messenger to regulate biological effects in response
to UVB irradiation.[31,32] Based on these findings,
it was hypothesized that UVB-induced apoptosis in
HaCaT cells is mediated by intracellular H2O2

generation. However, although in our system
UVB-irradiation led to a formation of H2O2 in
keratinocytes, neither pre-incubation of keratino-
cytes with catalase (Fig. 2A) nor GME (Fig. 2B)
inhibited UVB-induced PAR formation. In contrast,
apoptosis induced by H2O2 could be counteracted by
pre-treatment with catalase and GME, and H2O2-
induced PAR formation was reduced by almost 50%
(Fig 2A and B). Antioxidants catalase and GME are

powerful H2O2 scavengers, the thiol-compound
NAC has antioxidant activities both as a direct
scavenger of oxidant radicals and as a precursor of
glutathione (GSH) synthesis. Catalase reacts very
efficiently with H2O2 to form water and molecular
oxygen. GSH serves as a substrate in the reduction of
peroxides catalyzed by glutathione peroxidase
(GSHPx) which converts H2O2 to water and yields
oxidized glutathione (GSSG). These findings indicate
that although UVB is capable of inducing increased
intracellular H2O2 level and apoptosis, UVB-induced
apoptosis in keratinocytes is mediated mainly by
mechanisms independent of H2O2. Similarly, Bush
et al. reported that pre-treatment with non-toxic
doses of NAC showed no significant protection
against UVB-induced apoptosis in keratinocytes.[33]

These data suggest that oxidative stress may only
play a minor role in UVB-induced apoptosis in
keratinocytes.

Recently, studies provided evidence that ROS, and
in particular H2O2, function as prominent mediators
in the activation and regulation of UVB-induced
ERK signal transduction pathways in normal
human keratinocytes. The role of ERK activation
in apoptosis remains controversial and seems to
depend on cell lines and treatments used.[22,23,34]

To further characterize mechanisms that are
involved in apoptosis mediated by UVB and H2O2,
ERK activation was evaluated. It was shown
that both UVB- and H2O2-treatment resulted in
ERK phosphorylation, and that the potent
kinase inhibitor PD98059 inhibited ERK activation
upon UVB-irradiation and H2O2-incubation, indicat-
ing that ERK activation was mediated via classical
Raf-MEK-ERK pathway. However, PD98059
treatment increased H2O2-induced apoptosis, but
had no effect on UVB-induced PAR formation
(Fig. 5). These results suggest that UVB-induced
apoptosis is not mediated via the activation of the
ERK signaling pathway. Similarly, it was reported by

FIGURE 5 Pre-treatment of HaCaT cells with PD98059 enhances H2O2-induced apoptosis, but has no effect on UVB-induced apoptosis.
(A) Cells were pre-incubated with 20mM PD98059 for 1 h before exposure to 10 or 30 mJ/cm2 UVB. Apoptosis was assessed by PAR
immunofluorescence at 4, 8, 16 and 24 h after the radiation. (B) Cells were pre-treated with 20mM PD98059 for 1 h before the addition of
different concentrations of H2O2 (0.1, 0.5 and 1 mM). PAR formation was detected 16 h after the exposure. “-PD”: instead of PD98059, the
same concentration of DMSO was employed as control. **p , 0:01, ***p , 0:001:
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Nakamura et al.[35] that UVB-irradiation induced a
slight increase of ERK phosphorylation in SV40-
transformed human keratinocytes, and UVB-
induced cell death was not significantly affected by
PD98059. In contrast to the data presented in this
study, Peus et al. reported inhibition of ERK
phosphorylation by PD98059 resulted in enhanced
cell death 24 h after 40 mJ/cm2 UVB irradiation in
normal human keratinocytes.[31] Differences
between the studies might depend on cells and

the spectrum of UV-light which were used. These
findings indicate that the anti-apoptotic contribution
of ERK may be cell type and stimulus dependent.
Moreover, higher UVB doses may generate higher
concentration of intracellular H2O2, which might
have a more notable impact on apoptosis.

