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RESUMO

O antineopldsico Doxorubicina (DOX) possui uso limitado devido a
cardiotoxicidade dose-dependente, principalmente relacionada ao estresse oxidativo
gerado. Em modelos experimentais, 0 exercicio ou a suplementacdo com resveratrol
durante o tratamento com a DOX tem demonstrado efeitos cardioprotetores
importantes. Além disso, tem sido demonstrado que o0 exercicio e compostos bioativos
derivados da dieta sdo capazes de modular parametros epigenéticos. O objetivo desse
trabalho foi investigar os efeitos intergeracionais do exercicio e da suplementacdo com
resveratrol sobre a toxicidade da DOX nos cardiomidcitos da ninhada. Além disso, uma
possivel heranca de cardioprotecdo foi investigada. Para tal, ratas prenhas foram
alocadas em 3 grupos (controle, exercicio ou resveratrol), e receberam os tratamentos
durante o periodo gestacional. Ap6s o nascimento dos neonatos, seus coracdes foram
utilizados para a obtencéo da cultura de cardiomiocitos que foi tratada com DOX para
as analises de: viabilidade celular, apoptose e necrose; producédo de espécies reativas
de oxigénio (ERO); dano ao DNA,; perfil antioxidante; e expressao proteica da sirtuina6
(Sirt6) e catalase (CAT). Os resultados demonstram que o exercicio realizado durante o
periodo gestacional aumenta a viabilidade dos cardiomiécitos dos neonatos, diminuindo
a morte por apoptose e necrose induzida pela DOX, resultados correlacionados com o
decréscimo na producdo de ERO e aumento nas defesas antioxidantes. O exercicio
também protegeu os cardiomidcitos do dano ao DNA, reduzindo as quebras por danos
oxidativos. Esses resultados foram semelhantes aos observados quando as genitoras
foram suplementadas com resveratrol durante a gestacdo. Particularmente, o exercicio
induziu um aumento significativo na expressdo protéica da Sirt6 e CAT nos
cardiomiécitos da ninhada, efeito modestamente observado nos cardiomiécitos da
ninhada do grupo resveratrol. Conclui-se que o exercicio ou a suplementacdo com
resveratrol durante a gestacdo protege o0 coracdo da ninhada contra a toxicidade
induzida pela DOX, possivelmente por heranca de cardioprotecdo conferida pela
modulacdo do estresse oxidativo com o aumento do perfil antioxidante, bem como pela

modulacgdo da integridade do DNA via Sirt6é no coragéo do neonato.

Palavras-Chave: doxorubicina; gestacdo; exercicio; resveratrol; estresse oxidativo;
Sirt6; dano no DNA.
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ABSTRACT

The antineoplastic Doxorubicin (DOX) has limited use due the dose-dependent
cardiotoxicity, mainly related to the oxidative stress production. In experimental models
of DOX treatment the exercise or supplementation with resveratrol has demonstrated
important cardioprotective effects. Also, it has been demonstrated that exercise and
bioactive compounds from diet are able to modulate epigenetic parameters. This work
aimed to investigate the intergenerational effects of exercise, as well as resveratrol
supplementation, on DOX-induced toxicity in cardiomyocytes of the progeny. Moreover,
the possible cardioprotective inheritance was examined. For this purpose, pregnant rats
were allocated in 3 groups (control, exercise or resveratrol), and pre-treated during
gestational days. After born of pups, the hearts were used to obtain the culture of
cardiomyocytes that was treated with DOX for analyses of: cell viability, apoptosis and
necrosis; reactive oxygen species (ROS) production; DNA damage; antioxidant profile;
and sirtuin6 (Sirt6) and catalase (CAT) protein expression. The results demonstrate that
the exercise during pregnancy induces an increase in neonatal cardiomyocytes viability,
decrease in DOX-induced apoptotic and necrotic death, which was correlated to the
decrease in ROS production and increase in antioxidant defenses. Exercise also
protected neonatal cardiomyocytes from DOX-induced DNA damage, demonstrating a
reduction in the oxidative DNA breaks. Similar results were observed when the mothers
were supplemented with resveratrol during pregnancy. Particularly, the exercise induced
a significant increase in protein expression of Sirt6 and CAT in cardiomyocytes of the
progeny, which was weakly observed in cardiomyocytes of the progeny of the
resveratrol group. These results demonstrate that exercise, as well as resveratrol
supplementation performed by mothers protect the heart of progeny against DOX-
induced toxicity, probably by cardioprotective inheritance awarded by the modulation of
oxidative stress due an increase in antioxidant profile, as well as the modulation of DNA

integrity via Sirt6 in the neonatal heart.

Key-Words: Doxorubicin; pregnancy; exercise; resveratrol; oxidative stress; Sirt6; DNA

damage.
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1. INTRODUCAO

1.1. CANCER E QUIMIOTERAPIA

1.1.1. Aspectos gerais

Céancer € um termo que define coletivamente um grupo de doencas nas quais
células anormais perdem o controle do mecanismo de divisdo celular, originando um
tumor primario, com células que podem disseminar-se e invadir tecidos adjacentes; bem
como tecidos de outras regides do corpo, o que fazem através do sangue e sistema
linfatico (NCI, 2015). Permanece como uma das doencas de tratamento mais dificil,
responsavel por aproximadamente 190 mil ébitos por ano no Brasil (INCA, 2016), sendo
a segunda principal causa de morte no pais. Sua incidéncia tem aumentado devido ao
envelhecimento da populacdo, especialmente em paises desenvolvidos, onde a

expectativa de vida é maior.

O cancer é normalmente causado por alteracdes no material genético das
células, o que inclui o acumulo de mutacdes sucessivas em oncogenes e supressores
de genes, resultando num desequilibrio do ciclo celular (CHAMBERS; GROOM,;
MACDONALD, 2002; SAMY et al., 2016). A terapia contra a doenca esta baseada no
processo cirargico conservador, de remogéo tumoral e na radioterapia ou quimioterapia
sistémica. A maioria dos agentes antitumorais em uso clinico contra o cancer tem como
objetivo matar as células tumorais malignas através da inibicdo de mecanismos
envolvidos na divisdo celular, apresentando acdo citostatica ou citotoxica (FISI et al.,
2016; KUBECEK et al., 2015). Entretanto, uma maior compreens&o da biologia tumoral
obtida nas ultimas décadas tem provado a necessidade da utilizagdo de drogas

antitumorais mais ativas e seletivas.

7

A quimioterapia contra o cancer certamente ndo é uma tarefa facil. Um dos
principais problemas associados é a toxicidade nao especifica de muitas drogas devido
a biodistribuicdo corporal, fazendo com que seja necessaria a administracdo de uma
dose elevada para obter uma alta concentracdo da droga no local do tumor (NYGREN,;
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LARSSON, 2003). Outro problema encontrado é a aquisicdo de resisténcia contra o
quimioterapico. Apos desenvolver um mecanismo de resisténcia em reposta a droga, as
células podem apresentar resisténcia cruzada com outras drogas que possuem
estrutura ou mecanismo de acdo ndo relacionado, num fendmeno conhecido como
resisténcia multidrogas (KAPSE-MISTRY et al., 2014; KUNJACHAN et al., 2013).

1.1.2. Agentes guimioterapéuticos da classe das Antraciclinas

A introducdo dos antibioticos antineoplasicos da classe das antraciclinas no
tratamento quimioterapéutico de tumores malignos representou um grande marco na
medicina. O poderoso efeito antitumoral das antraciclinas ficou particularmente evidente
na oncologia pediatrica com o0 aumento da taxa de sobrevida em cinco anos que
passou de 30% na década de 60 para aproximadamente 70-80% no ano de 2006
(JEMAL et al., 2006).

As primeiras drogas da familia das antraciclinas tiveram origem em 1950 quando
da identificacdo da daunorubicina (DNR) a partir da Streptomyces peucetius, uma
espécie de actinobactéria (DI MARCO; CASSINELLI; ARCAMONE, 1981). Em 1960 foi
demonstrado que a DNR era bastante efetiva no tratamento de leucemia linfoblastica e
mieloblastica aguda e linfomas (TAN et al., 1967). Ainda nessa década foi identificado
um derivado da DNR — a 14-hidroxidaunomicina ou Adriamicina, que mais tarde passou
a ser chamada doxorubicina (DOX) — a qual apresentou atividade antitumoral mais
ampla incluindo um grande namero de tumores sélidos e hematolégicos (ARCAMONE
et al., 1969; DI MARCO; GAETANI; SCARPINATO, 1969). A DOX e a DNR séao
moléculas de aclcar e aglicbnicas (Figura 1). A estrutura aglicona consiste de um anel
tetraciclico com grupos quinona-hidroquinona adjacentes nos anéis C e B, um
substituinte metoxil no C4 do anel D, e uma cadeia curta no C9 com um grupo carbonil
no C13. O acgucar, chamado de daunosamina, esta ligado por uma ligacéo glicosidica
ao C7 do anel A e consiste de uma molécula de 3-amino-2,3,6-tridesoxi-L-fucosil. A
Unica diferenca entre a DOX e a DNR € que um lado da cadeia de DOX termina com

um alcool priméario, enquanto que a DNR termina com um metil; diferenca que tem
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grande importancia e consequéncias no espectro de atividades da DOX e da DNR
(MINOTTI et al., 2004).

