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Polyhydroxylated fatty alcohols derived from avocado suppress
inflammatory response and provide non-sunscreen protection
against UV-induced damage in skin cells
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Abstract Exposing skin to ultraviolet (UV) radiation
contributes to photoaging and to the development of skin
cancer by DNA lesions and triggering inflammatory and
other harmful cellular cascades. The present study tested
the ability of unique lipid molecules, polyhydroxylated
fatty alcohols (PFA), extracted from avocado, to reduce
UVB-induced damage and inflammation in skin. Introduc-
ing PFA to keratinocytes prior to their exposure to UVB
exerted a protective effect, increasing cell viability,
decreasing the secretion of IL-6 and PGE,, and enhancing
DNA repair. In human skin explants, treating with PFA

Electronic supplementary material The online version of this
article (doi:10.1007/s00403-010-1088-6) contains supplementary
material, which is available to authorized users.

G. Rosenblat (P<)) - S. Meretski - J. Segal
Polyol Biotech Ltd, Granot Initiative Center,
38100 D.N. Hefer, Israel

e-mail: gr.polyol@gmail.com

M. Tarshis
School of Medicine, Hebrew University,
91120 Jerusalem, Israel

Present Address:

A. Schroeder

Koch Institute of Integrative Cancer Research,
Massachusetts Institute of Technology,
Cambridge, MA 02142, USA

Present Address:

A. Zanin-Zhorov

School of Medicine, New York University,
New York, NY 10016, USA

G. Lion - A. Ingber - M. Hochberg
Department of Dermatology,

Hebrew University-Hadassah Medical Center,
91120 Jerusalem, Israel

reduced significantly UV-induced cellular damage. These
results support the idea that PFA can play an important role
as a photo-protective agent in UV-induced skin damage.
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Introduction

Ultraviolet (UV) radiation from the sun was recognized
long ago as the cause for many adverse effects in humans,
including erythema, hyperplasia, immunosuppression, pre-
mature skin aging and the development and progression of
cancer [15]. Solar UV radiation varies in energy level,
ranging from short to long wavelength, and penetrates the
skin according to their wavelength and interacts with differ-
ent cells that are located at different depths [14]. UV radia-
tion of shorter wavelength (UVB; 290-320 nm) is mainly
absorbed in the epidermis and affects predominantly epider-
mal cells [9, 20], i.e., keratinocytes, which are the most
abundant epidermal cells, and also other cells including
melanocytes, Langerhans cells, dendritic cells, and
macrophages. UV radiation of longer wavelengths (UVA;
320-400 nm) penetrates deeper and can interact with both
epidermal keratinocytes and dermal fibroblasts.

Defensive mechanisms of the skin are able to protect
against the harmful effect of UVB rays to only a certain
extent [9]. Chronic exposure of skin to UVB triggers oxida-
tive stress [3, 26], inflammatory cascades [3, 26], and accu-
mulation of DNA lesions and mutations [5] especially in a
tissue with impaired capacity of DNA repair and antioxi-
dant system. Accumulation of such damage contributes to
skin aging and skin cancer [5, 8, 21, 26].
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Sunscreens are commonly used for preventing or ame-
liorating harmful effects of UV radiation on the skin [2].
However, sunscreen alone may not provide sufficient
protection against skin photodamage [10, 29, 33, 36]. Non-
sunscreen compounds have become more relevant to large
parts of the populations in preventive skin care [19]. Using
active compounds that support the skin’s own defensive
mechanisms or inhibit the pathological processes in photo-
damaged skin is highly desirable. Topical and systemic
antioxidants, DNA repair enzymes, as well as some plant
extracts have been reported to protect skin against various
UV-induced damage models [19, 34].

In the present study, we demonstrated the anti-inflamma-
tory and photo-protective potential of polyhydroxylated
fatty alcohols (PFA) extracted from Persia gratissima
(avocado).

Materials and methods
Preparation of PFA

Avocado seeds were separated from the avocado pear
‘Ettinger’, followed by freezing and lyophilization. Lyophi-
lized avocado seeds were crushed and extracted with
hexane for 14h in a Soxhlet apparatus. The resulting
extract was filtered and then was put into a cold room hav-
ing a temperature range of 2-8°C for 12 h for the process of
cool crystallization. The crystallized material, consisting of
PFA, was separated from the solvent by filtration through
Whatman filter paper.

