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Usnic acid (UA) is the most common and abundant lichenic secondary metabolite with potential
therapeutic application. Anti-inflammatory and antitumour properties have already been reported and
UA-enriched extracts are widely used to treat several diseases in the folk medicine. First, we performed
in silico evaluation of UA interactions with genes/proteins and important compounds for cellular redox
balance and NO pathway. Then, we assessed UA redox properties against different reactive species
(RS) generated in vitro, and evaluated its action on SH-SY5Y neuronal like cells upon hydrogen peroxide
(H2O2), since no in vitro neurotoxicological data has been reported so far. Total reactive antioxidant
potential index (TRAP) showed a significant antioxidant capacity of UA at the highest tested concentra-
tion; UA was also effective against hydroxyl radicals and reduced the formation of nitric oxide. In vitro,
lipoperoxidation was enhanced by UA and changed the cellular viability at highest concentration of
20 lg/mL for 1 and 4 h, as well as 2 and 20 lg/mL for 24 h of treatment, according to MTT reduction
assay. Moreover, UA did not display protective effects against H2O2-induced cell death in any case. Eval-
uation of intracellular RS production by the DCFH-based assay indicated that UA was able to induce
changes in basal RS production at concentration of 20 lg/mL for 1 h and from 2 ng/mL to 20 lg/mL for
4 and 24 h. In conclusion, UA could display variable redox-active properties, according to different system
conditions and/or cellular environment. Moreover, our results suggest that potential neurotoxicological
effects of UA should be further studied by additional approaches; for instance, in vivo and clinical studies.

� 2011 Elsevier Ltd. Open access under the Elsevier OA license.
1. Introduction

Therapeutic properties displayed by some species of lichens are
related to the production of secondary metabolites such as
depsides, depsidones, dibenzofuranes, xanthenes, anthraquinones,
aliphatic acids, atranorin and usnic acid (Ingólfsdóttir, 2002). Usnic
acid (UA) is one of the most abundant secondary lichen metabo-
lites and has been extensively studied. It has several biological
activities, such as antibiotic (Cocchietto et al., 2002), antiviral
(Campanella et al., 2002; Scirpa et al., 1999), analgesic and
antipyretic (Okuyama et al., 1995), as well as anti-inflammatory
properties (Vijayakumar et al., 2000). UA was reported to induce
apoptosis of murine leukemia L1210 cells in a dose- and
time-dependent manner (Bezivin et al., 2004), and exhibited
anti-proliferative action against MCF7 breast cancer cells (Mayer
los, 2600-Anexo, CEP 90035-
fax: +55 51 3308 5535.
).

sevier OA license.
et al., 2005). These results highlighted UA as a potentially new pre-
cursor for novel chemotherapic agents.

Already, UA has shown a dualistic effect in vivo when compared
to in vitro data. For instance, it exerts a significant gastroprotective
effect in indomethacin-induced gastric ulcer rats, by reducing the
formation of reactive species, and therefore, oxidative damage
(Odabasoglu et al., 2006); but also it has shown to be a potent hep-
atotoxic agent that disrupts electron transport in mitochondria,
inducing oxidative stress in cells (Han et al., 2004; Joseph et al.,
2009). However, there exist many controversies about the toxic
activities undertaken by this compound. All in all, better compre-
hension about UA-induced cellular mechanism would significantly
contribute towards a safer therapeutic use.

Reactive oxygen species (ROS) and reactive nitrogen species
(RNS) are involved in the pathogenesis of numerous diseases such
as cancer, inflammatory diseases and neurodegenerative disorders
(Seifried et al., 2007). Under normal physiological conditions,
ROS/RNS participate as intracellular messengers and regulatory
molecules. They are tightly regulated by balancing systems formed

http://dx.doi.org/10.1016/j.tiv.2011.12.003
mailto:dgelain@yahoo.com.br
http://dx.doi.org/10.1016/j.tiv.2011.12.003
http://www.sciencedirect.com/science/journal/08872333
http://www.elsevier.com/locate/toxinvit
http://www.elsevier.com/open-access/userlicense/1.0/
http://www.elsevier.com/open-access/userlicense/1.0/


T.K. Rabelo et al. / Toxicology in Vitro 26 (2012) 304–314 305
by different antioxidants, antioxidant enzymes, and proteins
(Kowaltowski et al., 2009). Non-enzymatic antioxidants coming
from diet or other processes regulate oxidative and nitrosative
reactions in the body, which prevents oxidative stress by removing
both ROS and RNS (Maes et al., 2011).