Desde as investigacbes iniciais, as antraciclinas continuam sendo
frequentemente utilizadas na pratica clinica. Particularmente a DOX permanece como
componente importante de muitos protocolos quimioterapéuticos pela atuacado sobre
uma grande variedade de tumores sélidos (YU et al., 2015) e hematolégicos, incluindo
leucemias (SZWED et al., 2016), linfomas (STRAUS et al., 2011), cancer de mama
(ANDERS et al.,, 2013), pulmdo (AMREDDY et al., 2015), mieloma mudltiplo
(CHERIYATH et al., 2011) e sarcomas (CHOY et al., 2015), dentre outros.

|
¢ ; OCH,O OH 3 ;
] DOX ?  DNR
T~ P
v /r&;& HaC :'/,-7--(?, /
HC ¢ [ NH-
' Ho N

»

Figura 1: Estrutura quimica das antraciclinas DOX e DNR. (Reproduzido a partir de Giorgio
Minotti et. al. Pharmacol Rev 56: 185-229, 2004).

1.1.3. Cardiotoxicidade por Doxorubicina: prevaléncia, patogénese e prevencao

1.1.3.1. Prevaléncia

A terapia contra o cancer tem obtido avancos significativos tanto no tratamento
de tumores sdlidos quanto de doencas hematoldgicas permitindo que muitos pacientes
obtenham a cura. As antraciclinas estdo entre os quimioterapicos de uso mais frequente
em oncologia, entretanto, como qualquer outro agente antitumoral, seu uso ndo esta
livre de complicacdes, onde o desenvolvimento de resisténcia em células tumorais e a

toxicidade ndo especifica em tecidos saudaveis apresenta uma incidéncia elevada,
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destacando-se a toxicidade cardiaca, desenvolvimento de cardiomiopatia e ICC

(insuficiéncia cardiaca congestiva) como efeitos colaterais mais comuns.

Estudos pré-clinicos em animais falharam na deteccéo, e somente uma década
apos a sua descoberta, em finais da década de 70, os primeiros estudos clinicos
retrospectivos foram publicados comprovando a presenca de alteracbes cardiacas
diretamente relacionadas as repetidas administragdes de DOX e DNR; ao mesmo
tempo em que foram esses estudos os primeiros a estabelecerem a relacdo entre a
dose cumulativa recebida de antraciclina e o fator de risco para cardiotoxicidade (VON
HOFF et al., 1977, 1979).

Apesar da dificuldade de realizacdo de estudos epidemiolégicos, ha hoje
consenso de que o grande determinante para a faléncia cardiaca apds o tratamento
com DOX é sua dose cumulativa, tendo em vista 0 aumento agudo na prevaléncia de
morte cardiaca a partir da dose cumulativa de DOX de 550 mg/m? de &rea corporal
(GREEN et al., 2001; VILLANI; MEAZZA; MATERAZZO, 2006). Entretanto, em estudos
retrospectivos de ensaios clinicos onde a DOX foi utilizada no tratamento do cancer de
mama ou de pulmao de pequenas células, foi demonstrado um risco aumentado de
cardiotoxicidade em doses de DOX < 300 mg/m? as quais eram previamente
consideradas seguras e improvaveis de causar disfuncdo ventricular esquerda (SWAIN;
WHALEY; EWER, 2003) (Tabela 1). Além disso, pacientes que haviam recebido apenas
240 mg/m? de DOX apresentaram alteracdes histopatolégicas em bidpsia do
endomiocardio (BILLINGHAM et al., 1978; BRISTOW et al., 1978a).

Tabela 1: Risco de ICC relacionada a dose cumulativa de DOX administrada.

Dose cumulativa (mg/m?) Pacientes com ICC (%)

150 0,2
300 1,6
450 3,3
600 8,7

(Dados obtidos em Swain et. al. Cancer 97: 2869-2879, 2003).
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A cardiotoxicidade é progressiva e pode ocorrer em VAarios estagios do
tratamento. A cardiotoxicidade “aguda” ocorre durante a administragdo da DOX ou ao
seu término, particularmente quando a droga é administrada na forma em bolus ou sob
infusdo intravenosa rapida, tendo como desfechos tipicos vasodilatacdo, hipotenséo e
alteracdes transitérias no fluxo cardiaco (FERRANS et al., 1997; LIPSHULTZ et al.,
2012). A toxicidade “subcrénica” é bastante incomum e manifesta-se na forma de
sindromes coronarianas com pericardite ou miocardite 1-3 dias apés o tratamento, e foi
percebida em triagens iniciais onde foram utilizadas doses elevadas de DOX
(BRISTOW et al.,, 1978b; HALE; LEWIS, 1994). O terceiro tipo, a cardiotoxicidade
“crbnica precoce” desenvolve-se tardiamente no curso do tratamento, ou ainda
semanas ou meses apos o fim da quimioterapia. Apresenta como caracteristicas
clinicas a cardiomiopatia dilatada, com desenvolvimento subsequente de disfuncdo
ventricular esquerda e ICC (KOCABAS et al.,, 2014). O dltimo subtipo inclui a
cardiotoxicidade “crénica tardia” a qual foi descrita inicialmente no inicio dos anos 90
entre 0s sobreviventes de cancer na infancia (GOORIN et al., 1990; LIPSHULTZ et al.,
1991; STEINHERZ; STEINHERZ, 1991), caracterizando a manifestacdo da

cardiotoxicidade por antraciclinas décadas apo6s o fim do tratamento quimioterapéutico.

A cardiotoxicidade crbnica tardia é particularmente relevante nos casos de
sobreviventes adultos de tumores pediatricos, onde até 65% dos sobreviventes de
tumores malignos na infancia tratados com DOX/antraciclinas podem apresentar
evidéncias ecocardiograficas de alteracdes na funcdo contratil do ventriculo esquerdo
(BERGLER-KLEIN et al., 2016; GRENIER; LIPSHULTZ, 1998; LIPSHULTZ, 2006;
LIPSHULTZ et al., 1991; VAN DALEN; CARON; KREMER, 2007). Em um estudo de
seguimento de 14358 individuos com sobrevida apds 5 anos, 0s quais tiveram cancer
na infancia, foi observado que o uso de DOX em dose < 250 mg/m? tinha associagao
com o risco de desenvolver ICC 2,4 vezes maior comparado aos sobreviventes os quais
nao receberam a droga. Além disso, o risco de desenvolver ICC aumentou para 5,2
vezes com o uso de DOX em dose > 250 mg/m? (MULROONEY et al., 2009).

Enquanto a cardiotoxicidade aguda ndo constitui uma complicacao clinica maior
e normalmente tem resolucao rapida e espontanea ao final da infusdo, os subtipos de

cardiotoxicidade cronica sdo seérios e clinicamente relevantes, uma vez que
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representam grande percentual de morbi-mortalidade e requerem longo tempo de
tratamento. Além disso, o aparecimento de complicagBes cardiacas pode determinar
interrupcdo do tratamento quimioterapéutico e comprometer a cura ou o adequado
controle do cancer (SCHLITT et al., 2014; YEH; BICKFORD, 2009).

Ainda, a ocorréncia da disfuncéo ventricular sistélica e diastélica assintomética
ou sintomatica varia entre 5% e 30%, sendo mais frequente em pacientes que
apresentam fatores de risco como: extremos de idade, disfuncédo ventricular prévia,
hipertensédo arterial, diabetes, uso de associacdo de quimioterapicos, radioterapia
mediastinal e susceptibilidade genética (CARAM et al., 2015; SENGUPTA et al., 2008;
SINGAL; ILISKOVIC, 1998). Salientando que os efeitos cardiotdxicos classicos das
antraciclinas sdo cumulativos e tém relacdo com a dose, a velocidade de infuséo, a
associacdo de drogas e as insuficiéncias hepatica e renal. Entretanto, qualquer

quimioterapico tem potencial para causar toxicidade.

1.1.3.2. Patogénese

Antes de se abordar os mecanismos de acdao da DOX é importante mencionar a
concentracdo atingida pela droga na circulacdo e sustentada pelos pacientes sob
tratamento. No esquema de administracdo em bolus variando entre 15 e 90 mg/m?, a
concentragéo plasmatica inicial detectada foi de aproximadamente 5 uM (BRENNER et
al., 1985; GREENE et al., 1983), enquanto que a concentracdo mais baixa observada
foi de 0,3 yM (KOKENBERG et al.,, 1988). No entanto, geralmente a concentracao
plasmatica inicial fica na faixa de 1-2 uM (BENJAMIN; RIGGS; BACHUR, 1993;
CAMAGGI et al., 1988; CREASEY et al., 1976; MULLER et al., 1993; SPETH et al.,
1987a, 1987b). Além disso, a concentracdo plasmatica decai rapidamente, atingindo a
faixa de 25-250 nM dentro de 1 hora — concentracdo similar aquela atingida e mantida
pela infusdo continua (GREENE et al., 1983; KOKENBERG et al., 1988; MULLER et al.,
1993; SPETH et al.,, 1987a, 1987b). Dessa forma, os estudos envolvendo células
intactas devem utilizar concentragbées de DOX abaixo de 1 ou 2 uM para poderem
fornecer informacdo adequada sobre o0s potenciais mecanismos de agdo do

quimioterapico associados ao seu uso clinico (GEWIRTZ, 1999).
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Inimeros mecanismos tém sido propostos para a morte celular induzida pela

DOX em doses clinicas relevantes, onde se destacam:

1.1.3.2.1.Veneno de Topoisomerase Il

As topoisomerases sao enzimas que regulam a topologia do DNA e facilitam
0s processos de replicacao e transcricdo do DNA. Muitas drogas anticancer, tais como
as campotecinas, o etoposido e as quinolonas tém como alvo a inibicdo de
topoisomerases com vistas a matar a célula tumoral (POMMIER et al., 2010). Esse
modelo é visto com cautela para a DOX, onde o quimioterapico causaria inibicdo da
Toposisomerase Il, quebras duplas no DNA e consequente morte celular, mas somente
em elevadas doses clinicas da droga (GEWIRTZ, 1999; MINOTTI et al., 2004).
Entretanto, existem outros exemplos nos quais a morte celular causada pela DOX é
independente da Topoisomerase Il (PANG et al., 2013; ROCHA et al., 2016; SWIFT et
al., 2006).

