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Atranorin (ATR) is a lichenic secondary metabolite with potential uses in pharmacology. Antinociceptive
and antiinflammatory actions have been reported, and the use of atranorin-enriched lichen extracts in
folk medicine is widespread. Nonetheless, very few data on ATR biological actions are available. Here,
we evaluated free radical scavenging activities and antioxidant potential of ATR using various in vitro
assays for scavenging activity against hydroxyl radicals, hydrogen peroxide, superoxide radicals, and
nitric oxide. The total reactive antioxidant potential (TRAP) and total antioxidant reactivity (TAR) indexes
and in vitro lipoperoxidation were also evaluated. Besides, we determined the cytoprotective effect of ATR
on H,0,-challenged SH-SY5Y cells by the MTT assay. ATR exerts differential effects towards reactive spe-
cies production, enhancing hydrogen peroxide and nitric oxide production and acting as a superoxide
scavenger; no activity toward hydroxyl radical production/scavenging was observed. Besides, TRAP/
TAR analysis indicated that atranorin acts as a general antioxidant, although it demonstrated to enhance
peroxyl radical-induced lipoperoxidation in vitro. ATR was not cytotoxic, and also protected SH-SY5Y cells
against H,0,-induced cell viability impairment. Our results suggest that ATR has a relevant redox-active
action, acting as a pro-oxidant or antioxidant agent depending on the radical. Also, it will exert cytopro-
tective effects on cells under oxidative stress induced by H,0,.
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1. Introduction tive or cytotoxic activities (Oksanen, 2006; Stocker-Worgotter,

2008). Lichen extracts have been long used for medicinal applica-

Lichens are a symbiotic association constituted mostly of asco-
mycetous fungi (mycobiont) and algae or cyanobacterial (photobi-
ont) partners (Hale, 1973). They occur in a wide variety of habitats
and natural environmental conditions such as low temperatures,
prolonged darkness, drought and continuous light. It has been
suggested that in response to these extreme conditions, natural
selection has favored species producing high concentrations of
characteristic compounds, such as depsides, depsidones, depsones,
dibenzofurans, and chromones, among others (Schmitt and Lum-
bsch, 2004).

The majority of compounds synthesized via the polyketide
pathway are unique to lichens (Blanco et al., 2005). These com-
pounds were reported to exhibit antibiotic, anti-mycobacterial,
antiviral, anti-inflammatory, analgesic, antipyretic, antiprolifera-
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tions, probably due to the biological activity of their endogenous
secondary metabolites; besides, the strong UV absorption proper-
ties of some of these compounds, which are a result of the lichen’s
adaptation to high solar radiation exposure, have been explored for
the development of sunscreens and other cosmetic formulations
for skin (Bernard et al., 2003; Muller, 2001).

Atranorin (ATR) is the main compound from the lichen Cladina
kalbii Ahti which grows in the arid lands of the Brazilian Northeast.
ATR is an important member of the depside group and is found in a
variety of lichen species (Kristmundsdottir et al., 2005). The molec-
ular structures of these depsides (Fig. 1) present aromatic esters
containing the methyl ester group on the terminal ring (Edwards
et al., 2003). Studies on bioactive properties of extracts containing
ATR have revealed antimycobacterial/antimicrobial activity
(Honda et al., 2010; Ingolfsdottir et al., 1998; Yilmaz et al., 2004),
antinociceptive and antiinflammatory properties (Bugni et al.,
2009) and photoprotective capacity (Fernandez et al., 1998). Iso-
lated ATR was observed exhibit antinociceptive effects (Melo
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Fig. 1. Structure of atranorin.

et al., 2008) and to inhibit leukotriene B4 synthesis in leukocytes,
which might affect inflammatory processes (Kumar and Muller,
1999). Besides, ATR was reported to exhibit antibiotic action
against M. aurum (Ingolfsdottir et al., 1998) and exhibited anti-pro-
liferative action against malignant cell lines (Kristmundsdottir
et al., 2005). In a study of the mitochondrial uncoupling activity
of lichen metabolites, ATR was the only compound which did not
exhibited toxic effects, indicating it could substitute other related
lichen metabolite, usnic acid, which also presents potential medic-
inal applications, in the formulation of novel therapeutic com-
pounds (Abo-Khatwa et al., 1996). However, little has been
explored on the mechanisms of ATR biological effects.

