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Abstract Solar radiation is a very important exogenous
factor in skin pathogenesis and can lead to the development
of a number of skin disorders. UVB irradiation is known to
induce oxidative stress, inflammation and especially DNA
lesions in exposed cells. It is important, therefore, to
identify agents that can offer protection against UVB-
caused skin damage. Natural compounds have been studied
for their possible ability to control/modulate various life-
style-related diseases. The application of plant compounds/
extracts with screening, antioxidant and anti-inflammatory
activities may also successfully protect the skin against
UV-caused injury. We assessed the potency of Prunella
vulgaris extract (PVE) and its main phenolic acid compo-
nent, rosmarinic acid (RA), to suppress UVB-induced
(295-315 nm) alterations to human keratinocytes HaCaT
using a solar simulator. Pre- and post-treatment of HaCaT
cells with PVE (5-50 mg/l) and RA (0.18-1.8 mg/l)
reduced breakage together with the apoptotic process. PVE
and RA also significantly eliminated ROS production and
diminished IL-6 release. Taken together, both PVE and RA
prevent UVB-caused injury to keratinocytes. However
their efficacy needs to be demonstrated in vivo.
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Introduction

Life on the earth is impossible without solar light. Plants
utilize the energy in photosynthesis and many vital func-
tions in animals and humans are associated with sunlight.
However, excessive exposure to solar radiation has several
adverse effects on human health. Reports in this field
indicate that the UV part of sunlight is a key risk factor
associated with the initiation and development of various
skin diseases. Solar UV radiation on the earth’s surface
comprises approximately 90-99% UVA and of 1-10% of
UVB [38]. Although UVB light (280-315 nm) is largely
absorbed (95%) in the protective ozone layer, the rest of
the incoming UVB (295-315 nm) is a very potent geno-
toxic agent. UVB penetrates as far as the epidermal basal
cell layer of the skin and thus affects mainly epidermal
cells [31]. The basal cell layer serves as stem cells with the
ability to divide and produce new cells (keratinocytes), and
UVB radiation may alter the proliferation, differentiation
and metabolism of these cells.

UVB light affects mainly heterocyclic bases of DNA,
strongly absorbing chromophores for UVB light. Direct
absorption of UVB photons leads to the formation of
cyclobutane—pyrimidine dimers and pyrimidine-pyrimidone
(6-4) photoproducts. UVB rays also directly interact with
aromatic amino acids in proteins and their modifications
may alter protein function [38]. Further, UVB participates in
indirect damage to biomolecules via production of reactive
oxygen and nitrogen species (RONS), which are capable of
oxidizing lipids, proteins and DNA. The oxidized products,
including lipid hydroperoxides, protein carbonyls and 8-
hydroxydeoxyguanosine, have been proven to be implicated
in the onset of skin cancers [36]. UVB light also affects the
level of skin antioxidants, impairing the skin’s ability to
protect itself against the RONS, and is implicated in the skin
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inflammatory process, which involves infiltration of
inflammatory blood leucocytes (macrophages and neutro-
phils), increased production of prostaglandins (PGs), release
of tumor necrosis factor-alpha (TNF-«), nuclear factor-
kappa B (NF«xB) and inflammatory cytokines (interleukins:
IL-1a, IL-18, IL-6, IL-8, IL-12) that further induce pro-
duction of RONS and increase oxidative stress [9, 31].

Inadequate repair of DNA lesions, impaired skin anti-
oxidant network, as well as other adverse biological conse-
quences of UVB exposure may result in disruption of cell
regulation, accumulation of modified and defective cells and
finally in the formation of skin tumors [33]. Thus, protection
of skin against excessive sunlight exposure is essential to
forestall the damage [37]. Exogenous application of pro-
tective dermatological preparations containing sunscreens
(organic and inorganic filters) is commonly recommended.
In this regard, several natural substances or standardized
plant extracts have also been investigated. These play a role
in a broad range of physiological processes including pro-
tection against harmful UV radiation [5].

Prunella vulgaris L. (Labiatae) is a perennial herb that
has been used as a traditional remedy in European and
Chinese medicine for the treatment of sore throat and fever,
for accelerating wound healing, and for dermatosis and
skin allergies [14]. The organic fraction of P. vulgaris
exhibits antioxidative and antimicrobial activities [25].
Phytochemical studies indicate that P. vulgaris is rich in
phenolics including rosmarinic, ellagic and caffeic acids
[16]. Rosmarinic acid (RA; Fig. 1), the major phenolic acid
of the plant, exhibits multiple biological activities, mainly
antioxidant, anti-inflammatory and antimutagenic [22].
Recent studies also suggest its usefulness in the treatment
of atopic dermatitis [17] and in providing photoprotection
[29]. Ellagic acid (EA; Fig. 1) in the form of ellagic acid-
rich extract affects skin pigmentation in guinea pig [30]
and human [12] skin. Caffeic acid (CA; Fig. 1) affords
significant protection against UVA, UVB and UVC light-
induced damage in vitro and in vivo [20, 27, 39].

