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ABSTRACT: Usnic acid and atranorin are known as both sunscreen substances in natural lichen popula-

tion and cytotoxic substances on human cell lines. Both substances were isolated from the acetone extracts

of Cladonia foliacea and Pseudevernia furfuracea, respectively. Their photoprotective activities on irradiated

human keratinocyte (HaCaT) cells and destructive effects on non-irradiated HaCaT cells were compared by

a modified method in order to assess the effects on mitochondrial metabolic activity (MTT assay), membrane

integrity (LDH assay), apoptosis (DAPI staining) and cytoskeleton integrity (TRITC-phalloidin staining). This

study showed that usnic acid and atranorin have substantial photosensitizing activity, which appears to be linked

to their crystallized forms in lichen populations and their decreased amounts in the spring and summer seasons,

when ultraviolet B radiation is maximum. However, their cytotoxic, apoptotic and cytoskeleton deleterious ac-

tivities may be a considerable obstacle for their use in human skin care.

Introduction

Lichens are complex associations between Fungi and photo-
bionts (Cyanobacteria and/or Algae) and their occurrence of
lichens is believed to date back 400 million years ago during
which time they have adapted to a wide variety of habitats
(Chen et al., 2000). Lichens are known to synthetize over
800 different compounds produced by the mycobiont part-
ner, and these substances are also named as “lichen acids”
cause of their common acidic features (Molnar and Farkas,
2010; Kovacik et al., 2011). Studies about lichen acids have
shown antimicrobial, antiviral, antiproliferative, anti-in-
flammatory, antipyretic, analgesic and enzyme inhibitory
effects (Koparal et al., 2010; Molnar and Farkas, 2010). Also,
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there has been much interest in the last decade for the use
of lichen acids as skin care agents, because of their antioxi-
dant effects and their absorption capacity in the ultraviolet
region (Russo et al., 2008). It is generally considered that the
currently increasing incidence of skin cancers, especially in
pale-skinned populations, is a consequence of depletion of
the stratospheric ozone layer depletion (Narayanan et al.,
2010). Indeed, approximately 96% of the all skin malignan-
cies are non-melanoma skin cancers (NMSC) and ultravio-
let B radiation has been identified as the primary risk factor
for NMSC (Narayanan et al., 2010; Ming et al., 2011). Thus,
development of novel photoprotective agents against ultra-
violet B radiation is an urgent need.

Usnic acid and atranorin seem to be the most studied
among lichen acids (Cocchietto et al., 2002; Ingolfsdottir,
2002; Nybakken and Julkunen-Tiitto, 2006; Guo et al., 2008).
However, they have been reported as both highly cytotoxic
and photo-protective substances (Koparal et al., 2006; Engel
et al., 2007; Burlando et al., 2009; Molnar and Farkas, 2010;
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Backorova et al., 2012). So, there was confusing and missing
information about their usage potential against ultraviolet
radiation for human skin protection.

Thus, this study reveals the destructive and photo-pro-
tective activities of usnic acid and atranorin by means of a
modified process from the combination of previously de-
scribed photo-protective activity determining models (Of-
ford et al., 2002; Tarozzi et al., 2005; Kohlhardt-Floehr et
al., 2010; Zanatta et al., 2010). The biological influences of
substances were experimented on transformed human kera-
tinocyte cell line (HaCaT) in order to assess the efficacy on
mitochondrial metabolic activity (MTT assay), membrane
integrity (LDH assay), apoptosis (DAPI staining) and cyto-
skeleton integrity (TRITC-phalloidin staining). Additional-
ly, this research reveals the effects of these lichen acids and
2.5 J/cm? ultraviolet B radiation on cytoskeleton integrity of
HaCaT cells for the first time.