The role of reactive oxygen species (ROS) in physiological and
abnormal processes is the subject of intense studies motivated,
in part, by the large and growing number of associations between
various pathological conditions and changes in oxidative balance,
redox status, and oxidative injury (Fantel, 1996). Antioxidants with
different chemical characteristics may act synergistically with each
other in a network of coupled oxi-reduction reactions. The actions
of antioxidants have been attributed to their ability to scavenge
free radicals, thereby reducing oxidative damage of cellular bio-
molecules such as lipids, proteins, and DNA (Halliwell and
Gutteridge, 2007). Besides, antioxidants function as reducing
agents, chelators of pro-oxidant metals or as quenchers of singlet
oxygen (Gelain et al., 2009).

Many of the biological properties associated to ATR include
processes mediated by free radicals and related species, such as
mutagenicity, and inflammation (Halliwell and Gutteridge, 2007).
Most actions of secondary metabolites in biological systems also
have been related to their redox properties; possible health-pro-
moting and beneficial effects of naturally occurring compounds
are traditionally ascribed to a general antioxidant action (Arav-
indaram and Yang, 2010). Nonetheless potential toxicity is also fre-
quent, generally underestimated and also associated to promotion
of pro-oxidant processes and induction of oxidative stress in bio-
logical systems (Hayes et al., 2005). Few works have studied poten-
tial antioxidant effects of ATR, using assays with little specificity or
limited evaluation capacity (Carlos et al., 2009; Jayaprakasha and
Rao, 2000; Toledo Marante et al., 2003; Valencia-Islas et al.,
2007). In the present work, we studied the redox properties of
ATR against different reactive species generated in vitro, and eval-
uated its cytoprotective actions in cells challenged with hydrogen
peroxide.

2. Materials and methods
2.1. Lichen material

Cladina kalbii was collected in March, 2007, Itabaiana-Sergipe,
Brazil (10°44’S, 37°23'W). Atranorin was isolated as described be-
low (Melo et al., 2008) and stored at —20 °C. Herbarium voucher
specimens (registry number SP 393235) were prepared and depos-
ited at the Botanical Institute of Sdo Paulo-SP, Brazil and identifica-
det by M.P. Marecelli.

2.2. Extraction and isolation of ATR

Atranorin (C;9H;30g) was isolated from the crude extract of the
lichen C. kalbii. The air-dried parts (100 g) of C. kalbii were ex-
tracted with 150 ml of chloroform using a Soxhlet apparatus to iso-
late ATR. The crude extract was filtered and stored at 4 °C for 24 h
to precipitate ATR. The ATR precipitates were collected and sub-
jected to silica gel (70-230 mesh) column chromatography (CC)
and eluted with chloroform:hexane (80:20) as the solvent system.
At the end of this process, 840 mg of ATR was obtained with a
0.84% (w/w) yield. After isolation, ATR was stored at —20 °C, a tem-
perature at which it presents high stability (Melo et al., 2008). For
assays, ATR was dissolved in DMSO (10 mg/ml) and serial dilutions
were obtained from this stock solution. Therefore, at the highest
concentration of ATR in the assays (100 pg/ml), concentration of
the vehicle DMSO corresponds to 0.01%.

2.3. Total reactive antioxidant potential (TRAP) and total antioxidant
reactivity (TAR)

The total reactive antioxidant potential (TRAP) is employed to
estimate the antioxidant capacity of samples in vitro. This method
is based on the quenching of luminol-enhanced chemilumines-
cence (CL) derived from the thermolysis of 2,20-azo-bis(2-amidi-
nopropane)dihydrochloride (AAPH) as the free radical source
(Dresch et al., 2009).

The CL was measured by adding 4 ml of AAPH dissolved in gly-
cine buffer to a glass scintillation vial. Then, luminol was added
and the CL was measured until reached constant light intensity.
After this stabilization time, the Trolox solutions or the sample
was added and the CL was measured in a liquid scintillator counter.
The last count before the addition of Trolox or samples was consid-
ered as 100%. The count time was 10 s, and the CL emission was
monitored for 3000 s after the addition of Trolox or samples.
Graphs were obtained by plotting percentage of counts per minute
(%cpm) versus time (s) of instantaneously generated values of CL
inhibition and area under curve (AUC). The total antioxidant reac-
tivity (TAR) was calculated as the ratio of light intensity in absence
of samples (Ip)/light intensity right after ATR addition (I) and ex-
pressed as percent of inhibition. AUC and radical basal production
were acquired by software GraphPad Prism software 5.0.