In an earlier work we showed that post-treatment with P.
vulgaris extract (PVE) and RA protects HaCaT keratino-
cytes against UVA-induced oxidative damage [26]. The
purpose of this study was to examine PVE and RA preventive
and therapeutic effects on UVB-induced damage to HaCaT.

Materials and methods

Materials

Cell proliferation ELISA BrdU (colorimetric) kit, protease
inhibitor cocktail tablets Complete™ and Sybr Green were

purchased from Roche Diagnostic (Germany). Dihydro-
rhodamine 123 was from Fluka Chemie (Germany).
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Fig. 1 Structures of main phenolic components present in P. vulgaris
extract

Caspase-3 (Ac-DEVD-AMC/Ac-DEVD-CHO) and caspase-
9 (Ac-LEHD-AFC/Ac-LEHD-CHO) fluorigenic substrate/
inhibitor were obtained from Bachem AG (Switzerland).
Agarose for DNA electrophoresis was from Serva (Germany).
Human IL-6 ELISA kit was purchased from R&D Systems
(USA). The genomic DNA purification kit was obtained
from Gentra Systems (USA). Western blotting Iuminol
reagent for chemiluminescent horseradish peroxidase (HRP)
detection, rabbit anti-caspase-3 primary antibody, actin
(I-19) goat polyclonal primary antibody, goat anti-rabbit
and rabbit anti-goat HRP-conjugated secondary anti-
bodies were purchased from Santa Cruz Biotechnology
(USA). Dulbecco’s modified Eagle’s medium (DMEM)
and heat-inactivated fetal calf serum (FCS) were obtained
from Invitrogen/Gibco (USA). Sterile dimethyl sulfoxide
(DMSO), neutral red (NR), agarose type I and type VII,
ethidium bromide and all other chemicals were purchased
from Sigma-Aldrich (USA).

P. vulgaris extract and RA

Prunella vulgaris extract (batch SC 310703/11), prepared
by extraction of cut dry plant material (aerial part collected
in bloom), with 30% (v/v) ethanol, was kindly provided by
IVAX Pharmaceuticals s.r.o. (Opava, Czech Republic).
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PVE was characterized by the content of RA (9.0% w/w;
determined by HPLC). RA (purity 99%) was purchased
from Sigma-Aldrich.

Cell culture

HaCaT keratinocytes, a spontaneously transformed human
epithelial cell line developed by Petra Boukamp and Nor-
bert Fusenig [3], were obtained from CLS (Eppelheim,
Germany). Cells were grown in DMEM supplemented with
FCS (10%; v/v), streptomycin (100 U/ml) and penicillin
(0.1 mg/ml) in a humidified atmosphere with CO, (5%; v/
v) at 37°C. The culture medium was changed twice a week.
The cells were subcultured following trypsinization. For
experiments, cells were seeded at a density of
1 x 10° cells/cm? and grown near to confluence.

Treatment of keratinocytes with PVE and RA

Cells were either pre-treated (1 h before irradiation) or
post-treated (4 or 8 h after irradiation) with PVE (5—
50 mg/l) and RA (0.9-9 mg/l). For all experiments, stock
solutions of PVE (1-10 g/1) and RA (0.18-1.8 g/l) were
prepared in DMSO. Before application, the solutions were
diluted in serum-free medium so that the final concentra-
tion of DMSO in medium was 0.5% (v/v). Irradiated and
non-irradiated control cells for each protocol were treated
with serum-free medium containing the respective aliquot
of DMSO (0.5%; v/v) instead of the test compound stock
solution.

UVB irradiation

Prior to UV irradiation, cells were properly washed with
PBS and covered with a thin layer of PBS. Dishes with
keratinocytes were UVB irradiated (100 or 200 mJ/cmz) on
ice-cold plates to eliminate UV-induced thermal stimula-
tion. In parallel, non-irradiated cells were treated similarly
and kept in the dark in an incubator. For irradiation, a solar
simulator SOL-500 (Dr. Honle UV Technology, Germany),
with a spectral range (295-3,000 nm) corresponding to
natural sunlight was used. For all experiments, the simu-
lator was equipped with an H2 filter (Dr. Honle UV
Technology, Germany) transmitting wavelengths of 295—
315 nm. The UVB output measured by an UVB-meter (Dr.
Honle UV Technology, Germany) in direct contact with the
cell culture dish was 0.9 mW/cm?.