In addition, PFA were obtained from the edible part of
the avocado fruit. Briefly, ground avocado pears were
extracted twice in ethanol at 50°C for 1 h, followed by ace-
tone extraction at 4°C overnight. All extracts were col-
lected and the solvents were evaporated. Dried extract was
re-dissolved in 35 ml hexane. Avocado pear hexane extract
was refrigerated (4°C) overnight, and precipitated PFA
were separated by filtration.

Identification of the compounds was performed by using
GC-MS and HPLC/MS-ECI analysis, and data were com-
pared with previously reported information. Elucidation of
the chemical structure of the compounds was based on the
similarity of characteristic peaks (m/e) in mass spectra and
the molecular peaks of sodium adducts [M*Na]* of our
PFA compared with those described earlier for PFA [27].

Cell cultures
Primary normal human epidermal keratinocytes were
provided by M. Chaouat (Laboratory of Experimental

Surgery, Hadassah Medical Center, Jerusalem, Israel).
Cells were isolated from the skin removed during cosmetic
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plastic surgery. Briefly, a thin split thickness skin biopsy
was taken aseptically and trypsinized overnight at 4-8°C.
The epidermal layer was separated from the dermal layer
and the single cells were isolated and cultured in special-
ized keratinocyte medium. The keratinocytes were then
redistributed into flasks containing lethally irradiated 3T3
cells. The flasks were incubated at 37°C under 8-10% CO,.
Upon reaching sub-confluency the cells were redistributed
to new flasks without the 3T3 feeder layer.

Organ cultures

Human scalp skin tissue samples were obtained within 2 h
of surgery (with approval of the Hadassah hospital IRB
committee #0273-08-HMO). Organ cultures were prepared
essentially as described by Hasson and co-workers [12]. In
brief, skin tissue samples were washed in DMEM and cut
with a microtome (tissue sectioner, Sorvall model TC-2,
Thermo Fisher Scientific, Waltham, MA) into thin slices
(300 um) and incubated in DMEM containing 10% FCS,
gentamicin (15.2 pg/ml), and Ciproxin (ciprofloxacin,
19 pg/ml) at 37°C, under 5% CO,.

UVB irradiation of tissue culture

UVB irradiation was performed with a bank of four FS40
fluorescent lamps (Philips) that emit light at wavelengths
between 280 and 320 nm with a peak at 313 nm. Light
intensity was determined using a Waldmann UV radiome-
ter (Herbert Waldmann GmbH, Schwenningen, Germany).
Cells were irradiated at a dose of 20-120 mJ/cm?®. Cell
exposure to UV irradiation was performed in Petri dishes or
in 24-well plates or on 8-well p-slides containing pre-
warmed phosphate-buffered saline (PBS), which after UV
irradiation was immediately replaced by fresh growth
medium supplemented with corresponding concentrations
of PFA. The optimal UV dose for each kind of experiment
was determined by prior titration.

UVB irradiation of human skin in organ culture

Samples of human skin ex vivo tissue were treated in
growth medium with PFA at concentration 1 pg/ml for
60 min before UVB irradiation, or were UV-irradiated
without PFA treatment. Immediately before UVB irradia-
tion, the medium was removed, the samples were washed
thoroughly with PBS, covered with 10 ml of PBS, and were
irradiated with UVB (90 mJ/cmz). After irradiation, PBS
was changed to DMEM containing corresponding concen-
trations of PFA. 24 h later, skin samples were fixed for
30 min in PBS containing 4% paraformaldehyde, rinsed,
and formalin-fixed paraffin-embedded (FFPE) blocks were
prepared, cut (5 pm sections), deparaffinized in xylene and
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dehydrated. Sections were stained with hematoxylin and
eosin (H&E). Total damaged epidermal cells were recog-
nized in the skin tissue by their pyknotic nuclei, and eosino-
philic cytoplasm in histological sections stained with H&E.
Using Media Cybernetics Image Pro Plus software the
numbers of sunburn cells were scored under a light micro-
scope and were determined as a percent of total epidermal
cells.