1.1.3.2.2.Formacéo de adutos com o DNA

A DOX pode ter agdo de agente intercalante do DNA. Nessas situagoes,
forma adutos com o DNA com subsequente ativacdo de respostas ao dano ao DNA, as
quais induzem morte celular independente de Toposisomerase Il (CHAIRES;
HERRERA; WARING, 1990; FORREST et al., 2012; SAFFI et al., 2010; SWIFT et al.,
2006; VAVROVA et al., 2013; ZHANG et al., 2012). A formacéo de adutos DOX-DNA
ocorre em doses clinicas relevantes de DOX, possivelmente ainda durante a
quimioterapia (COLDWELL et al., 2008). A interagdo entre DOX e DNA pode ser
estabilizada por uma ligacdo covalente mediada por um formaldeido celular, formado
por reagdes de radicais livres com fontes carbonadas (TAATJES et al., 1996, 1997).
Assim, a interacdo se estabelece com a formac&o de uma ligacdo covalente entre a
DOX e uma guanina de uma fita do DNA, mediada pelo formaldeido; e uma ponte de

hidrogénio entre a DOX e a outra guanina da fita oposta (Figura 2).
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Figura 2: LigacOes formadas (A) e estrutura da intercalagdo entre a DOX e o DNA (B).
(Reproduzido a partir de Yang et. al. Biochim Biophys Acta 1845: 84-89, 2014).

1.1.3.2.3. Aumento na produc¢éo de ceramida

Paralelamente a outros mecanismos, o tratamento com DOX aumenta o0s
niveis de ceramida, uma molécula lipidica envolvida em inUmeros processos celulares
como parada no ciclo celular, apoptose e senescéncia (SENCHENKOV; LITVAK;
CABOT, 2001). Em linhagem celular de cancer de mama (MCF-7) foi demonstrado que
o tratamento com DOX aumenta os niveis de ceramida em células sensiveis a DOX,
mas 0s niveis ndo se alteram nas células resistentes a DOX, o que sugere que 0s
niveis de ceramida podem estar envolvidos na resisténcia das células tumorais a DOX
(DELPY et al., 1999; DONATO; KLOSTERGAARD, 2004; LUCCI et al., 1999; XU et al.,
2016).

1.1.3.2.4. Formagéao de radicais livres e inducdo de estresse oxidativo

Atualmente é ponto esclarecido que sob condigcbes adequadas a estrutura
guimica das antraciclinas conduz a formacéo de radicais livres e inducédo de estresse
oxidativo. A estrutura quinona da DOX pode sofrer uma reducao eletronica no anel C
formando um radical semiquinona, reacdo mediada por flavoproteinas (Fp) adequadas

gue aceitam elétrons da nicotinamida adenina dinucleotideo (NADH) ou da nicotinamida
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adenina dinucleotideo fosfato (NADPH) e os doam a DOX gerando o radical
semiquinona (BERLIN; HASELTINE, 1981; MINOTTI et al., 2004; SIMUNEK et al.,
2009). Esses radicais sao relativamente estaveis em ambientes anoxicos, entretanto em
condicbes normoxicas, reagem rapidamente com o oxigénio, a quem doam seus
elétrons, formando o anion radical superéxido (0,*), que consequentemente pela acédo
da enzima superoxido dismutase (SOD), ou espontaneamente, produz peroxido de
hidrogénio (H,02). O H,0,, por sua vez, € uma molécula relativamente estavel sob
condicBes fisioldgicas, sendo seu equilibrio mantido pela acdo das enzimas catalase
(CAT) e glutationa peroxidase (GPx). Entretanto o O,* e o H,O, sdo capazes de gerar
outro radical, altamente téxico para a as células, o radical hidroxila (HO®). Esse radical
tem um papel importante nas reacdes de Haber-Weiss (Fenton) (Eq. 1), as quais
ocorrem em baixa velocidade, a menos que catalisadas por metais de transicao,
especialmente o Ferro (Fe) (HALLIWELL; GUTERIDGE, 2007). As reacdes de Haber-
Weiss catalisadas por Fe sao divididas em dois passos:

1) O fon férrico (Fe*") é reduzido ao fon ferroso (Fe?*) pelo O,*(Eq. 2)

2) Areacdo de Fenton ocorre entre o Fe?* e o H,O; (Eq. 3)

Oz._ + H,0, - O, + HO™ + HO*® (Eq 1)
0," + Fe*" — 0, + Fe* (Eq. 2)

H,0, + Fe*" — HO™ + HO® + Fe** (Eq. 3)

Tendo em vista o papel catalitico do Fe livre na producdo do HO®, os
organismos possuem mecanismos que regulam a homeostase do Fe, tais como
proteinas especificas para sua aquisi¢do, transporte e estocagem. O pool citosoélico de
Fe, que corresponde ao Fe que transita entre o transportador transferrina e o estocado
pela proteina ferritina, é regulado por proteinas reguladoras de Fe (IRPs), as quais
controlam a expressdo dos receptores de transferrina e ferritina (MLADENKA et al.,

2006). Entretanto a DOX, através da producédo de O,*, age sobre a liberacédo do Fe da
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proteina ferritina, contribuindo para o aumento na quantidade de Fe livre a ativo, que da
continuidade para as reacdes que geram HO®* (MYERS, 1998; THOMAS; AUST, 1986).

Um segundo mecanismo, pelo qual o Fe promove estresse oxidativo envolve
a formacéao de complexos DOX-Fe, uma vez que devido a sua estrutura quimica, a DOX
possui elevada afinidade por Fe, demonstrando um potencial quelante (MYERS, 1998).
Na presenca de um sistema redutor, tais como citocromo P450 redutase, NADH
desidrogenase, thidis de cisteina ou glutationa, dentre outros, o complexo DOX- Fe®* é
reduzido a DOX- Fe?*. Esse por sua vez pode reagir com o O, para formar 0,*, que é
dismutado em H,0,, o qual pela reacdo de Haber-Weiss resulta em HO°®.
Alternativamente, o complexo DOX-Fe* pode reagir diretamente com o H,0,

produzindo HO® diretamente (Figura 3).

O HO* formado possui uma meia-vida muito curta e é extremamente reativo.
Diferentemente de outras espécies reativas de oxigénio (ERO), como o0 O, e 0 H,0»,
Nao possui um sistema enzimatico que o neutralize, podendo causar sérios danos as
células e suas macromoléculas, tais como a peroxidacdo de lipidios de membranas e
organelas, oxidacdo de proteinas e dano ao DNA (HALLIWELL; GUTERIDGE, 2007;
MUINDI et al., 1984).

Portanto, ndo ha uma Unica teoria a respeito do mecanismo toxico da DOX
sobre o tecido cardiaco. O dano ao miocardio foi primariamente relacionado ao
aumento na geracéo de ERO e radicais livres (SIMUNEK et al., 2009), o qual tem sido

indicado e amplamente estudado como o principal mecanismo de cardiotoxicidade.
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Figura 3: Mecanismo proposto para a formacdo de ERO pela DOX/antraciclinas que envolve
fons Ferro (Fe*/Fe?"), anion radical superoxido (O,*), superdxido dismutase (SOD), peréxido
de hidrogénio (H,O,), radical hidroxila (HO®), NAD(P) (nicotinamida adenina dinucleotideo
(fosfato)), Fp (flavoproteina), GSH/GSSG (glutationa reduzida/oxidada). (Reproduzido a partir
de Tomas Simunek et. al. Pharmacological Reports 61: 154—171, 2009).

1.1.3.3. Prevencéao

A compreensdo do mecanismo de cardiotoxicidade induzido pela DOX é de
fundamental importancia na busca de estratégias preventivas para combater o
desenvolvimento de dano permanente ao tecido cardiaco. Tendo em vista que a
cardiomiopatia induzida pela DOX tem como principal mecanismo a geracéo de radicais
livres e ERO durante a metabolizagdo mitocondrial da droga, grande parte das
estratégias de prevencgdo tem como foco a reducdo do estresse oxidativo. A reducéo da
cardiotoxicidade pode ser obtida através de iniUmeros mecanismos, dentre eles
encontra-se a administracdo de DOX na forma lipossomal peguilhada, que diminui a
concentracdo de DOX livre na circulacdo, reduz sua velocidade de eliminagédo, aumenta

a captacdo seletiva da substancia pelas células tumorais e permite uma menor
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frequéncia de administragdo do medicamento. O uso da DOX na forma lipossomal
peguilhada demonstrou diminuir a cardiotoxicidade, mesmo em doses cumulativas >
500 mg/m? (O'BRIEN et al., 2004; RAFIYATH et al., 2012; SAFRA et al., 2000).