Activity of released LDH
The activity of LDH (EC 1.1.1.27) released into the med-

ium via damaged membrane was measured spectrophoto-
metrically at 340 nm, as described previously [18].

Cell proliferation

Cell proliferation was determined using a colorimetric
immunoassay, based on the measurement of 5-bromo-2’-
deoxyuridine (BrdU) incorporation in place of thymidine
into the DNA during DNA synthesis. Proliferation was
monitored using a cell proliferation ELISA BrdU (colori-
metric) kit according to the manufacturer’s protocol.

DNA single-strand breaks

An alkaline version of the Comet assay was used for
monitoring DNA single-strand breaks. This method is
based on monitoring DNA lesions in individual cells, after
sandwiching cells (approximately 10,000 cells) between
thin layers of agarose and subsequent lysis and electro-
phoresis of cellular DNA. Damaged DNA is visualized by
fluorescent stain as comet formation [34]. The assay was
performed as described previously [32]. An inversion
fluorescent microscope Olympus IX 70 (Olympus, Japan)
was used for nuclei analysis.

DNA damage was assessed in 100 nuclei per slide area
by visual scoring from 0 (undamaged, no discernible comet
tail) to 4 (almost all DNA in tail, insignificant head). Each
comet was given a value according to its classification to
produce an overall score for each slide ranging from 0 to
400 arbitrary units. Scores were calculated using the fol-
lowing formula:

Total damage (%) =
No-O+Ni-14+Ny-2+N3-34+N4s-4
No+ Ny + Ny +3 Ny

x 100

where Ny, Ny, N>, N3, and N, are the number of cells in
each group from O to 4.

DNA fragmentation

DNA was extracted from the cells using the Genomic DNA
purification kit (Gentra Systems, USA), as described by the
manufacturer’s protocol for 3-5 x 10° cells. The pattern of
DNA cleavage was analyzed by agarose gel electrophoresis.
Briefly, the DNA samples mixed with loading buffer [glyc-
erol (40%, v/v); bromophenol blue (0.25%, m/v)] 2:1 were
separated by horizontal electrophoresis on 1.8% agarose gel
(0.89 mol/l Tris; 0.89 mol/l H3BOs; 0.02 mol/l EDTA; pH
8.4), stained with Sybr Green and visualized under UV light.

Caspase-3 and -9 activities
Caspases activity was measured using caspase-3 (Ac-
DEVD-AMC) and caspase-9 (Ac-LEHD-AFC) fluorigenic

substrates [21]. The cells were washed with PBS and lysed
in ice-cold lysis buffer (50 mmol/l HEPES, pH 7.4; Triton
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X-100 (0.5%; v/v), protease inhibitor cocktail tablet,
5 mmol/l dithiothreitol (DDT) for 15 min at 4°C). The
lysate was cleared by centrifugation (14,000 rpm for
15 min at 4°C). The protein concentration was determined
by a Bradford assay. The lysate was mixed with assay buffer
(20 mmol/l HEPES, pH 7.1, 2 mmol/l EDTA, protease
inhibitor cocktail tablet, 5 mmol/l DDT) containing
respective fluorigenic substrate or inhibitor and incubated
(37°C; 60 min). Fluorescence was measured at 380/450 nm
(caspase-3) or 400/505 nm (caspase-9) using a microplate
spectrophotometer (INFINITE M200, Tecan, Switzerland).

Caspase-3 activation (Western immunoblot)

The amount of activated caspase-3 was investigated using
Western immunoblot analysis. After incubation, cells were
harvested and samples were prepared as described previously
[32]. The supernatant protein concentration was determined
by Lowry assay. Proteins were separated by 15% SDS-
polyacrylamide gel electrophoresis and transferred onto a
nitrocellulose membrane. Residual binding sites on the
membrane were blocked using blocking buffer (5% non-fat
dried milk (w/v) in 100 mmol/l Tris-buffered saline (pH 7.5)
with Tween 20 (0.05%; v/v)) for 1 h at room temperature.
The membrane was then incubated with a primary antibody
(rabbit anti-caspase-3 or goat anti-actin (I-19)) overnight at
4°C and then with a secondary HRP-conjugated antibody
(goat anti-rabbit antibody or rabbit anti-goat antibody) for 2 h
at room temperature. Caspase-3/actin expression was detec-
ted by chemiluminescence using Western blotting luminol
reagent and autoradiography with XAR-5 film.