Assessment of keratinocyte survival

Keratinocyte survival was assessed using MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide).
Briefly, keratinocytes at sub-confluent conditions in 24-
well plates were treated with different concentrations of
PFA for 24 h, followed by incubation with MTT for 4 h at
37°C. The supernatant was removed and the precipitate was
dissolved in isopropanol. The absorbance of the resulting
solution was measured by spectrophotometry at 540 nm.

Alternatively, in experiments with UVB irradiation, cell
survival was assayed using the fluorescence-based Dead/
Live kit (Molecular Probes, Eugene, OR). The kits combine
fluorescent reagents to yield two-color discrimination of
live cells from the dead cell. Keratinocytes were grown on
8-well p-slides up to sub-confluent conditions. PFA-supple-
mented medium was added to cells for 60 min prior to
UVB irradiation. After treatment, medium was removed,
replaced with 100 pl PBS and the culture were exposed to
UVB irradiation (20 mJ/cm?). After UVB irradiation, PBS
was immediately replaced by fresh growth medium con-
taining corresponding concentrations of PFA, and cells
were incubated for 24 h. The assay of cell survival was per-
formed according to the manufacturer’s instructions. The
numbers of viable and dead cells were calculated by using
confocal microscopy.

Production of IL-6 and PGE, by keratinocytes

IL-6 and PGE, were quantified in the growth medium by
the ELISA method using a Human IL-6 Quantikine HS
ELISA Kit and Prostaglandin E, Parameter Assay Kit (both
R&D system, Minneapolis, MN), respectively, according to
the manufacturer’s instructions. Briefly, primary keratino-
cytes at sub-confluent conditions in 24-well plates were
pretreated with PFA in growth medium for 60 min. After
removing the medium, the cultures were washed thor-
oughly with PBS, overlayed with 300 ml of PBS, and
exposed to UVB irradiation (30 mJ/cmz). After the cell irra-
diation, PBS was changed to growth medium containing a
corresponding concentration of PFA, and cells were incu-
bated at 37°C, 5% CO, for 8 h, and medium was collected
and analyzed. For investigation of the effect of TPA on IL-6
and PGE, production, primary human keratinocytes at sub-

confluent conditions growing in 24-well plates were pre-
treated with PFA in the growth medium for 60 min. Then
the growth medium was additionally supplemented with
1 ng/ml TPA, the cells were incubated at 37°C, 5% CO, for
8 h, and medium was collected and analyzed.

Real-time PCR

Primary human keratinocytes at sub-confluent conditions in
9-cm culture dishes were pretreated with PFA in growth
medium for 60 min. After removing the medium, the cul-
tures were washed thoroughly with PBS, covered with
10 ml of PBS, and irradiated with UVB (20 mJ/cmz). After
cell irradiation, PBS was changed to growth medium con-
taining a corresponding PFA concentration. After 24 h
incubation the cells were collected, total RNA was har-
vested, and cDNA synthesis was performed. Expression of
GADD45 mRNA was determined by real-time PCR.

Real-time quantitative PCR reactions contained 10 pl
SYBR Green PCR Master Mix (Applied Biosystems),
500 nmol/l of each of the specific primers, and 10 ng of
cDNA in a total volume of 20 pl. We used ABI PRISM 7000
Sequence Detection System (Applied Biosystems) for sam-
ple amplification and analysis. Thermal cycling conditions
were: 95°C for 10 min (enzyme activation), followed by 40
two-step cycles of 15 s at 95°C and 1 min at 60°C. All exper-
iments were performed in triplicate and negative controls
(master mix without any cDNA) were added in each run.
Melting curves confirmed the presence of a single amplifica-
tion product. Significant PCR fluorescent signals (Ct) for
GADD4S5 of all samples were measured and normalized to a
PCR fluorescent signal obtained from an endogenous refer-
ence (G3PDH). Comparative and relative quantifications of
the gene products normalized to the housekeeping gene
G3PDH were calculated by the 2744 method. Values were
expressed with reference to the value obtained from a cali-
brator, i.e., cDNA derived from a normal epidermis sample.
The primers were (5'-3"): G3PDH forward: GAGAAGGCT
GGGGCTCATTTG; G3PDH reverse: TTCACACCCATG
ACGAACATG; GADD45 forward: AGGAAGTGCTCA
GCAAAGCC; GADD45 reverse: GCACAACACCACGTT
ATCGG.