Estratégia adicional na reducdo do dano ao miocardio pelo estresse oxidativo
gerado pelas antraciclinas tem sido obtida com a utilizagcdo de agentes antioxidantes,
tais como o probucol que tem demonstrado prevenir o dano pelo decréscimo na fracédo
de ejecdo do ventriculo esquerdo em modelos animais de cardiotoxicidade induzida
pela DOX (LOU; DANELISEN; SINGAL, 2005; SINGAL et al., 2000; WALKER et al.,
2011). O carverdilol, um beta-bloqueador adrenérgico, demonstrou acdo protetora
contra a disfuncdo ventricular esquerda causada pela DOX, o que também foi
relacionado a sua acdo antioxidante (OLIVEIRA et al., 2004; PEREIRA et al., 2011).
Entretanto, embora muitos estudos realizados em modelos experimentais de
cardiotoxicidade pela DOX em animais tenham comprovado os efeitos benéficos do
tratamento com antioxidantes, nos estudos clinicos esses efeitos nem sempre sdo tao
evidentes. Alguns agentes antioxidantes como a N-acetilcisteina, coenzima Q10,
combinac¢des de vitaminas E e C ndo foram avaliados em estudos clinicos comparativos
e alguns pequenos estudos realizados néo indicaram cardioprote¢do (VAN DALEN et
al., 2008). Esse fato se deve aos mais variados agentes antioxidantes utilizados, ao
tempo de tratamento, ao tipo de tumor e ao regime quimioterapia, dentre outros fatores
(LADAS et al., 2004).

Como mencionado anteriormente, as ERO podem ser geradas pela interagcéo
entre a DOX e ions Fe na reacao de Fenton. Tendo em vista esse mecanismo, o0 agente
quelante de metais dexrazoxane foi desenvolvido com o intuito de prevenir e tratar a
cardiotoxicidade induzida pela DOX. O dexrazoxane tem demonstrado em ensaios
clinicos reduzir a incidéncia de ICC, mesmo em pacientes que ja haviam recebido
doses cumulativas de DOX > 300 mg/m? (SWAIN et al., 1997). Além disso, uma
metanalise de nove estudos clinicos, incluindo um total de 1403 pacientes, descreve o
papel protetor do dexrazoxane na insuficiéncia cardiaca (Risco Relativo (RR) 0,29,
IC95% 0,20 a 0,41) (VAN DALEN et al., 2008). Entretanto, tendo em vista a concepgao

de que o dexrazoxane pode reduzir a eficacia terapéutica da DOX, é recomendado que
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seu uso seja iniciado apenas ap0s 0 paciente ter recebido uma dose cumulativa de
DOX de 300 mg/m? (SWAIN et al., 1997; TRACHTENBERG et al., 2011).

1.2. COMPOSTOS BIOATIVOS DA DIETA E CARDIOPROTECAO

1.2.1. Resveratrol

Compostos bioativos sdo constituintes da dieta normalmente encontrados em
pequenas quantidades nos alimentos, que ndo sdo essenciais para a vida, mas que
passaram a ser intensivamente estudados devido a seus efeitos benéficos sobre a
saude. Compostos como o resveratrol, flavondides, fitoestrégenos, isotiocianatos,
monoterpenos, licopeno, genisteina, curcumina e catequinas sao exemplos de alguns
dos compostos bioativos que podem ser obtidos a partir da dieta (KRIS-ETHERTON et
al., 2002). Nesse sentido, sdo crescentes as evidéncias que comprovam que dietas
ricas em vegetais, frutas, legumes e gréos, moderada ingestdo de produtos lacteos,
peixe e vinho, e pequena ingestao de carne vermelha e processada, o que caracteriza a
dieta Mediterranea, esta associada a baixa mortalidade por doencgas cardiovasculares
(LOPEZ-GARCIA et al., 2014; PANAGIOTAKOS et al., 2015; TOGNON et al., 2014).
Além disso, o consumo da dieta mediterrdnea também est4d associado a baixa
incidéncia de infarto agudo do miocardio (IAM), doencas coronarianas, e acidente
vascular cerebral (BUCKLAND et al., 2009; FUNG et al., 2009; GARDENER et al.,
2011; TSIVGOULIS et al., 2015).

1.2.2. Efeito cardioprotetor do Resveratrol

O resveratrol € um fenol estilbendide chamado trihidroxiestilbeno (Figura 4)
encontrado especialmente na uva, frutas vermelhas e amendoim (SOLEAS;
DIAMANDIS; GOLDBERG, 1997). E considerado uma fitoalexina, pois é produzido
pelas plantas sob condi¢des de estresse (LANGCAKE; PRYCE, 1976), como € o caso
da sintese pelo fungo Botrytis cinerea presente na casca da uva, durante o processo de

fermentacao do vinho tinto. O resveratrol esta presente em ambas as formas cis/trans,
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entretanto € o isbmero trans que possui maior efeito antioxidante e maior estabilidade
biolégica (BASLY et al., 2000; MIKULSKI; GORNIAK; MOLSKI, 2010). A presenca do
resveratrol, bem como outros compostos fendlicos, comecou a atrair grande interesse a
partir de 1992, quando foi Ihe atribuido os efeitos cardioprotetores do vinho tinto
(SIEMANN; CREASY, 1992). Desde entdo, muitos trabalhos tem demonstrado que o
resveratrol pode prevenir ou retardar a progressado de inumeras doencas, que incluem o
cancer, doencas cardiovasculares, eventos isquémicos, bem como o aumento da
resisténcia ao estresse e tempo de vida desde leveduras até vertebrados (BERTELLI;
DAS, 2009; HOWITZ et al., 2003; RAVAL et al., 2008; WAFFO-TEGUO et al., 2001; YU,
LI, 2012).

HO. = 5 .OH

? | HO. -~ OH

OH
trans-Resveratral ciz-Resveratral

Figura 4: Estruturas do trans- e cis-Resveratrol. (Reproduzido a partir de Drug Discovery. Baur
& Sinclair. Nature Reviews 5: 493-506, 2006).

1.2.3. Farmacodinamica e efeitos fisiolégicos do Resveratrol

O mecanismo pelo qual o resveratrol exerce seus efeitos benéficos nas mais
variadas espécies e modelos de doencas ainda nao esta totalmente esclarecido.
Resultados de estudos farmacocinéticos mostram que o resveratrol sofre acdo da
microbiota do intestino que produz os metabdlitos dihidroxiresveratrol, 3,4’-dihidroxi-
trans-estilbeno e 3,4’-dihidroxibibenzil (BODE et al., 2013). Em fase posterior de
biotransformacéao, seréo produzidos os metabdlitos conjugados -3-orto-glicuronideo, -4’-
orto-glicuronideo e -3-orto-sulfato (ALMEIDA et al., 2009; BOOCOCK et al., 2007), o
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que ocorre rapidamente em menos de 2 horas ap0s sua ingestdo. As bactérias
intestinais desempenham um papel importante no metabolismo do resveratrol o que
contribui para a variacdo das fracbes de metabdlitos entre os individuos (BODE et al.,
2013; STEVENS; MAIER, 2016).

Fisiologicamente, o resveratrol apresenta um papel importante em muitas
desordens e seus efeitos tém sido estudados em diferentes doengas. As pesquisas
iniciaram com a descoberta de importantes efeitos cardiovasculares do resveratrol, mas
desde entdo varios outros efeitos benéficos sobre a saude foram identificados, tais
como: no tratamento da fibrilagdo atrial (BACZKO; LIGHT, 2015); como anti-
diabetogénico (BAGUL; BANERJEE, 2015); aumentando a expectativa de vida, e
protegendo contra o envelhecimento e doencas relacionadas (RAMIS et al.,, 2015;
VAHID et al., 2015); na regulacdo do cancer e doencas neurodegenerativas (AIRES;
DELMAS, 2015), dentre outros.

Devido ao papel do estresse oxidativo nas doencas cardiovasculares, maior
atencdo tem sido dada ao uso de antioxidantes naturais no seu tratamento. Nessa
linha, o resveratrol tem demonstrado efeito antiapoptético, responsavel em parte, por
seu papel cardioprotetor, uma vez que ao aumentar a resisténcia contra 0 estresse
oxidativo por neutralizar o H,O,, o resveratrol previne a morte de células endoteliais
(UNGVARI et al, 2007). Outros efeitos tais como, acdo anti-inflamatéria
(JORAHOLMEN et al., 2015; TROTTA et al., 2016), antiproliferativa (AMIRI et al., 2013;
FERRUELO et al., 2014; KUO; CHIANG; LIN, 2002), antiangiogénica (EL-AZAB et al.,
2011; KASIOTIS et al., 2013), também tem sido atribuidas aos mecanismos protetores
do resveratrol, entretanto a modulacdo do estresse oxidativo tem sido destacada como
um dos seus principais efeitos, por estar correlacionada com os demais. Dessa forma, o
resveratrol pode apresentar efeitos benéficos sobre inUmeras doengas, particularmente

aguelas em que o estresse oxidativo apresente um papel importante.
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1.3. EXERCICIO

1.3.1. Exercicio como agente cardioprotetor

A busca por estratégias adicionais para controle e prevencdo dos efeitos
cardiotoxicos dos quimioterpicos tem crescido consideravelmente nas Ultimas
décadas. Particularmente, estratégias farmacologicas baseadas em agentes naturais,
com menores efeitos colaterais, com menor custo e mais acessiveis, como 0
encontrado em componentes bioativos naturais, que podem ser obtidos através de dieta
tem recebido atencéo especial (AGGARWAL et al., 2011).

Outras estratégias, ndo farmacoldgicas, baseadas na mudanca do estilo de vida,
também tém sido observadas como importantes moduladoras da funcdo cardiaca e
protecdo contra o dano ao miocardio em diferentes situacdes. Nesse sentido, a
cardioprotecdo miocardica pelo exercicio fisico contra diferentes insultos cardiacos é
atualmente um efeito reconhecido. Quando o exercicio é realizado de forma moderada
e sistematica, pode constituir uma excelente ferramenta tanto para o tratamento quanto
para a prevencdo de diversas doencas, onde estdo incluidas as doencas
cardiovasculares (DUNCKER; BACHE; MERKUS, 2012; DUNCKER; BACHE, 2008).