Main actions of secondary metabolites in biological systems
have also been linked to their redox properties. Our group has been
studying the redox properties of atranorin, another lichenic sec-
ondary metabolite with potential therapeutic activity, similar to
that exerted by UA. In that study, atranorin increased lipoperoxida-
tion and displayed general antioxidant activity (Melo et al., 2011).
The potential health-promoting effects of naturally occurring com-
pounds are traditionally ascribed to a general antioxidant action
(Aravindaram and Yang, 2010). In fact, the properties of UA are
generally associated to its widespread antioxidant action, found
in most phenolic compounds, since many therapeutic properties
attributed to lichen extracts (and to UA itself) are intimately
associated to oxidative stress; together with an unbalanced free
radical production, mutagenicity, and inflammation (Halliwell
and Gutteridge, 2007). However, only few works have studied
the potential pro- or antioxidant properties of UA (Carlos et al.,
2009; Jayaprakasha and Rao, 2000; Toledo Marante et al., 2003;
Valencia-Islas et al., 2007). Interestingly, a number of phenolic
compounds and other naturally derived substances, that were
initially observed to act as antioxidants in mammalian cells, have
later been described to unbalance the cellular redox state towards
pro-oxidant states, depending on specific conditions (i.e., higher or
lower drug concentrations) (Halliwell, 2008).

Since there are some studies showing that UA prevents oxida-
tive stress by removing both ROS and RNS, we decide to deeper
characterize in silico the general landscape of interactions of UA
with genes/proteins, and compounds generally involved in both re-
dox and NO pathways, by using system biology tools. Thereafter,
we performed an in vitro characterization of the redox properties
of UA against different reactive species, and evaluated its potential
effects on cellular viability by using SH-SY5Y cells neuronal like
cells since no in vitro neurotoxicological reports have been pub-
lished yet.
2. Materials and methods

2.1. Chemicals

AAPH (2,20-Azobis(2-methylpropionamidine)dihydrochloride),
Luminol (5-amino-2,3-dihydro-1,4-phthalazinedione), 2-deoxyri-
bose, glycine, Griess reagent, SNP (sodium nitroprusside), TBA
(2-thiobarbituric acid), (4,6-dihydroxypyrimidine-2-thiol), H2O2

(hydrogen peroxide), adrenaline, catalase, SOD (superoxide dismu-
tase), MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide), DMSO (Dimethyl sulfoxide), DCFH-DA (20,70-dichlorohy-
drofluorescein diacetate) and (+)-Usnic acid were purchased from
Sigma Chemical Co. (St. Louis, MO, USA). Materials used in cell cul-
ture were acquired from Gibco�/Invitrogen (São Paulo, SP, Brazil)
and from Rio de Janeiro Cell Bank (BCRJ, Rio de Janeiro, Brazil).
The rest of reagents used in this study were of either analytical
or HPLC grade. For each assay, UA (20 mg mL�1) was dissolved in
DMSO (100%) and serial dilutions were obtained from this stock
solution. Therefore, at the highest concentration of UA in these
assays (20 lg mL�1), concentration of the vehicle DMSO would cor-
respond to 0.1%.
2.2. Interaction networks of compounds and gene/proteins

In order to develop a model network for gene/protein and UA
interaction, we first selected a number of gene/proteins involved
in redox and NO-related pathways and then, by using STITCH 2.0
(Kuhn et al., 2008, 2010) we screened the possible protein–protein
and protein-compound interactions based on experimental knowl-
edge and database (confident score = 0.4, medium). A list with gene
symbols and Ensembl protein IDs is additionally provided
(Supplementary Table 1).

The network connected 61 proteins and 5 compounds together,
based on their possible interaction through ‘‘activation’’, ‘‘cataly-
sis’’, ‘‘binding’’, ‘‘inhibition’’, and ‘‘reaction’’; giving rise to a model
for UA interactions through redox/NO pathways (MUA network).

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

Total reactive antioxidant potential (TRAP) is utilized to esti-
mate the non-enzymatic antioxidant capacity of samples in vitro.
This method is based on the quenching of luminol-enhanced
chemiluminescence (CL) derived from the thermolysis of AAPH as
the free radical source (Lissi et al., 1992). Briefly, we prepared
AAPH solution, added luminol (AAPH + luminol, radical generating
system) and then, we waited for the system to stabilize for 2 h
before the first reading. Different concentrations of UA were added
and the luminescence produced by the free radical reaction was
quantified in a liquid scintillator counter (Wallac 1409, Perkin–
Elmer, Boston, MA, USA) for 60 min. The results were transformed
in percentage and area under curve (AUC), and calculated by
software (GraphPad software.�San Diego, CA; version 5.00) as pre-
viously described (Dresch et al., 2009).

