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Resumo

O acido usnico (AU) é um dos mais abundantes metabdlitos secundarios
obtido de liquens. O qual apresenta uma ampla atividade terapéutica com
potencial antibiético, antitumoral, antituberculostatico, antiviral, antiflamatério,
analgésico, antipirético, antimitético, antimicético, antiproliferativo, antifungico,
antiprotozoario e anti-histaminico. O objetivo deste estudo foi investigar os
efeitos do AU sobre: 1] lesdes colorretais pré-neoplasicas induzidas pela 1,2-
dimetilidrazina (DMH) utilizando o ensaio de focos de criptas aberrantes (FCA)
em ratos Wistar, como biomarcador; 2] a atividade citotdxica, genotoxica e
moduladora do AU sobre a genotoxicidade induzida pela doxorrubicina (DXR)
em células de ovario de hamster chinés (CHO), utilizando o teste do
micronucleo por bloqueio da citocinese; 3] as atividades mutagénica,
recombinogénica e carcinogénica do AU em Drosophila melanogaster usando,
respectivamente, o Teste de Mutagdo e Recombinagcédo Somaticas (SMART) e
o teste para a deteccado de clones de tumor epitelial (wts). No ensaio FCA,
ratos Wistar machos foram tratados com DMH (40 mg / kg p.c.) duas vezes por
semana durante duas semanas. O AU foi administrado em diferentes
concentragdes (3,125; 12,5 ou 50 mg / kg). Também foram incluidos controles
negativo (agua ultrapura), Tween 5% (controle solvente), controle solvente +
DMH e controle positivo (DMH 160 mg / kg p.c.). Os animais que receberam as
diferentes concentracbes de AU em associacdo com DMH demonstraram
reducdes estatisticamente significativas nos valores de FCA e criptas
aberrantes (AC) quando comparados ao grupo tratado com DMH sozinho. No
ensaio de micronucleo, o AU (7,5; 15 ou 30 pg / mL) isoladamente foi avaliado
quanto a possivel genotoxicidade; e o AU (3,75; 7,5; ou 15 ug / mL) combinado
com DXR (0,5 ug / mL) para a antigenotoxicidade. Também foram incluidos
controles negativo (agua ultra pura e solvente DMSO a 0,3 uyM) e positivo (DXR
0,5 ug / mL). As células tratadas com AU (30 ug / mL) induziram aumento
significativo na frequéncia de micronucleos quando comparado ao controle
negativo. Para SMART, larvas de 72 + 4 h de Drosophila foram alimentadas
com AU (5,0, 10,0 ou 20,0 mM); Uretano (10,0 mM) (controle positivo) e
solvente (agua Milli-Q, 1% de Tween-80 e 3% de etanol) (controle negativo).
Foi verificado um aumento na frequéncia de manchas mutantes no cruzamento

padrao - ST para os individuos tratados com 5, 10 ou 20 mM de AU. No
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cruzamento alta bioativagao - HB, individuos tratados com 5 mM apresentaram
aumento estatisticamente significativo na frequéncia de manchas mutantes,
enquanto que nas concentragdes mais elevadas o resultado foi negativo, o que
pode ser atribuido, em parte, aos niveis elevados de P450, sugerindo que o
aumento da capacidade metabdlica maximizou o efeito toxico dessas doses, ou
efeito antioxidante do AU. Na avaliagdo da carcinogénese pelo teste Wts, os
resultados obtidos, para as mesmas concentracbes de UA empregadas no
SMART, mostram um resultado positivo para a presenga de tumores quando
comparados ao controle negativo. Concluimos que a UA possui efeitos
recombinogénicos, mutagénicos e carcinogénicos em células somaticas de
Drosophila melanogaster. As propriedades antioxidantes e pré-oxidantes do AU

sao susceptiveis de explicar os resultados observados.

Palavras chave: acido usnico; tumor; smart; warts; focos de criptas aberrantes;

ensaio de micronucleo.
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ABSTRACT

Unic acid (UA) is one of the most common and abundant lichen
metabolites. The aim of this study was to investigate the effects of usnic acid
(UA) on: 1] pre-neoplastic colorectal lesions induced by 1,2-dimethylhydrazine
(DMH) using the aberrant crypt foci (ACF) as biomarker in rats; 2] the cytotoxic,
genotoxic and modulatory activity of AU on doxorubicin (DXR)-induced
genotoxicity in Chinese hamster ovary (CHO) cells, using the cytokinesis-block
micronucleus (CBMN) assay; 3] the mutagenic, recombinogenic and
carcinogenic activity of UA in Drosophila melanogaster using, respectivey, the
Somatic Mutation and Recombination Test (SMART) and the test for detecting
epithelial tumor clones (wts test). In FCA assay, male Wistar rats were treated
with DMH (40 mg/kg b.w) twice a week for two weeks. UA was administered in
dosages of 3.125; 12.5 and 50 mg/kg b.w. Ultrapure water (negative control),
Tween 5% (solvent control), solvent control + DMH, and positive control (DMH
160 mg/kg b.w) groups were also included. The animals that received the
different doses of UA in association with DMH demonstrated statistically
significant reductions in the ACF and aberrant crypts (AC) values when
compared to the group treated with DMH alone. In the CBMN assay, UA (7.5;
15 or 30 ug/mL) alone was examined for genotoxicity, and combined with DXR
(0.5 ug/mL) for antigenotoxicity. Negative, solvent (DMSO, 0.3 uyM) and positive
(DXR 0.5 pg/mL) controls were also included. Cells treated with UA (30 ug/mL)
induced significant increase in micronuclei frequency when compared to the
negative control. For SMART, Larvae of 7214 h from Drosophila were fed with
UA (5.0, 10.0 or 20.0 mM); urethane (10.0 mM) (positive control); and solvent
(Milli-Q water, 1% Tween-80 and 3% ethanol) (negative control). ST cross
produced increase in total mutant spots in the individuals treated with 5, 10 or
20 mM of UA. HB cross produced spot frequencies in the concentration of 5 mM
that were higher than the frequency for the same concentration in the ST cross.
In the highest concentrations the result was negative, which means that the
difference observed can be attributed, in part, to the high levels of P450,
suggesting that increasing the metabolic capacity maximized the toxic effect of
these doses. In the evaluation of carcinogenesis using the wts test, the results
obtained for the same concentrations of UA show a positive result for the

presence of tumors when compared to the negative control. We conclude that
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UA has recombinogenic, mutagenic and carcinogenic effects on somatic cells in
D. melanogaster. The antioxidant and pro-oxidant properties of UA are likely to

account for the present results.

Key words: usnic acid; tumor; smart; warts; aberrant cript foci; micronuclei

assay.
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APRESENTACAO







1. Apresentacgao

Liquens sao organismos simbidticos compostos por um fungo
(micobionte) e uma ou mais algas (fotobionte), produtores de metabdlitos
especiais, denominados substancias liquénicas, também conhecidos como
acidos liquénicos. As transformagdes sintéticas dos metabdlitos das plantas
representam uma importante area da toxicologia, que pode produzir novas e
eficazes drogas. Metabdlitos com atividades biolégicas inerentes estédo sendo
utilizados a cada dia de forma mais eficiente na sintese de novos farmacos.

O interesse farmacoldgico em liquens reside justamente na atividade
biologica dos seus metabdlitos especiais, que podem ser explorados para
diversos fins terapéuticos. A maioria das substancias liquénicas sao
substancias fendlicas, dibenzofuranos, para-depsideos, depsidonas, lactonas e
derivados de acido pulvinico.

O acido usnico (AU) é o metabdlito mais comum e abundante dos
liquens, derivado do dibenzofurano. E encontrado na natureza em duas formas
enantioméricas (+)-acido usnico, e (-)-acido usnico, as quais dependem da
projecdo do grupo metila angular localizado na posigéo do carbono quiral 9b. E
um constituinte abundante em diversos géneros de liquens filogeneticamente
distintos, tais como Usnea, Cladonia, Cetraria, Ramalina, Parmelia, Alectoria,
Lecanora e Evernia.

O AU tem apresentado uma vasta gama de atividades biologicas, entre
elas: atividade antimicrobiana; antifungica; antineoplasica; antiviral; antipirética;
anti-inflamatéria; analgésica; antiprotozoaria; inseticida; hidratante e anti-
histaminica. No entanto, mesmo apresentando diversas atividades bioldgicas, a
utilizacdo do AU na terapéutica é limitada, devido a propriedades fisico-
quimicas desfavoraveis, como a sua baixa solubilidade e, especialmente, a sua
hepatotoxicidade quando ingerido por via oral em mamiferos. Varios estudos
revelaram que a produgdao de espécies reativas de oxigénio (EROs) e
deficiéncia mitocondrial, como inchago mitocondrial, fosforilagdo oxidativa,
desacoplamento e inibicdo, estdo associados a hepatotoxicidade do AU.
Coletivamente, estes resultados indicam que as mitocondrias sdo os alvos
provaveis para a toxicidade do composto liquénico.

Este trabalho, enquanto pesquisa basica, teve como finalidade contribuir

com informacgdes sobre as atividades bioldgicas do AU, por meio de: 1]



avaliagdo in vivo dos efeitos mutagénicos e recombinogénicos do AU em
células somaticas de asas de Drosophila melanogaster, utilizando o teste para
deteccdo de mutagédo e recombinagdo somatica (SMART — Somatic Mutation
and Recombination Test); 2] Avaliagdo in vivo do potencial carcinogénico do
AU empregando o teste para detecgéo de clones de tumor epitelial (wts) em D.
melanogaster, 3] avaliacdo da atividade quimiopreventiva do AU em
associagao com o carcinogeno 1,2-dimetilhidrazina (DMH), por meio do teste
de focos de criptas aberrantes (FCA) em ratos Wistar; e 4] avaliacédo das
atividades citotoxica, genotdxica e moduladora do AU sobre a genotoxicidade
induzida pela doxorrubicina em células de ovarios de hamster chinés
(Cricetulus migratorius) (células CHO).

O AU foi obtido pelo Prof. Dr. Wilson Roberto Cunha e gentilmente
cedido pela Profa. Dra. Denise Crispim Tavares, ambos da Universidade de
Franca (UNIFRAN).

As linhagens mutantes de D. melanogaster foram fornecidas pelo Dr.
Ulrich Graf, do Institute of Toxicology (ETH) and University of Zurich,
Schwerzenbach, Suica. Os testes para deteccdo de mutagdo e recombinacao
somatica, e para deteccdo de clones de tumor epitelial foram realizados no
Laboratodrio de Mutagénese da Universidade Federal de Uberlandia.

Os testes para avaliacdo da atividade quimiopreventiva do AU por meio
do teste FCA e os testes para deteccdo de micronucleos em células
binucleadas CHO foram realizados na UNIFRAN, sob a co-orientagdo da Prof®.
Dra. Denise Crispim Tavares.

A apresentacgao deste trabalho foi dividida nos seguintes capitulos:

11.  CAPITULO | - Fundamentacdo teédrica, que apresenta uma avaliacdo
literaria a que se propde o trabalho, contemplando informagdes sobre
liquens e suas substancias liquénicas, bem como discute a acao do AU
e, posteriormente, os testes empregados para avaliagcdo da
mutagenicidade e carcinogenicidade em D. melanogaster, ensaio de
formacao dos focos de criptas aberrantes em ratos Wistar, e avaliagdo
da atividade citotdxica, genotdoxica e moduladora do AU sobre a

genotoxicidade induzida por diferentes mutagenos em células CHO.
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13.

CAPITULO Il: Apresenta o manuscrito intitulado “Assessment of
genotoxic, antigenotoxic and anticarcinogenic activities of (+)-usnic acid”,
que avalia o potencial quimiopreventivo do AU na carcinogénese
coloretal de ratos Wistar in vivo; e o potencial genotoxico, antigenotdxico
e citotoxico do AU in vitro, por meio dos ensaios de focos de criptas
aberrantes e do micronucleo por bloqueio da citocinese,
respectivamente. Esse manuscrito foi redigido na lingua inglesa,
seguindo as normas de formatagédo periddico “Food and Chemical

Toxicology” (Fator de impacto 3.778).

CAPITULO IlIl: Apresenta o manuscrito intitulado “Evaluation of
mutagenic, recombinogenic and carcinogenic potential of (+)-usnic acid
in somatic cells of Drosophila melanogaster’, publicado no periédico
“Food and Chemical Toxicology” (Fator de impacto 3.778), em agosto de
2016 (v.96, p. 226-233). O artigo foi redigido em lingua inglesa, seguindo

as normas de formatacao do referido periddico.
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1. Liquens e substancias liquénicas

Liquens s&o associagbes simbidticas compostas por um fungo
(micobionte) e um ou mais participantes fotossintéticos (fotobionte), que pode
ser uma alga verde ou uma cianobactéria (SHRESTHA; ST CLAIR; 2013).
Essa simbiose exclusiva e caracteristica dos liquens propicia uma vida
harménica entre fungos e algas. O contato entre o fotobionte e o micobionte
confere vantagens para ambos, como por exemplo, prote¢cdo mutua e
transferéncia de substancias vitais, como nutrientes e produtos fotossintéticos
(LUCKING et al., 2014).

Os liquens apresentam ampla distribuicdo geografica, sendo
encontrados dos tropicos aos pélos. Por serem capazes de se adaptar a uma
grande variedade de condigbes ambientais, colonizam uma ampla gama de
superficies, e sao frequentemente encontrados em cascas de arvore, rochas
expostas, e como parte de crosta de solo biolégico (LUTZONI;
MIADLIKOWSKA, 2009). Sua capacidade adaptativa ao meio se deve a
organizagcdo de sua estrutura, cuja associagcdo entre coértex superior e as
substancias liquénicas cristalizadas sobre as hifas do fungo, fornecem maior
capacidade de resisténcia as adversidades do meio (NASH, 2008).

Os liquens sao classificados em Crostosos - Ex.. Haematomma
africanum (J. Steiner) C.W. Dodge (Figura 1. A), Foliosos - Ex.: Baeomyces
placophyllus Ach (Figura 1. B), Fruticosos - Ex.: Cladia retipora (Labill.) Nyl
(Figura 1. C), Filamentosos - Ex. Cladonia mitis Sandst (Figura 1. D),
Gelatinosos - Ex.: Collema leptaleum Tuck (Figura 1. E), e Dimorficos — EX.:
Cladonia floerkeana (Fr.) Florke (Figura 1. F).