Cyclobutane pyrimidine dimers detection

Primary human keratinocytes at sub-confluent conditions in
9-cm culture dishes were treated with PFA in growth
medium for 60 min. After removing the medium, the cul-
tures were washed thoroughly with PBS, covered with
10 ml of PBS, and irradiated with UVB (20 mJ/cmz). After
cell irradiation, PBS was changed to growth medium con-
taining a corresponding PFA concentration, and cells were
incubated at 37°C, 5% CO, for 24 h, followed by DNA
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extraction using Wizard Genomic DNA Purification Kit
(Promega, Madison, WI). In the control samples, the DNA
was extracted immediately after irradiation. In brief, 5 pg/
well denatured DNA was applied, in triplicate, into poly-L-
lysine (Sigma) pre-coated ELISA plates, washed five times
with PBS, and blocked with 2% FCS in PBS. As first anti-
body, an anti-thymidine dimer (ant-CPD)H3 clone 4F6
(Sigma) diluted 1:1,000 in 2% FCS in PBS was used. As
second antibody, a biotin-SP-conjugated goat anti-mouse
IgG diluted 1:50,000 was used, followed by peroxidase-
conjugated streptavidin (Jackson ImmunoResearch Labora-
tories, West Grove, PA) diluted 1:10,000. The peroxidase
reaction was performed using 0.4 mg/ml TMB (3,3’,5,5'-
tetramethylbenzidine) (Sigma, St. Louis, MO) in the pres-
ence of 0.02% H,O,, and color intensity was measured by
spectrophotometry at 450 nm.

Data analysis

Values are shown as the mean =+ standard deviation (SD).
The statistical differences among groups were determined
by analysis of variance (ANOVA) followed by Student—
Newman-Keuls test for all pairwise comparisons. Differ-
ences were considered to be statistically significant at the
level of P < 0.05.

Results
Chemical characterization of PFA from avocado seed

PFA consist mainly of crystalline compounds (PFA) of
similar chemical structures. Elucidation of the chemical
structure of the compounds (Fig. 1) was based on the simi-
larity of characteristic peaks (m/e) in mass spectra and the
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Fig. 1 Chemical structures of polyhydroxylated fatty alcohols from
avocado
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Fig. 2 Survival of keratinocytes after treatment with PFA. Survival of
human primary keratinocytes in medium supplemented with different
concentrations of PFA for 24 h were analyzed using MMT assay. Data
are expressed as mean + SD of four samples

molecular peaks of sodium adducts [M*Na]* of our PFA
compared with those described earlier [27]. Two main
compounds of the PFA are 1-acetoxy-2,4-dihydroxy-hepta-
dec-16-ene (compound 3, Fig. 1) and 1-acetoxy-2,4-dihy-
droxy-heptadec-16-yne (compound 5, Fig.1). Their
relative concentration in PFA were 32 and 53.8%, from
avocado seeds, and 51 and 28.6% from avocado pears,
respectively. The concentration of minor PFA constitu-
ents—compounds 1, 2, and 4 were 1.1, 4.7, and 8.4%, from
avocado seeds, and 3.4, 11.1, and 5.9% from pears, respec-
tively. GC elution profiles of PFA from avocado seeds and
avocado pear are demonstrated in Online Resource 1.

Evaluation of keratinocyte viability in the presence of PFA

Treatment of primary human keratinocytes with PFA at
concentrations up to 1 pg/ml did not induce cytotoxic
effects (showing cell viability >95% after 24 h treatment)
(Fig. 2). Using PFA at concentration 5 pg/ml resulted in
94% cell viability. Therefore, experiments were conducted
at PFA concentrations up to 5 pg/ml to reduce toxicity-
related issues.