Evaluation of ROS generation

The pre-fluorescent probe dihydrorhodamine 123 was used
to monitor the intracellular ROS generation induced by
UVB light, as described previously [32]. Briefly, after
irradiation and treatment with PVE/RA, the cells were
incubated with dihydrorhodamine 123 (5 nmol/l) 20 min in
the incubator at 37°C. Cells were then properly washed
with PBS, scraped into 1 ml of PBS, sonicated and cen-
trifuged (10,000 rpm for 10 min at 4°C). The fluorescence
was measured using a microplate spectrophotometer
(INFINITE M200, Tecan, Switzerland) at specific excita-
tion/emission wavelengths of 500/536 nm. The protein
concentration was determined by a Bradford assay [4].

Interleukin-6 determination
The amount of IL-6 was determined using a specific
immunoassay kit Quantikine® (R&D Systems, USA)

according to the manufacturer’s protocol. Briefly, after the
incubation period, the medium was collected and samples
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were measured immediately or stored at —80°C. The media
were mixed (1:1) with the assay diluent on the 96-well plate,
covered with a specific monoclonal antibody and incubated
(2 h at room temperature). The mixture was removed, wells
were rinsed four times with wash buffer and the conjugate
solution was added (2 h at room temperature). Then the
solution was removed, the wells were rinsed four times with
wash buffer and the substrate solution was added. After
incubation (10 min at room temperature, in the dark), stop
solution was applied and a yellow-colored product was
measured at 450 nm (Sunrise, Tecan, Switzerland)).

Statistical analysis

The series of experiments were performed at least in three
independent examinations with three replicates for each
sample. Data were expressed as mean =+ SD. Statistical
comparison was performed using the Student’s ¢ test. Sta-
tistical significance was determined at p = 0.05.

Results

Effect of PVE and RA on UVB-induced membrane
disruption

Prunella vulgaris extract and rosmarinic acid at concen-
trations used in our experiments were not toxic to kerati-
nocytes, as describe elsewhere [26]. Pre-treatment with
PVE and RA reduced LDH release into the medium in
UVB-irradiated (200 mJ/cm?) cells. Protective effect of
both PVE and RA was approximately 30% for all con-
centrations (Fig. 2a). Post-treatment with the extract and
RA diminished LDH leakage in a concentration-dependent
manner. At the highest concentration, PVE and RA showed
protection of 80 and 70%, respectively (Fig. 2b).

Effect of PVE and RA on UVB-affected cell
proliferation

Keratinocytes pre-treated with PVE and RA and exposed to
UVB (100 mJ/cm?) showed a higher level of BrdU incor-
poration than untreated irradiated cells. Protection reached
17% (Fig. 3a). Application of PVE and RA after irradia-
tion increased keratinocyte proliferation as well. Concen-
tration dependence was not observed and both PVE and
RA showed protection around 25% (Fig. 3b).

PVE and RA protect keratinocyte against UVB-induced
DNA breakage

Possible detrimental effect of PVE and RA on keratinocyte
DNA was excluded. The number and extent of DNA
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Fig. 2 PVE and RA reduce UVB-induced LDH leakage into the
medium. Keratinocytes were pre-treated (1 h; a) or post-treated (8 h;
b) with PVE (5-50 mg/l) or RA (0.18-1.8 mg/l). Cells were exposed
to solar UVB (295-315 nm; 200 mJ/cm?). Irradiated and non-
irradiated control cells were incubated with DMSO (0.5%; v/v) under
the same conditions. Data are expressed as mean £ S.D. (#) p < 0.05
and (*) p < 0.01 are statistically different from irradiated cells

damage on non-irradiated HaCaT treated with PVE (25 and
50 mg/l) and RA (4.5 and 9 mg/1) for 24 h was comparable
with control cells (data not shown). Pre-treatment of
keratinocytes with PVE and RA protected DNA against the
formation of single strand breaks. The effect of both was
concentration-dependent. However, the potency of RA was
more powerful at all concentrations than that of PVE. The
maximal protection of PVE and RA reached nearly 65 and
80%, respectively (Fig. 4a). In cells post-treated with PVE,
DNA damage declined with increasing extract concentra-
tion and the highest protection was 65%. RA reduced DNA
breakage most effectively at a concentration of 2.25 mg/l
(85%). At higher concentrations, its protection was 50%
(Fig. 4b).

Modulation of UVB-induced apoptosis by PVE and RA

Caspase-3 activity in HaCaT pre-treated with PVE and RA
was obviously reduced in comparison to untreated UVB-
irradiated (200 mJ/cm?) cells (Fig. 5a). The effect of PVE
was more potent than that of RA with a maximum at a
concentration of 25 mg/l (52%). RA reached the most
efficient protection at a concentration of 4.5 mg/l (40%).