Total antioxidant reactivity (TAR) was analyzed by using the
same samples utilized for TRAP readings. TAR results were calcu-
lated as the ratio of light intensity in absence of samples (I0)/light
intensity right after UA addition. Although TAR and TRAP evalua-
tions are obtained in the same experiment, they represent different
observations, since the TAR is more related to the antioxidant qual-
ity (reactivity, the scavenging capacity in a short-term period) and
TRAP is more related to the antioxidant amount and kinetic behav-
ior (Lissi et al., 1995).

2.4. Hydroxyl radical-scavenging activity

The formation of �OH (hydroxyl radical) from Fenton reaction
was quantified by using the 2-deoxyribose oxidative degradation
assay. The principle of the assay is the incubation of 2-deoxyribose
together with a hydroxyl radical generation system, which pro-
duces malondialdehyde (MDA). This system is then incubated with
2-thiobarbituric acid (TBA), which reacts with MDA and forms a
chromophore quantifiable by spectrophotometry (Lopes et al.,
1999). Briefly, typical reactions were started by the addition of
Fe2+ (FeSO4 6 lM final concentration) to solutions containing
5 mM 2-deoxyribose, 100 mM H2O2 and 20 mM phosphate buffer
(pH 7.2).

To measure UA antioxidant activity against hydroxyl radicals,
different concentrations of UA were added to the system before
Fe2+ addition. Reactions were carried out for 15 min at room tem-
perature 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 ex-
pressed as percentage of TBARS formed.

2.5. Nitric oxide (NO�) scavenging activity

Nitric oxide was generated from spontaneous decomposition of
sodium nitroprusside in 20 mM phosphate buffer (pH 7.4). Once it
is generated, NO interacts with oxygen to produce nitrite ions,
which were measured by the Griess reaction (Basu and Hazra,
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2006). The reaction mixture (1 mL) containing both 10 mM sodium
nitroprusside (SNP) in phosphate buffer (pH 7.4) and UA at differ-
ent concentrations were incubated at 37 �C for 1 h. An aliquot of
0.5 mL was taken and homogenized with 0.5 mL Griess reagent.
The absorbance of chromophore was measured at 540 nm. Results
were expressed as percentage of nitrite formed by SNP alone.

2.6. Thiobarbituric acid reactive species (TBARS)

Thiobarbituric acid-reactive substances (TBARS) 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 UA using egg yolk homogenate as lipid rich sub-
strate (Melo et al., 2011). The principle of the method is based on
spectrophotometric measurement of the color produced during
the reaction of thiobarbituric acid (TBA) with lipoperoxidation
products, such as malondialdehyde and 4-hydroxynonenal (Man-
sour and Mossa, 2009). 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 UA at different
concentrations. Lipid peroxidation was induced by addition of
0.1 mL of AAPH solution (0.12 M). Control was just 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 trichloro-
acetic acid (15%) at 1200g for 10 min. An aliquot of 0.5 mL from
supernatant was mixed with 0.5 mL TBA (0.67%) and heated at
95 �C for 30 min. After cooling, sample’s absorbance was measured
by using a spectrophotometer (UV-1800 Shimadzu) at 532 nm. The
results were expressed as percentage of TBARS formed by AAPH
alone (induced control).

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

The ability of UA to scavenge superoxide anion (‘‘superoxide
dismutase-like activity’’ or ‘‘SOD-like activity’’) was measured as
previously described (Misra and Fridovich, 1972). UA was mixed
with 200 ll glycine buffer (50 mM, pH 10.2) and 5 ll of native cat-
alase 100 U/mL. Superoxide generation was initiated by addition of
adrenaline 2 mM, and adrenochrome formation was monitored at
480 nm for 5 min (32 �C). Superoxide production was determined
by monitoring the reaction curves of samples, and measured as
percentage of the rate of adrenaline auto-oxidation into adreno-
chrome (Bannister and Calabrese, 1987).

2.8. Determination of catalase-like activity (CAT)

The capacity of UA to degrade the hydrogen peroxide (H2O2)
added in an incubation medium (‘‘catalase-like activity’’ or
‘‘CAT-like activity’’) was measured as previously described (Aebi,
1984). Briefly, H2O2 diluted in 0.02 M phosphate buffer (pH 7.0),
to obtain a 5 mM final concentration, was added to microplate
wells, in which different concentrations of UA were already placed.
The plate was then scanned in a spectrophotometric plate reader
(SpectraMax 190. Molecular Devices) at 240 nm every 15 s for
5 min at 37 �C. Catalase-like activity was monitored based on the
rate decomposition of H2O2. Data were expressed as percentage
of the rate decomposition of H2O2.