2.4. Thiobarbituric acid reactive species (TBARS)

TBARS (thiobarbituric acid reactive species) assay was em-
ployed to quantify lipid peroxidation (Draper and Hadley, 1990)
and an adapted TBARS method was used to measure the antioxi-
dant capacity of ATR using egg yolk homogenate as lipid rich sub-
strate (Silva et al., 2007). Briefly, egg yolk was homogenized (1% w/
v) in 20 mM phosphate buffer (pH 7.4), 1 ml of homogenate was
sonicated and then homogenized with 0.1 ml of ATR at different
concentrations. Lipid peroxidation was induced by addition of
0.1 ml of AAPH solution (0.12 M). Control was incubation medium
without AAPH. Reactions were carried out for 30 min at 37 °C.
Samples (0.5 ml) were centrifuged with 0.5 ml of trichloroacetic
acid (15%) at 1200g for 10 min. An aliquot of 0.5 ml from superna-
tant was mixed with 0.5 ml TBA (0.67%) and heated at 95 °C for
30 min. After cooling, samples absorbance was measured using a
spectrophotometer at 532 nm. The results were expressed as per-
centage of TBARS formed by AAPH alone (induced control).

2.5. Hydroxy! radical-scavenging activity
The formation of ‘OH (hydroxyl radical) from Fenton reaction

was quantified using 2-deoxyribose oxidative degradation (Lopes
et al., 1999). The principle of the assay is the quantification of
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the 2-deoxyribose degradation product, malondialdehyde, by its
condensation with 2-thiobarbituric acid (TBA). Briefly, typical reac-
tions were started by the addition of Fe?* (FeSO4 6 mM final con-
centration) to solutions containing 5 mM 2-deoxyribose, 100 mM
H,0, and 20 mM phosphate buffer (pH 7.2). To measure ATR anti-
oxidant activity against hydroxyl radical, different concentrations
of ATR were added to the system before Fe?* addition. Reactions
were carried out for 15 min at room temperature and were stopped
by the addition of 4% phosphoric acid (v/v) followed by 1% TBA (w/
v, in 50 mM NaOH). Solutions were boiled for 15 min at 95 °C, and
then cooled at room temperature. The absorbance was measured at
532 nm and results were expressed as MDA equivalents formed by
Fe?* and H,0,.

2.6. Nitric oxide (NO*) scavenging activity

Nitric oxide was generated from spontaneous decomposition of
sodium nitroprusside in 20 mM phosphate buffer (pH 7.4). Once
generated NO interacts with oxygen to produce nitrite ions, which
were measured by the Griess reaction (Basu and Hazra, 2006). The
reaction mixture (1 ml) containing 10 mM sodium nitroprusside
(SNP) in phosphate buffer and ATR at different concentrations were
incubated at 37 °C for 1 h. A 0.5 ml aliquot was taken and homog-
enized with 0.5 ml Griess reagent. The absorbance of chromophore
was measured at 540 nm. Percent inhibition of nitric oxide gener-
ated was measured by comparing the absorbance values of nega-
tive controls (only 10 mM sodium nitroprusside and vehicle) and
assay preparations. Results were expressed as percentage of nitrite
formed by ATR alone.

2.7. Determination of catalase-like activity (CAT)

The ability of ATR to scavenge H,0, (‘“catalase-like activity” or
“CAT-like activity””) was measured as described previously (Aebi,
1984). Briefly, H,0, diluted in 0.02 M phosphate buffer (pH 7.0)
to obtain a 5mM final concentration was added to microplate
wells in which different concentrations was placed. The microplate
was immediately placed to monitor the rate of H,O, decomposi-
tion in the microplate reader set at 240 nm.

2.8. Determination of superoxide dismutase-like activity (SOD)

The ability of ATR to scavenge superoxide anion (“superoxide
dismutase-like activity” or “SOD-like activity”) was measured as
previously described. ATR was mixed to native purified catalase
(100 U/ml stock solution) in glycine buffer (50 mM, pH 10.2).
Superoxide generation was initiated by addition of adrenaline
2 mM and adrenochrome formation was monitored at 480 nm for
5 min at 32 °C. Superoxide production was determined by moni-
toring the reaction curves of samples and measured as percentage
of the rate of adrenaline auto-oxidation into adrenochrome (Ban-
nister and Calabrese, 1987).