Fig. 3 PVE and RA reduce UVB-induced disruption of HaCaT
proliferation. Keratinocytes were pre-treated (1 h; a) or post-treated
(8 h; b) with PVE (5-50 mg/l) or RA (0.18-1.8 mg/l). Cells were
exposed to solar UVB (295-315 nm; 200 mJ/cm?). Irradiated and
non-irradiated control cells were incubated with DMSO (0.5%; v/v)
under the same conditions. Data are expressed as mean + SD. (#)
p <0.05 and (*) p < 0.01 are statistically different from irradiated
cells

At the highest concentration, the preventive effects of both
PVE and RA decreased. Application of PVE and RA after
UVB exposure reduced caspase-3 activity as well. The
observed effect was not concentration-dependent (Fig. 5b)
and was similar for both PVE and RA. Their protection
reached approximately 75% for all concentrations. Evalu-
ation of caspase-3 activation, the cleavage of pro-caspase-3
into smaller fragments, by Western blot demonstrated a
decrease in activated caspase-3 in cells treated with PVE
and RA. RA was more powerful than PVE in both pre-
treatment and post-treatment protocols and reduced cas-
pase-3 activation to nearly the level of non-irradiated cells
(Fig. 6).

Pre-treatment of keratinocytes with PVE and RA also
reduced caspase-9 activity augmented by UVB radiation
(200 mJ/cm?) (Fig. 7a). The effect of PVE was most
apparent at a concentration of 10-25 mg/l (80% protec-
tion). The ability of RA was maximal at a concentration of
4.5 mg/l1 (90%). The application of PVE after UVB expo-
sure reduced caspase-9 activity in a concentration-depen-
dent manner and the maximal protection was nearly 80%.
RA decreased caspase-9 activity similarly at all concen-
trations tested and protection was approximately 70%
(Fig. 7b).
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Fig. 4 PVE and RA decrease UVB-caused DNA single-strand breaks
formation in HaCaT. Keratinocytes were pre-treated (1 h; a) or post-
treated (4 h; b) with PVE (5-50 mg/l) or RA (0.18-1.8 mg/l). Cells
were exposed to solar UVB (295-315 nm; 200 mlJ/cm?). Irradiated
and non-irradiated control cells were incubated with DMSO (0.5%; v/
v) under the same conditions. To evaluate DNA damage, 100 cells
(nuclei) per slide were analyzed. Total damage is expressed in
arbitrary units, which range from 0 (undamaged DNA) to 400 (totally
damaged DNA). Data are expressed as mean = SD. (*) p < 0.01 is
statistically different from irradiated cells

The hallmark of apoptotic cell death is DNA fragmen-
tation. The application of PVE before irradiation (200 mJ/
cm?) reduced DNA cleavage in keratinocytes and the most
pronounced effect was observed at a concentration of
25 mg/l (Fig. 8a, line 6). At the highest concentration, its
potency decreased. The effect of RA was concentration-
dependent and at concentrations of 4.5-9 mg/I (Fig. 8a, line
10 and 11) DNA laddering was comparable with that in non-
irradiated cells. In the post-treatment protocol, the effect of
PVE and RA was determined only for the two highest con-
centrations. The effect of PVE and RA was similar to that
observed in the pre-treatment protocol. PVE at a concen-
tration of 25 mg/1 (Fig. 8b, line 3) obviously reduced DNA
cleavage, but the highest concentration was not effective.
RA significantly prevented DNA fragmentation in a con-
centration-dependent manner (Fig. 8b, line 5 and 6).

PVE and RA ability to modulate UVB-induced ROS
generation

The treatment of non-irradiated HaCaT with PVE and RA
(4 h) slightly reduced ROS generation compared to

@ Springer

OPY @RA

* *
* * " *
*
400 - ﬂ
0 : r . r .
10/225 25/45  50/9

Cont UvB 57109
Concentration (mg/l)

Cont UVB 5/0.9
Concentration (mg/l)