O exercicio, quando praticado na forma de condicionamento fisico é capaz de
gerar um processo de adaptagcao positiva ao coracdo. Dentre as respostas adaptativas
ao exercicio, sdo observadas bradicardia ao repouso e ao exercicio em intensidade
submaxima; aumento na dimensdo diastdlica final, melhora da funcéo ventricular e
aumento na resisténcia do coracdo aos eventos isquémicos e estimulos deletérios que
causem estresse oxidativo e apoptose (ASCENSAQ; FERREIRA; MAGALHAES, 2007;
MOORE, 1998; POWERS; QUINDRY; KAVAZIS, 2008). Além disso, o condicionamento
com exercicio fisico torna o miocardio menos suscetivel aos efeitos deletérios de
episodios isquémicos agudos; além de ter demonstrado ser efetivo no tratamento e/ou
prevencado dos déficits cardiacos funcionais decorrentes da hipertensdo cronica, idade
avancada e de IAM (HEINONEN et al., 2014; MEZZANI; CORRA; GIANNUZZI, 2008;
PARKER; KALASKY; PROCTOR, 2010; TOTH et al., 2012; VELLA; ROBERGS, 2008).
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1.3.2. Efeitos fisioldgicos do exercicio sobre as ERO

Embora o exato mecanismo de cardioprotecdo pelo exercicio continue em
discusséo, tem sido normalmente associado ao decréscimo na producdo de ERO e ao
aumento na resposta de diversos sistemas de defesa antioxidante (ASCENSAO et al.,
2003; JI, 2002; LEE et al.,, 2012b; POWERS et al., 2014). Nesse sentido, foi
demonstrado que o exercicio induz ao aumento da atividade das enzimas antioxidantes
cardiacas e do conteudo de glutationa, melhora a funcdo mitocondrial e reduz a
formacéo de peréxidos lipidicos (ASCENSAO et al., 2005b; VENDITTI; DI MEO, 1996),
além de aumentar a expressdo de proteinas cheperonas (ASCENSAO et al., 2005b;
POWERS et al., 1998).

Relativamente a cardiotoxicidade induzida pela DOX, desde as investigacdes
iniciais, na qual ratos tratados com DOX submetidos a uma sessdo aguda de nado
forcado apresentaram menores taxas de toxicidade e mortalidade comparativamente
aos controles (COMBS; HUDMAN; BONNER, 1979), diversos trabalhos foram
realizados para analisar também os efeitos do exercicio crénico sobre o dano cardiaco
causado pela DOX. Desde entdo, inumeros estudos comprovaram os efeitos benéficos
do exercicio sobre o sistema cardiovascular, sendo capaz de atenuar os efeitos
cardiotoxicos do tratamento agudo ou crénico com DOX e protegendo o tecido cardiaco
contra o estresse oxidativo, dano e morte celular (ASCENSAO; OLIVEIRA;
MAGALHAES, 2012; ASCENSAO et al., 2005a, 2005b, 2006; MARQUES-ALEIXO et
al., 2015).

1.4. EPIGENETICA

1.4.1. Memdria epigenética em mamiferos

O termo epigenética deriva do prefixo grego epi, que significa acima, definindo o
fendtipo herdavel resultante de modificacbes que ocorrem na cromatina (“acima” ou
“para além” dos genes) sem altera¢gfes na sequéncia primaria do DNA (BERGER et al.,
2009). O termo foi originalmente empregado por Conrad Hal Waddington que a definiu
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como “interagbes dos genes com o0 seu ambiente e que dao forma ao fendotipo”
(WADDINGTON, 1940). Posteriormente, a epigenética passou a ser compreendida
como “as alteracBes herdaveis na expressao dos genes que dao forma ao fendtipo e
gue ocorrem independentemente de alteracdes na sequéncia do DNA” (BONASIO; TU;
REINBERG, 2010; DAXINGER; WHITELAW, 2012).

Uma memoria epigenética pode ser criada e a informacéo transmitida de uma
geracdo a outra através de padrdes de heranca que se baseiam em modificacbes na
estrutura do DNA, tais como metilacdo de residuos de citosina, modificacbes de
histonas e de miRNAs (BONASIO; TU; REINBERG, 2010; WHITELAW; WHITELAW,
2008), como demonstrado na Figura 5. Essas informag0es podem ser propagadas entre
as geracfes durante a gametogénese e embriogénese precoce, gerando os efeitos
epigenéticos fenotipicos inter/transgeracionais, 0s quais ndo podem ser explicados pela
genética Mendeliana (ou por alterac6es na sequéncia primaria do DNA). Isso inclui, por
exemplo, os efeitos de exposicbes ambientais sobre adultos que alteram o fenétipo do
embrido em desenvolvimento via placenta; ou o recém-nascido via leite materno
(DAXINGER; WHITELAW, 2012; WHITELAW; WHITELAW, 2008). A habilidade dos
mamiferos de transmitir uma informacao epigenética a sua prole evidencia claramente
que a hereditariedade ndo esta restrita a sequéncia do DNA e que a epigenética possui
um papel importante na produgéo de descendentes saudaveis.
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Figura 5: Mecanismos epigenéticos de regulacdo génica. (Reproduzido a partir de Matouk &
Marsden. Circ. Res. 102: 873-887, 2008).

1.4.2. ModificacBes epigenéticas e as Desacetilases de Histonas

Nas células eucariéticas o DNA genbmico esta mantido no complexo DNA-
protéico da cromatina, onde as proteinas predominantes sédo as histonas. O principal
elemento de repeticdo da cromatina sdo 0s nucleossomos, que consistem de 147 pares
de bases do DNA envoltos por um octamero de proteinas histonas (H2A, H2B, H3 e H4)
(WOLFFE, 1992). Essas proteinas fornecem uma estrutura ao genoma e também
permitem que a cromatina seja modificada em determinadas situacdes. Esse € 0 caso
das modificagbes de histonas, que alteram a ligacdo dos fatores de transcricdo aos
promotores do gene alvo, modificando a expressédo génica (BROWNELL; ALLIS, 1996;
WOLFFE, 1999).

Dentre as principais modificacGes epigenéticas destacam-se:
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1) as modifica¢cdes quimicas ao nivel dos nucleotideos, que incluem a metilagéo
do DNA e o RNA interferéncia (RNAI);

2) as modificacBes ao nivel das histonas, como as modificacfes pos-traducionais

de proteinas histonas e a incorporacédo de variantes de histonas; e

3) remodelamento de nucleossomos, processo dependente de ATP, que regula a
acessibilidade ao DNA nucleossomal (GRAFF et al., 2011; MATOUK; MARSDEN,
2008).

Relativamente ao processo de modificacdo de proteinas histonas, as
modificacdes pos-traducionais podem ocorrer em todas as histonas, principalmente na
cauda NHa-terminal, consistindo dos processos de acetilacdo, metilacédo, fosforilacéo,
ubiquitinacdo e sumoilacdo (GRAFF et al., 2011). Devido as suas propriedades
guimicas, essas modificacdes epigenéticas podem alterar a compactacédo da cromatina,

€ Como consequéncia, a acessibilidade da maquinaria de transcricdo ao DNA.

Dentre as modificacbes de proteinas histonas, o processo de acetilagdo tem
recebido destaque. As histonas podem ser acetiladas em seus residuos de lisina (K),
onde o processo de acetilacdo tem sido relacionado ao processo de ativacao do gene e
inicio da transcricdo, uma vez que a acetilacdo deixa a estrutura da cromatina menos
compactada e permite o recrutamento e ligacdo de fatores de transcricdo e da RNA
polimerase (BROWNELL; ALLIS, 1996). As enzimas que regulam o processo de
acetilacdo de histonas sdo as Acetil-transferases de Histonas (HATS) e as
Desacetilases de Histonas (HDACS), as quais regulam o estado da cromatina de forma
a estar hora descompactada, acetilada e acessivel, ou mais compactada, desacetilada

e inacessivel aos fatores de transcrigédo (Figura 6).
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Figura 6: Regulagéo do estado transcricional da cromatina pelas Acetil-transferases de Histonas
(HATSs) e Desacetilases de Histonas (HDACs). (Reproduzido a partir de Chuang et al. Trends
Neurosci. 32: 591-601, 2009).

As HDACs sdo enzimas conservadas através da evolucao de muitas espécies.
Em humanos, as HDACs podem ser divididas em 4 classes, 0 que teve como base sua
homologia com as HDACs de leveduras (FRYE, 2000). As HDACs classe | incluem as
HDAC1, 2, 3 e 8 relacionadas com a enzima desacetilase de levedura Rpd3. As HDACs
classe Il incluem as HDACA4, 5, 6, 7, 9 e 10 relacionadas a proteina de levedura HDAL.
As HDACs classe | e Il tém sido mais extensivamente estudadas por seus papéis no
Sistema Nervoso Central (SNC) (LU et al., 2000; MORRIS; MONTEGGIA, 2013). As
HDACS classe Il sdo desacetilases com funcdo dependente de NAD™ e sdo conhecidas
como “Sirtuinas” por sua homologia com a HDAC Sir2 de levedura. Ainda, a HDAC
classe IV compreende a HDAC11, a isoforma identificada mais recentemente e ainda
pouco estudada (VOELTER-MAHLKNECHT; HO; MAHLKNECHT, 2005).