Os liquens do tipo Crostoso aderem-se ao substrato sobre o qual se
desenvolvem por meio de estruturas semelhantes a raizes, denominadas
rizinas. Os Foliosos tém estrutura semelhante a folhas. Os Fruticosos tém
desenvolvimento que lembra a estrutura de um fruto. Os Filamentosos
possuem estrutura com o formato de filamentos. Os Gelatinosos tém
consisténcia de gelatina e devem sua forma as algas que o compdem. Os
Dimorficos tém seus tamanhos e formatos variados, sendo encontrados em
diversos tipos de substratos (EVERT; EICHHORN, 2010).



Figura 1. Classificagao dos liquens: A. Crostoso (Ex.: H. africanum); B. Folioso
(Ex.: B. placophyllus); C. Fruticoso (Ex.: C. retipora); D. Filamentoso
(Ex.: C. mitis); E. Gelatinoso (Ex.: C. leptaleum; e F. Dimérficos (Ex.:
C. floerkeana). Fonte: Pictures of tropical lichens (Disponivel em:
<http://www.tropicallichens.net/1897 .html?q=large&id=1897> Acesso
em 05 de abril de 2017).


http://www.tropicallichens.net/1897.html?q=large&amp;id=1897

O produto do metabolismo primario dos liquens consiste na producgao
especifica de um unico carboidrato pela alga, a partir da fotossintese, cuja
transferéncia ao micobionte é rapida e em quantidade substancial, o que facilita
seu acumulo ou transformacdo por meio do metabolismo especial. Nesta
segunda via sdo produzidas as substancias ou acidos liquénicos, conhecidos
como substancias com tracos fendlicos, consideradas protetoras naturais do
talo (MARTINS et al., 2014). Cerca de 550 produtos naturais sao descritos para
os liquens, dos quais 350 sdo metabdlitos especial (HONDA; VILEGAS, 1999).

Os compostos fendlicos, derivados de substancias liquénidas (alguns
unicos na classe), compreendem os compostos derivados de aminoacidos,
alcoois de acucares, acidos alifaticos, lactonas e macrociclicas, compostos
aromaticos monociclicos, quinonas, cromonas, xantonas, dibenzofuranos, para-
depsideos, depsidonas, depsonas, terpendides, esterdides, carotendides e
éteres difenilicos (HOWELL et al., 2003). A maioria dos metabdlitos
secundarios é derivada da via do acetil-polimalonil. Outros metabdlitos sao
derivados da via do acido chiquimico, e outros da via do acido mevalbnico
(CULBERSON; ELIX, 1989; ELIX, 1996) (Figura 2).

O entusiasmo cientifico com a descoberta das propriedades liquénicas,
e suas contribuicbes para a saude humana, provocou uma espécie de corrida
do ouro visando encontrar novos principios ativos. Entre as substancias
liquénicas ativas, o acido usnico (AU) atraiu o interesse de muitos cientistas
(COCCHIETTO et al., 2002)

Uma analise da literatura sobre o AU revela um padrdo de trés
periodos. No primeiro periodo, desde o fim da Segunda Guerra Mundial até o
final da década de 1950, o numero de trabalhos foi elevado, refletindo o
interesse despertado pela comunidade cientifica mundial pelo AU,
principalmente no que se refere as suas propriedades antibidticas. O segundo
periodo abrange as décadas de 1960 e 1970, e mostra um nivel reduzido de
interesse pelo AU, provavelmente devido ao sucesso dos antibidticos
sintéticos, que foram facilmente fabricados e economicamente mais
convenientes. Além disso, a baixa solubilidade em agua dos derivados de
liquens, e a dificuldade de recolher liquens em grande escala, dificultou a
utilizagdo de tais substancias. O ultimo periodo abrange o final da década de

80 até o presente, e mostra um renovado interesse pelo AU, provavelmente
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devido ao aumento da incidéncia de resisténcia pleiotropica causada pelo uso
intensivo de antibioticos (COCCHIETTO et al., 2002).

Acidos alifaticos

Alga L . superiores
Glucose ] ] Acidos UsnicoS antraquinonas
Eritritol P Olissacarideos
Ribitol \ !

Manitol A Do

Fungo *Agucares—*=Acetil COA—> | o ool imaLoNIL

NS
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+ homologos

g"!

Fenilalanina Terfenilguinonas

' l ‘\:/ Esterois \
Depsonas

Derivados do acide™ — FZEERER S | Tridepsideos
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. v
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Figura 2. Provaveis vias de biossintese de compostos liquénicos (Adaptado de
Culberson e Elix, 1989).

Sendo assim, os liquens tém se apresentado como uma das fontes
mais importantes de compostos biologicamente ativos (BARNES, 2000). Sao
usados como alimento e fonte farmacolégica para producdo de Oleos
essenciais e substancias fixadoras de perfume, cosméticos, corantes de
tecidos, graxas e oleos (YANG et al.,, 2016). Apresentam agado antiviral
(CAMPANELLA et al, 2002; SOKOLOV et al., 2009), antimicrobiana
(MARTINS et al.,, 2010) antifungica (WEI et al.,, 2008) antitumoral
(EINARSDOTTIR et al., 2010) e inseticida (NIMIS; SKERT, 2006), além de alta
atividade citotoxica (BAZIN et al., 2008).



O amplo espectro de atividade biolégica chama a atengao constante dos
investigadores, considerando que os acidos liquénicos estdo geralmente
presentes nos liquens em concentragcbes relativamente altas e, devido a
atividade antioxidante, é provavel que contribuam para as defesas
antioxidantes dos organismos (HIDALGO et al., 1994). No entanto, é preciso
considerar que acidos liquénicos sao substancias ciclicas com grupos-OH
livres, 0 que os torna quase sempre toxicos, quando em altas dosagens, para
os seres vivos (AIRAKSINEM et al., 1986).

2. Acido usnico

O &cido usnico (AU) (2,6 diacetil - 7,9 diidroxi 8,9b dimetil — 1,3 (2H,9BH)

— dibenzofurandione, C1gH1607 ) primeiramente isolado em 1844, caracteriza-se
por ser um pigmento cortical amarelo, de baixo peso molecular (344,329),
insoluvel em agua e em glicerol, parcialmente soluvel em etanol, e facilmente
soluvel em éter, acetona, cloroférmio e acetato de etila (KRISTMUNDSDOTTIR
et al., 2002).

Formas opticamente ativas (+) e (-) de AU diferem nas configuragdes R
e S (formas enantioméricas, dependendo da projegdo angular do grupo metil)
do Carbono® (Figura 3) (INGOLFSDOTTIR, 2002; PROKOPIEV et al., 2017).

Embora muitos autores classifiquem o AU como um grupo
dibenzofurano, considera-se que seja formado pela ciclizagdo do tipo
floroglucinol, e ndo pelo tipo orselinica, tipica dos dibenzofuranos (TAKANI et
al., 2002). Este composto € particularmente abundante em géneros como
Alectoria, Cladonia, Evernia, Haematomma, Lecanora, Parmelia, Ramalina e
Usnea (ZHAO et al., 2010). Porém, Usnea e Alectoria sao géneros ricos em
termos de teor de AU por sintetizarem aproximadamente 6% de acido de seu
préprio peso (ODABASOGLU et al., 2006).



Figura 3. Estrutura dos enantioméricos: A. (+)-acido usnico; B. (-)- acido usnico
(Fonte: PROKOPIEV et al., 2017).

A partir da segunda metade do século XX, centenas de propriedades
foram atribuidas a este composto, abrangendo os campos taxondmico,
fisiolégico, ecoldgico, cosmético, médico-farmacéutico, e até mesmo agricola-
arboricultural (SHANG et al., 2014). Sabe-se que o AU apresenta uma ampla
atividade terapéutica com potencial antibiético, antitumoral, antituberculostatico,
antiviral, antiflamatério, analgésico, antipirético, antimitético, antimicético,
antiproliferativo, antifungico, antiprotozoario e anti-histaminico. Atua, ainda,
como promissor agente quimioterapico, no tratamento e prevencéo de placa
dentaria, como fotoprotetor de irradiagdes ultravioleta. (CAVIGLIA et al., 2001,
COCCHIETTO et al., 2002; FRANCOLINI et al., 2004; INGOLFSDOTTIR,
2002). Uma revisao recente sobre as atividades biolégicas do AU e seus

derivados € apresentada por Luzina e Salakhutdinov (2016).



A principal atividade biologica do AU é a sua atividade antibidtica,
mostrada na década de 50 e ampliada por inumeras investigagdes posteriores
(COCCHIETTO; SKERT; NIMIS, 2002). Elo et al. (2007) demonstraram que
diferentes concentragdes de AU possuem alta atividade frente a sete cepas de
microrganismos resistentes, tais como Enterococcus e Staphylococcus, quando
comparado com a ampicilina, droga de referéncia, mostrando o potencial valor
clinico deste metabdlito.

A atividade anti-inflamatéria foi demonstrada por Vijayakumar e
colaboradores (2000) em um estudo de edema de pata em ratos Wistar,
revelando uma significante redugdo do edema, utilizando uma dose de AU de
100 mg/Kg de peso corpéreo, quando comparado com o ibuprofeno (na mesma
dose), farmaco padréo de referéncia como antiinflamatario.

Sokolov et al. (2012) mostraram atividade antiviral e citotoxica do AU e
de 11 derivados contra o virus da pandemia da gripe A (H1N1), em que o
isdmero (-) do AU demonstrou ser mais ativo em comparagao ao isbmero (+).
Ja efeitos citopaticos dos herpes virus simples tipo | foram inibidos in vitro
quando células de rins de macacos infectados foram tratadas com (+)-acido
usnico (PERRY et al., 1999).

Em estudo da atividade antitumoral do AU frente a linhagem celular de
carcinoma de pulmé&o humano (NCI-H 292), observou-se que o AU em
suspensédo, e contido dentro de nanocapsulas poliméricas, exibiram atividade
citotoxica (SANTOS et. al., 2006). Da mesma forma, Ribeiro-Costa et al. (2006)
demonstraram redugéo de 43% de tumor por meio da administracédo de AU na
regiao intraperitoneal em camundongos.

Em linhagens de células humanas T47D (cancer de mama) e Capan-2
(cancer pacreatico), o AU apresentou um efeito inibitério sobre o crescimento e
a proliferacdo das duas linhagens, com alteragdo do potencial de membrana
mitocondrial (EINARSDOTTIR et al., 2010); e citotoxicidade seletiva, refletindo
atividade anticancerigena especifica, em células neoplasicas de figado
(HepG2), quando comparado com células normais (NGUYEN, 2014).

Além disso, foi mostrado que o AU tem efeito apoptotico em linhagens
de cancer humano, reduzindo significativamente a viabilidade celular e
induzindo a apoptose em carcinoma de 6vario, adenocarcinoma cervical, de

mama, de cdlon, leucemia promielocitica e leucemia de células T
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(BACKOROVA et al., 2011; BE'ZIVIN et al., 2004; BURLANDO et al., 2009;
EINARSDO'TTIR et al., 2010; REN et al., 2009). E ainda, apresenta potencial
na inibicio de metastase, podendo ser usado para terapia com distintos
mecanismos de acao (YANG et al., 2016).

Os efeitos deletérios do AU em células de mamiferos tém sido
relatados por meio da inibicdo da proliferacdo celular e citotoxicidade em
cultura de queratinécitos (KUMAR; MULLER, 1999), e em hepatécitos isolados
de ratos tratados com diferentes concentracdes, apresentando quase 100% de
necrose com uma redugao consideravel dos niveis de ATP (HAN et al., 2004).

Estudos de Pramyothin et al. (2004) e Yokouchi et al. (2015) também
demonstraram que o AU pode induzir toxicidade em hepatdcitos e em células
do miocardio de ratos. Os mecanismos que determinam a toxicidade estao
relacionados com a capacidade do AU induzir aumento da producdo de
espécies reativas de oxigénio (EROs), provocando a perda de integridade da
membrana, assim como de outras estruturas celulares, resultando na
destruigao da respiracdo mitocondrial e fosforilacdo oxidativa.

Acdo pro-oxidante e antioxidante, também sao atribuidas ao AU
(KOHLHARDT-FLOEHR et al., 2010). Isso se deve ao fato deste metabdlito ser
caracterizado como composto fendlico, que pode ajudar a combater o estresse
oxidativo atuando como antioxidante, e ao mesmo tempo atuar no desequilibrio
do estado redox celular no sentido pré-oxidante, dependendo das condigcdes
especificas, ou seja, ambiente celular e quantidade do composto (HALLIWELL,
2008).

Apesar de o AU apresentar propriedades biolégicas promissoras, sua
utilizagcdo na terapéutica humana é limitada, uma vez que o seu mecanismo de
acao ainda nio esta completamente elucidado.

Estudos prévios tém demonstrado que enantidmeros do AU possuem
efeitos genotdxicos in vitro em linfécitos do sangue periférico humano
(PROKORPIEV et al., 2017), em células V79 e de camundongo Swiss (por meio
dos testes cometa e de micronucleos) (LEANDRO et al.,, 2013); reduzem
toxicidade e aumentam a atividade antitumoral da bleomicina em camundontos
(SU et al., 2017); possuem efeitos teratogénicos durante organogénese em
ratas (SILVA et al., 2017). Desta forma, novos estudos sdo necessarios para

que seus efeitos bioldgicos, assim como os possiveis potenciais toxico,
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mutagénico / antimutagénico, recombinogénico / antirecombinogénico,
carcinogénico / anticarcinogénico, clastogénico / anticlastogénico sejam

elucidados.

3. Drosophotoxicologia

Para a avaliacdo dos efeitos mutagénicos e/ou carcinogénicos de
substancias quimicas, fisicas ou biolégicas podem ser utilizados diferentes
organismos como modelo experimental (FONSECA; PEREIRA, 2004). A
espécie Drosophila melanogaster, conhecida popularmente como “mosca da
fruta”, € um versatil organismo teste usado em pesquisas cientificas nos
campos da Genética, Biomedicina, Medicina, Ecotoxicologia e Biologia de
Comportamento, responsaveis por fornecer importantes informacdes em
estudos genéticos e de desenvolvimento (KIM et al., 2011).