2.9. Cell culture

Exponential growing human neuroblastoma cell line SH-SY5Y,
obtained from Rio de Janeiro Cell Bank (BCRJ, Rio de Janeiro, Brazil),
were maintained in a mixture 1:1 of Ham’s F12 and Dulbecco
Modified Eagle Medium (DMEM) supplemented with 10% heat-
inactivated FBS, 2 mM of glutamine, 0.28 lg/lL of gentamicin
and 250 lg of amphotericin B, in a humidified atmosphere of 5%
of CO2 in air at 37 �C. Cell medium was replaced each 2 days and
cells were sub-cultured once they reached 90% confluence. All
treatments were performed when cells were 70–90% confluence.

2.10. MTT assay

After treating with either different concentrations of UA alone
or in the presence of H2O2 1 mM for 1, 4, and 24 h SH-SY5Y cells
viability was quantified by the MTT assay as previously described
(Gelain and Moreira, 2008). This method is based on the ability
of viable cells to reduce MTT (3-(4,5-dimethyl)-2,5-diphenyl tetra-
zolium 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% CO2

atmosphere.
Culture medium was then removed and plates were shaken

with DMSO for 30 min. Optical density of each well was measured
at 550 nm (test) and 690 nm. H2O2 1 mM was used as positive con-
trol for the assay. Data were expressed as percentage of the forma-
zan formation in untreated cells (control). Qualitative morphology
of the cell cultures was also evaluated by phase-contrast light
microscopy (Nikon Eclipse TE 300).

2.11. DCFH-DA assay

Intracellular reactive species production was determined by the
DCFH-DA assay, as described by (Wang and Joseph, 1999). In the
presence of reactive species (RS), DCFH is oxidized to highly fluo-
rescent dichlorofluorescein (DCF) can be used as an index to quan-
tify the overall ROS in cells. Briefly, 2 � 104 SH-SY5Y cells were
seeded in 96-well plates and 100 lM DCFH-DA dissolved in med-
ium containing 1% FBS was added to each well and incubated for
2 h to allow cellular incorporation. After, the medium was dis-
carded and cells were treated with different concentrations of UA
alone or in the presence of H2O2 (1 mM) and DCF fluorescence
was read at 37 �C during 1, 4 and 24 h in a fluorescence plate read-
er (Spectra Max M2, Molecular Devices, USA) with an emission
wavelength set at 535 nm and an excitation wavelength set at
485 nm. The results were expressed as percentage DCF fluores-
cence. Hydrogen peroxide (1 mM) was used as positive control
for intracellular reactive species production.

2.12. Statistical analysis

The in vitro procedures were carried out with n = 3 (i.e., 3 vials
per group) while cell culture experiments were performed with
n = 6 (i.e., 6 wells per group). Experiments were repeated four dif-
ferent times, and the results were expressed as mean ± standard
error of the mean (SEM) of four independent experiments. The dif-
ferences among data were evaluated by one-way analysis of vari-
ance (ANOVA) followed by Tukey’s post hoc test. In all cases
differences were considered significant if p < 0.05. Data analyses
were performed using the (GraphPad software.�San Diego, CA; ver-
sion 5.00).
3. Results

In silico analysis gave rise to a network where exactly 61 pro-
teins and 5 compounds where interconnected (‘‘MUA network’’)
(Fig. 1A). Based on experimental data and database, UA directly
interacts with hydroxyl radicals (Fig. 1F) and through them, with
antioxidant enzymes (Fig. 1E), such as SOD1, SOD3, CAT, GPX1,
and GPX2. UA interaction with hydroxyl radicals interconnects it
with NO and proteins involved in NO biosynthesis (Fig. 1C); for in-



Fig. 1. Model for UA interactions through redox and NO pathways (A) In silico analysis based on experimental data and database gave rise to a network where exactly 61
proteins and 5 compounds where interconnected (‘‘MUA’’ network). (B) Landscape of protein–protein and protein–compound interactions through activation processes. (C)
Landscape of protein–protein and protein–compound interactions through catalysis processes. (D) Landscape of protein–protein and protein–compound interactions through
binding processes. (E) Landscape of protein–protein and protein–compound interactions through inhibition processes. (F) Landscape of protein–protein and protein–
compound interactions through diverse reactions.
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stance, Nostrin, which is known to modulate nitric oxide release
(Zimmermann et al., 2002). Landscape of protein–protein and pro-
tein-compound interactions through either activation or binding
processes are additionally provided (Fig. 1B and D, respectively).