As sirtuinas compreendem uma familia de enzimas, Sirtl — Sirt7, que possuem
dentre outras caracteristicas, localizacbes subcelulares, atividade e alvos distintos na
célula (FRYE, 2000; MICHISHITA et al., 2005; MORRIS, 2013; SEBASTIAN;
MOSTOSLAVSKY, 2015), como ilustrado na Tabela 2 abaixo.



Tabela 2: Atividade e localizagdo das sirtuinas.
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(Reproduzido e adaptado a partir de Brian J. Morris. Free Rad Biol Med 56: 133-171, 2013; &
Carlos Sebastian & Raul Mostoslavsky. Seminars in Cell & Developmental Biology 43: 33—42,
2015).

Apesar das sirtuinas possuirem a funcdo enzimatica de desacetilase de histonas,
algumas possuem atividades adicionais; tais como a Sirt6 e a Sirt4 que agem ainda
como mono-ADP-ribosiltransferases, numa reacdo onde a molécula de ADP-ribosil é
transferida do NAD* para um substrato protéico (BORDO, 2013). Particularmente a
Sirt6, desempenha um papel chave no reparo do DNA e na manutencgéo da estabilidade
do genoma, especialmente integrando ac¢des de fatores de sinalizacdo de dano ao DNA
com o0 recrutamento e ativacdo de enzimas de reparo, sobretudo em situacdes de
estresse oxidativo (MAO et al., 2011).

1.4.3. A influéncia do ambiente na formacdo do epigenoma - Efeitos

epigenéticos do exercicio e da nutricao

Até poucos anos atras o conhecimento estabelecido era de que a informacao
hereditaria era transmitida entre as geracdes apenas pela sequéncia do DNA, e que

qualquer alteracdo nessa sequéncia era aleatdria e independente de fatores
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ambientais. Entretanto, durante as duas ultimas décadas o aumento nas pesquisas no
campo da epigenética desmistificou esse conhecimento ao demonstrar que a heranca
da sequéncia do DNA ndo € a unica forma de transmissdo de informacfes de tracos
fisicos, comportamentais e emocionais entre mamiferos. Além disso, foi recentemente
estabelecido que o epigenoma pode ser modulado por uma variedade de fatores
ambientais, tais como agentes quimicos; nutricionais; o ambiente dos anos iniciais de
vida; cuidado materno; bem como pela pratica de atividade fisica (ABEL; RISSMAN,
2013; ANWAY; LEATHERS; SKINNER, 2006; BLAZE; SCHEUING; ROTH, 2013;
BURDGE et al., 2007; NTANASIS-STATHOPOULOS et al., 2013; ROTH; SWEATT,
2011; WATERLAND et al., 2006; WEAVER et al., 2004). Dessa forma o epigenoma se
constitui pela interface entre e os genes e o ambiente, podendo ser visto como um
potencial mecanismo para as adaptacdes inter- e transgeracionais originadas pelo

ambiente.

Relativamente ao papel do exercicio, € crescente o numero de trabalhos
demonstrando que esse € capaz de modular parametros epigenéticos; como por
exemplo, a alteracédo do perfil de acetilacdo de histonas e consequentemente aumento
do processo de transcricdo de genes relacionados a funcbes especificas do SNC
(ELSNER et al., 2011; GOMEZ-PINILLA et al., 2011). Nesse sentido, Elsner e cols.
demonstraram recentemente que diferentes protocolos experimentais de exercicio em
esteira podem modular as atividades das enzimas HATs e HDACs no hipocampo de
ratos (ELSNER et al., 2011). Além desses, outros estudos tem demonstrado a relacdo
existente entre modificacbes epigenéticas induzidas pelo exercicio e: melhor
prognostico do diabetes tipo 2 (DOS SANTOS et al., 2015); maior plasticidade sinaptica
devido a regulacao da expressdo do BDNF hipocampal (GOMEZ-PINILLA et al., 2011);
reducdo de déficits cognitivos (ELSNER et al., 2013) e do declinio de memoria
relacionados a idade, pela reducdo do perfil neuroinflamatério (LOVATEL et al., 2012,
2013a); dentre outros efeitos.

A nutrigendmica é outra area que tem recebido destaque, ao explorar e definir o
envolvimento da dieta na formacéo do epigenoma. Sendo a nutricdo a maior exposi¢cao
ambiental que influencia significativamente na vida e expectativa de vida (RAKYAN et

al., 2011), os nutrientes recebem um papel de destaque pela capacidade de modular
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mecanismos epigenéticos (PHAM; LEE, 2012). O interesse nos efeitos epigenéticos
transgeracionais dos componentes da dieta foi motivado pelas observacdes de que
camundongos Agouti alimentados com dieta rica em polifendis da soja apresentaram
alteracdes nos padrdes de metilacdo do DNA em suas ninhadas e os protegeram contra
o diabetes, obesidade e cancer, o que foi observado através de mudltiplas geracdes
(DOLINOY; HUANG; JIRTLE, 2007; DOLINOY et al., 2006). Assim, inumeros
compostos bioativos derivados da dieta, tais como: o resveratrol, a curcumina, 0S
polifendis do cha verde, dentre outros, podem direta ou indiretamente modular
parametros epigenéticos interagindo com enzimas que catalisam a metilacdo do DNA
ou as modificagbes de histonas (CHOI; FRISO, 2010). Essas modificagcbes podem
acumular-se no tempo e estar envolvidas na patogénese ou na protecdo de inUmeras
doencas, como as relacionadas ao envelhecimento, o diabetes, o cancer e as doencas
cardiovasculares (AAGAARD-TILLERY et al., 2008; DE FOURMESTRAUX et al., 2004).
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2. JUSTIFICATIVA

A DOX esta entre os quimioterapicos da classe das antraciclinas de uso mais
frequente em oncologia. Entretanto seu uso néo esta livre de complicacdes, onde o
desenvolvimento de resisténcia em células tumorais e a toxicidade néo especifica em
tecidos saudaveis apresenta uma incidéncia elevada, destacando-se a toxicidade
cardiaca, desenvolvimento de cardiomiopatia e ICC como efeitos colaterais mais

comuns.

7

A cardiotoxicidade crbnica tardia é particularmente relevante nos casos de
sobreviventes adultos de tumores pediatricos, onde até 65% dos sobreviventes de
tumores malignos na infancia tratados com DOX/antraciclinas podem apresentar
evidéncias ecocardiogréaficas de alteracdes na fungéo contratil do ventriculo esquerdo.
A ocorréncia de disfuncdo cardiaca apds tratamento com DOX em pacientes de
qualquer idade pode chegar a 30%; complicacdo que pode determinar interrupcdo do

tratamento quimioterapéutico e comprometer a cura ou o adequado controle do cancer.

Embora os mecanismos de citotoxicidade da DOX sejam diversos, o dano ao
miocardio foi primariamente relacionado ao aumento na geracao de ERO e radicais
livres. Esse fato que fez com que grande parte das estratégias de prevencao tivesse
como foco a reducdo do estresse oxidativo, destacando-se a utilizacdo de agentes

antioxidantes.

O resveratrol € um composto bioativo que pode ser obtido em pequenas
quantidades na dieta, apresentando dentre outras propriedades, a antioxidante, anti-
inflamatoria, antiproliferativa, antiangiogénica e antiapoptética e que comecou a atrair
grande interesse a partir de 1992, quando foi lhe atribuido os efeitos cardioprotetores
do vinho tinto. Outras estratégias, ndo farmacoldgicas, baseadas na mudanca do estilo
de vida, também tém sido observadas como importantes moduladoras da funcéo
cardiaca. Esse é o caso da cardioprotecdo pelo exercicio fisico, o qual tem sido
associado ao decréscimo na produgcdo de ERO e ao aumento na resposta de diversos
sistemas de defesa antioxidante em diferentes situacfes de dano ao miocéardio.
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Além dos efeitos benéficos do resveratrol e do exercicio como antioxidantes e
cardioprotetores, pesquisas recentes tem demonstrado que tanto o resveratrol — um
composto bioativo da dieta, quanto o exercicio — um componente do estilo de vida, sédo
fatores ambientais com potencial para modulacédo de fatores epigenéticos. Modulacéo
essa, que pode criar uma memoria epigenética e ser transmitida de uma geracdo a

outra, gerando os efeitos epigenéticos fenotipicos inter- e transgeracionais.

Dessa forma, tendo em vista os efeitos cardioprotetores do exercicio e do
resveratrol e as evidéncias crescentes de seus envolvimentos na modulacédo de fatores
epigenéticos, esse trabalho teve como objetivo investigar os efeitos intergeracionais do
exercicio e da suplementacdo com resveratrol sobre a toxicidade da DOX no coracao
da prole, examinando a possiblidade de heranca de efeitos cardioprotetores pelo

exercicio e resveratrol.
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3. OBJETIVOS DO ESTUDO

3.1.

Objetivo Geral

Verificar os efeitos intergeracionais do exercicio fisico e da suplementacdo com

resveratrol sobre a toxicidade da doxorubicina nos cardiomiocitos da ninhada.

3.2.