A Drosophotoxicologia engloba a pletora de abordagens metodoldgicas
relacionadas ao uso da D. melanogaster como organismo de escolha em
estudos de toxicologia, por oferecer varias vantagens importantes, tais como
estrutura de genoma relativamente simples, ciclo de vida curto, baixo custo de
manutencdo, simplicidade de manipulagdo experimental quando comparado
aos modelos de vertebrados, tanto do ponto de vista ético como técnico,
homologia de genes relevantes com organismos superiores, facilidade de
obtencdo de fendtipos mutantes, sistema enzimatico semelhante ao dos
mamiferos, rapidez e confiabilidade dos testes (LOMBARDOT et al.,, 2015;
CHIFIRIUC et al., 2016). Além disso, a Drosophila € um organismo genético
bem estudado para o entendimento dos mecanismos moleculares de doencas
humanas. Aproximadamente 75% de genes causadores de doengas em
humanos possuem homologos funcionais na Drosophila (PANDEY; NICHOLS,
2011).

4. Teste para detecgao de mutagao e recombinagao somatica

O teste para deteccdo de mutagédo e recombinagdo somatica (Somatic
Mutation and Recombination Test - SMART) desenvolvido por Graf et al. (1984)

permite detectar um amplo espectro de eventos mutagénicos utilizando a D.
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melanogaster como organismo teste. O teste baseia-se no fato de que durante
o inicio do desenvolvimento embrionario da Drosophila, grupos de células
proliferam mitoticamente até se diferenciarem em estruturas do corpo da
mosca adulta. Se ocorrer uma alteragdo genética em uma célula do disco
imaginal, esta alteracdo formara um clone de células mutantes que sera
detectado como uma mancha de pelos mutantes nas asas da mosca adulta
(GUZMAN-RINCON; GRAF, 1995). A andlise dessas manchas demonstra
fenotipicamente a acdo dos genes marcadores fir’ ou mwh, responsaveis por
mudangas na forma dos pelos ou tricomas (GRAF et al., 1984).

O SMART ¢é considerado um teste rapido, barato, e que produz
resultados confiaveis e altamente reproduziveis (GRAF et al., 1984; SPANO et
al., 2001). Tem se destacado como um instrumento preciso para discriminar
simultaneamente agentes mutagénicos, clastogénicos e/ou recombinogénicos.
Além disso, pode ser utilizado para detecgédo de um amplo espectro de agentes
genotodxicos de diferentes classes quimicas, misturas complexas, assim como
particulas aéreas (AMARAL, 2001; SARIKAYA et al., 2016; REIS et al., 2016;
MORAIS et al., 2016; FERNANDES et al., 2017).

4.1. Linhagens Mutantes de D. melanogaster

Para a realizagdo do SMART sé&o utilizadas trés linhagens mutantes de
D. melanogaster com os marcadores genéticos multiple wing hairs (mwh, 3-0,3)
e flare-3 (fir*, 3-38,0): (1) multiple wing hairs (mwh/mwh); (2) flare-3
(fIr/In(3LR)TM3, ri pPsep 1(3)89Aa bx34° and Bd°); e (3) ORR; flare-3
(ORR/ORR; fIr¥/In(3LR)TM3, ri pPsep 1(3)89Aa bx34° and Bd®). A linhagem
ORR tem os cromossomos 1 e 2 de uma linhagem DDT-resistente Oregon
R(R), responsaveis por altos niveis constitutivos de enzima citocromo P-450, o
que torna o teste SMART mais sensivel a ativacdo de promutagenos via
citocromo (GRAF; VAN SCHAIK, 1992).

4.2. Cruzamentos

O teste SMART é realizado por meio de dois tipos de cruzamentos

experimentais: 1] Cruzamento Padrao (Standard Cross — ST), que consiste em
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fémeas virgens fIr¥/In (3LR) TM3, ri p” sep | (3) 89Aabx** e Bd® cruzadas com
machos mwh (GRAF et al., 1989); e 2] Cruzamento de alta bioativagao (High
Bioactivation Cross — HB), que consiste de fémeas virgens ORR; fir’/In (3LR)
TM3, ri p° sep | (3) 89Aabx** cruzadas com machos mwh (GRAF; VAN
SCHAIK, 1992).

A partir desses cruzamentos sdo obtidos dois tipos de descendentes:
trans heterozigotos marcados (marker trans-heterozygous - MH) e
heterozigotos balanceados (balancer-heterozygous - BH). Esses descendentes
sdo distintos fenotipicamente com base no marcador TM3, Bd°®. Os
descendentes MH desenvolvem asa normal, com borda lisa, enquanto que no
BH as asas possuem aparéncia picotada ou serrilhada, denominadas
serrilhadas (serrate) (Figura 4) (GUZMAN-RINCON; GRAF, 1995).

Os descendentes MH (mwh+/+flr) apresentam os cromossomos
estruturalmente normais, enquanto que os descendentes BH (mwh+/+TM3,Bd°)
apresentam um cromossomo balanceador génico com multiplas inversdes
(TM3, Bd°®). Os individuos MH expressam pelos mutantes nas asas originados
por mutagées e recombinag¢des ocorridas nos loci génicos mwh e fir. Ja os
descendentes BH possuem um cromossomo balanceador TM3/Bd® que
inviabiliza a recombinagado génica, permitindo apenas a detecgdo de eventos
mutagénicos. Portanto, para que se tenha a taxa exata de recombinagio e
mutacdo a analise dos descendentes BH é de fundamental importancia
(GUZMAN-RINCON; GRAF, 1995).
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Figura 4. Representacdo esquematica dos cruzamentos realizados com as

linhagens de D. melanogaster. Aspectos fenotipicos dos
descendentes gerados e eventos genéticos identificados (Fonte:

REZENDE, 2012).
4.3. Alteragoes genéticas diagnosticadas por meio da analise das asas

O teste SMART baseia-se no fato de que, se ocorrer alguma alteragao
genética nas células dos discos imaginais de asa, que estdo se dividindo por
mitose, estas alteragdes estardo presentes em todas as células descendentes,
induzindo o aparecimento de clones de células mutantes. (GUZMAN-RINCON;
GRAF, 1995).

Pelos mutantes sao, a partir dai, classificados em manchas: simples,
quando expressam apenas um dos marcadores mwh ou fir’, originadas por
mutacéo, aberragao cromossdmica (delegao) ou recombinagao distal (Fig. 5A);
gémeas, quando expressam os dois marcadores mwh e fir’ na mesma mancha

(Fig. 5B). As manchas sdo ainda classificadas quanto ao tamanho, podendo
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ser simples pequenas, quando possuir um ou dois pelos mutantes, ou simples

grandes, se houver mais de dois pelos mutantes.

N>

Figura 5. Fotomicrografia de clones de pelos mutantes em células de asas de
D. melanogaster, obtidas em microscépico optico de luz (aumento:
40X): A. Pelos normais B. Mancha simples, com pelos multiplos
(mwh); C. Mancha simples, com pelos flare (flr3); D. Mancha gémea,
com pelos multiplos da asa e pelos flare (Fonte: Arquivo do

Laboratorio de Mutagénese, UFU).
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5. Teste para deteccao de clones de tumores epiteliais (warts) em D.

melanogaster

O Teste para detecgdo de clones de tumores epiteliais (warts) em
Drosophila é considerado um teste rapido, barato, e que produz resultados
confidveis e altamente reproduziveis (NEPOMUCENO, 2015). Tem sido
utilizado para deteccdto de um amplo espectro de agentes
carcinogénicos/anticarcinogénicos de diferentes classes quimicas e misturas
complexas (ORSOLIN et al., 2012; NEPOMUCENO, 2015; MORAIS et al.,
2016; VASCONCELOS et al., 2017).

A conservagao evolutiva de genes supressores de tumor entre D.
melanogaster e mamiferos tem estimulado os estudos relacionados a indugao
e o0 desenvolvimento de tumores em D. melanogaster, estudos estes que
podem contribuir diretamente para o entendimento da génese de canceres em
seres humanos (EEKEN, 2002).

As células dos discos imaginais de Drosophila possuem um ciclo
celular muito semelhante ao das células de mamiferos. Os dados relativos a
fatores que induzem tumores nessas células podem se relacionar diretamente
com o risco desses fatores para induzir cancer em humanos. Um dos genes
envolvidos na regulacdo do controle do ciclo celular é wits (verrugas), o
homodlogo de Drosophila do gene supressor de tumor quinase 1 serina/treonina
dependente de fosforilagdo de mamifero LATS7. As mutagbes de Drosophila
wts sao recessivas letais. No entanto, os clones homozigotos que surgem nas
moscas heterozigoticas nas células do disco imaginal levam a tumores
epiteliais, crescimentos visiveis na cuticula do adulto. As proteinas quinases e
CDK (quinase dependente de ciclinas) formam um complexo responsavel pelo
controle da regulagdo do ciclo celular em D. melanogaster. Participam desse
controle diversos oncogenes e genes supressores de tumor (EEKEN et al.,
2002).

O gene wts codifica uma proteina denominada serina/treonina quinase,
importante na progressdao do ciclo celular, especificamente na mitose
(NISHIYAMA, 1999). O marcador wts esta localizado no cromossomo 3 da
mosca e € letal para o zigoto quando expresso em homozigose. Devido a

letalidade, o alelo warts € mantido na linhagem estoque com a presenga de um
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balanceador cromossémico (TM3). Se ocorrer a perda da heterozigose nas
células do disco imaginal, havera formagao de clones homozigotos, o que é
viavel em conjuntos de células isoladas da larva, que se manifestam como
tumores na mosca adulta (SIDOROV et al., 2001).

5.1. Cruzamento e Analise

O teste para deteccéo de tumor epitelial (warts) é realizado por meio de
machos da linhagem multiple wing hairs (mwh/mwh), com constituicao genética
Y; mwh JV (3-0,3) cruzados com fémeas virgens da linhagem warts (wts/TM3,
sb1), com constituicdo genética ST [1] in [1] kni[ri-1] wts[3-17]/TM3, sb’. Deste
cruzamento sdo obtidas dois tipos de descendentes: 1] Descendentes trans-
heterozigotos marcados (wts + / + mwh); 2] Descendentes heterozigotos
balanceados (TM3, sb” +/ + mwh) (Figura 6).

g / 1] -
Ul ] Pa
s | wis # N TMS, N
‘}§; ' m P 1 .- . "{g"ﬁ'
1 ]
T™3, 5b J
Trans-heterozigoto marcade Heterozigoto balanceado
ks 1, 5b

Figura 6. Representacédo esquematica do cruzamento entre as linhagens
multiple wing hairs e a linhagem warts, e seus descendentes
(Fonte: Adaptado de REZENDE, 2012; MORAES, 2015).
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Os descendentes trans-heterozigotos (portadores do gendtipo wis + / +
mhw), sdo separados e identificados pela presenga de pelos selvagens (longos
e finos). Os descendentes heterozigotos balanceados (que apresentam pelos
curtos e grossos) s&o descartados, uma vez que ndo possuem O gene em
estudo. Portanto, nos individuos trans-heterozigotos marcados os tumores
podem se manifestar como clones de células circulares e extremamente
invasivas, chamadas de verrugas, que se desenvolvem praticamente em todo o
corpo da mosca: cabega, olhos, corpo (térax e abdomem), pernas, asas e

halteres (Figura 7).

Figura. 7. Tumores em tecido epitelial de D. melanogaster (setas) observados
em microscopio estereoscoépico: A. Tumor no térax: B Tumor na
asa (Fonte: Arquivo do Laboratério de Citogenética e Mutagénese
do UNIPAM, Patos de Minas, MG).
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6. Ensaio de Focos de criptas aberrantes

Danos no material genético tendem a ser reparados por enzimas de
reparo. No entanto, se a célula se dividir antes que o reparo ocorra, este dano
pode levar ao aparecimento de uma alteragao permanente no DNA. Os danos
fixados sdao cumulativos e, apds 11 eventos alterativos, a célula torna-se
cancerosa e tem-se o inicio do processo da carcinogénese. Estes eventos sao
marcas de caracteristicas que constituem um principio organizador para
racionalizar a complexidade da doenca neoplasica (HANAHAN E WEINBERG,
2011). A carcinogénese €, entao, o processo de transformacdo de uma célula
normal em célula cancerosa, sendo que as substancias responsaveis por esta
transformagao se designam agentes carcinogénicos. Estas alteragdes celulares
produzem-se de forma cumulativa e continuada durante um largo periodo de
tempo, geralmente durante anos (HAINAUT; PLYMOTH, 2013).

Considerando de crucial importancia a utilizacdo de estudos in vivo
destinados a identificar os mecanismos envolvidos no efeito de substancias
genotodxicas e agentes carcinogénicos, ou prever o potencial quimiopreventivo
em mamiferos, a quimica farmacéutica tem tentado associar os achados de
ensaios de toxicologia genética a de testes de carcinogenicidade em roedores
(SNYDER; GREEN, 2001).

Focos de cripta aberrantes (FCAs) sdo pequenas lesbes densamente
coradas com azul de metileno, identificaveis sob colonoscopia de aumento. O
ensaio de FCAs tem sido relatado como um marcador de substituicdo ideal
para quantificar o risco de cancer colorretal (CCR) e para avaliar os agentes
quimiopreventivos (BURLAMAQUI et al., 2010; KAGEMOTO et al., 2017), uma
vez que a quimioprevengdo tornou-se uma area importante na pesquisa do
cancer, devido a baixa taxa de sucesso das atuais modalidades terapéuticas
(SAKI et al., 2017)

O ensaio de focos de criptas aberrantes (FCA) em ratos, foi descrito
pela primeira vez por Bird (1987), e permite detectar lesbes caracterizadas
morfologicamente por criptas anormais na superficie da mucosa do colon de
ratos, coradas com azul de metileno. E amplamente aceito que os FCA s&o
lesdes precursoras do cancer colorretal (CCR) devido as suas caracteristicas

morfélogicas, histologicas, bioldgicas e genéticas (CIDRI, 2012).
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Os FCA localizam-se com maior frequéncia no colon distal e
constituem um grupo heterogéneo de lesdes que vao desde modificagcoes
hiperplasicas, até modificagoes displasicas. Sao identificados e definidos pela
sua aparéncia microscopica na mucosa do célon, onde as criptas apresentam
um tamanho maior do que o normal; apresentam uma camada mais grossa de
células epiteliais do que as criptas normais, e tendem a ocorrer isoladamente,
em pares ou em pequenos aglomerados. Os focos podem ser arredondados,
fusiformes ou cbncavos (Figura 8). Apesar das criptas poderem ser
identificadas muito facilmente, sem muito treinamento em citologia, é
importante enfatizar que s6 as lesdes que sao identificadas microscopicamente
na mucosa intacta, e que reunem os critérios anteriormente descritos, € que
séo consideradas FCA (Bird, 1987; CIDRI, 2011; 2012).