2.9. Cell culture and cytotoxicity assay

SH-SY5Y cells were cultured in 10% FBS DMEM/F12 medium.
Cells were used for cytotoxicity measurements when reached
70-90% confluence. Cells were treated with different concentra-
tions of ATR alone or in the presence of H,0, 400 uM for 3 h, and
cell viability was assessed by the MTT assay. This method is based
on the ability of viable cells to reduce MTT (3-(4,5-dimethyl)-2,5-
diphenyl tetrazolium bromide) and form a blue formazan product.
MTT solution (sterile stock solution of 5 mg/ml) was added to the
incubation medium in the wells at a final concentration of
0.2 mg/ml. The cells were left for 45 min at 37° C in a humidified
5% CO, atmosphere. The medium was then removed and plates

were shaken with DMSO for 30 min. The optical density of each
well was measured at 550 nm (test) and 690 nm (reference).

2.10. Statistical analysis

Data are expressed as mean + SEM. The obtained data was eval-
uated by one-way analysis of variance (ANOVA) followed by Tu-
key’s test. All tests were performed in triplicate. Data analyses
were performed using the GraphPad Prism 5.0 software. In all cases
differences were considered significant if p < 0.05.

3. Results

The TRAP and TAR methods are widely employed to estimate
the general antioxidant capacity of samples in vitro. We observed
that the chemiluminescence induced by the peroxyl radical gener-
ation initiated by AAPH decreased following addition of ATR to the
system. At the TRAP assay, ATR concentrations of 1-100 pg/ml
showed significant antioxidant effects in a dose-dependent man-
ner (Fig. 2A). Atranorin at 100 pg/ml also showed significant anti-
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Fig. 2. Total reactive antioxidant potential (TRAP) and total antioxidant reactivity
(TAR). (A) TRAP analysis. A free radical source (AAPH) generates peroxyl radical at a
constant rate, and the effect of different concentrations of ATR on free radical-
induced chemiluminescence is measured as area under curve during 60 min. (B)
TAR values are calculated as the ratio of light intensity in absence of samples (Ip)/
light intensity right after ATR addition (I) and expressed as percent of inhibition. All
groups denote samples in the presence of AAPH. Trolox (75 pg/ml) was used as
standard antioxidant. Bars represent mean + SEM. p < 0.05, 'p <0.001, "'p < 0.0001
(1-way ANOVA followed by Tukey’s multiple comparison post hoc test).
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oxidant capacity in TAR measurement (Fig. 2B). Trolox (75 pg/ml)
was used as a reference antioxidant for the assays.

The ability of ATR to prevent lipid peroxidation was measured
by quantifying thiobarbituric acid-reactive substances (TBARS)
generated by AAPH in a lipid-rich incubation medium. The effect
of different concentrations on lipid peroxidation is shown in
(Fig. 3). Apparently, concentrations of ATR from 0.1 to 100 pg/ml
enhanced the AAPH-induced lipoperoxidation.

The ability of ATR to scavenge NO was measured by quantifying
the production of nitrite derived from sodium nitroprusside (SNP)
by the method of Griess. ATR did not present any scavenging effect
upon SNP-induced NO production. On the other hand the highest
dose tested enhanced nitrite formation (Fig. 4A). We also tested
the ability of ATR to scavenge hydroxyl radicals generated in vitro.
All doses of ATR tested had no effect on 2-deoxyribose degradation
induced by the Fenton reaction induction system (Fig. 4B).

The capacity of ATR to interact with and/or scavenge/quench
H,0, and superoxide radicals and in vitro was evaluated, respec-
tively, by the catalase-like and the superoxide dismutase-like reac-
tion assays. We observed that ATR caused a significant increase in
H,0, formation in vitro (Fig 5A). On the other hand, the rate of
superoxide degradation was significantly enhanced by ATR in all
doses tested (Fig. 5B).

To assess if ATR exerts antioxidant properties in a cell system
challenged with a pro-oxidant agent, we tested the effect of ATR
in SH-SY5Y cultures, a neuroblastoma-derived catecholaminergic
cell line. Different concentrations of ATR alone had no effect on cell
viability, as assessed by MTT assay. When cells are treated with
H,0, 400 pM for 3 h, there is a significant decrease in cell viability
to 40% of control levels (Fig. 6). Co-incubation with ATR protects
SH-SY5Y cells against the cytotoxic effects of H,0,. All concentra-
tions of ATR reversed the effect of H,0, on cell viability to control
levels. These results indicate that ATR exerts antioxidant properties
in cells under oxidative stress.