Objetivos Especificos

Avaliar os efeitos do exercicio fisico em esteira e da suplementacdo com

resveratrol realizados durante o periodo gestacional da genitora sobre o coracdo da

ninhada. Para esse objetivo, a cultura priméria de cardiomidcitos de cada ninhada de

ratos neonatos foi tratada com diferentes concentracdes e tempos de exposi¢cdo a DOX,

e 0S seguintes objetivos foram visualizados:

v

v

Avaliar a viabilidade dos cardiomiécitos expostos DOX;

Investigar o mecanismo de morte celular induzida pela DOX nos

cardiomiocitos da ninhada;

Avaliar o estresse oxidativo gerado nos cardiomiécitos pela exposicdo a
DOX;

Investigar o dano ao DNA gerado pela DOX nos cardiomiécitos da
ninhada e a presenca de dano oxidativo nas bases do DNA;

Analisar a capacidade de defesa antioxidante enzimatica e ndo enzimatica

dos cardiomidcitos expostos a DOX;

Avaliar o nivel de expressdo da desacetilase de histona Sirt6 nos

cardiomidécitos expostos a DOX;

Conferir se h& efeitos intergeracionais do exercicio e do resveratrol, com

uma cardioprotecdo sendo transferida de genitora para prole.



4. CAPITULO 1: ARTIGO 1: Exercise during pregnancy decreases doxorubicin-
induced cardiotoxic effects on neonatal hearts.

Exercise during pregnancy decreases doxorubicin-induced cardiotoxic effects on

neonatal hearts.

Artigo publicado no perioédico “Toxicology”.

Fator de Impacto: 3,817
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T riabnc e the cardioe wide effecty ol DO0-breatmend, restarchin
hase invesiigated efjisant theraples asiog anirmal medels. ArmorE
& number 0l nor-pharmacnlmgival strateges, physical cxencee of
differant mipes @d Testures his been smadeil, Hork soae and
chromic mogdels ol exencmse ngger o prevomditiond ng effect or [OX-
reatsd raks thar protects carhiac ts=oe Jnd especally miochon-
dra agaice the drug-induced negative remodehbng | Ascensda
ot al, 2002, 30 1w, 30 TR Woremer, studics suggesl that exencmse
s against the damaging consesouences of in ks and o e DOY
IF Ca T (1 forkenE hearts firhe r by prventing of Erenuaring b
ikl ry, ani these efecs are mainky refaied toen hancere i in e
aticaddant diferdes and the decrease of the RS producion and
paplosis [ Ascemslo et gl JOCS, MO0 Marqees-Alein e al.
2015 ) Remardices of the waluale action of exercise, the improve-
merst of aerobic capaciiy n patients wndegoing adpvant therapy
s smal due in part to ow adheérence 0 progrars of cxerche
[ooes ot al, 2061}

Exerrizs has prerenimefherapestic benefits on many path-
legical and physinlogical @muations. Dudng pregrancy, o the
absenor of chstetrc commplcations. meoderate fsermcae muld be
benefoial o che manernal-feid unic and infant chiough Peperessed
plvaniogical, metabalic and papthological parameters, along wilh
reduced risk of morbldicy and mortalcy (Margues o al, 2004;
Meteer et al, 2000 Prather m ol 2092 Experments | mastel= have
demorsirated the beneficdal effecs of maternal exerdse during
pregrancy o offpnrg, such g the improyvement of miloghonpdrial
Tunction arad birgenesis in the bram of the offspring (Fark et al
ML an increase inoobgect recognition memary (Bebinson and
Bard, 204 L and a decrvase in the vk ol mammary Bimmrnigeness
{Camarnlio & al, 70040 Moreover, it e @50 been shown that
ameriise prevents maternal high-Tt Se-induced ypermethyls-
Hon of the Pee-1m gene and sge-dependem metatolic dslfuncion
In cher cffepaing | Laker o al, 2004 L demonsran ng s ookl
mergeneratonal effecs of semas by mothers,

Er mecem docade inperest in a family of propes named J.
siriuing has rxresed because of their rale o megalators meohyesd
in numenoe cbolar signaling pathwas Sirndes are a amily of
ST e bers [ SIeeE oo SET ) of ad oo parmide aike o dim ] ee-
e (AL Fdependent histone descebylases implicaied in e
reguidtion of Mullipl pahopbwsiological processes, including
malchative siress, DRA damage repair, cell metabohsm, apoptosts,
WM igerests, neaodegeneration, ad aging [Hameim and Gea
205 Lreliss e b 2000 Morma 200 38 OF pacbeubir interest 13
the histone deaoerylase Sims as & scalfold provem in ORA damage
repar This hisfone desoebdase 1= 4 chrematin-bound probein that
Is rapsd by recnded 1o sites of double strand weaks folowing DMA
tharmage, s hng on oritical weps roouired e proper recruifmsnt of
teront peaem [IMA damage repar Bctors md sfifcen repair (Lo
ef @l 2002; Tofter ¢7 al 2003},

Creaceiy ation i3 the main funchen of sy b, eosever some of
tham hawe deacyliase, sdenadne diphosphateribeylece. dsmalko
nylas, glutarylase, and desexgimdase propecties (Mo, 2003

Sirluing car be sctivated upon eaerciie o calanic estrickion, anild
conernl orivical cellalar processes in the mickeos, maoss hoandda and
cytophism, suihi ae the niaimenance of meabols hnmess @y,
reduction of cellule damage and inflammation &l of which
pinbecr againgl o mange of age-relanad  dieases  including
cardiprascalar patholegies. In cardhenqscolar dseases, wriuins
have gaireed incerest by Chelr protecti e efects, Pamicalarky, Sms is
sen i play an imporant role in carthoy asoalar disease including
cardiac hyperirophy, hean faure and miveca rdiad Rypoeic damege
[Cin et al, J0E Maken-Mabveoy et al, 3085 Sundaresin ot al,
201 2% Moretwer, previons experiments] nesearch domorstraied
chat exerdse & able 1 change Sime and 5inl levels in skeletal
musile of sged rats (Huang of al. 2016 Kol ot of., 208001

In view of the evidence abour che proteciye effecn of oxendse
on H-mduced cordiatosndity and the benehoal efecs to
oflspring of exercise by moters, this siudy aimed o iovestigate
the effeds of exemis during pregraney on DE-ndueed
cardicemdcky in the hears of progeny. examming the posuble
ralergerw raloew| cordiopredeciive el of materal remnise

2. Mlerhosds
20 Chemiooly

Dulbeoons  madifed  Eagle's mediom (DMEM L phosrhae-
bafered saline [PES) Teral boving seram (SFE) and peniciling
wrepharmycin were gbiainid From Giboo-BEL [Grand Eand, WY,
UEA] Low meling-poin sgarme [LMP], norma] meking-peiog
agarpse (R 2T odihydnglichorofluccesoen diacatabe [H: DO
OA)y T-7-dichorofuarescein |DCF), mypan blue (TE), gelatin,
bezedinee semian albumin {BSA]L Sl Sedery] sdiap: (5067 and
pamncreain were pamchased from Sigma (5L Louis, RO, LS8 )
Primary anobodics anti-mirss [abE2 739 ard anil-acoin (C-1) [5-
H432| were purchass! from Abcam (UK) and Santa O
Eltechnclogy [Sanca Crux, OA, USAL respectively. Anncxin V-
Phyooerythrin [PE] and - Armine-fctnomypom | 7-840) weme
parchased feem BED Hicsciences [5a Dicgo, CAL Formarddapyr-
vevidhine DA prhvoossdass RG] e endonuclesse |11 Engd ol 1) wene
chiained from Biolabs (Mew Ergland. USA) A1 other reagenis
were of aralytical practe aml purghased Freom Tocal gommencial
arppliers.

2.2 Erhived apgrored and aminads

The revcarch fullowed the etbacal e establisted by dhe
Berarillan Guidelines for the Care and Use of Anmals Tfor Sdenific
anil Didaric Parpoces (D048 TFP5013, MCTL p7) All procedanes
putlingd in this sudy were approssd by the Besearch Ethics
Cernrmitton of the Faheral Universitg of Health Sciences of Pumo
Alegre |CEUSA number TH2ITEL

Femake {n=195] and make (o=8) binD Wik ras (aged 4
vk aned wisahing 700 1060 I the Center Bsr che Ropood ud-
tion of Laboratory Animals of the URCSPA were kept under g d.ay)
might opcle (Tights on 200 2m 1o 700 pm|, MeNT Cemupe rabune
30+ Loand 503 £9 relytive homidite Throoghout the experi-
ment the anmals received a standard pelic? dict | Muvical CR1Y,
Parand. Brazil) and tap waler ad ifidnm

2.4 Adagtarian o readwill cxercse

Heslorre: meabing dhe Tomales were sachmatieed bathe Erestrmll
exeroine [Mokoneed Treadmall for Bt AMSprogects ™, Dunng
Jdays Kminfday, animals underwent the recognition of a
redomicrd horizontal tresdmill | Smon, dationare) aml running
i a boww Intensity (5 min B mman, at 00 of ind imation | (K im et al,
0T Subsequently. during S, 10minldey. Emale: were
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adoplod o the tealmil] oxecise @l Bmimin spenl, O of
inclinsion, comesponding o S0-E0 W pux of the snimals
{prrvinusly determined ), which i cormespnding o 4 mederane
exercise for pregnant rats (Mariogin el al. JO04M: Srmsek et al.
2005},

24 Esrroes stimubanoe and mortsg proceders

Daoring 1 monch vorgin female ras revevesd veood shavirgs from
Che begikding of Uhee e rals for thie serbae gimulacken. Ao this
period. ang male rar veas hoased individally, and was allossed e
miaie wrth 3 virgin female rots forone nighit. At the beginning of the
follovwing marming wignal smears were taken bo derect he
prozene of sperm whach wps (e confirmgtion of the pesteticonal
tay oero

25, Bpeviren o diesign

After the confirmation of gestational day zero. the females were
submitied oo IMerseTcion:

& Conirol group | n=§F sedentary, watbout exero s,

» Exercise group |n=d): treadmill exercise. 1Gmmin 0 incling
v, 45 mnay, 5 daysheesk [in 3 el of 15 M) during 3
gestatioral days