Figura 8. Fotomicrografia de foco de criptas aberrantes (Quatro criptas) em
colon de ratos Wistar (coloragdo: Azul de metileno; aumento: 100x).
(Fonte: Laboratério de Mutagénese - UNIFRAM, Franca — SP).
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A ocorréncia espontédnea de FCA em ratos tem uma frequéncia baixa
(TANAKAMARU et al.,, 2001), mas existe uma clara associagdo entre o
aumento do numero de criptas isoladas ou multiplas com aberracbes
morfologicas apds exposicdo a substancias carcinogénicas (PAULSEN et al,
1996). Diferentes respostas ao carcinogeno 1,2-dimetihidrazina (DMH) séo
encontradas em diferentes linhagens de roedores, verificando-se a existéncia
de linhagens mais resistentes e linhagens mais susceptiveis ao aparecimento
de FCAs e posterior desenvolvimento de cancer de colon, quando induzidos
por este carcinogeno (ROSEMBERG ; LIU, 1995).

Nao se conhecem os mecanismos da transformacao de FCAs em
neoplasias, mas sabe-se da existéncia de relagdo entre alteragcbes de
oncogenes e de mecanismos genéticos com a formacado de FCAs. Mutagdes
no gene K-ras e na proteina p53, envolvidos no desenvolvimento de cancer de
coélon, estdo associadas com o aumento do numero de FCAs por campo e
desenvolvimento de tumores por colénia (SHIVAPURKAR et al., 1997). Assim,
a analise simples dos FCA na superficie da mucosa intestinal permite um
conveniente estudo in vivo da influéncia de agentes quimioprotetores, e de
outros parametros, como a inibicdo da proliferagao celular e apoptose celular
(MORI et al., 2004).

Os procedimentos para analise de FCA em cdlon de ratos estdo de
acordo com a técnica descrita por Bird (1987). Os FCAs sao caracterizados
pelas alteragdes morfologicas diferenciais, sendo analisados 50 campos
sequenciais do segmento distal do célon, em microscopia de campo claro, em
objetiva de 10X10. O numero de FCAs é contado e realizado a multiplicidade
de criptas.

Apesar dos FCAs serem considerados biomarcadores substitutos uteis
para cancer colorretal humano (FUJII et al., 2017), a detecgao de FCAs por
coloracao com azul de metileno e observagao em microscopio optico € muito
laboriosa e demorada. Desta forma, novas metodologias despontam como
promissoras no diagnéstico de FCAs por meio de endoscopia aprimorada por
imagem, denominada de IEE [imagem de banda estreita (NBI) e imagem de
laser azul (BLI)] (KAGEMOTO et al., 2017).

O ensaio de FCAs tem sido empregado para a avaliacdo e

indentificagcdo de um grande numero de agentes quimicos com atividade
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carcinogénica (MUNARI et al., 2014; CHEN et al., 2017; KAGEMOTO et al.,
2017).

7. Teste do Micronicleo

Durante a divisdo célular o material genético contido no nucleo replica
e divide-se equitativamente pelas duas células-filhas recém formadas. Durante
este processo, sobretudo na replicacao e divisdo do material genético, podem
ocorrer erros, potenciados por agentes genotdxicos, que levam a danos
cromossOmicos. Desta forma, pode ocorrer separagdo desigual do material
genético, e existir material genético que é excluido, ou ndo se incorpora
corretamente no nucleo da célula filha, originando ndcleos de menores
dimensoes, designados de micronucleos (MNs) (FENECH, 2002).

Os MNs sao, portanto, corpos esféricos encontrados no citoplasma,
com forma e coloragdo semelhante ao do nucleo principal. Sdo originados de
fragmentos acéntricos, céntricos, ou cromossomos inteiros que podem se
perderam durante a divisdo nuclear. A perda de cromossomos inteiros pode se
dar quando ha alteracdo na formagdo do fuso mitético (alteragdes nos
centriolos, tubulina, microtubulos) ou quando ha alteragbes complexas na
estrutura do cromossomo (centrébmeros, cinetécoros), resultando em células
filhas com um dos nucleos aneupléide (FERNANDES et al., 2007).

O ensaio de micronucleo é muito sensivel, uma vez que permite detectar
agentes que induzem quebras no DNA (agentes clastogénicos), e agentes que
induzem a perda / ndo disjungao de cromossomos (agentes aneugénicos). Os
agentes clastogénicos induzem a formagdo de micronucleos por quebra da
dupla hélice de DNA, formando-se fragmentos acéntricos incapazes de
aderéncia as fibras do fuso mitético e integragdo nos nucleos das células filhas.
No caso de cromossomos inteiros com cinetécoros danificados, ndo podem
ligar-se aos microtubulos que puxam as cromatides para cada célula filha
durante a mitose, permanecendo no exterior do novo nucleo formado. Estes
danos podem ser provocados por agentes quimicos que reagem com as
proteinas constituintes dos cinetécoros (SERRANO-GARCIA; MONTERO-
MONTOYA, 2001; SPEIT et al., 2007).
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Agentes aneugénicos sdo quimicos que impedem a formag&do do fuso
mitético. Estes agentes provocam a formagao de células multinucleadas, em
que cada nucleo contém um numero diferente de cromossomos, bem como a
exclusdo de cromatides inteiras do nucleo da célula, formando MNs.
(SERRANO-GARCIA; MONTERO-MONTOYA; 2001; SPEIT et al., 2007).

MNs e outras anomalias tais como pontes nucleoplasmaticas
(nucleoplasmic bridges — NPBs) e botdes nucleares (nuclear buds — NBUDS)
sdo, portanto, biomarcadores de eventos genotdoxicos e instabilidade
cromossdmica. Esses eventos, que levam a danos no genoma, podem ser
avaliados in vitro por meio do Ensaio do Micronucleo por Bloqueio da
Citocinese (CBMN), também conhecido como Cytokinesis-Block Micronucleus
cytome (CBMNCcyt) Assay, que bloqueia o ciclo celular utilizando o bloqueio de
citocinese com a citocalasina B. Desta forma sao produzidas células
binucleadas, permitindo um escore de MNs mais preciso, excluindo as células
que se dividem das células que nao se dividem. Isto é feito para melhorar a
confiabilidade, reduzindo a incidéncia de dados falso-positivos (DEEPA-
PARVATHI; RAJAGOPAL, 2014).

A citocalasina B é um inibidor da polimerizagédo da proteina actina,
requerida para a formacao de anel de microfilamentos, que induz a contragao
do citoplasma e divisdo da célula em duas células filhas (citocinese) (FENECH,;
CROTT, 2002; SALVADORI; RIBEIRO; FENECH, 2003). A analise dos MNs,
apos o bloqueio da citocinese pela citocalasina, fica restrita a células com
aparéncia binucleada e evita subestimativas da frequéncia de MNs resultantes
da contagem de células que ndo passaram por um ciclo de divisdo e,
consequentemente, ndo poderiam expressar estas estruturas (Figura 9).
Assim, a metodologia possibilita a comparagdo da frequéncia de danos
cromossOmicos entre populagdes celulares que podem diferir quanto a sua
cinética de divisao e confere a técnica boa reprodutibilidade e confiabilidade, o
que tem contribuido para a adog¢ao do ensaio de micronucleo com bloqueio de

citocinese como um importante teste citogenético (FENECH, 2007).
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Figura 9. Esquema do bloqueio da citocinese com citocalasina B, induzindo a
formacado de células binucleadas; e sem citocalasina B, formando
células mononucleadas (Fonte: ZALACAIN et al., 2005).

Para quantificacdo da frequéncia de MNs sdo analisadas apenas
células binucleadas com nucleos intactos, com tamanhos aproximadamente
iguais, mesmo padrdo de coloragdo e dentro do limite citoplasmatico, com
membrana nuclear intacta, e células claramente distinguiveis do limite
citoplasmatico de células adjacentes. As células analisadas sao classificadas
de acordo com a quantidade de MNs: 0,1, 2 ou mais (FENECH, 2000).

Para avaliar a citotoxicidade e o efeito citostatico da substancia
testada, é calculado o indice de divisdo nuclear (IDN), calculo por meio da

féormula:

IDN= [ M1+2(M2) +3(M3) + 4(M4)] / N

Onde M1 - M4 representa os numeros de células com 1, 2, 3 ou 4

nucleos, respectivamente, e N o numero total de células analisadas
(EASTMOND; TUCKER, 1989; FENECH, 2000).
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O CBMN tem sido amplamente usado para avaliar os efeitos
clastogénicos e aneugénicos de diferentes agentes quimicos in vitro (CANO et
al., 2017; SILVA et al., 2017).
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Highlights:

- The genotoxic and modulatory activity of AU on doxorubicin-induced

genotoxicity was studied in CHO cells in vitro.

- AU (30 pg / mL) induced a significant increase in the micronucleus frequency

when compared to the negative control.

- The effect of UA on colorectal pre-neoplastic lesions previously induced by

DMH was studied in Wistar rats in vivo.

- AU reduced the frequency of FCA and CA induced by DMH.

- The antioxidant and pro-oxidant properties of UA may be responsible for the

observed results.
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Abstract

Unic acid (UA) is one of the most common and abundant lichen
metabolites. UA possesses antimicrobial, anti-inflamatory, antioxidative and
antitumoral activities. The aim of this study was to investigate the cytotoxic,
genotoxic and modulatory activity of AU on doxorubicin (DXR)-induced
genotoxicity in Chinese hamster ovary (CHO) cells, using the cytokinesis-block
micronucleus (CBMN) assay, and the effects of UA on pre-neoplastic colorectal
lesions induced by 1,2-dimethylhydrazine (DMH) using the aberrant crypt foci
(ACF) as biomarker in rats. Male Wistar rats were treated with DMH (40 mg/kg
b.w) twice a week for two weeks. UA was administered in dosages of 3.125;
12.5 and 50 mg/kg b.w. Ultrapure water (negative control), Tween 5% (solvent
control), solvent control + DMH, and positive control (DMH 160 mg/kg b.w)
groups were also included. The animals that received the different doses of UA
in association with DMH demonstrated statistically significant reductions in the
ACF and aberrant crypts (AC) values when compared to the group treated with
DMH alone. In the CBMN assay, UA (7.5; 15 and 30 pg/mL) alone was
examined for genotoxicity, and combined with DXR (0.5 pg/mL) for
antigenotoxicity. Negative, solvent (DMSO, 0.3 uM) and positive (DXR 0.5
pg/mL) controls were also included. Cells treated with UA (30 pg/mL) induced
significant increase in micronuclei frequency when compared to the negative
control. The antioxidant and pro-oxidant properties of this compound are likely

to account for the present results.

Keywords: 1,2-dimethylhydrazine; aberrant crypt foci; CBMN assay;

genotoxicity; chemoprevention.
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1. Introduction

Lichens are symbiotic organisms composed of fungi and algae, that
produce phenolic compounds that can be used for pharmaceutical purposes,
including anti-tumoral activities. Among them, usnic acid (UA) seems to be one
the most promising, although its impact on the invasive potential of tumor cells
have not yet been fully understood (Martins et al., 2014; Polat et al., 2016; Yang
et al., 2016; Galanty et al., 2017).

UA is a dibenzofuran derivative, resulting from lichen secondary
metabolism, existing in nature as two enantiomeric forms: (+) and (-)-usnic acid,
depending on the position of the chiral carbon methyl group 9B. UA has been
isolated from various lichen genera, such as Alectoria, Cladonia, Evernia,
Flavocetraria, Lecanora, Ramalina and Usnea (Ingélfsdéttir, 2002; Suwalsky et
al., 2015; Yang et al., 2016; Silva et al., 2017a). Previous studies demonstrated
that UA and its derivatives have different biological activities, such as: anti-
angiogenic, anti-inflammatory, antimicrobial, antioxidant, antiproliferative,
antitumoral, and cytotoxic (Chen et al., 2014; Fernandez-Moriano et al., 2017,
Koparal, 2015; Mayer et al., 2005; Prokopiev et al., 2017; Ribeiro-Costa et al.,
2004; Su et al., 2017; Suwalsky et al., 2015; Thadhani and Karunaratne, 2017;
Yang et al., 2016; Yu et al.,, 2016). A review of the biological properties and
toxicity of UA is presented by Araujo et al. (2015).

UA showed cytotoxic activity against several cancer cell lines, such as
wild-type p53 breast cancer cell line MCF7, as well as the non-functional p53
breast cancer cell line MDA-MB-231 and the lung cancer cell line H1299 (null
for p53). Like this, the anti-cancer property of UA, that work in a p53-
independent manner, makes it a potential candidate for novel cancer therapy
(Mayer et al., 2005). UA also showed cytotoxicity against cell lines HT29 (colon
cancer), AGS (gastric cancer), A549 (lung cancer), and CWR22Rv-1 (prostate
cancer)( Nguyen, et al., 2014); significant inhibitory activity against motility of
human lung cancer cells (Yang et al., 2016); selective cytostatic and anti-
invasive effects on human prostate cancers DU-145 and PC-3 cells and
melanoma HTB-140 cells (Galanty et al., 2017).

Nguyen et al. (2014) proposed a rationale for combined using of
additional compounds such as UA to improve responses to anti-cancer therapy

in patients resistant to routine cancer chemotherapy. Recently, UA showed an
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effect-enhancing and toxicity-reducing in ascit tumor on H22-bearing Kunming
mice treated with bleomycin (Su et al., 2017).

However, there are limited data on the mutagenic/antimutagenic,
genotoxic/antigenotoxic properties of UA, and the obtained results are often
contradictory.