4. Discussion

Antioxidants comprise a broad and heterogeneous family of
compounds that share the common task of interfering with (stop-
ping, retarding, or preventing) the oxidation (or autoxidation) of an
oxidizable substrate (Halliwell and Gutteridge, 2007). Numerous
physiological and biochemical processes in the human body may
produce oxygen-centered free radicals and other reactive oxygen
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Fig. 3. Thiobarbituric acid-reactive substances (TBARS) in vitro. A lipid-rich system
was incubated with a free radical source (AAPH) and the effect of different
concentrations of ATR on the lipoperoxidation was measured by quantifying TBARS.
Control is incubation medium without AAPH; other groups contained AAPH alone
or in the presence of different concentrations of ATR or its vehicle (Veh, DMSO 10%)
alone. Trolox 75 pg/ml was used as standard antioxidant. Bars represent mean # -
SEM. p <0.05, "p<0.0001 (1-way ANOVA followed by Tukey’s multiple compar-
ison post hoc test).
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Fig. 4. Nitric oxide (NO) and hydroxyl scavenging activities. (A) NO scavenging
assay. Nitric oxide was generated from spontaneous decomposition of sodium
nitroprusside (SNP) and interacts with oxygen to produce nitrite ions, which were
measured by the Griess reaction. SNP group is sodium nitroprusside alone, other
groups denote nitrite production by SNP in the presence of different concentrations
of ATR or its vehicle (Veh, DMSO 10%). Bars represent mean + SEM. ~ p < 0.0001;
*different from SNP. (B) Hydroxyl radical-scavenging activity was quantified using
2-deoxyribose oxidative degradation in vitro, which produces malondialdehyde by
condensation with 2-thiobarbituric acid (TBA). System is MDA production from 2-
deoxyribose degradation with FeSO, and H,0, alone. Other groups denote MDA
production by FeSO4 and H,0; in the presence of different concentrations of ATR or
vehicle. Trolox was used as standard antioxidant in both assays. Bars represent
mean = SEM. *Different from system. One-way ANOVA followed by Tukey’s
multiple comparison post hoc test was applied to all data.

or nitrogen species as byproducts. Overproduction of such radicals
can cause oxidative damage to biomolecules, eventually leading to
many chronic diseases, such as atherosclerosis, cancer, diabetes,
aging, and other degenerative diseases in humans (Cai et al,,
2004). The relative importance of antioxidants in vivo depends on
which species is generated, how it is generated, where it is gener-
ated, and the possible interactions among different antioxidants
and reactive species in the system. Hence it is perfectly possible
for an antioxidant to protect against damage induced by reactive
species in a given system but to fail to protect, or even sometimes
to enhance damage, in others, acting thus as a ‘redox-active’ mol-
ecule (Halliwell, 2006; Halliwell and Gutteridge, 2007).

The antioxidant potential of a compound may vary according to
different antioxidant assays, and even vary in the same types of as-
say according to changes in medium polarity, since the interaction
of the antioxidant with other compounds plays an important role
in the activity (Pekkarinen et al., 1999). Dramatic differences in
the relative antioxidant potential of model compounds were



466 M.G.D. Melo et al./ Toxicology in Vitro 25 (2011) 462-468

(A) CAT-like
150+ ook ex
= e kkx FEE kEE
gg = = ™
S 3 100 p==y [
5 ¢
o =
<8
N o 504
Q «
T ©
e
G ) 1 1 1 ] ) 1
>
&‘o \\é(\ Q'Q’\ Q"\ N o \QQ
® . .
Atranorin (pg/ml)
(B) SOD-like
1504
£5
© 'ﬁ 100 =
§ T
T3
“6 _'g 50 # # # # #
< ® ’.| ﬂ I"I |'_|
c I L) ) L) L) I )
v & & 0 N NS

Atranorin (pg/ml)

Fig. 5. Catalase-like (CAT-like) and superoxide dismutase-like (SOD-like) activities.
(A) CAT-like activity was measured in a catalase reaction buffer with H,0,. Bars
represent mean + SEM. ~ p < 0.0001 in relation to control. (B) SOD-like activity was
determined by following formation of adrenochrome in a SOD reaction buffer
containing native purified catalase and adrenaline (O, generator group). Bars
represent mean + SEM, #p < 0.0001 in relation to control. One-way ANOVA followed
by Tukey’s multiple comparison post hoc test was applied to all data.

observed when one model compound is strongly antioxidant with
one method and pro-oxidant with another (Moure et al., 2001). For
such reason, the antioxidant activity of a compound must always
be evaluated with different tests, in order to identify different
mechanisms. Tests measuring the scavenging activity with differ-
ent challengers, such as superoxide radical (0;), hydroxyl (‘OH)
and nitric oxide (‘NO) are useful to establish in which degree a gi-
ven compound interacts with the different reactive species. Here,
we assessed the redox properties of ATR using different approaches
to understand the possible interactions of this compound with dif-
ferent types of reactive species.