Material and Methods

Materials

Culture media, MTT, DAPI, TRITC-phalloidin and the oth-
er reagents were purchased from Sigma-Aldrich (St Louis,
MO, USA). The tissue culture plates were purchased from
TPP (Trasadingen, Switzerland). The round glass cover-
slip was obtained from Marienfeld (Lauda-Konigshofen,
Germany). Cytotoxicity detection kit (LDH) was purchased
from Roche (Mannheim, Germany). The ELX808IU micro-
plate reader was bought from Biotek (Winooski, USA). El-
series 8 watt UV lamp, C-65 chromato-vue UV cabinet and
UVX radiometer were purchased from UVP (Upland, CA).
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Lichen substances

Usnic acid and atranorin were obtained from the acetone
extracts of the lichens Cladonia foliacea and Pseudevernia
furfuracea, respectively. C. foliacea samples were gathered
in the east position of Mayislar village, Eskisehir Province,
Turkey, at 230 m above sea level (40° 02’ 10.5” N; 30° 40°0
7.7” E), and those of P. furfuracea were collected from the
trunks of Pinus nigra pallasiana, in Bozdag, Eskisehir
Province, Turkey at 1,200 m above sea level (39° 54’ 40.5” N;
30°35’5 8.3” E), and Cedrus libani, in South of Cukurabanoz
village, Anamur, Mersin Province, Turkey at 1,560 m above
sea level (36° 17° 46” N; 32° 54’ 34” E), as described in pre-
vious studies (Yilmaz et al., 2004; Koparal et al., 2006). The
characterization of the (-)- usnic acid and atranorin were
based on a comparison of the Rf values in the A, C, and G
solvent systems with those given in the literature, their melt-
ing points and IR spectra (Culberson et al., 1977; Culberson
and Ammann, 1979; Edwards et al., 2003; Huneck and
Yoshimura, 1996; Orange et al., 2001). Stock solutions of the
compounds were initially prepared in DMSO.

Culture conditions

HaCaTs were obtained from ATCC (American Type Culture
Collection) and maintained in Dulbecco’s Modified Eagle’s
Media - High glucose (DMEM) supplemented 10% heat-in-
activated fetal bovine serum and 1% penicillin-streptomy-
cin mixture. HaCaTs were cultured in a humidified atmo-
sphere containing 5% CO, at 37 °C. Before the beginning of
the tests, HaCaTs were incubated to reach 70% density in 75
cm? flask. After the incubation period, they were raised and
seeded into 96 well plates (2x10* cells/well) or 12 well plates
(2 x10° cells/well) which include a round coverslip/well.
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FIGURE 1. Antiproliferative influences of usnic acid and atranorin were measured using mitochondrial mefabolic activity. (A) Influenc-
es of individual and UVB combined treatments of usnic acid. (B) Influences of individual and UVB combined treatments of atranorin.
The results are expressed as the mean + SD. *Indicates significant difference from the control group [ANOVA, Tukey test).
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Cell treatment and UVB irradiation

We have combined and modified previously used methods
(Offord et al., 2002; Tarozzi et al., 2005; Kohlhardt-Floehr et
al., 2010; Zanatta et al., 2010). The stock solutions of com-
pounds were diluted in PBS for preparing the applied con-
centrations. Two previously prepared identical microplates
were used for each substance to compare the individual and
UVB combined influences of the substances at the same
time. Cells in identical microplates were treated with 25, 50,
100, 200, 400 or 800 M concentrations of the substances
in PBS. After a 40 minute incubation period, one of the mi-
croplates was irradiated with 2.5 J/cm? UVB (40 min. expo-
sure from 15 cm distance) in C65 chromato-vue cabinet by 8
watts El-series UVP lamp while the other was kept in dark-
ness at room temperature. Following the irradiation period,
both microplates were incubated again for 40 minutes at 37
°C. After completion of the treatments, PBS was replaced
with fresh medium and incubated for 4 hours at 37 °C.

Detection of mitochondrial metabolic activity

The antiproliferative influences of substances were mea-
sured by using MTT assay as previously described by
Mossmann (1983).

Detection of membrane integrity

The activities of substances on cell membrane entirety were
lighted up by utilization of LDH-based cytotoxicity assays,
which were performed according to the manufacturer’s in-
structions as previously described (Smith et al., 2011).