Aberrant crypt foci (ACF) in the colons of mice and rats exposed to
carcinogens, such as 1,2-dimethylhydrazine (DMH), can easily be visualized in
the unsectioned methylene blue-stained colons under light microscopy, where
they are distinguished by their increased size, more prominent epithelial cells,
and pericryptal space (Bird 1987; Tudek et al., 1989). Thus, the ACF test has
been used as a short-term bioassay to assess the role of chemopreventive
agents in colorectal carcinogenesis (Munari et al., 2014; Chen et al., 2017;
Kagemoto et al., 2017; Alves et al., 2017).

Micronuclei (MN) are derived from chromosome breakage and/or whole
chromosome loss retained during cell division, in anaphase. The MN can be
evaluated by the cytokinesis-block micronucleus (CBMN) assay, considered to
be the method of choice for analyzing DNA damage, cytostasis, and
cytotoxicity. In this assay, DNA damage events are scored specifically in once-
divided binucleated (BN) cells, allowing a more accurate MN score and
excluding the dividing cells from the non-dividing cells to enhance the reliability
by reducing the incidence of false positive data (Fenech, 2007; Deepa Parvathi
and Rajagopal, 2014; Silva et al., 2017b). The micronucleus test (MNT) has
been used to evaluate clastogenic and aneugenic effects of different chemical
substances, including phenolic compounds (Alves et al., 2017; Silva et al.,
2017b).

The aim of this study was the assessment of anticarcinogenic, genotoxic,
antigenotoxic activities of (+)-usnic acid using, respectively, the aberrant crypt
foci (ACF) and the CBMN assays.

2. Material and Methods

2.1. (+) — Usnic acid
(+)-usnic acid (UA), 2,6-Diacetyl-7,9-dihydroxy-8,9b, dimethyldibenzo
[b,d]furan-1,3(2H,9bH)-dione, (CAS # 7562-61-0) (Figure 1) was kindly provided
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by Denise Crispim Tavares PhD, of the Natural Products Research Group of the
University of Franca (UNIFRAN), Franca, SP, Brazil.

2.2. Aberrant crypt foci (ACF) assay
2.2.1. Animals
Male Wistar rats (Rattus norvegicus), weighing approximately 120 g were
provided by the Faculty of Pharmaceutical Sciences, University of Sdo Paulo,
Ribeirdo Preto, Sdo Paulo, Brazil. The animals were housed in plastic
boxes in an experimental room under controlled conditions of temperature
(22 £ 2 °C) and humidity (50 + 10%) under a 12 hours light-dark cycle, with
standard rat chow and water available ad libitum. The study was conducted in
accordance with internationally accepted principles for use and care of
laboratory animals, in accordance with US guidelines (NIH # 85-23, revised
1985). The study protocol was approved by the Ethics Committee on Animal
Care of the University of Franca (N ° 1574270916).

2.2.2. ACF-inducing agents

The colon carcinogen 1,2-Dimethylhydrazine (DMH) (CAS 540-73-8),
(Sigma-Aldrich, St Louis, USA) was dissolved immediately prior to use in 1 mM
ethylenediaminetetraacetic acid (EDTA) (CAS 60-00-4), (Sigma-Aldrich, St
Louis, USA). Male Wistar rats were given subcutaneous injections of DMH (total
dose of 160 mg / kg b.w.) divided into four subcutaneous injections of 40 mg /
kg b.w., which were administered twice a week for two weeks (weeks 2 and 3),
and submitted to euthanasia at the end of the 5™ week, as described by
Senedese et al. (2013).

2.2.3. Experimental procedure

To perform the experimental procedure, 7 groups of male Wistar rats (5
animals for each group) were acclimatized for 1 week and then treated with
DMH (40 mg / kg b.w) alone, twice a week for two weeks, or combined with UA,
which was administered during 5 days of the week, in different doses (3.125;
12.5 or 50 mg / kg b.w) (Figure 2). Ultrapure water (negative control), Tween
5% (solvent control), solvent control + DMH, and positive control (DMH 160 mg

/ kg b.w) groups were also included.
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AU doses were selected based on preliminary tests. Body weight and
water consumption were measured daily throughout the experimental period
after the first treatment with DMH. The period of 4 weeks of treatment was
considered to be sufficient to observe formation of ACF according to previous
studies of Bazo et al. (2002) and Rodrigues et al. (2002).

2.2.4. ACF analysis

Procedures for analysis of FCA in rat colon were performed according to
Bird (1987). The animals were anesthetized with 1 mL of 1% thiopental sodium
(500 mg / kg b.w.) and euthanized by exsanguination. After laparoscopy, the
distal colon was excised, flushed with tap water to remove the faeces, opened
longitudinally and fixed in 10% formaldehyde solution for 24 hours.

For histological analysis the colon was stained with 0.02% methylene
blue for 15 minutes and mounted on a microscopic slide with the mucosa facing
upwards, allowing the identification and quantification of the FCA.

The FCAs were characterized by differential morphological alterations
proposed by Bird (1987). Fifty sequential fields of the distal colon were analyzed
in light microscopy at a magnification of 100 x. The number of crypts and the
multiplicity of crypts (number of crypts per ACF) were recorded. Each colon was

examined by at least three observers in a double-blind manner.

2.2.5. Statistical analysis

The data were analyzed by analysis of variance (ANOVA) for fully
randomized experiments, with calculation of F statistics and respective P
values. In cases in which P<0.05, treatment means were compared by the
Tukey test and the minimum significant difference was calculated for P = 0.05.

Statistical analysis was performed using the Graph Pad Prism program 5.
2.3. Cytokinesis-block micronucleus (CBMN) assay

2.3.1. Cells and culture conditions

The Chinese hamster ovary (CHO) cell lines were maintained as
monolayers in plastic culture flasks (25 cm?) in HAM-F10 (Sigma-Aldrich) and
DMEM (Sigma-Aldrich) (1:1) culture medium, supplemented with 10% fetal
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bovine serum (Nutricell), antibiotics (0.01 mg / mL streptomycin and 0.005
mg/mL penicillin, Sigma-Aldrich) and 2.32 mg / mL Hepes (Sigma-Aldrich)
incubated at 37 °C in a BOD-type incubator. Under these conditions, the cell
cycle time was 12 hours, and the experiments were carried out using CHO cells
after the 4th passage. The protocols used in this study were performed in

triplicate.

2.3.2. DNA - inducing agent

To study the modulating effect of AU on chromosomal aberration,
doxorubicin (DXR, Eurofarma Laboratories Ltda.) was dissolved in sterile
distilled water and used at a concentration of 0.5 pg / mL. DXR is one of the
antineoplastic agents belonging to the anthracycline class that has a broad
spectrum of clinical activity against neoplasms, being a free radical generator

and topoisomerase Il inhibitor.

2.3.3. Micronucleus assay

The CHO cells were seeded in tissue-culture flasks and incubated for 25
hours in 5 mL complete HAM-F10 / DMEM medium and washed with 5 mL of
phosphate buffered saline (PBS) (pH 7.4). After this procedure, the cultures
were treated in serum-free medium at the isolated concentrations of AU (7.5, 15
or 30 ug / mL), and the concentrations of AU 3.75; 7.5 or 15 pg / mL
combination with the mutagen DXR (0.5 pg / mL). Negative (no treatment),
solvent (DMSO, dimethylsulfoxide, Sigma-Aldrich, 0.3 uM) and positive (DXR)
controls were also included.

After the treatment period, the cells were washed with PBS and a culture
medium supplemented with fetal bovine serum containing 3 pg / mL of
cytochalasin B (CAS 14930-96-2, Sigma-Aldrich) was added. After 3 hours,
cells were rinsed with 5 mL PBS, trypsinized using 0.025% trypsin-EDTA and
centrifuged for 5 min at 900 rpm. The pellet was hypotonized in sodium citrate
1% at 37 °C and then homogenized with a Pasteur pipette. This cell suspension
was centrifuged again, the supernatant was discarded and the pellet was
resuspended in methanol: acetic acid (3:1) and homogenized again with a
Pasteur pipette. After fixation, the cells were stained in 3% Giemsa solution.

The cells were analyzed in light microscopy at a magnification of 100 x.

45



The criteria used for the analysis of micronuclei and binucleate cells were
established by Fenech (2000). For the analysis, 1000 cells were counted per
culture in total of 3000 binucleate cells per treatment. The cytotoxicity of the
treatments was evaluated by calculating the nuclear division index (NDI),
determined by analysis of 500 cells per replicate, for a total of 1500 cells per
treatment group. Cells with well-preserved cytoplasm containing 1 to 4 nuclei
were counted and NDI was calculated using the formula of Eastmond and
Tucker (1989).

NDI=[M1+ 2 (M2) + 3 (M3) + 4 (M4)]
N

Where M1 - M4 is the number of cells with 1, 2, 3 and 4 nuclei, respectively,

and N is the total number of viable cells.

2.3.4. Statistical analysis

The micronucleus test data were analyzed statistically by analysis of
variance for completely randomized experiments, with statistical calculation O
and respective values of (. When P<0.05, the treatment media were compared
by the Tukey's test and the minimum significant difference was calculated for a
= 0.05.

3. Results

3.1. Aberrant crypt foci (ACF) assay

Table 1 shows the mean and standard deviation of the initial and final
body weight, weight gain and water consumption in Wistar rats treated in the
different experimental groups of the ACF assay. No statistically significant
differences were observed in these variables between groups (Table pag 68).

The mean and standard deviation values of ACF (1-4 crypts), total ACF,
total AC and AC/ACF (multiplicity of crypts) in the mid and distal colons in the 7
experimental groups of the ACF assay are shown in Table 2. ACF were
observed in all DMH-treated rats but not in the negative controls (ultrapure

water and Tween 5%). The frequencies of ACF and AC observed in animals
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treated with Tween 5% associated with DMH were not significantly different
from animals treated with DMH alone.

The presence of FCA was observed in all groups of animals treated with
DMH. Animals receiving the different doses of soleus and DMH demonstrated
statistically significant reductions in ACA and AC levels when compared to the
group treated with DMH only. It was shown that the dose of 3,125 + DMH was
the most effective as a chemopreventive against pre-neoplastic lesions induced
by DMH.

3.2. Micronucleus assay

The micronucleus (MN) frequency in CHO cells treated with different
concentrations of UA (7.5; 15 or 30 pg/mL) alone or the concentrations of AU
(8.75; 7.5 OR 15 pg/MI) combined with DXR (0.5 pg/mL), and the nuclear
division index (NDI) are shown in Table 3. No significant differences in MN
induction were observed in the groups treated with UA (7.5 or 15 ug/mL) when
compared to negative control (P>0.05). AU (30 pg/mL) significantly increased
the frequency of MN (P<0.05), showing a genotoxic effect.

The DXR (0.5 pg/mL) and DMSO + DXR (0.5 ug/mL) significantly
increased the frequency of MN (P<0.05), showing a mutagenic effect.
Nevertheless, a significant decrease in the frequency of MN was observed
when DXR (0.5 pg/mL) was combined with UA (3.75 or 7.5 pg/mL), compared
to positive control (P<0.05). On the other hand, UA (15 ug/mL) significantly
increased the frequency of MN, compared to positive control (P<0.05).

The Table 3 also displays the mean nuclear division index (NDI) and the
respective standard deviation (SD) obtained for all treated groups. No
significant differences were observed between the total induced MN in any
treatment group compared to the negative control, demonstrating the absence

of cytotoxicity of the different treatments under our experimental conditions.

4. Discussion

In this paper we investigated the protective effect of UA against pre-

neoplastic foci induced by DMH in the rat colon, using the in vivo aberrant crypt
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foci assay, and the mutagenic and modulatory potential of UA against DXR-
induced genotoxicity in CHO cells, using the CBMN assay.

Analysis of the frequency of FCA demonstrated the protective effect of
AU against pre-neoplastic lesions induced by DMH in the rat colon. The
advantage of studying the pathogenesis of colon cancer induced by chemical
carcinogens in animal models is that tumor induction is rapid and allows to
reproduce the adenoma-carcinoma sequence as in humans (Senedese et al.,
2013).

In the present study, it was used the period of five weeks for the FCA
test, being one week of acclimatization, and four weeks of treatment, allowing
the observation of high number of ACF containing a CA, which is in agreement
with literature data (Alves et al., 2017, Chen et al., 2017).

Body weight and water consumption were monitored throughout the
experimental period, demonstrating the absence of statistically significant
differences between the variables. Thus, the doses used were non-toxic since
weight loss and non-ingestion of water may be indicative of toxicity (Ibrahim et
al., 2012)

The results observed in the ACF assay demonstrate the efficacy of DMH
on the increased induction of mutation in colon epithelial cells, resulting in the
formation of AC. The chemical agent DMH, used as a reference carcinogen,
when metabolized, releases azomethane, azoxymethane,
methylazoxymethanol, ethane, carbon dioxide and methyldiazonium, which are
able to methylate DNA, RNA and proteins (Swenberg et al., 1979; Choudhary
and Hansen, 1998). These metabolites are responsible for the methylation of
DNA bases of various organs, including proliferating epithelial cells (Chang et
al.,, 1984). DMH also induces carcinogenesis through increased peroxide
production and consequently free hydroxyl radical which, in the presence of
metal ions, may contribute to lipid peroxidation (Ghadi et al., 2012).

Treatment with UA was able to reduce the DMH-induced pre-neoplastic
lesions, minimizing the frequency of carcinogenicity in the colon of rats. The
reduction in the frequency of ACF was observed at all UA concentrations
tested, being UA (3.125 mg / kg b.w) the most effective one. Thus, these results
indicate that AU prevents DNA damage and the formation of pre-neoplastic

lesions involved in the initial stage of colon cancer.
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These results can be attributed to the antioxidant properties of UA, as
demonstrated by studies of Odabasoglu et al. (2006) and Halici et al. (2005),
which investigated the gastroprotective effects of UA in the indomethacin-
induced gastric ulcers in rats. The gastric lesions were significantly reduced by
all doses of UA. When antioxidant levels were evaluated, a significant increase
of superoxide dismutase (SOD), glutathione peroxidase (GPx) and reduced
glutathione (GSH), and an increase in the lipid peroxidation (LPO) level were
observed, suggesting that the gastroprotective effect of UA can be attributed to
its reducing effect on the oxidative damage.

When combined with bleomycin (BLM), UA was significantly more
effective than BLM alone in inhibiting ascity tumor growth on H22-bearing
Kunming mice, arresting the cell cycle at GO/G1 phase, and promoting the
cleaved caspase-3 and cleaved caspase-8 activities to induce cancer cellular
apoptosis, whose mechanism may be associated with the trascriptional
regulation of p53/p21/cyclin pathway (Su et al., 2017).