Several studies have shown that the redox activity associated
with natural antioxidants is attributed to the total content of phe-
nolic compounds (Halliwell, 2008; Rice-Evans et al., 1995; Scalbert
et al., 2005). Values of scavenging activity of peroxyl radicals by
ATR on TRAP/TAR assays confirmed a general antioxidant capacity
by this molecule. The antioxidant potential of ATR was significant
in the concentration of 100 pg/ml. ATR also presented a significant
superoxide dismutase-like activity, evidencing an antioxidant po-
tential against superoxide radicals. TRAP and TAR are different in-
dexes; at the TRAP graph, the bars represent the area under the
curve of a kinetic measurement of AAPH-induced luminescence
during 60 min; at TAR, the immediate effect of the addition of an
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Fig. 6. Effect of atranorin on cell viability. (A) SH-SY5Y cells were incubated with
varying concentrations of atranorin (ATR) as indicated and cell viability was
assessed by MTT assay. Cells treated with H,0, 400 pM had a significant decrease in
viability ("'p <0.0001, ANOVA followed by Tukey's post hoc), and the effect of
different concentrations of ATR on H,0,-induced cytotoxicity was evaluated. (B)
DMSO 0.1% (vehicle) had no effect on cell viability, and decreasing concentrations of
ATR had no cytoprotective effect ('p < 0.05, ANOVA followed by Tukey’s post hoc).

antioxidant compound in the free radical-induced chemilumines-
cence is measured. Thus, even if a sample has the ability of inhibit
the AAPH-induced free radical production when immediately
added to a system (which is quantified by TAR), that does not mean
this same sample is able to maintain the AAPH-induced free radical
production inhibited during 60 min (the time-period monitored by
TRAP). Thus, the combination of both assays is necessary for a bet-
ter characterization of the antioxidant activity of a given sample.

On the other hand, ATR presented a pro-oxidant capacity in a li-
pid-rich system, enhancing TBARS formation induced by AAPH
incubation. In assays to evaluate the antioxidant potential against
NO and H,0,, ATR also demonstrated to enhance the production of
such species, acting as a pro-oxidant molecule. Nonetheless, ATR
increased NO production only at the higher concentration tested,
while other concentrations demonstrated to be innocuous. On
the other hand, concentrations as low as 0.01 pg/ml were able to
increase H,0, production in vitro. We also observed that ATR pre-
sented no activity towards hydroxyl radical production or
scavenging.

NO exerts important physiological effects, such as vasoconstric-
tion regulation and modulation of pro-inflammatory processes
(Mollace et al., 2005; Salvemini et al., 2006, 1996). In elevated con-
centrations, NO may interact with superoxide radicals to generate
the strong oxidizing agent peroxynitrite (ONOO™). Peroxynitrite
diffuses through membranes and interacts with methionine side
chains in proteins, sulphydryl groups, aromatic rings from tyrosine
and guanine and generates nitrogen dioxide, which is an initiator
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of lipoperoxidation (Halliwell and Gutteridge, 2007). Thus, it is
generally believed that an increase in superoxide radical formation
both destroys the biological action of NO by promoting its removal
and intensifies the formation of peroxynitrite (Salvemini et al.,
2006). We observed here that ATR can act as a superoxide scaven-
ger, and thus limit the action of this reactive species. Besides, it is
postulated that during acute and chronic inflammation, superoxide
production is enhanced to levels above the cleaning capacity of
endogenous SOD enzymes, resulting in endothelial cell damage
and increased microvascular permeability, up-regulation of adhe-
sion molecules such as ICAM-1 (intercellular adhesion molecule
1) and P-selectin (through mechanisms not yet defined) that re-
cruit neutrophils to sites of inflammation, autocatalytic destruc-
tion of neurotransmitters and hormones such as noradrenaline
and adrenaline, lipid peroxidation and oxidation, DNA damage
and activation of PARP [poly(ADP-ribose) polymerase] (Salvemini
et al., 2006). Superoxide removal by endogenous SOD and ATR
would avoid such effects and also allow endogenous and ATR-in-
duced NO to promote the activation of cycloxygenase and subse-
quent release of beneficial prostaglandins (Mollace et al., 2005;
Salvemini et al., 2006).