Downstream events of ERK activation for its
ability to suppress apoptosis are still not well
understood. However, the following findings may
explain the anti-apoptotic role of ERK described here

FIGURE 6 Dose-dependent generation of cyclobutane pyrimidine dimers (CPD) by UVB-irradiation, but not by H2O2-treatment. Cells
were either irradiated with 10 and 30 mJ/cm2 UVB and post-incubated between 30 min and 24 h (B, C, F, and G), or incubated with 1 mM
H2O2 between 30 min and 24 h (D and H), A and E: control. After treatment cells were incubated with an anti-CPD antibody and analyzed
by immunofluorescence staining (A–H). Fluorescence intensity was quantified by Analysis 3.0 Softwaree (Soft Imaging System, Muenster,
Germany) (I). **p , 0:01; ***p , 0:001:

H2O2 VS. UVB INDUCED APOPTOSIS 661

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/2
6/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



for H2O2-induced apoptosis. It is known that
mitochondrial dysfunction, including loss of mito-
chondria transmembrane potential,[36] release of
cytochrome c to the cytoplasm,[37] and loss of bcl-
2,[38] plays a central role in ROS-induced apoptosis.
Caspase 9 is activated by cytochrome c release[39]

and, in turn, activates the key cytosolic downstream
caspase, caspase 3, thereafter, promoting cell death.
Erhardt et al. have shown that ERK activation
inhibits cytosolic caspase-3 activation following
release of cytochrome c from the mitochondria.[40]

A further possible target of the ERK pathway is the
pro-apoptotic Bcl-2 family protein Bad.[41] Binding of
Bad inhibits the anti-apoptotic function of Bcl-2/Bcl-
XL, thereby, promoting cell death. With Bad
sequestered in the cytosol upon its phosphorylation,
the anti-apoptotic Bcl-2/Bcl-XL protein can prevent
the release of cytochrome c and activation of the
caspase cascade,[42,43] and, subsequently, inhibits
apoptosis. Scheid and Duromio have shown that
inhibition of ERK phosphorylation by PD98059
inhibits Bad phosphorylation, suggesting that phos-
phorylation of Bad requires activation of ERK.[41]

Mechanisms that are less sensitive to cellular
redox control, such as UVB-induced formation of
cyclobutane pyrimidine dimers and k6–4l photo-
products may prevail in UVB-induced apoptosis.[44]

Therefore, we compared cyclobutane dimer for-
mation in H2O2- and UVB-treated cells. DNA
damage in the form of cyclobutane thymine dimers
appeared as early as 30 min after UVB-irradiation in
a clearly dose-dependent fashion, and thus preceded
to the detection of apoptosis (Fig. 6). Importantly, no
cyclobutane thymine dimers were detected in H2O2-
treated cells up to 24 h after exposure (Fig. 6). UVB-
induced apoptosis in keratinocytes may be mediated
by rapidly formed DNA photoproducts, rather than
by H2O2. These findings are in agreement with a
similar study, in which HeLa cells that were exposed
to UVB showed significantly reduced levels of both
cyclobutane pyrimidine dimers and apoptosis when
incubated with the DNA repair enzyme photolyase
immediately after UVB-exposure.[45]

Recently, Kulms et al. have reported that UVB
induced apoptosis can be induced by three
independent pathways: DNA damage, death
receptor activation and ROS. At first sight, this
appears to be conflicting with our findings in that
our results suggest that H2O2 is not involved in UVB
induced apoptosis. A number of methodological
differences may account for this: While Kulms et al.
used serum starvation for 24 h before stimulation of
HeLa cells with a UVB dose of 40 mJ/cm2, the
present study was carried out in HaCaT cells that
were not serum starved prior to stimulation, and the
UVB dose was only 20 mJ/cm2 for the antioxidant
experiments. Furthermore, the most potent antioxi-
dant used by Kulms et al. for ROS inhibition,

pyrrolidine-dithiocarbamate (PDTC), is not specific-
ally scavenging H2O2, but has recently been
demonstrated to be a powerful HOCl scavenger
preventing from oxidative protein damage,[46] while
that antioxidant catalase, used in the present study, is
a specific H2O2 scavenger. Taken together, these
findings suggest, that ROS other than H2O2 may
account for the redox-sensitive pathway described
for UVB induced apoptosis.

In conclusion, the findings of the present study
demonstrate that, although both UVB and H2O2

induce apoptosis in HaCaT cells, different pathways
are involved. While UVB generates increased
levels of intracellular H2O2 in keratinocytes, H2O2

appears not to be a major mediator of UVB-induced
apoptosis.
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