It was demonstrated in vitro that UA molecules also interact with cell
membranes and lipid bilayers and locate in the outer monolayer of the human
erythrocyte membrane, interacting with the polar head groups and to some
extent also with fatty acid chain region of the lipid bilayer. Thus, it would act as
an antioxidant by blocking access of oxidants, such as HCIO, into cell
membranes (Suwalsky et al., 2015).

The genotoxic and antigenotoxic potentials of UA were evaluated herein
through the in vitro Cytokinesis Block Micronucleus (CBMN) assay in Chinese
hamster ovary (CHO) cells, administering AU alone with non-cytotoxic UA
concentrations (7.5, 15 or 30 upg / mL) or simultaneously to the
chemotherapeutic agent DXR (0.5 ug / mL). The CBMN assay has been applied
successfully for biomonitoring of in vivo genotoxin exposure and in vitro
genotoxicity testing as well as a predictor of normal tissue and tumor radiation
sensitivity and cancer risk (Fenech, 2007).

According to our results (Table 3) UA alone was not mutagenic at the
lowest concentrations tested (7.5 and 15 ug/mL) while the highest concentration
(30 pg/mL) induced approximately 2.5 folds more MN than the negative control.
Similarly, in cultures of CHO cells treated with AU (7.5, 15 or 30 ug / mL) in

combination with DXR (0.5 pg / mL) a reduction in MN frequency was observed
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at concentrations of 3.75 and 7.5 ug / mL, while those treated with 30 uyg / mL
showed a significant increase in the MN frequency (P < 0.05). These results
may be due to the antioxidant and pro-oxidant activity of UA, and are similar to
those obtained in previous studies.

Human lymphocytes (Jurkat-cells) incubated with UA in concentrations of
1.10® and 1.10° M showed a higher cell survival and a normal metabolism
under low doses of UVB-light up to 0.1 J/cm?. When both higher UVB doses (up
to 14 J/cm?) and higher concentrations of UA (1. 10 M) where used, the
opposite effect was observed. It is concluded that these effects are due to
bifunctional anti-oxidative-pro-oxidative behaviour of usnic acid under UV-B-
irradiation (Kohlhardt-Floehr et al., 2010). Combined administration of UA and
methyl methanesulfonate (MMS) significantly reduced the frequencies of MN
and DNA damage in vitro in V79 cells, and in vivo in Swiss mice, when
compared to treatment with MMS alone (Leandro et al., 2013). The antioxidant
activity of UA may explain these protective effects.

UA demonstrated genotoxic effects in the in vitro comet assay using V79
cells (Leandro et al., 2013) and human peripheral-blood lymphocytes
(Prokopiev et al., 2017). Our previous study indicated that UA has
recombinogenic, mutagenic and carcinogenic effects on somatic cells in
Drosophila melanogaster (Machado et al., 2016). But, UA had no genotoxic
effect by in vivo micronucleus assays in Swiss mice (Leandro et al., 2013) and
in vitro micronucleus test in human lymphocytes (Koparal et al., 2006; Polat et
al., 2016), V79 cells (Leandro et al., 2013) and chromosome aberration test in
human Iymphocytes in vitro (Polat et al.,, 2016). Nevertheless, when
administered in combination with methyl methanesulfonate (MMS), UA
significantly reduced the frequencies of micronuclei and DNA damage in vitro in
V79 cells and in vivo in Swiss mice cells, when compared to treatment with
MMS alone (Leandro et al., 2013).

Similar results were also obtained by our research group, which shown
that the pro-oxidant properties of UA are susceptible to being also responsible
for the recombination and mutation frequencies found in somatic cells of
Drosophila melanogaster (Machado et al., 2016).

This is due to the fact that UA is a phenolic compound, which may

combat oxidative stress by acting as an antioxidant or may unbalance cellular
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redox state in the pro-oxidant sense, depending on the specific conditions such
as cellular environment and quantity of the compound (Halliwell, 2008).

Doxorubicin (DXR) (also called Adriamycin® or 14-hydroxydaunorubicin)
used as a positive control, is an anthracycline antibiotic that inhibits
topoisomerase Il and is used clinically as chemotherapeutic drug. DXR exhibits
a broad spectrum of mechanisms of action. It binds to DNA-associated
enzymes, intercalates with DNA base pairs, activate various molecular signals
from AMPK (AMP-activated protein kinase inducing apoptosis) to influence the
Bcl-2/Bax apoptosis pathway. By altering the Bcl-2/Bax ratio, downstream
activation of different caspases can occur resulting in apoptosis. Doxorubicin
also induces apoptosis and necrosis in healthy tissue causing toxicity. The
primary cardiotoxic action of DXR is attributed to the generation of reactive
oxygen species (ROS). At a non-cytotoxic dose induces DNA breaks (Tacar et
al., 2012; Asensio-Lépez et al., 2017; Beaud et al., 2017; Luthra et al., 2017).

DXR has been reported to induce micronuclei in vitro and in vivo and has
been widely used in antigenotoxicity assays (Boriollo et al., 2014; Jagetia and
Venkatesh, 2015; Oliveira et al., 2017).

Thus, MN induction by DXR may result from chromosome breakdown,
due to failure to repair DNA lesions, or to incorrect segregation during mitotic
cycle, events that may be induced by oxidative stress, clastogenic exposure,
genetic defects in the cell cycle and / or DNA repair genes (Fenech, 2005;
Bonassi et al., 2007). Thus, the reduction of chromosomal aberration observed
in the present study suggests that the UA mechanism of action is directly
related to the modulation of DXR activity, demonstrating that AU, at the
concentrations tested, was effective in preventing DXR-induced damage.

In conclusion, under these experimental conditions, the enantiomer (+) -
usnic acid had no carcinogenic effects in Wistar rats in vivo, but modulated the
frequency of colorectal pre-neoplastic lesions previously induced by 1,2-
Dimethylhydrazine. At low concentrations, UA was not genotoxic in Chinese
hamster ovary (CHO) cells, but at high concentration, significantly increased the
frequency of MN. Combined with DXR, at low concentration, had a protective
effect against DXR-induced MN, but at high concentration enhanced the
frequency of MN. Although the mechanisms underlying the protective effect of

UA are not completely understood, taken together, these findings suggest that
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under certain conditions UA may exert antioxidant or pro-oxidant features.
Nevertheless, it seens to be more a redox modulatory molecule,
with promising qualities as a co-adjuvant chemotherapeutic in the treatment of

cancer.
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Fig. 1. Structural formula of (+)- usnic acid.
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Fig. 2. Schematic of the experimental procedure with Wistar rats for treatments
with (+)-usnic acid (UA) and 1,2-dimethylhydrazine (DMH), using the aberrant
crypt foci (ACF) as biomarker.
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Table 1. Mean and standard deviation of the initial weight, final weight, weight gain and water consumption observed in Wistar
rats treated with different concentrations of usnic acid (UA) (3.125; 12.5 or 50.0 mg / kg b.w.) + 1,2-dimethylhydrazine (DMH)
(160 mg/kg b.w), Ultrapure water (negative control), Tween 5% (solvent control), DMH (160 mg/kg b.w), and tween 5% + DMH
(160 mg/kg b.w) during four weeks for the aberrant crypt foci (ACF) assay.

Treatments Initial weight Final weight Weight gain Water consumption
(mg/kg b.w.) (9) (9) (9) (mL/animal/day)
Control 165.2 £ 5.119 428.0 + 21.89 262.8 + 21.65 59.32 + 11.06
Tween 138.6 + 11.78 349.6 £ 36.84 211.0 £ 32.46 50.78 £ 7.801

DMH 155.8 £ 19.48 316.0 £ 29.61 160.2 £ 41.01 54.93 £ 14.65
Tween + DMH 145.8 + 5.975 320.8 £ 33.79 175.0 £ 31.98 53.94 + 15.25

AU 3.125 + DMH 151.0 £ 14.61 326.2 £ 54.51 175.2 + 44.04 56.02 £ 15.40

AU 12.5 + DMH 146.0 £ 10.46 322.6 £ 33.46 176.6 £ 27.79 55.10 £ 10.10

AU 50.0 + DMH 136.6 + 5.595 265.2 £ 47.88 128.6 + 44.94 51.62 £ 14.60
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Table 2. Mean and standard deviation of aberrant cript foci (ACF) and aberrant cript (AC) observed in distal colon of Wistar rats
treated with different concentrations of usnic acid (UA) (3.125; 12.5 or 50.0 mg / kg b.w.) + 1,2-dimethylhydrazine (DMH) (160
mg/kg b.w), Ultrapure water (negative control), Tween 5% (solvent control), DMH (160 mg/kg b.w), and tween 5% + DMH (160

mg/kg b.w) during four weeks for the aberrant crypt foci (ACF) assay.

Treatments ACF Total Total Relation
1 crypt 2 crypts 3 crypts 4 crypts
(mg/kg b.w.) ACF AC AC/ACF
DMH 21.8 £6.91 5.80 + 3.63 3.60 £ 2.41 1.00 £ 1.22 30.6 £1.52 45.4 + 8.26 1.48 £ 0.26
Tween + DMH 20.0+2.74 5.40 + 2.61 1.60+1.34 1.00 £ 1.00 28.0 £ 3.54 39.6 £+ 10.3 1.40+£0.20
UA 3.125 + DMH 11.6 £1.52 2.60 £ 1.67 1.00 £ 0.71 0.40 £ 0.55 15.6 + 0.55° 22.0 +1.87° 1.41+£0.09
UA 12.5 + DMH 14.0 £ 1.87 2.60+£0.89 0.60 £0.89 0.40 £ 0.55 17.6 +1.82° 22.6 + 3.05% 1.28 £0.11
UA 50.0 + DMH 15.6 £1.52 240 +£1.52 1.00 £1.00 0.20+0.45 19.2 £ 1.92° 24.2 + 5.362 1.25+£0.18

a. Statistical diagnoses according to analysis of variance (ANOVA). Level of significance P<0.05.
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Table 3. Frequency of micronuclei (MN) and nuclear division index (NDI)

observed in Chinese hamster ovary (CHO) cells treated with different

concentrations of usnic acid (UA) (7.5; 15 or 30 ug/mL) alone or combined with

DXR (0.5 pg/mL), ultrapure water (negative control), DMSO (solvent control)

and DMSO + DXR (positive control).

Tratamentos ug/mL Frequency of MNs a NDI°
Mean + SD Mean £ SD
Negative control 6.33 £ 1.53 1.66 £ 0.04
DMSO 7.00 £2.00 1.65+ 0.04
AU 7.5 8.33+3.79 1.53 £ 0.03
AU 15 8.00 £ 3.00 1.58 £ 0.03
AU 30 14.33 + 2.08° 1.62 + 0.01
DXR 22.67 +1.15° 1.68 + 0.06
DMSO + DXR 18.33 + 1.15° 1.71 £ 0.04
AU 3.75 + DXR 13.00 + 3.61%° 1.59 £ 0.01
AU 7.5 + DXR 12.00 + 2.00%° 1.60 £ 0.04
AU 15 + DXR 27.00 + 1.00° 1.60 + 0.08

#3000 binucleated cells were analyzed per treatment group.

® 1500 cells were analyzed per treatment group.

¢ Significantly different from negative control group (P<0.05).

9 Significantly different from positive control group (P<0,05).

® Significantly different from AU 15 + DXR group (P<0,05).
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Highlights:

- The mutagenic and carcinogenic potential of the enantiomer (+) — usnic acid

(UA) was studied in vivo.

- Usnic acid have mutagenic and recombinogenic action in standard and high-

bioactivation crosses.

- Increasing the metabolic capacity increases the toxic effect of (+) — usnic acid
(UA).
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Abstract

The main of this study was to evaluate the mutagenic and carcinogenic
potential of (+) — usnic acid (UA), using Somatic Mutation and Recombination
Test (SMART) and the test for detecting epithelial tumor clones (wits) in
Drosophila melanogaster. Larvae from 72t4 h from Drosophila were fed with
UA (5.0, 10.0 or 20.0 mM); urethane (10.0 mM) (positive control); and solvent
(Milli-Q water, 1% Tween-80 and 3% ethanol) (negative control). ST cross
produced increase in total mutant spots in the individuals treated with 5, 10 or
20 mM of UA. HB cross produced spot frequencies in the concentration of 5 mM
that were higher than the frequency for the same concentration in the ST cross.
In the highest concentrations the result was negative, which means that the
difference observed can be attributed, in part, to the high levels of P450,
suggesting that increasing the metabolic capacity maximized the toxic effect of
these doses. In the evaluation of carcinogenesis using the wts test, the results
obtained for the same concentrations of UA show a positive result for the
presence of tumors when compared to the negative control. We conclude that
UA has recombinogenic, mutagenic and carcinogenic effects on somatic cells in

D. melanogaster.

Keywords: Gene wts; SMART; Somatic Mutation and Recombination Test;

Tumor; Warts.
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1. Introduction

Lichen is an association of a heterotrophic organism (mycobiont) and an
autotrophic organism (photobiont) (Martins et al., 2014), capable of producing a
variety of substances with phenolic characteristics, called lichenic substances
(Fernandez-Moriano et al., 2015). These substances, also known as lichenic
acids, are secondary metabolites, and include depsides, depsidones, benzyl
esters, dibenzofurans, usnic acids, xanthones, anthraquinones and derivates of
pulvinic acid (Johnson et al., 2011).

Usnic acid (UA), in addition to be considered one of the most important
biologically active metabolites of lichens, has also received the most study
(Ingolfsdéttir, 2002). It is characterized as a yellow pigment, of low molecular
weight (344.32 g), insoluble in water and glycerol, and partially soluble in
ethanol and easily soluble in ether, acetone, chloroform and ethyl acetate
(Kristmundsdottir et al., 2002). It is widely distributed in the genera Alectoria,
Cladonia, Usnea, Lecanora, Ramalina and Evernia, and can be found in two
enantiomeric forms: (-) - usnic acid and (+) - usnic acid (Leandro et al., 2013).