10/2.25 25745 50/9

Fig. 5 PVE and RA reduce UVB-induced caspase-3 activity in
HaCaT. Keratinocytes were pre-treated (1 h; a) or post-treated (8 h;
b) with PVE (5-50 mg/l) or RA (0.18-1.8 mg/l). Cells were exposed
to solar UVB (295-315 nm; 200 mJ/cmz). Irradiated and non-
irradiated control cells were incubated with DMSO (0.5%; v/v) under
the same conditions. Data are expressed as mean £ SD. (*) p < 0.01
is statistically different from irradiated cells

untreated non-irradiated HaCaT (data not shown). Treat-
ment with PVE and RA before irradiation prevented ROS
production in irradiated (200 mJ/cm?) HaCaT (Fig. 9a).
Their effect did not depend on concentration. Protection
was approximately 30% (PVE) and 35% (RA). However,
excellent concentration-dependent ROS decrease was
found in post-treated cells (Fig. 9b). At concentrations of
25 and 50 mg/l, PVE reduced ROS level to that of control.
Similarly in cells treated with RA (4.5 and 9 mg/l), the
level of ROS was comparable with non-irradiated
keratinocytes.

Effect of PVE and RA on interleukin-6 release

Prunella vulgaris extract and rosmarinic acid attenuated
IL-6 release in irradiated (200 mJ/cmz) cells, when they
were applied before UVB exposure. The effects of PVE
and RA were concentration-dependent with a maximal
protection of 25% (Fig. 10a). In post-treated HaCaT, the
ability of PVE was concentration-dependent as well
(maximal protection reached 40%). The greatest potency of
RA was observed at a concentration of 2.25 mg/l (54%)
and at higher concentrations decreased slightly (Fig. 10b).
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Fig. 6 PVE and RA inhibit UVB-induced caspase-3 activation in
HaCaT. Keratinocytes were pre-treated (1 h; a) or post-treated (8 h;
b) with PVE (5-50 mg/l) or RA (0.18-1.8 mg/l). Cells were exposed
to solar UVB (295-315 nm; 200 mJ/cmz). Irradiated and non-
irradiated control cells were incubated with DMSO (0.5%; v/v) under
the same conditions. Data are representative of three independent
experiments

Discussion

The use of UV photoprotective dermatological prepara-
tions is one of the most recommended and the most com-
mon way of preventing solar UV light-caused damage to
the skin. For this purpose, several photoprotective agents
have been developed. The current world trend is to enhance
the effect of chemical sunscreens with natural bioactive
products. The use of natural compounds that absorb UV
rays and protect skin against UVB and UVA radiation is of
great interest. Owing to similarities in structure and
absorbance spectrum profiles between polyphenolic com-
pounds and organic UV filters, polyphenols might be
effective in photoprotection [37]. Besides these attributes,
polyphenolic compounds exhibit a wide range of biological
activities, such as antioxidant, radical scavenging, anti-
inflammatory, immunomodulatory and antitumor [5],
which are essential for superior photoprotective agents.
Previously, we demonstrated the protective effect of PVE
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Fig. 7 PVE and RA reduce UVB-induced caspase-9 activity in
HaCaT. Keratinocytes were pre-treated (1 h; a) or post-treated (8 h;
b) with PVE (5-50 mg/l) or RA (0.18-1.8 mg/l). Cells were exposed
to solar UVB (295-315 nm; 200 mJ/cmz). Irradiated and non-
irradiated control cells were incubated with DMSO (0.5%; v/v) under
the same conditions. Data are expressed as mean £+ SD. (*) p < 0.01
is statistically different from irradiated cells

and RA against UVA-caused oxidative damage in HaCaT
[26]. Here, we have shown their ability to reduce UVB-
induced alterations in the HaCaT cell line.

DNA bases are considered to be the main targets
(chromophores) of UVB irradiation, which induces pri-
marily two types of DNA lesion, cyclobutane—pyrimidine
dimers and pyrimidine-pyrimidone (6-4) photoproducts
[38]. The DNA lesions observed in the comet assay after
UVB treatment are thought to be due to transient DNA
breaks during the nucleotide excision repair of the photo-
products. Other mechanisms including oxidative damage to
DNA due to the excess of ROS generation may also con-
tribute to the UVB-induced comet formation [35]. We
found that application of PVE and RA before and after
irradiation significantly reduced UVB-caused DNA
breakage, especially at the highest concentration (50 mg/l
PVE; 9 mg/l RA). Post-treatment with RA was the most
effective at a concentration of 0.45 mg/l. At higher con-
centrations, the protection slightly dropped slightly,
although RA itself did not induce DNA single-strand
breaks in non-irradiated cells after 24 h of treatment. The
apparent lack of polyphenols/plant extract protection at
higher concentrations has been described [7, 11]. The
irregularity of dose—effect relationship may be linked with
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4 5 6 7 8 9 10 11