Protective properties of PFA against UVB cytotoxicity
in cultured keratinocytes and in human skin explants

Keratinocytes were treated with PFA before and after they
were exposed to UVB irradiation at a dose of 20 mJ/cm?.
Cell viability was examined 24 h post-irradiation and com-
pared to non-treated cells. In the PFA-treated samples (0.1
and 0.5 pg/ml) viability was 90.8 £7 and 91.0 &+ 10%,
respectively, in comparison to 61.0 &+ 3% viable cells in the
untreated, control samples (Fig. 3a) suggesting that PFA
provided protection against UVB-induced cell death.

The ability of PFA to protect skin from photodamage
induced by UVB was demonstrated using human skin
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Fig. 3 Treatment with PFA before and after UVB exposure increases
survival of cultured keratinocytes and protects human skin explants
from sunburn cell formation. a Survival of primary human keratino-
cytes exposed to UVB (20 mJ/ecm?) with or without treatment with
PFA. Cells were treated with PFA at 0.1 or 0.5 pg/ml or were without
PFA treatment for 60 min prior to UVB irradiation. After UVB
exposure cell were incubated for additional 24 h in the presence of cor-
responding PFA concentration and analysis of survival cells was per-
formed. Data are expressed as mean + SD of eight samples, *P < 0.05
compared to control. b Percent of sunburn cells over total cells in epi-
dermis organ culture. Epidermal sunburn cells in UVB-irradiated skin
explants treated with or without 1 pg/ml PFA for 60 min before and

explants. Exposing skin explants to UVB induced the for-
mation of sunburn cells, recognized by pyknotic nuclei and
eosinophilic cytoplasm in histological sections stained with
H&E (Fig. 3c). The average percentage of sunburn cells
detected in UVB-irradiated (at a dose of 90 mJ/cm?) non-
treated human skin organ culture was 6.51 & 0.64% com-
pared to almost half (3.19 & 0.56%) that in samples treated
with 1 pg/ml PFA (Fig. 3b). Skin explants used in the
experiments were obtained from uncovered scalp skin (a
chronically sun exposed site) which explain the high basal
level of sunburn cells in control samples, while the number
of sunburn cells in the UVB-irradiated tissue was consider-
ably above that background.

It should be noted that PFA do not absorb light in the
UVB range at wavelengths between 280 and 320 nm (see

Fek

sunburn cells, %
w

no PFA PFA
UVB, 90 mJ/cm?

control

24 h after UVB irradiation were visualized in histological sections
stained with H&E showing typical pyknotic nuclei and eosinophilic
cytoplasm. Cells were counted by using Media Cybernetics Image Pro
plus software. Data are expressed as mean + SD of five to eight
samples from two different donors, *P < 0.05, UVB-irradiated non-
treated samples compared to control samples, **P < 0.05, UVB-
irradiated samples treated with PFA compared to non-treated samples.
¢ Representative image of histological sections stained with H&E: /
non-irradiated control explants; 2 UVB-irradiated (90 mJ/cm?)
explants; 3 PFA treatment followed by UVB irradiation. Black arrows
point at sunburn cells. Magnification x40

Online Resource 2), and therefore, increased viability of
PFA-treated cells cannot be explained by UVB absorbance.