A wide range of biological activities have been reported for UA, including
anti-microbial, antiviral, anti-proliferative, anti-inflammatory, antitumoral, anti-
mitotic, anti-fungal and analgesic actions (Lauterwein et al., 1995; Perry et al.,
1999; Kristmundsdottir et al., 2002; Vijayakumar et al., 2000; Mayer et al., 2005;
Campanella et al., 2002).

Low doses of (+)-usnic acid showed high cytotoxic activity against
cancerous cells (Koparal et al., 2006). UA showed activity against the wild-type
p53 breast cancer cell line MCF7 as well as the non-functional p53 breast
cancer cell line MDA-MB-231 and the lung cancer cell line H1299 (null for p53)
(Mayer et al., 2005). It has also been shown that UA has an apoptotic effect in
human cancer lineages, significantly reducing cellular viability and inducing
apoptosis in ovarian carcinoma, cervical adenocarcinoma, breast
adenocarcinoma, colon adenocarcinoma, promielocitic leukemia and T-cell
leukemia (Backorova et al., 2011; Bézivin et al., 2003; Burlando et al., 2009;
Einarsdéttir et al., 2010; Ren et al., 2009).

However, in vitro studies have revealed that UA induces damage to cell
membranes, and inhibits mitochondrial function of hepatocytes, leading to an

increase in the production of reactive oxygen species, and inducing oxidative
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stress (Han et al., 2004; Pramyothin et al., 2004). And, as shown by Yokouchi
et al. (2015), UA also induces myocardial toxicity in rats from mitochondrial
dysfunction and oxidative stress.

There are limited data on the genotoxic/mutagenic/carcinogenic
properties of UA. Previous studies have shown that UA induced DNA damage
in V79 cells in vitro assessed by the comet assay (Leandro et al., 2013).
Nevertheless, UA was not genotoxic/mutagenic in human lymphocytes in vitro,
when assessed by cytokinesis-blocked micronucleus (CBMN) assay,
chromosomal aberrations (CA) and micronucleus (MN) tests (Koparal et al.,
2006; Polat et al., 2016) neither in V79 cells in vitro, using MN test (Leandro et
al., 2013) and in Swiss mice in vivo, using MN and comet assays (Leandro et
al., 2013). Furthermore, UA exerted a protective effect against the chromosomal
and genome damage induced by methyl methanesulfonate (MMS) in V79 cells
in vitro and in Swiss mice in vivo (Leandro et al., 2013). Thus, due to conflicting
results observed in the literature, it can be concluded that genotoxicity /
mutagenicity / carcinogenicity of UA needs further studies.

There are no records of research with UA using Drosophila melanogaster
as a test organism. According to Akmoutsou et al. (2011), Drosophila is
considered a model organism for genetic studies in eukaryotes, as well as in the
evaluation of toxic, mutagenic and carcinogenic effects.

In order to obtain a more detailed understanding of the toxicity and the
mutagenic and carcinogenic profile of the substance, the somatic mutation and
recombination test - SMART and the test for detection of epithelial tumor clones
(wts) were used, both with D. melanogaster. Potential for mutation,
recombination and carcinogenesis, as well as toxicity of exposure to different

concentrations were determined.

2. Material and Methods

2.1 (+) — Usnic acid

The UA (Fig. 1) used in this study was kindly provided by Denise Crispim
Tavares PhD, of the Natural Products Research Group of the University of
Franca (UNIFRAN), Franca, SP, Brazil. Additional information about the

isolation and purification of UA can be found in Leandro et al. (2013).
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2.2 Somatic Mutation and Recombination Test (SMART) in somatic cells of

D. melanogaster

2.2.1 Lineages of D. melanogaster

Three mutant lineages of D. melanogaster, used for the SMART, were
supplied by Dr. Ulrich Graf, of the Swiss Federal Institute of Technology in
Zurich (ETHZ), Schwerzenbach, Switzerland. The stocks of these lineages are
kept in tubes containing culture medium prepared with water, yeast
(Saccharomyces cerevisae), agar, banana and nipagin, inside a B.O.D.
incubator at a temperature of approximately 25°C and relative humidity of 60%
and photoperiod of 12 hours of light and 12 hours of darkness.

The three lineages used: mwh, fir' and ORR possess the genetic
markers multiple wing hairs (mwh, 3-0.3) and flare-3 (fl’, 3-38.8) (Graf et al.,
1989). In the lineage resistant to DDT, Oregon R (R), the gene RI at position
65.0 on chromosome-2, is responsible for high levels of cytochrome P450
expression, typical of this lineage. Chromosomes 1 and 2 of lineage fIr’ were
therefore substituted with chromosomes 1 and 2 of the lineage Oregon R (R)
(Frélich and Wargler, 1989).

2.2.2 Crosses

Three D. melanogaster strains with the genetic markers multiple wing
hairs (mwh, 3-0.3) and flare-3 (fl’, 3-38.9) were used: (1) multiple wing hairs
(mwh/mwh); (2) flare-3 (fir’/In(3LR)TM3, ri p” sep 1(3)89Aa bx34° and Bd®); and
(3) ORR; flare-3 (ORR/ORR; fir’/In(3LR) TM3, ri p sep 1(3)89Aa bx34° and Bd®).
The ORR; flare-3 strain has chromosomes 1 and 2 from a DDT-resistant
Oregon R(R) line, which are responsible for a high constitutive level of
cytochrome P450 enzymes (Graf and van Schaik, 1992) . Two types of crosses
were conducted for the experiment: Standard Cross (ST) using virgin females
flare-3 crossed with males multiple wing hairs (Graf et al., 1984; 1989); High
Bioactivation (HB) Cross using virgin females ORR; fIr’ crossed with males
multiple wing hairs (Graf and van Schaik, 1992).

These crosses produced two types of progeny: trans-heterozygous
individuals for the marker genes (MH), and heterozygous individuals for the
chromosome TM3 (BH) (Graf et al., 1984). The BH individuals are different
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phenotypically from the MH individuals due to the presence of serrations on the
edges of their wings, characteristics conferred by the marker Bd® (Graf et al.,
1984).

2.2.3 Treatment

After the lineages were crossed, the couples were transferred to tubes
containing hatching medium, where they remained for 8 hours. After 72, +4
hours from the start of the hatching period, the third-stage larvae were
collected, washed with water and collected with the aid of a fine mesh sieve.

The larvae collected were placed in glass tubes containing 1.5 g
instantaneous mashed potato (Yoki Alimentos, Sdo Bernardo do Campo, SP,
Brazil) with 5 mL of different concentrations of UA (5; 10 or 20 mM). The UA
was dissolved in a mixture of 1% Tween-80 and 3% ethanol in ultrapure water,
which was used as a negative control, while urethane was used for the positive
control (10 mM). The concentrations were chosen based on the survival rates of
a dose-response test. Where the larvae were counted before distribution and
collected in previously identified tubes. After hatching they were stored in 70%
ethanol for later analysis.

After removing the wings of the flies under a stereoscopic microscope,
the slides of the treated adult wings were mounted using Faure’s solution [gum
arabic (30 g), glycerol (20 mL), water (50 mL) and chloral hydrate (50 g)] and
analyzed under an optical microscope at a magnification of 400 to identify spots
of mutant hairs that could be classified as simple (mwh or fIr’) or twin (mwh and
fr’) (Graf et al., 1984).

2.2.4 Statistical analysis

The data obtained were analyzed according to Frei and Wurgler (1988,
1995), using a multiple-decision procedure, binomial conditional test by
Kastenbaum and Bowman (1970) used to decide if a result is positive, negative
or inconclusive, and also the chi-squared test used for comparing survival rate
statistics of the samples tested. A significance level of 5% was used for each

test.
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2.3 Detection of epithelial tumor in D. melanogaster

2.3.1 Lineages, Crosses and Treatment

Two mutant lines of D. melanogaster, wts and mwh, were used in this
test. The lineage wts was supplied by the Bloomington Drosophila Stock Center
at Indiana University, USA. The stocks of these lineages are kept in tubes
containing standard culture medium, in a B.O.D incubator at a temperature of
approximately 25°C and relative humidity of 60% and photoperiod of 12 hours
of light and 12 hours of darkness.

The line wts carries the genetic marker warts (wts, 3-100), orthologous to
human LATS1, a tumor suppressing gene, which negatively regulates cyclin-
dependent kinase DmCdk1 (human CDC2) in the G2 phase for the M phase of
the cell cycle (Tao et al., 1999).

The marker wits is a lethal recessive mutation during homozygosis, in
zygotes. But mitotic recombination in heterozygotes can induce the formation of
mutant clones that manifest themselves as tumors in the epidermis of adult flies
(Sidorov et al., 2001).

To obtain heterozygous descendents wits+/+mwh, virgins female
wts/TM3, Sb’ were crossed with males mwh/mwh. The descendents were
collected over a period of 8 h. After 72 + 4 h, third-stage larvae were washed in
water and collected using a fine mesh sieve.

These larvae were submitted to chronic treatment of 48 hours in a glass
tube containing 1.5 g of mashed potatoes and 5 ml of different concentrations of
UA: 5; 10 or 20 mM. Doxorubicin (DXR 0.4 mM) was used as a positive control
and as solvent and negative control 1% Tween-80 and 3% ethanol in ultrapure
water was used.

After metamorphosis, adult individuals were transferred to containers
with 70% ethanol, and then the individuals with genotype (wts +/+ mwh), without
the balancer chromosome (TM3, Sb’), which have phenotypically wild hairs
(long and thin) were analyzed. Tumor presence was evaluated and recorded on

a spreadsheet.
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2.3.2 Statistical analysis
To evaluate the frequencies of tumors found in the different
concentrations of UA, nonparametric Mann-Whitney test was used at a

significance level of p< 0.05.

3. Results
The aim of the present study was to evaluate the mutagenic and
carcinogenic potential of UA, using the SMART and the test for detecting

epithelial tumor clones (wts) in Drosophila melanogaster.

3.1 SMART

The concentrations of UA used in this study were selected based on
survival rates from a dose-response test, which is presented in Fig 2.

The lowest concentration of UA (5 mM) presented low toxicity in the ST
and HB crosses; however, as the concentrations rose, the survival rates fell in
relation to the negative control group. This shows the toxicity of the highest
concentration (20 mM) in the ST cross and most significantly in the HB cross.
Although 20 mM had significantly reduced survival rates, this and the other
concentrations were tested to evaluate the ability to induce damage on the DNA
of somatic cells in D. melanogaster.

Table 1 shows the frequency of mutant spots observed in the marked
trans-heterozygous (MH) and the balancer heterozygous (BH) descendents, of
the standard (ST) and high bioactivation (HB)crosses, treated with different
concentrations of (+) — UA (5, 10 or 20 mM), positive control (urethane 10 mM)
and negative control (1% Tween-80 and 3% ethanol in ultrapure water).

As expected, the positive control (URE) induced positive results in both
crosses (ST and HB) in relation to the negative control. The results for the ST
cross showed that the concentrations 5, 10 and 20 mM of UA produced a
positive result compared to the negative control.

In the HB cross, a positive result was only found for the UA lowest
concentration (5 mM). The concentrations 10 and 20 mM presented a negative
result, besides being toxic doses, as shown in Fig. 2.

When positive results was observed in the MH descendents, the

correspondent BH descendents were also analyzed to check and quantify the
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contribution of mutagenic and recombinogenic events to the final observed
genotoxicity (Graf et al., 1992).

In the results for BH individuals of the ST cross one can see, based on
the frequencies found, that the spots were induced primarily due to the
recombinogenic action of the concentrations of UA. The results obtained in the
MH individuals of the HB cross, treated with 5 mM of UA showed that this
concentration expressed a rate of 46.55% of recombination.

The recombinogenic activity was calculated based on the clone induction
frequency per 105 cells. Frequency of mutation (FM) = frequency of clones in
BH flies/frequency of clones in MH flies. Frequency of recombination (FR) = 1 —
frequency of mutation (FM). Frequencies of total spots (FT) = total spots
observed in MH flies (considering mwh and flr® spots)/number of flies (Santos et
al., 1999; Sinigaglia et al., 2004, 2006).

3.2 WTS

To determine whether the changes in the DNA, induced by the UA, are
not only involved in mutagenic and recombinogenic activity, but also related to
the formation of tumors, a test to detect epithelial tumor clones (wts) was
conducted in D. melanogaster.

Table 2 shows the frequency of tumors found in the different segments of
the body of D. melanogaster treated with the concentrations of UA selected
using the dose-response test (5; 10 and 20 mM), positive control (DXR 0.4
mM) and negative control (1% Tween-80 and 3% ethanol in ultrapure water).

The frequency of tumors observed in the heterozygote descendents of D.
melanogaster, treated with the concentrations of UA show that there was a
significant difference (p< 0.05) in the concentrations of 5, 10 and 20 mM when
compared to the negative control. Note also in Table 2 that the number of
tumors increases as the concentration increases, evincing a dose-dependent
result up to the concentration of 10 mM. At the concentration 20 mM there was
a reduction in the number of tumors, which may be related to the toxicity of the
concentration.

Results presented revealed that in D. melanogaster UA, in the

concentrations used, shows carcinogenic potential.
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4. Discussion

Usnic acid (UA) is considered one of the most important biologically
active lichen metabolites (Ingolfsdottir, 2002), with a variety of pharmacological
activities already described. Among the applications of UA we highlight its
antitumoral potential, in addition to presenting antibiotic, anti-parasitic,
antihistamine and antiviral activity (Cocchietto et al., 2002).

Here, we examined the potential for mutagenicity/recombinogenicity and
the carcinogenic potential of UA, using the SMART test and wis test on D.
melanogaster.

In the SMART test UA was capable of inducing both types of damage to
DNA, mutation and recombination, though recombination was more
pronounced, as shown in Table 1.

Mutagenic effect was observed for the concentration 5 mM in the HB
cross. Nevertheless, after calculating the percentage of mutagenic or
recombinogenic events, the result found shows a rate of 46.55%, for spots
induced by recombinogenic effect.

The compound urethane was used as a positive control in both crosses
(ST and HB) by inducing mutational events. The rate of recombination was
43.58% in the ST cross and 23.87% for the HB cross. These results are similar
to those presented by Reis et al. (2015) and Rezende et al. (2013), where the
frequency of mutant clones by urethane in the ST and HB crosses were also
higher in comparison to the negative control. This suggests that the induction of
spots by URE occurred primarily due to occasional somatic mutations or
chromosomal aberrations instead of mitotic recombination.