Fig. 8 Effect of PVE and RA on UVB-induced DNA fragmentation
in HaCaT. Keratinocytes were pre-treated (1 h; a) or post-treated
(8 h; b) with PVE (5-50 mg/l) or RA (0.18-1.8 mg/l). Cells were
exposed to solar UVB (295-315 nm; 200 mJ/cm?). Irradiated and
non-irradiated control cells were incubated with DMSO (0.5%; v/v)
under the same conditions. Data are representative of three indepen-
dent experiments. (a) line I standard; /ine 2 non-irradited cells; line 3
UVB (200 mJ/cm?); line 4 PVE 5 mg/l + UVB; line 5 PVE 10 mg/
1 + UVB; line 6 PVE 25 mg/l 4+ UVB; line 7 PVE 50 + UVB; line 8
RA 0.18 mg/l + UVB; line 9 RA 0.45 mg/l + UVB; line 10 RA
0.9 mg/l + UVB; line 11 RA 1.8 mg/l + UVB. (b) line I non-
irradiated cells; line 2 UVB(200 mJ/cmz); line 3 UVB + PVE
25 mg/l; line 4 UVB + PVE 50 mg/l; line 5 UVB + RA 0.9 mg/l;
line 6 UVB + RA 1.8 mg/l; line 7 standard

a pro-oxidant effect of polyphenols at high concentrations,
especially under the conditions of the disrupted antioxi-
dant/oxidant balance that occurs after treatment with ROS-
generating agents such as some drugs and UV irradiation.
Hanif et al. hypothesize that the pro-oxidant activity of
polyphenols maybe linked to their ability to mobilize
copper ions that leads to ROS generation and DNA oxi-
dative damage [8].

Damage to chromosomal DNA is associated with cell
cycle arrest, which allows the cell time to repair DNA
lesions before DNA replication [19]. This manifests also as
cell proliferation disruption. Both PVE and RA slightly
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Fig. 9 PVE and RA reduce UVB-induced ROS generation in HaCaT.
Keratinocytes were pre-treated (1 h; a) or post-treated (4 h; b) with
PVE (5-50 mg/1) or RA (0.18-1.8 mg/l). Cells were exposed to solar
UVB (295-315 nm; 200 mJ/cm?). Irradiated and non-irradiated
control cells were incubated with DMSO (0.5%; v/v) under the same
conditions. Data are expressed as mean £+ SD. (#) p < 0.05 and (¥)
p < 0.01 is statistically different from irradiated cells

prevented keratinocytes from UVB-caused proliferation
arrest. A more pronounced effect of PVE/RA was observed
in post-treatment protocol.

DNA lesion, such as cyclobutane—pyrimidine dimers,
can stimulate the secretion of cytokines, e.g., IL-1, IL-6
and IL-8 in human keratinocytes [9, 23]. Application of
PVE and RA to HaCaT before and after UVB exposure
reduced IL-6 secretion. However, post-treatment was more
powerful. In a recent study, Kim et al. showed the anti-
inflammatory potency of an aqueous extract of P. vulgaris.
They found that it significantly inhibited IL-6, IL-8 and
TNF-« secretion from phorbol 12-myristate 13-acetate and
calcium ionophore (A23187)-stimulated mast cells (HMC-
1), together with suppression of NFxB activation [14].

DNA damage is also linked with apoptotic cell death.
Cells with excessive or irreparable damage to nuclear DNA
are eliminated by apoptosis to limit the incidence and
propagation of defective cells. Apoptosis is a tightly reg-
ulated form of cell death and multifactor-related process.
During apoptosis, the expression of pro-apoptotic genes
up-regulates and/or the expression of anti-apoptotic genes
down-regulates [15]. Caspases are mediators of apoptotic
cell death. Both intrinsic and extrinsic pathways finally
merge together and lead to activation of caspase-3, the
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Fig. 10 PVE and RA decrease UVB-induced IL-6 release from
HaCaT. Keratinocytes were pre-treated (1 h; a) or post-treated (8 h;
b) with PVE (5-50 mg/l) or RA (0.18-1.8 mg/l). Cells were exposed
to solar UVB (295-315 nm; 200 mJ/cmz). Irradiated and non-
irradiated control cells were incubated with DMSO (0.5%; v/v) under
the same conditions. Data are expressed as mean £ SD. (#) p < 0.05
and (*) p < 0.01 is statistically different from irradiated cells

critical marker for apoptosis [2]. UVB irradiation was
found to induce apoptosis through both pathways and
strongly increases caspase-3 activity [6]. The later stadium
of apoptosis appears as cleavage of chromosomal DNA
into fragments [13]. We have shown that caspase-3 and -9
activities in UVB-exposed cells were inhibited when
keratinocytes were treated with PVE and RA before or
after irradiation. Both PVE and RA also reduced pro-cas-
pase-3 cleavage into active form. However, the effect of
RA was more obvious. DNA laddering was prevented in
pre- and post-treated HaCaT; RA was again more
powerful.