PFA enhance DNA repair in UVB-irradiated keratinocytes

The formation of cyclobutane pyrimidine dimers (CPD) is
one of the most important characteristics of DNA damage
and mutagenesis [18]. We tested the hypothesis that PFA
may influence the removal of CPD from DNA in UV-
exposed cells. Exposure of keratinocytes to 20 mJ/cm?
UVB induces formation of CPD, as was measured immedi-
ately after irradiation and served as a reference for non-
repaired DNA damage. To evaluate DNA repair in the
irradiated cultures, the amount of CPD in cellular DNA was
measured 24 h after UVB exposure and compared to the
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Fig. 4 Effect of PFA on removal of CPD and GADD45 expression in
UVB-exposed human keratinocytes. a Primary human keratinocytes at
sub-confluent conditions were treated with PFA at the indicated con-
centrations in growth medium for 60 min. The cultures were irradiated
with UVB (20 mJ/cm?) as described in “Materials and methods”. DNA
was extracted immediately after cell irradiation, or after additional cell
incubation for 24 h in the presence of various concentration of PFA or
without PFA (control). CPD concentration was determined in DNA ex-
tracts by the ELISA method using an anti-CPD antibody. Removal of
CPD after 24 h is expressed as percent CPD level measured immedi-
ately after irradiation, representing the activity of repair mechanisms
in the cells. Data are expressed as mean & SD of triplicate
samples.*P < 0.05, compared with non-treated cells. b Primary human
keratinocytes at sub-confluent conditions were treated with PFA at
concentration 1 pg/ml (open bar) or 5 pg/ml (gray bar) or were with-
out PFA (control-closed bar) in growth medium for 60 min, followed
by irradiation with UVB (30 mJ/cm?) as is described in “Materials and
methods”. After 24 h incubation in the presence of the indicated PFA
concentration, the cells were collected, total RNA was extracted, and
cDNA synthesis was performed. Expression of GADD45 mRNA was
determined by real-time PCR. Data are expressed as mean + SD of
triplicate samples, *P < 0.05 compared with non-irradiated control
cells, **P < 0.05, compared with non-treated UV-irradiated cells

non-repaired reference (Fig. 4a). CPD removal for 24 h in
the cells treated with PFA at concentration 1 and 5 pg/ml
was 92.3 & 11.9 and 74.5 £ 41%, respectively, compared
to about 20% in non-treated control cells. At lower PFA
concentration (0.5 pg/ml) CPD removal was not signifi-
cantly improved compared to control sample, achieving
37.5 & 6.2%. Forty-eight hours post-irradiation there were
no CPD detected any more, both in PFA-treated and PFA-
non-treated control cells.
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We further examined the possible influence of PFA in
regulation of the DNA repair pathways through the expres-
sion of the stress-related gene GADD45. UV irradiation
increases the transcription of several genes, including genes
directly involved in nucleotide excision repair (NER) [4]
and apoptosis, such as GADD45 [16, 17]. In our study,
UVB irradiation (30 mJ/cm?) of human primary keratino-
cytes induced an enhancement in GADD45 mRNA expres-
sion in comparison to non-irradiated cells (P < 0.05)
(Fig. 4b). Administration of keratinocytes with PFA (1 pg/
ml) prior to UVB irradiation did not significantly changed
the expression of GADD45 (Fig. 4b). In contrast, in UVB-
irradiated cells treated with higher PFA concentration
(5 pg/ml) GADDA4S5 expression was significantly increased
(P <0.05).

PFA reduce UVB-induced production of IL-6 and PGE,
in keratinocytes

UVB-irradiation induces the production of IL-6 and PGE,
in primary human keratinocytes (Fig. 5). Cell treatment
with PFA in the range of concentrations 0.1-0.5 pg/ml
significantly inhibited secretion of IL-6 by 40-50% in
UVB-irradiated cells (P < 0.05) but not at higher PFA
concentration (Fig. 5a). Treatment with PFA also
inhibited PGE, synthesis by about 80% in UVB-exposed
keratinocytes (P < 0.05) (Fig. 5b). Additionally, treatment
of the cells with PFA also inhibited TPA-induced IL-6
and PGE, production in human keratinocytes by about 44
and 54% (Fig. 5c, d), respectively, showing that PFA inhi-
bition activity is not specific for UVB as an inflammatory
stimulus.

Discussion

PFA are unique crystalline lipid molecules derived from
Persia gratissima (avocado) seed and the edible part of the
pear. PFA have been previously found active against some
cancer cell lines [24] and have been able to inhibit acetyl
CoA carboxylase activity [11]. In addition, some of these
compounds have demonstrated antifungal [7], antibacterial
[23], and antiparasitic properties [1]. However, the photo-
protective and anti-inflammatory potential of PFA on the
cellular and molecular level have not been previously
described.