Detection of apoptosis by DAPI staining
After treatments and UVB irradiation, HaCaTs grown on
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the coverslip were fixed with 3.7% paraformaldehyde-PBS
and washed twice with sterile PBS solution. Following that,
the cells were permeabilized with 0.5% Triton X-100 in PBS
for 5 min at 37 °C and stained with 1mg/ml DAPI dissolved
in PBS for 30 min at 37 °C. The cells were rinsed twice with
PBS and HaCaTs were rinsed with PBS and fluorescent im-
ages were viewed in the Olympus BX50 with U-UHK fluo-
rescent attachment microscope.

Detection of cytoskeleton integrity

HaCaTs in coverslips were fixed, rinsed and permeabilized
as described above. Afterwards, cells were stained with 5ug/
ml TRITC-phalloidin dissolved in PBS for 60 minutes at
37 °C. HaCaTs were rinsed with PBS and fluorescent im-
ages were viewed in the Olympus BX50 microscope with
U-UHK fluorescent attachment.

Statistical analysis

All experiments were replicated at least three times. The
percentages of cell viability and LDH activity were calcu-
lated against the untreated control cells. One-way ANOVA
followed by the Tukey test was used for comparisons (SPSS,
Statistical Package for Social Science). A value of p<0.05 was
esteemed significant.

Results

Mitochondrial metabolic activity

The half maximal inhibitory energy value (IC50) on HaCaTs
was established at 2.5 J/cm? ultraviolet B (Zanatta et al.,
2010). Both substances caused dose-dependent decreases on
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FIGURE 2. Influences of the lichen substances on membrane integrity of cells were evaluated by using LDH cytotoxicity detection kif.
(A) Influences of individual and UVB combined treatments of usnic acid. (B) Influences of individual and UVB combined treatments of
afranorin. The results are expressed as the mean = SD. *Indicates significant difference from the control group (ANOVA, Tukey test).
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the mitochondrial metabolic activities (Fig. 1). However, the
dose-dependent reduction curve was modified by ultravio-
let B irradiation. Usnic acid displayed a clear photosensitiz-
ing effect against UVB at the 100 uM concentration, which
showed less cytotoxic activity than the 25 and 50 pM, prob-
ably because of the electrical transitions within the mole-
cule related to UVB (Fig. 1 A). Similarly, atranorin showed a
lesser cytotoxic influence when it was combined with UVB
irradiation (Fig.1 B).

Membrane integrity degradation

UVB showed about a 250 % increase in membrane degra-
dation activity on HaCaTs, by the increase according to the
non-irradiated control. On the other hand, the obtained da-
ta from LDH activity assays was parallel to the mitochon-
drial activity assays (Fig. 2 A and B).

Detection of apoptosis by DAPI staining

Results showed that UVB irradiation markedly provoked
apoptosis and usnic acid induced dose-dependent apop-
totic markers as the occurrence of apoptotic bodies, chro-
matin condensation and nuclear membrane blebbing. On
the other hand, apoptosis caused by UVB irradiation was
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decreased by 25-50-100 uM concentrations of usnic acid.
However, this substance also increased the incidence of the
apoptotic markers. Atranorin showed a clear apoptotic in-
fluence at the only 800 uM and apoptosis induced by UVB
irradiation was not impaired by atranorin (Fig. 3).

Cytoskeleton integrity

UBV showed displayed a deleterious effect on cytoskeleton
integrity, which was only decreased by the higher applied
concentrations of lichen substances (400 and 800 uM). On
the other hand, the alteration of the cytoskeleton by irradia-
tion was not diminished by usnic acid and atranorin (Fig. 4).

Discussion

The lichen substances showing a carbonyl group attached
to a benzene ring are considered as effective filters to ultra-
violet rays, and some of them, such as parietin, rhizocar-
pic acid, usnic acid, atranorin, and vulpinic acid have been
identified as photo-protective factors for the photobiont
partner of lichens in natural populations (Fernandez et al.,
1998; Hidalgo et al., 2002; Solhaug et al., 2003; Nybakken