The mitochondrial apoptotic pathway is activated by
increased ROS generation, which is a pivotal characteristic
phenomenon of UV exposure that can result in oxidative
stress and biomolecules damage [28]. Pre-treatment with
PVE and RA obviously reduced ROS generation in UVB-
irradiated cells. The application of PVE and RA after
exposure decreased the ROS levels to those of non-irradi-
ated cells.

As we used the whole standardized ethanolic extract of
P. vulgaris and not the purified simple compound, the
active components responsible for the UVB preventive
effect are unclear. However, in parallel with the beneficial

effects of PVE on UVB-irradiated HaCaT cells, we
assessed the photoprotective activity of RA, the main
phenolic acid of PVE. On several parameters, RA showed
similar or more pronounced ability to prevent/reduce UVB-
induced alterations. We can assume that RA is an active
compound of PVE. Recent reports have also shown the
UVA (photo)protective power of RA. Orally administered
RA inhibited cutaneous alterations caused by chronic UVA
exposure in Swiss mice [29]. Topically applied RA and its
structural analog caffeic acid (CA), at concentrations of
both 5 and 10 mmol/l, significantly protect SKH-1 mice
against UVA-caused ROS generation. However, the
effectiveness of RA was higher than CA. Orally adminis-
tered CA for 3 days before UV exposure significantly
suppressed ROS generation in mice skin as well. Evalua-
tion of organ and tissue distribution confirmed that orally
used CA efficiently distributes in the skin and does not
accumulate in the tissue [39]. Poquet et al. showed that CA
and its derivative dihydrocaffeic acid significantly reduced
pro-inflammatory cytokine production in UVB-irradiated
HaCaT [24]. Moreover, CA protected against UVB-caused
skin erythema in breast skin samples of human volunteers
[27]. Ellagic acid (EA), the second most abundant poly-
phenol in PVE, exerted strong effects in suppressing lipid
peroxide levels in random flaps of rat back skin [1]. Deg-
radation of cutaneous elastic fibers, which constitutes the
major feature of aging skin, is a well-known sign of
chronically UV exposed skin. A recent study reported that
EA also protects human dermal fibroblast against exoge-
nous and endogenous enzymatic degradation of elastin as
well as enhanced elastogenesis in fibroblast culture [10].
Other PVE constituents very likely contribute to the overall
effects of PVE. However, due to a combination of action of
several compounds with different structures, PVE could
modulate various cellular pathways, which are affected
during or after UVB irradiation and thus the application of
the mixture may be more beneficial than the use of the
single compound. Use of a mixture may also minimize any
potentially adverse effects of the components, as the
desired effect may be achieved at lower concentrations of
the constituents.

To sum up, the results showed that PVE and RA prevent
or at least moderate UVB-caused damage to keratinocytes.
The (photo)protective effect of both seems to be linked to
direct elimination of ROS that prevent oxidative damage of
cellular molecules and apoptosis. Their ability to reduce
DNA lesions, caspase-3 and -9 activity and secretion of IL-
6 may also reflect their antioxidant activity. The protective
activity may also be connected with their ability to absorb
UV photons, as shown in the absorption spectra of PVE
and RA (Fig. 11). Both PVE and RA absorb in the UVB as
well as UVA region. In this way, PVE components and RA
may reduce the number of photons attacking cell
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Fig. 11 Absorption and photostability spectra of P. vulgaris extract
and rosmarinic acid. PVE (final concentration 25 mg/l) and RA (final
concentration 10 pmol/l) were diluted in phosphate saline buffer (pH
7.5). The PVE or RA solution, placed in a 6-well plate (2 ml per
well), was UVB irradiated (1 Jlem?, ~20 min) using a solar
simulator (Dr. Honle UV Technology, Germany). The non-irradiated
samples were kept in the incubator for the irradiation period. The
absorption spectrum was measured between 240 and 600 nm in UV-
Vis spectrophotometer UV-2401PC (Shimadzu, Japan) immediately
after UVB treatment. Non-irradiated and irradiated samples (PVE,
RA) were scanned in quartz cuvette against non-irradiated and
irradiated blanks (0.5% DMSO), respectively

molecules. Further experimental work is necessary to
examine the bioavailability of RA and PVE active com-
ponents to the skin, to exclude any possible toxic or pho-
totoxic effects and to clarify their photoprotective activity
in vitro and in vivo.
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