Here we demonstrate the protective properties of PFA
against UVB cytotoxicity in cultured keratinocytes and in
human skin explants. That protection is shown in a number
of parameters such as: increasing cell viability (Fig. 3a),
decreasing the number of sunburn cells in human skin
explants (Fig. 3b, c), enhancing DNA repair (Fig. 4a), and
decreasing the secretion of IL-6 and PGE, (Fig. 5a, b). We
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have found that each of these parameters requires different
UVB doses to demonstrate the optimal effect of PFA. For
example in order to obtain sunburn cells in skin explants a
minimal UVB dose 90 mJ/cm? is required. To detect differ-
ences in the expression of GADD45 mRNA, IL-6 and
PGE, a UVB dose of 30 mJ/cm?” was sufficient, while in the
cells irradiated at this UVB dose complete DNA repair
could not be achieved (data not shown). For demonstrating
total DNA repair we had to reduce the dose still further to
20 mJ/cm?. Under these experimental conditions PFA at
concentrations of 1 and 5 pg/ml remarkably promoted
removal of photoproducts (CPD) (Fig. 4a), suggesting an
improvement of the DNA damage repair mechanism in
keratinocytes. The formation of CPD and 6-4 pyrimidine—
pyrimidone photoproducts are the most predominant DNA
lesions in skin after exposure to UVB (and also UVA) [18,
25]. The main repair mechanism of UVB-induced DNA
damage is NER. When skin cells are exposed to excessive
UV radiation, the capacity of NER is reduced and the CPD
lesions remain in the DNA and may result in cellular death,
senescence, mutagenesis, and carcinogenesis of the skin
[25]. Presumably, enhancement of DNA repair mechanism
is one of the reasons explaining why PFA exert a protective
effect on the viability of UVB-irradiated keratinocytes in
culture, and on sun-damaged cell formation in UVB-irradi-
ated human skin explants. We also analyzed possible
involvement of stress-signaling protein GADDA4S5 in photo-
protective mechanism of PFA. GADD45 genes have been
implicated in stress signaling in response to physiological
or environmental stressors, which results in cell cycle

arrest, DNA repair, cell survival, senescence, or apoptosis
[16, 17]. We did not find evidence of involvement of the
stress-related gene GADDA45 in cell photo-protection by
PFA at concentration 1 pg/ml. In contrast, cell pretreatment
with PFA at concentration 5 pg/ml increases GADDA45
expression in UVB-irradiated cells. This effect may be
related to specific physico-chemical properties of PFA,
which at high concentration acts as a detergent and causes
additional stress to the cultured cells. We demonstrate that
PFA is able to decrease UVB-induced secretion of the
inflammatory mediator PGE, and of the pleiotropic cyto-
kine IL-6 (Fig. 5a, b). Keratinocyte-derived cytokines and
inflammatory mediators play an important role in the devel-
opment of the inflammatory reaction in UVB-exposed skin
[13, 22, 35]. Numerous studies have demonstrated that
PGE, mediates signals that are involved in the induction of
erythema, angiogenesis, vasodilatation, and vascular per-
meability [30, 31]. The PGE, signaling pathways promote
photoaging and development of UVB-induced skin carci-
nogenesis [28]. The essential role of IL-6 in systemic
inflammatory reactions has been demonstrated previously
[6, 29, 32]. Taken together, our findings on inhibitory
effects of PFA against UVB-induced PGE, and IL-6
expression in keratinocytes demonstrate anti-inflammatory
properties of PFA. In addition, we demonstrate that PFA
inhibit TPA-induced production of PGE, and IL-6 by kerat-
inocytes (Fig. 5c, d). This observation supports the idea that
PFA has anti-inflammatory capability not only against
UVB-induced inflammation, but also against inflammatory
reaction caused by other irritants. Since PFA do not absorb
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UVB light, we suggest that they act in a non-sunscreen
manner to protect against UVB-induced inflammatory
induction, presumably in the same manner as they act
against TPA-induced inflammation.

In conclusion, the results of the present study provide
evidence that PFA protect skin cells from UVB-induced
damage, enhance the DNA damage repair mechanism, and
inhibit inflammation. Consequently, PFA treatment may be
beneficial in the photo-protection of the skin. Further inves-
tigation should be conducted to elucidate the mechanism of
PFA underlying its protective activity.
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