FIGURE 3. Defection of apoptosis by DAPI staining.
(A) Untreated. (B) DMSO. (C-H) Cells treated with
usnic acid, 25, 50, 100, 200, 400 or 800 pM, re-
spectively. (I-N) Cells treated with atranorin, 25, 50,
100, 200, 400 or 800 pM, respectively. (A-N’) Irra-
diated forms of (A-N), respectively.
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and Julkunen-Tiitto, 2006). To determine the photo-protec-
tive abilities of chemical substances, there are widely dif-
ferent irradiation and treatment methods in the literature
(Hernandez-Pigeon et al., 2006; Engel et al., 2007; Poquet et
al., 2008; Kohlhardt-Floehr et al., 2010; Zanatta et al., 2010).
Therefore, we decided to develop a modified irradiation and
treatment method to compare the photo-protective activity
of usnic acid and atranorin on irradiated HaCaTs cells , as
well as their deleterious effects on non-irradiated cells, in
same experimental conditions.

Usnic acid and atranorin have been indicated as an-
ti-proliferative and allergenic substances (Aalto-Korte et
al., 2005; Koparal et al., 2006; Backorova et al., 2011). Even
though they are considered photo-protective agents, it
is known that the amount of usnic acid and atranorin in
natural lichen populations are decreased in the spring and
summer seasons, when UVB radiation is maximum (Begora
and Fahselt, 2001). Nguyen et al. (2013) reported that a mol-
ecule’s capability to absorb light energy is due to electron-
ic transitions from the highest occupied molecular orbital
(HOMO) to the lowest occupied molecular orbital (LUMO)
within the molecule. The absorbed energy can be eliminat-
ed by radiation processes (as fluorescence) by non-radiation
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vibrational relaxation (heat), by transfer to other molecules
(sensitization) or via photoreactions. The elimination of the
absorbed energy by sensitization and vibrational relaxation
are destructive for cells due to the generation of reactive ox-
ygen species (ROS) or heat. Additionally, radiation process-
es, vibrational relaxation and sensitization cause no changes
to the chemical structures of molecules which absorb light,
and we think that the reduction in the amounts of usnic
acid and atranorin in natural lichen populations when UBV
radiation is maximal (Begora and Fahselt, 2001) may have
occurred via harmless photoreactions.

It is known that ultraviolet B may cause cell death as a
consequence of increasing intracellular ROS, thus provok-
ing oxidative DNA and protein damage (Choi et al., 2010;
Tsuda, 2012). In this respect, lower concentrations (0.01 and
0.1 uM) of usnic acid have been reported to show an antiox-
idant effect under 0.1 J/cm? ultraviolet B radiation on Jur-
kat cells) (Kohlhardt-Floehr et al., 2010). However, a higher
concentration (100 uM) of usnic acid showed an opposite
action when combined with a higher intensity of ultravio-
let B radiation (5 or 14 J/cm?) (same study). Additionally, it
is known that the actin cytoskeleton may react to a range
of extracellular signals including ultraviolet radiation and

FIGURE 4. The filamentous actin organization was dis-
played on HaCaTs by staining with TRITC-phalloidin.
(A) Untreated. (B) DMSO. (C-H): Cells treated with
usnic acid, 25, 50, 100, 200, 400 or 800 pM.
(I-N): Cells treated with atranorin 25, 50, 100, 200,
400 or 800 pM. [A-N'): Irradiated forms of (A- N),
respectively.
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therapeutic agents (Visa and Percipalle, 2010; Rock et al.,
2011). Our study demonstrated for the first time, 2.5 J/cm?
ultraviolet B devastates the filamentous actin proteins of
HaCaT cells.

In conclusion, usnic acid has shown more deleterious
effects than atranorin against HaCaTs cells. Besides that,
usnic acid has shown a higher photosensitizing ability as
compared with atranorin. The toxic and other detrimental
influences of these substances might limit their use in the
cosmetic industry (Nguyen et al., 2013). However, pharma-
cological derivatives or complexes of usnic acid and atra-
norin would only be useful as sun-screening agents if their
deleterious effects are reduced and their photoprotective
effects are enhanced. An enhancement of the antimicrobial
activity of usnic acid by its incorporation into soluble poly-
acrylamide complexes has recently been shown (Francolini
etal., 2013).
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