Redox properties of UA were first evaluated (TRAP and TAR as-
says) by using a method based on the quenching of luminol-en-
hanced chemiluminescence (CL) of AAPH. At 20 lg/mL of UA, we
observed an antioxidant capacity of UA by TRAP assay (Fig. 2A). Us-
nic acid at 20 lg lg/mL also showed significant antioxidant capac-
ity according to TAR measurements (Fig. 2B). In both methods, this
concentration was able to efficiently reduce AAPH-induced CL,
indicating peroxyl/alkoxyl non-enzymatic scavenging activity.
The 2-deoxyribose degradation assay was employed to investi-
gate the ability of UA to scavenge in vitro-generated hydroxyl
radicals by Fenton reaction. Fig. 3A shows that concentrations of
UA from 2 lg lg/mL to 20 lg lg/mL inhibited hydroxyl radical-
induced deoxyribose degradation, indicating an antioxidant effect
against hydroxyl radicals. The capacity of UA to scavenge NO was
measured by quantifying the production of nitrite derived from
sodium nitroprusside (SNP) by the Griess reaction. Fig. 3B shows
that all concentrations of UA tested (2 ng/mL to 20 lg/mL) signifi-
cantly decreased SNP-derived nitrite formation.

The protective effect of UA against oxidative damage to lipids
was measured by quantifying TBARS generated by AAPH in a



Fig. 2. TRAP and TAR measurements. (A) The total reactive antioxidant potential
(TRAP) of UA at different concentrations. A free radical source (AAPH) generating
system produces peroxyl/alcoxyl radicals at a constant rate, and the effect of
different concentrations of UA on free radical-induced chemiluminescence is
measured as area under a curve for 60 min. (B) Total antioxidant reactivity (TAR)
values are calculated as the ratio of light intensity in absence of samples (I0)/light
intensity right after UA addition (I) and expressed as percent of inhibition. All
groups denote samples in the presence of AAPH. Trolox (75 lg/ml) was used as
standard antioxidant. The experiments were performed in triplicate, and bars
represent mean ± SEM of four different experiments. ⁄⁄⁄p < 0.0001 (1-way ANOVA
followed by Tukey’s post hoc test).

Fig. 3. Hydroxyl and nitric oxide (NO) scavenging activities assays. (A) Hydroxyl
radical-scavenging activity was quantified by using hydroxyl-mediated 2-deoxyri-
bose oxidative degradation in vitro, which produces malondialdehyde (MDA) by
condensation with 2-thiobarbituric acid (TBA). System is MDA production from 2-
deoxyribose degradation with FeSO4 and H2O2 alone (hydroxyl generating system).
Other groups denote MDA production by FeSO4 and H2O2 in the presence of
different concentrations of UA. (B) NO scavenging assay. Nitric oxide was generated
from spontaneous decomposition of sodium nitroprusside (SNP) in the presence of
oxygen, producing nitrite ions, which were measured by the Griess reaction. Nitrite
production by SNP alone was compared to nitrite production by SNP in the presence
of different concentrations of UA. Trolox was used as standard antioxidant in both
assays. The experiments were performed in triplicate, and bars represent mean ± -
SEM of four different experiments. ⁄⁄⁄p < 0.0001. One-way ANOVA followed by
Tukey’s post hoc test was applied to all data.
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lipid-rich incubation medium. All the tested concentrations
(2 ng/mL–20 lg/mL) of UA increased the AAPH-induced lipoperox-
idation (Fig. 4), indicating that UA is either an enhancer of lipid
peroxidation or somehow, it may facilitate chain reactions in-
volved in the propagation of lipid peroxides.

The activity of UA against superoxide anions (SOD-like activity)
was quantified by the inhibition of superoxide-dependent adrena-
line auto-oxidation to adrenochrome. Moreover, we also assessed
the ability of UA to decompose H2O2 in vitro (CAT-like activity).
Respectively, Fig. 5A and B show that all tested concentrations of
UA did not exert any significant variation in CAT and SOD-like
activities.

In order to ellucidate the potential effects that UA may exert in a
cellular system (challenged by a pro-oxidant agent), we chose
SH-SY5Y cells as in vitro neurotoxicological model. Phase contrast
microscopy showed that cells treated with the highest concentra-
tion of UA (20 lg/mL) for 1 and 4 h, induced changes in their neu-
ronal-like morphology (Fig. 6). At 1 h of treatment with 20 lg/mL
of UA, neuritic processes seem to be stopped (Fig. 6a7) and cells
looked more rounded. When treatment reached 4 h of incubation
at the same concentration, cells already seem to lose their viability
and start to detach from the culture plate (Fig. 6b7). In the pres-
ence of H2O2 (1 mM) together with UA (20 lg/mL), cells detached
and seemed to lose their viability already at 1 h of treatment
(Fig. 6a14). Interestingly, such effect looked stronger in comparison
to cells that were treated only with 20 lg/mL of UA (Fig. 6a7).
Moreover, even though clear morphological effects and potential
lost of viability were only detectable at the highest concentration
of UA (20 lg/mL) when treatment lasted 4 h (Fig. 6b7), 4 h of
H2O2 and UA co-treatment showed an UA dose-dependent cellular
detachment in comparison to those cells treated with 1 mM of
H2O2 alone (positive control) (Fig 6b8–b12). Strongest effect ap-
peared at the highest concentration of UA (20 lg/mL) together
with H2O2 (1 mM) (Fig. 6b12). For studying long-term UA effect
on the cells, treatments were performed (in the presence of 1% of
FBS) for 24 h. Results showed signs of cell detachment and lose
of viability when cells were incubated with 2 lg/mL of UA (24 h)
(Fig. 7f), and such effect was significantly stronger with 20 lg/mL
of UA, with virtually 100% of the cells detached from the plate
(Fig. 7g). 24 h co-treatment of UA together with 1 mM of H202