The increase in total mutant spots in the ST cross individuals treated with
5, 10 or 20 mM of UA was statistically significant, when compared with the
negative control. While the HB cross produced spot frequencies in the
concentration of 5 mM that were higher than the frequency for the same
concentration in the ST cross. This result may be explained by the high levels of
metabolic enzymes for cytochrome P450, produced by the lineage ORR/AIF.

In the higher concentrations (10 and 20 mM) an antagonistic effect was
found, when compared to the ST and HB crosses, since in the HB cross the
result was negative at these concentrations, which means that the difference

observed can be attributed, in part, to the high levels of cytochrome P450,
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suggesting that the increase in metabolic capacity maximizes the toxic effect of
these doses, since UA showed an inverted dose-response effect in HB
individuals.

These results are strongly supported by the results found in the study by
Foti et al. (2008) in which UA is extensively metabolized by cytochrome P450
(CYP) in S9 human fractions, microsomes of the liver and primary hepatocytes.
When metabolized, they can produce metabolites that range in toxicity, being
more or less toxic than the compound (Kijima et al., 2011; Leung et al., 2012;
Shi et al., 2011; Xue et al., 2011).

Although the mechanisms of toxicity of UA are not well understood,
studies by Yokouchi et al. (2015) and Pramyothin et al. (2004) shown that UA
can induce toxicity in hepatocytes and in the miocardial cells of rats. The
mechanisms that determine the toxicity are related to the capacity of UA to lead
to an increase the production of reactive oxygen species, provoking a
weakening of the membrane, resulting in the destruction of mitochondrial
respiration and oxidative phosphorylation.

The inhibition of mitochondrial respiration, in turn, leads to a shortage of
adenosine triphosphate (ATP), oxidative stress, depletion of glutathione, lipid
peroxidation and finally cell death (Han et al., 2004; Pramyothin et al.,
2004).Therefore, these results indicate that the mitochondria are the probable
targets for toxicity of UA.

However, other studies, have also revealed that the treatment of
hepatocytes in rats with UA may lead to the widening of the endoplasmatic
reticulum (ER) (Pramyothin et al., 2004), leading to a change in the expression
of proteins of the RE in the hepatocytes (Liu et al., 2012) and disturbing the
homeostasis of calcium (Chen et al., 2015). These results demonstrate that the
endoplasmic reticulum (ER) may be another target of UA, since it is an
organelle that executes vital functions by depositing necessary proteins for
intracellular signaling (Chen et al.,, 2015). Therefore, the oxidative stress
generated by damage in the ER, may also promote the death of cells (Chen et
al., 2014).

Among the biological activities exercised by UA are its pro-oxidant and
anti-oxidant actions (Kohlhardt-Floehr et al., 2010). This is due to the fact that

this metabolite is characterized as a phenolic compound, which may help
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combat oxidative stress by acting as an antioxidant, and at the same time, may
unbalance cellular redox state in the pro-oxidant sense, depending on the
specific conditions, in other words, cellular environment and quantity of the
compound (Halliwell, 2008).

Therefore, the pro-oxidant properties of this compound are susceptible to
being responsible for the recombination and mutation found in this study. Since,
according to Marnett (2000), the induction of oxidative damage in DNA bases
may occur out of its reaction with reactive oxygen species, through direct
oxidation of nucleic acids or, many times, through the formation of breaks in the
DNA molecule.

As a consequence, this damage may produce mutagenic and
recombinogenic effects in the cell (de Boer and Hoeijmakers, 2000), since
according to Bishop and Schiestl (2000) homologous recombination can result
in a loss of heterozygosis or genetic rearrangement. In this way, somatic
mutation and recombination serve as an indicator of carcinogenesis.

Carcinogenesis was evaluated in the present study using the wis test,
which is capable of evaluating the presence of epithelial tumor clones in D.
melanogaster. The results found for the concentrations of 5, 10 and 20 mM of
UA were positive for the presence of tumors when compared with the negative
control. However, at the highest concentration (20 mM), we observed the high
toxicity of UA, since the number of individuals obtained was very low and the
number of tumors observed was considerably reduced, when compared to the
other concentrations.

What is seen in the literature for studies conducted with AU is a series of
results that show the antiproliferative activity of the substance. As shown by
Bazin et al. (2008), in an in vitro study, which presents strong cytotoxicity in
human cancer cells, in addition to inducing apoptosis in leukemia cells. Similar
data were generated by Cardarelli et al. (1997) which prove the efficacy of UA
with regard to antiproliferative action in human leukemia lineages (k- 562).

However, the antiproliferative action of UA in these studies is
demonstrated by its capacity to generate apoptosis. As determined by
microscopic evaluation of the nuclei of the stained cells in the study by Bazin et
al. (2008), which confirmed the induction of apoptosis, by measuring caspase-3
in activity in L1210 cells, treated for 48 h with UA.
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This study can be directly compared with the results found for the
concentration of 20 mM of UA in the evaluation of epithelial tumors in D.
melanogaster, where a reduction in the number of tumors was observed,
probably due to the action of the apoptosis generated by the UA on the imaginal
disc cells.

These results are important, since they more clearly define the
recombinogenic potential of UA by SMART. As well as the possible contribution
of this event in the carcinogenesis also detected in D. melanogaster by the wis
test.

The results observed in this work allow us to conclude that, under the
experimental conditions used, UA, a secondary lichen metabolite, has
mutagenic and recombinogenic effects on somatic cells of D. melanogaster,
both in the presence and absence of metabolic activation by the P450
enzymatic system, as well as a carcinogenic effect on the epithelial cells of D.

melanogaster.
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Fig 2. Survival rates upon exposure to different concentrations (1.25, 2.5, 5.0,

10.0 and 20.0 mM) of usnic acid, and positive control (PC) urethane (10.0 mM)
relative to negative control (NC) (1% Tween-80 and 3% ethanol in distilled
water) in the wing Somatic Mutation and Recombination Test in D.
melanogaster. A: Standard cross; B: High bioactivation cross. Statistical
comparisons of survival rates were made by using Chi-square test for ratios for
independent samples. *Significantly different from the control group (P < 0.05).
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Table 1: Summary of results obtained in themarked trans-heterozygous descendants (MH) and balancer-heterozygous (BH) of

Drosophila melanogaster derived from the tandard cross (ST) and high bioactivation cross (HB) treated with different

concentrations of the usnic acid (UA), positive control (URE) (Urethane10mM) and negative control (Tween-80 and 3%

ethanol in distilled water).

Spots per fly ( n’. of spots ) statiscal diagnosis® Spots with Frequency of formation / 10° cells per
Small single Large single mwh Mean clone cells division® Recombination
Treatmants (1-2 cels)® (>2 cels)® Twin Total spots clone® size class®® Observed Control
m=2 m=5 m=5 m=2 (n) (i) corrected (%)

mwh/fir’

Cross ST
Negative control 0.30 (18) 0.03 (2) 0.00 0.33 (20) 20 1.50 0.68
Positive control 1.47 (88) + 0.13 (8) i 0.10 + 1,70 (102) + 100 1.58 {1.60} 3.42 2.73 43.58
UA 5.0 048 (29) i 008 (5 i 005 i 062 (37) + 37 219 {3.00} 1.26 0.58 55.55
UA 10.0 060 (36) + 003 (2) i 003 i 067 (40) + 40 168  {1,85) 137 0.68 6470
UA 20.0 043 (26) i 042 (7) i 003 i 058 (35 + 35 200 {267} 1.20 0.51 68.62
Cross HB
Negative control 0.42 (25) 0.07 (4) 0.03 0.52 (31) 31 1.71 1.06
Positive control 7.07 (424) + 112 (67) 0.50 868 (521) + 513 181 {1.82) 17,52 16.46 23.87
UAS5.0 0.65 (39) i 0.13 (8) 0.02 0.80 (48) 48 1.77  {1.88} 1.64 0.58 46.55
UA 10.0 057 (17) i 003 (1) 0.00 0.60 (18) 18 183 {2.60} 1.23 -0.89
UA 20.0 040 (12) - 003 (1) 0.07 0.50 (15) 15 187  43.00} 1.02 -0.03

mwh/TM3

Cross ST
Negative control 0.28 (17) 0.00 (0) ! 0.28 (17) 17 1.29 0.58
Positive control 1.02 (61) 002 (1) i 1.03 (62) 62 131 {1.31) 212 1.54
UA 5.0 038 (23) 002 (1) i 040 (24) 24 129  {1.29) 0.82 0.24
UA 10.0 0.40 (24) 0.00 (0) i 0.40 (24) 24 1,25  {1.14} 0.82 0.24
UA 20.0 036 (18) 000 (0) i 0.36 (18) 18 128  {1.22) 0.74 0.16

Cross HB
Negative control 063 (38) 0.02 (1) 0.65 (39) 39 1.23 133
Positive control 6.52 (391) 025 (15) 6.77 (406) 406 132 {1.33) 13.87 12.53
UA 5.0 0.98 (59) 0.08 (5) 1.07 (64) 64 136 {1.56) 219 0.85

Marker-trans-heterozygous flies (mwh/flr’) and balancer-heterozygous flies (mwh/TM3) were evaluated.
@ Statistical diagnoses according to Frei and Wiirgler (1988, 1995): +, positive; -, negative; i, inconclusive. m = multiplication factor for significantly negative results. Level of significance p < 0.05.

® Including rare fir’ single spots.

° Considering mwh clones from mwh single and twin spots.
¢ Frequency of clone formation: clones/flies/48,800 cells (without size correction) Frei et al. (1992).

® Calculated as{[URE alone — URE + UA] /URE} x 100, according to Abraham (1994)

fOnly mwh single spots can be observed in heterozygous individuals mwh/TM3, since the balancer chromosome TM3 does not contain the mutant gene fir',
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Table 2. Tumor clone frequency observed in Drosophila melanogaster heterozygote for the wts tumor suppressor gene,

treated with different usnic acid (UA) concentrations, positive control (Doxorubicin — DXR) and negative control.

Treatment Number of tumors analyzed

(mM) _ Eye Head Wing Body Leg Halter Total
Number of flies

Negative control 200 0.00 (00) 0.00 (00) 0.00 (00) 0.02 (04) 0.00 (00) 0.00 (00) 0.02 (04)

Positive control 200 0.38 (77) 0.35(71) 1.51 (303) 1.20 (241) 0.40 (80) 0.14 (28) 4.00 (800)*

UA 5,0 200 0.005 (01 0.01 (02) 0.02 (04) 0.03 (06) 0.005 (01) 0.00 (00) 0.07 (14)*

UA 10,0 200 0.00 (00) 0.015 (03) 0.025 (05) 0.06 (12) 0.00 (00) 0.005 (01) 0.10 (21)*

UA 20,0 42 0.00 (00) 0.00 (00) 0.03 (06) 0.015 (03) 0.00 (00) 0.00 (00) 0.04 (09)*

Statistical diagnosis according to the Mann-Whitney Test. Level of significance P < 0.05.
DXR, Doxorubicin.

* Value consider different from the negative control (p < 0.05).
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CONCLUSOES GERAIS




Conclusoées gerais

Em concluséo, a estratégia experimental utilizada neste trabalho permitiu
evidenciar que o AU apresentou efeitos moduladores sobre efeitos
genotodxicos, mutagénicos e carcinogénicos de diferentes agentes quimicos in
vivo e in vitro. Tal efeito € demonstrado por meio dos resultados observados
em ensaios com Drosophila melanogaster, que demonstraram efeito
recombinogénico e mutagénico em células somaticas, tanto na presenca
quanto na auséncia de ativagdo metabdlica pelo sistema enzimatico citocromo
P-450 no teste SMART, bem como efeito carcinogénico em células epitélias
avaliadas pelo teste WTS. Ao mesmo tempo observou-se, que o AU
apresentou efeito protetor sobre as lesdes pré-neoplasicas induzidas pelo
carcinogeno DMH em cdlon de ratos, e efeito modulador sobre os danos ao
DNA induzidos pela DXR no teste CBMN.

Estes resultados podem ser atribuidos as propriedades antioxidantes e
pré-oxidantes do AU, por acreditar que este composto fendlico seja capaz de
reduzir o estresse oxidativo, atuando como antioxidante e, ainda,
desequilibrando o estado redox celular, o que denota sua agao pro-oxidante.

Sugere-se, portanto, que novos estudos, envolvendo outros organismos
testes e modelos experimentais, sejam conduzidos com o intuito de promover

maior compreensao sobre as atividades bioldgicas desse acido liquénico.
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Frequéncias de micronucleos (MNs) em células binucleadas (CBN) e indices
de divisdo nuclear (IDN) obtidos em células CHO tratadas com diferentes
concentragbes de acido usnico e/ou doxorrubicina, e seus respectivos
controles.
AU — Acido Usnico; DXR — Doxorrubicina (0,5 pg/mL); DMSO - dimetilsulfoxido
(0,02%).

Tratamentos pg/mL Frequéncia de MNs em CBNs? Total IDN®
1 2 3 4

6 0 0 0 6 1,65

Controle 8 0 0 0 8 1,62

5 0 0 0 5 1,70

7 1 0 0 9 1,62

DMSO 5 0 0 0 5 1,69

7 0 0 0 7 1,65

4 0 0 0 4 1,50

AU 7,5 9 1 0 0 11 1,55

10 0 0 0 10 1,55

11 0 0 0 11 1.55

AU 15 5 0 0 0 5 1,60

8 0 0 0 8 1,60

16 1 0 0 18 1,62

AU 30 15 0 0 0 15 1,63

12 0 0 0 12 1,60

20 1 0 0 22 1,62

DXR 22 0 0 0 22 1,63

22 1 0 0 24 1,70

19 0 0 0 19 1,75

DMSO + DXR 17 0 0 0 17 1,68

19 0 0 0 19 1,70

16 0 0 0 16 1,60

AU 3,75 + DXR 9 0 0 0 9 1,57

14 0 0 0 14 1,60

14 0 0 0 14 1,64

AU 7,5 + DXR 8 1 0 0 10 1,57

12 0 0 0 12 1,60

23 2 0 27 1,64

AU 15 + DXR 23 1 1 0 28 1,65

21 2 0 25 1,50

@ Analise de 1000 células binucleadas por repeticéo.
® Analise de 500 células por repeticao.