The potential of ATR as an antiinflammatory and antinocicep-
tive agent has been investigated based on reports of the utilization
of lichen preparations for this purpose (Bugni et al., 2009). Besides,
the antimicrobial and antifungal activities of ATR have also been
studied for different authors, since secondary metabolites in li-
chens exert a very important role in preventing the infection of
nonspecific microorganisms in the symbiosis (Oksanen, 2006). In
this regard, novel natural compounds isolated from lichens present
a source of potential new substances with selective biological ac-
tion, which can be used for the development of novel drugs. None-
theless, biological actions of ATR have been poorly investigated.
Free radicals and related species are involved in the mechanisms
of diverse conditions, and the redox properties of novel compounds
must be properly determined in order to better estimate and
understand its potential usefulness.

Our results suggested that ATR may exert differential types of
interactions with various reactive species in vivo, and for such rea-
son we tested the effect of ATR on SH-SY5Y cells challenged with
an oxidative stress generator, H,O,. Redox interactions observed
in vitro may not be reproduced in the cellular environment, due
to the presence of endogenous antioxidants systems composed
by non-enzymatic agents (vitamin E, reduced glutathione, uric
acid, metal chelators) and specialized enzymes such as CAT, SOD
and glutathione peroxidase. We observed here that, alone, ATR
had no cytotoxic effect on SH-SY5Y cells, and that it conferred
cytoprotection in the presence of toxic concentrations of H,O,.
Hydrogen peroxide is known to induce cell death by oxidative
stress-dependent necrosis and apoptosis, which results from
severe oxidative damage to DNA, lipids and proteins. It is very
likely that, at the concentration range tested here, ATR acts as an
antioxidant inside cells, and many of its claimed biological effects
are related to a redox modulation mechanism. We used the
SH-SY5Y line because these cells have a well-established 24 h cell
division cycle and do not present the malignant characteristics of
the neuroblastoma cells they are originally obtained from, thus
constituting a suitable model for neurotoxicity assays. SH-SY5Y
cells are widely used for in vitro assays of cytotoxicity related to
the dopaminergic and catecholaminergic systems (see, for in-
stance, (Navarra et al., 2010), and for this reason we used a cell line
in which the MTT-based assay is extensively utilized and known.

Potent antioxidants can auto-oxidize and generate reactive sub-
stances and thus also act as pro-oxidants, depending on the system
composition (Moure et al., 2001). Many natural compounds have
been first postulated to act solely as antioxidants, with later works
demonstrating potential pro-oxidant actions in biological systems

at specific conditions. Carotenoids constitute one such example.
Vitamin A was observed to exert a general antioxidant action in
biological and in vitro systems, and its administration as supple-
ment was even suggested to prevent lung cancer (Fields et al.,
2007). Clinical trials, however, revealed that vitamin A administra-
tion enhanced lung cancer incidence and death to risk populations
(Goodman and Omenn, 1992; Goodman et al., 1993; Omenn et al.,
1994; The ABC-Cancer Prevention Study Group, 1994). Later works
revealed a pro-oxidant effect of vitamin A and related carotenoids
in vitro and in vivo at specific conditions (Dal-Pizzol et al., 2000;
Gelain et al., 2006, 2008; Klamt et al., 2003). Thus, more complete
screenings of redox properties of novel compounds are needed to
avoid tragic consequences at clinical level, and for this reason we
must perform detailed investigations on the chemical properties
of such compounds. We found here that ATR is a redox active mol-
ecule in vitro, acting as a general antioxidant in TRAP/TAR assays
and as a superoxide scavenger or enhancing the formation of spe-
cific reactive species, such as H,0, and NO, depending on its con-
centration. When studying the biological effects of ATR as well as
determining its concentration range for administration, a careful
approach must be taken to avoid more severe consequences re-
lated to excessive reactive species formation and oxidative/nitrosa-
tive stress, especially if working with concentrations above the
antioxidant range observed here in the cytotoxicity assay.
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