resulted in complete lack of cellular viability at any concentration



Fig. 4. Production of 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 UA on the lipoperoxidation was measured by quanti-
fying TBARS. Trolox (75 lg/ml) was used as standard antioxidant. The experiments
were performed in triplicate, and bars represent mean ± SEM of four different
experiments. ⁄⁄p < 0.001, ⁄⁄⁄p < 0.0001 (1-way ANOVA followed by Tukey’s post hoc
test).

Fig. 5. SOD-like and CAT-like activities. (A) Superoxide dismutase-like (SOD-like)
activity was determined by following formation of adrenochrome in a SOD reaction
buffer containing native catalase and adrenaline O�2 generator group). (B) Catalase-
like (CAT-like) activity was measured in a catalase reaction buffer with H2O2. The
experiments were performed in triplicate, and bars represent mean ± SEM of four
different experiments. One-way ANOVA followed by Tukey’s post hoc test was
applied to all data.
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of UA (Fig. 7j–n). These results were confirmed when MMT assays
showed that cells treated for 1 and 4 h with the highest concentra-
tion of UA (20 lg/mL) cellular viability was reduced in a 41.3% and
88.67% respectively in relation to control (100%) (Fig. 8A and B).
During long-term treatments of 24 h, with concentrations of
2 lg/mL and 20 lg/mL, cellular viability was reduced in a 41.9%
and 95.23% respectively, in relation to control (100%) (Fig. 8C).

Moreover, UA did not display protective effects in any case after
1, 4 or 24 h of treatment against 1 mM H2O2-induced cell death,
which on the contrary, was able to significantly decrease cellular
viability in a 88.4%, 92.06% and 95.96% respectively, in relation to
control (100%) (Fig. 8A, B and C). This result suggests that UA is
not able to prevent oxidative-mediated H2O2-induced cell death
at any concentration.

Next, we evaluated if UA was able to induce intracellular ROS
production in SH-SY5Y cells by the DCFH-DA assay. As shown in
Fig. 9A, SH-SY5Y cells treated with UA (20 lg/mL) for 1 h increased
in 76.73% when compared to control cells. After 4 and 24 h of treat-
ment, levels of intracellular ROS were enhanced at any tested con-
centration of UA (Fig. 9B and C). Respectively: 2 ng/mL (44.99–
62.71%), 20 ng/mL (60.63–78.20%), 200 ng/mL (79.56–90.32%),
2 lg/mL (53.69–64.60%) and 20 lg/mL (106.07%–122.70%).

These results suggest that UA is able to trigger ROS production
in SH-SY5Y cells and therefore, to induce an oxidative stress sce-
nario. Besides, we also evaluated the effect on intracellular ROS
production when cells were co-treated with UA together with
H2O2 (1 mM) for 1, 4, and 24 h. At any concentration, UA appears
to potentiate the effect of H2O2 when it comes to ROS production
(Fig. 9A, B and C).
4. Discussion

Several studies have shown that redox activity associated with
natural antioxidants is attributed to total content of phenolic com-
pounds (Halliwell, 2008; Rice-Evans et al., 1995; Scalbert et al.,
2005). Moreover, antioxidant and pro-oxidant biochemical agents
have presented important role to design strategies for prevention
and/or management of oxidative damage. Here, we aimed to char-
acterize the redox properties of UA by using different approaches,
in order to understand possible interactions of such compound
with different types of reactive species.

The potential of UA scavenging peroxyl radicals, by using TRAP/
TAR assays, indicated a significant antioxidant capacity at the high-
est tested concentration. Moreover, UA was capable to quench hy-
droxyl radicals. Hydroxyl radical has a high oxidant power and it is
probably the most reactive radical (Pastor et al., 2000). It is able to
join DNA nucleotides and cause strand breakage, which contrib-
utes to carcinogenesis, mutagenesis, and cytotoxicity (Manian
et al., 2008). The hydroxyl radical-scavenging capacity of any com-
pound is directly related to its antioxidant activity (Babu et al.,
2001). In addition, NO is an important mediator of acute and
chronic inflammation. NO stimulates cyclooxygenase (COX) activ-
ity resulting in unbalanced production of pro-inflammatory pros-
taglandins (PG) (Salvemini et al., 1993). Other mechanism by
which NO may modulate inflammatory processes is through its
interaction with the Rel/nuclear transcription factor kappaB (NF-
kB) family of transcription factors (Laroux et al., 2001). At high con-
centrations, NO may interact with superoxide radicals generating
peroxynitrite (ONOO�), a potent oxidizing molecule capable of
eliciting damage to proteins, lipids and DNA, which modulates
COX (Zhang et al., 1994; Mollace et al., 2005; Halliwell and Gutter-
idge, 2007). Here, we observed that UA is able to reduce the pro-
duction of nitrite, indicating a potential role as NO-scavenging
agent and consequently, it may limit the action of these reactive
species in biological systems.

ROS and RNS have also been related to act as pro-inflammatory
signals in vivo by stimulating the activation of TNF-a, IL-1b and IL-



Fig. 6. Morphological effects of short and medium-term UA treatment on SH-SY5Y cells. Phase contrast microscopy of SH-SY5Y cells after 1 (A) and 4 h (B) treatment with
different concentrations of UA, in the absence or presence of H2O2 (1 mM). Photomicrographies representative of three independent experiments.

310 T.K. Rabelo et al. / Toxicology in Vitro 26 (2012) 304–314
6 genes through activation of the redox-sensitive transcription fac-
tor NF-kB (Beauparlant and Hiscott, 1996). Thus, the anti-inflam-
matory and analgesic activities exerted by UA could also be a
consequence of its NO-scavenging activity, which may prevent free
radical-induced NF-kB activation and consequent pro-inflamma-
tory cytokine production; a cycle that would perpetuate inflamma-
tory processes.
On the other hand, UA presented a pro-oxidant capacity in a li-
pid-rich system, enhancing TBARS formation induced by AAPH
incubation. Lipid peroxidation has been shown to induce distur-
bance of membrane organization, functional loss as well as modi-
fication of proteins and DNA bases (Niki, 2009). Usnic acid is a
lipophilic weak acid that can diffuse through mitochondrial mem-
branes and cause proton leaking (uncoupling) (Joseph et al., 2009).



Fig. 7. Morphological effects of long-term UA treatment on SH-SY5Y cells. Phase contrast microscopy of SH-SY5Y cells after 24 h treatment with different concentrations of
UA, in the absence or presence of H2O2 (1 mM). Photomicrographies representative of three independent experiments.
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The uncoupling of mitochondrial oxidative phosphorylation by UA
is similar to that observed by the classical uncoupler, 2,4-dinitro-
phenol (DNP). In mouse liver mitochondria, high doses of DNP
resulted in increased lipid peroxidation due to higher oxidative
stress (Futakawa et al., 2006). Odabasoglu et al. (2006) showed
an antioxidant effect of UA when used against indomethacin-in-
duced gastric ulcers in rats. They observed a significant inhibition
of reactive species formation, a decrease in lipid peroxidation
and increase of antioxidant enzymes such as glutathione peroxi-
dase and superoxide dismutase.

Although, the ability of compounds to quench hydroxyl radicals
is generally related to the prevention of lipid peroxidation propa-
gation (Shukla et al., 2009), the capacity of free radical scavenging
by antioxidants does not necessarily correlate with the capability
to inhibit lipid peroxidation. It is well-described that lipid peroxi-
dation may occur not only through free radical-mediated oxida-
tions but also upon enzymatic oxidation as well as radical-
independent non-enzymatic oxidations. Lipid peroxidation leads
to cytotoxycity, excepting for those cases of sublethal concentra-
tions where the result could be either diverse cellular adaptive re-
sponses or even up-regulation of antioxidant enzymes with
increased tolerance to following oxidative stress. All this together,
provides putative scenarios that support our results in SH-SY5Y
cells (Niki et al., 2005; Niki, 2009). Besides, studies concerning
the hepatotoxic effect of (+) UA in isolated rat hepatocytes and li-
ver mitochondria using carbon tetrachloride (CCl4), as the refer-
ence hepatotoxin, showed that UA seems to trigger the same
cytotoxic mechanisms as CCl4, increasing the production of MDA,
a marker for lipid peroxidation (Pramyothin et al., 2004).

Then, we could speculate that pro-oxidant actions of UA ob-
served in mitochondria and hepatocytes could be a result of the
capacity that UA has to enhance free radical-induced lipoperoxida-
tion; similarly to what we observed in our AAPH-generating lipo-
peroxidation system.

Usnic acid has several interesting biological properties. For in-
stance, it is used in pharmaceutical preparations against infections,
bacterial eczema, mastitis, furunculosis and polydermy (Cocchietto
et al., 2002). Thus, novel natural compounds isolated from lichens
may represent a source of novel substances with selective biolog-
ical action. The fact that UA is a non-genotoxic antineoplastic agent
that works in a p53-independent manner (Yanmamoto et al., 1995)
makes it a potential candidate for novel cancer therapies. However,
to the best of our knowledge, nothing is known about UA effects in
any in vitro neurotoxicological model. For this purpose, we decide
to use SH-SY5Y cell line as well-characterized and accepted neuro-
nal-like in vitro model because of their neuron-like properties, their
capability to undergo neurite outgrowth as well as morphological
changes, induced by oxidative stress (Cheung et al., 2009; Frota Ju-
nior et al., 2011; Navarra et al., 2010; Nicolini et al., 1998; Pahlman
et al., 1984; Yu et al., 2011).

Overproduction of ROS can cause severe impairment of cellular
functions. RS are involved in apoptotic mechanisms and may con-
tribute to the apoptotic process found in several diseases (Jung
et al., 2007). Our results have shown, that UA induced changes in
their neuronal-like morphology, as well as, seems to have stopped
the neuritic processes. The morphological changes, mainly in neu-
rite outgrowth in SH-SY5Y, can be induced by increased intracellu-
lar ROS production (Jung et al., 2007). In addition, UA decreased
cell viability with consequent cell death. This loss of cellular viabil-
ity induced by UA can be due to increase the ROS.

Through DCFH-DA assay, our results showed that UA signifi-
cantly increased intracellular ROS production when cells were
treated for 1, 4 and 24 h, respectively. The advantage of this assay
is that one could use intact living present a relevant redox-active
action, acting as either pro-oxidant or antioxidant agent, depend-
ing on the specific radical that is being generated and the microen-
vironment provided by the system. As a matter of fact this dualistic
effect is already known for some antioxidants that are able to auto-
oxidize and therefore, to both generate reactive substances and act
as pro-oxidants; strongly depending on the system composition
(Moure et al., 2001). For instance, our laboratory has extensively
characterized an apparently unexpected pro-oxidant effect of vita-



Fig. 8. MTT assay. Cultured SH-SY5Y cells were incubated with different concen-
trations of UA during 1 h (A), 4 h (B), and 24 h (C) at 37 �C in humidified 5% CO2.
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 and incubated for
45 min. The medium was then replaced for DMSO and the optical density of each
well was measured at 550 nm (test) and 690 nm (reference). H2O2 1 mM was used
as positive control for cell death. Data were expressed as percentage of the
formazan formation in untreated cells (control). Bars represent mean ± SEM of data
from four different experiments (six wells per group in each independent
experiment). Data were analyzed by one-way ANOVA followed by Tukey’s post
hoc test. ⁄⁄p < 0.001, ⁄⁄⁄p < 0.0001. # Different from control.

Fig. 9. Intracellular reactive species production (DCFH assay). Cultured SH-SY5Y
cells were seeded in 96-well plates and 100 lM DCFH-DA dissolved in medium
containing 1% FBS was added to each well and incubated for 2 h. Medium was then
discarded and cells were treated with different concentrations of UA alone or in the
presence of H2O2 (1 mM) and DCF fluorescence was read at 37 �C during 1 h (A), 4 h
(B), and 24 h (C) (endpoint) in a fluorescence plate reader (Spectra Max M2,
Molecular Devices, USA) with an emission wavelength set at 535 nm and an
excitation wavelength set at 485 nm. Bars represent mean ± SEM of data from four
different experiments (six wells per group in each independent experiment).
⁄⁄p < 0.001, ⁄⁄⁄p < 0.0001 (1-way ANOVA followed by Tukey’s post hoc test). #

Different from control.
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min A (and related carotenoids) both in vitro and in vivo at initially
therapeutic conditions (Dal-Pizzol et al., 2000; Gelain et al., 2006,
2008; Klamt et al., 2003).

Our results suggest that UA displays variable redox-active
properties, acting an antioxidant e pro-oxidant agent, according
to different system conditions and/or cellular environment.
These pro-oxidant properties in biological systems might be
responsible by potential neurotoxicological effects of UA. Data
presented in this work, may contribute to elucidation of the bifunc-
tional behaviour and neurotoxicological actions of UA in biological
systems.
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