On the Ind day alter bih, pup: wem enthiveed by
decapitaticn and thelr hears were removed {or the achievement
ulthe primary culizore of caedionmmcpies. Birth srasally gccormel st
night wich 10=12 pups being born and the bearts of a0 the
neoraies wire used o obtaln @ pool of cardiomooyies. A
simplifad whedule ol che aochimarizasion of the animak anil
ther achievement of the primary oulimre of cardcemyocdies i
described in By L

26 Prieoary cufiure of cardinmreoyies

A primary cubliure was prepared from the bearts of 3day olid
Wiklar s and aattured a8 preveasly defined (Fu er al, 24051
wiih sume mxhfications 4y fellouss the hearls were memmed,
washexd with PES, mineed and defragmented with 3 Defter
conmaining K255 pancreanin and 03% B5A diloosd in hDmil (gl
LE B ML 2 KL G5 Ma PO, 1 Waldl0. and 20 desbrye (phl
TI|. This homagenaie woes digested af 37 °C during reprated cycles
uf 5 mn. The supernitesd of esch cpcle woas centriluged [500g, 5°C,
= ming and the peliet was resuspended in 3 ml DWEM contalning
105 5FE andd 15 pervicillingsrepronmin, ared placed ina husmidfed
meubabor (59 00, 37°CL Thiv mrocess was repeated until the

parplete defragnentation sl all candia: tysue Then the pesd of
cells comtrining fAbroblasts and canddeomeocytes wae plated in
TS hatle cubiwre, e Mbwoblaer sdlesion. Arally, 1he cetlular
mIEpensn comaming cardbormeciies v aspinred. centriugsd
and plared on cuwure places CRakcon ELW) pirevionsy s wich
golatim ((V% i PRSL The culiyome was breated oeth TOX {SLE 005 or
LIV} doning 24 or 48 h and che suitrble conflence was daily
checked ke remliness tu preseed 1o the specific anaysis,

27 Trypan Mue [TH) scfiusion mssey

bl v Ay wea s messures] by TH eschesen besk. g3 previously
deserdbead (Habichawd and Sametovd, S000 | with some miodifl
cabiony, TH stameng =4 usod methoed 1o glondily viable colbe which
e intact memdraes and can effecovey exclude the dye,
whintar deal celh wath conpomiial meémbiases  Bwoome
waned. In biel cardicomecytes reated during 24 o 38 h with
DOX (0L, 05 or LOpk| were woshed with PES, mypsinized,
centnfuged and reswspoeded in MBS An alguot of chis cobtar
LEEpEnsion was stained with TH dye [04%], and the number of
wiable [uncobored] and Sesd |oolorsd) cells was counced i
Autnmaded Cell Comtter ([Comntess™ Thermo Bsber Soientific )
The raths ol [Iviable o=ls'iodal oefls) o B30) resulis in ihe
peicnrage of ulabie ol

2§, Asgeorment of apapiosis by flavw Qume e asfsis

Arnpecin WPE was wsed dogether with & wital dyve. 7-8AD, 1o
distimpuish apoplotic (resin W-PE poviteee, T-0AD nepstive]
from mecotic (Annexin WPE posltiee. T-840 positve | cells,
according io the manufrorers instnactions. Cadiommncyies
mesod dunifg 34 of 486 wich DOK (00, 45 or L0 eM] W
wgetad with PR Erypstnioed, cenirifuged (1500 rpm, 3°C, 10min |
and ressspented in 100 L of Snding bufer with 3 pL Anncein ¥'-
PE amd Il of 7-AA&D CelE were mised genily and meubabed for
ISmin in che dark &rd at reom emperiues. Afer incabatian,
Wil of bimling baller wes sdded amd moeed For wmediate
ana bysis Data were collecied and analyeed by & FACS Catibor lowe
cytoime et wih CellQuies solffaane, with a oeaximum of 5000
v nts per smple. Fluorescence was maasured and the percentage
of wiable, carly and Lie apopiotic. and necobl ool was
e .

28 Comet amay
The alkdine comei assay wae pedormed a5 prewously

desdribad] [Hanmroann and Spoin 1997, Sngh &1 al, 198E) wich
mrer modifications. Carthomyocytes brested during 24 or Sh

('.F L Esbrrws shpmbing Paril Dyl ™ i i -\\H
= Pirgia ik & ;
¥k 18y Tt 1 | | e
3 dayn T o e e i Frimary
] I
i st g | g Treastmill vrarsise | | tl.-'ln ;
= W1 ERArC o e ny : i mcman 43 e ' * -
I o rETaEREn ﬂl'h.i'l'_l‘.l;'.l'ﬂ l:f'lﬂ':';':lllhr?ﬁl
+ 1 min v §ervmn E&}
1 mim. Td St o il g i
I\_‘_ e [ - e _j

Fle. & Bapeviend| dedgn and oo abadie
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wich DOX (0, 05 ar LD were wadhied with Se-cold PES
irgpemized, resuspended in corglcte mechiom, centsdfugesd and
wesispended agim in I00pl se-cold PBS. Then, 30 @l ol ol
sempensin was dissobasd in T LM agarose and iremediaiely
wpread tnin 3 gliss microsco e slide pre-owwed with a biyered 13
WM agarose, The slides weme then incubaged in le-oold Tysis
solusticm ar 4°C Tor ai leas 1day m oooder 1o remove cellula
jroteing sl membranes, leadng the DNA &= nuckoids

Tnihe modified comiet assa, slites were e moved from the hsis
solumios, wakhed in ey bulfed and incubated wigh 10H L FPG
or Endolll enzymmes | 300 mi0 per gel: 45 min 37 °CL Aler, the slides
v placed on 3 Bedr i odital ele rophanesis s containaiy freshly
e afaline buller, which covered the lides for Amin at4 <Cin
ortler 1o Jllow umssndeng of ONA and expression of Bal-labike
sales, Subsequen|B o dlecine coment (300mA; 25V 09 o)
wes appded Mo 20 min o allow DA migraton. Al thesneps |l
abwsve were gerfimersd @ the dagk n erder so prevent addicional
DA damage. Sl were then nestrafized sod saimed acconling
B 3 sl r-srdimied progocol JMacks eral, L s e dryEed o
Brombed cells (hrom each of vag replicare sides) were anayveed
wisually with an oprical micoscoge, and scored acoonding o gil
Bengzih into fve €laeses, mspned oy cles 0 amlamagel, antaod J
Rail, b3 class 4. comels wilh Do Do, aimeest i DRA In el A
damage imlen (00 is om0 asbrary oo cabiulaied For cvlls in
difenema damnage classes. which are visually scored by measunieg
A mgration leweth and the ammmi of DR in ke Lail, The
geomoic offect of 00N on canlioniyvecyies was esomated by
damige meden [IH] of DS, welnch wanged fromy 0 (oompleicy
mmclamaged: 100 ool <0) 10 400 with masimum danage:
B colls w A (Lt o5 o, 2HI3 L

L Fregarnanion & conalkin s T e

After treatment o il ksiocytes during 24 of 45h it DO
P, 05 o L0 a1 B wepre weashed v i® bee-cok] MRS aed weliole
vl ot s e racts vaere abaieed by soragpdog ool in RIPA Bl
15 b Tres-HEN pH S0, 850 P M |, 018 fwbe | SHF 055 v
modium deosyrckaol e, |5 (i) Triton & WKl comgaining 2 complete
Ilani perolease CooREas inhibings mabde | Rocke Spprsed 5 oenoe, OO,
Canadal, The profein mbracks of cardmmpocytes were psed foo
additicnal amalyss

Al Z4h
-« Comtmal
1
Z
]
=
i L%
=
&
o o o

Dioxarubbein {11

20127 I dradichbkniofusres e i diacenale ! HDOF- D) oddarion
T

S predigon s assessol v peeveossly shesenbod (Lelie]
o al. 192) psing the HuDCF-IW marker, whach is ensymaiecally
drolyenl By inwacellufar esorces (o fome ion-Miaesoes
Ha[F chai @5 rapddly ocedized fo a highly flooresoent 207"
dichlorofieseacen (DCF] in the poeseioe of ROG. Fludne scenoe
niensing v measseed in Spociradlad® M2 Micre plie . Readier
(Miclecula Devices, MOS Anabyveal Technologies, Sunnyaks,
Cabdornial using excitaton and ermessson wavelengihs of 480
el 525 nim, res peotively, focadibaiod curve was performend with
sambard DCF [T and the Fevels of ROS woem cofcofasend] as
wymiol DEF formed | me proiein

A2 Superoxtile dEmnase [ SO0 ooty

SO0 aceiviry was caaluated By qoancilying the inhibioe of
Sqpeey oo i Aksaidation of epuii pirees, weiildng the
ab=arbance of samples at 480 nm(%iira and Fridovich, B2 L The
inhibinion of Ao ol e pine pnrre ocrs e pre e of
S0, the aciraty of wihich can be them irdsnectly assanxd
speaeptntemericaly in & Specirabas® M2e Micmplae Reader
herular Dewices, MOS Analybical Technologss, Sunngraale,
Caldornial. One 500 unit is defined as the amoass of 500
pecessary Ao mivkit S50 of epiepleine auissklitim ol ghe
specific activity (s repoaved a5 SURF Units!mg proteia.

212 Coroblise (CAT) Boeiwiry

CAT ity v asspped accondsng (o the previcyshy thscsibeed
maethisd (Achi. 4L bhased on the disapgsaranee of Ha0, gt
Lo, Thw albsorbune wios recomlol in g kmetic poiae] using a
SpoctiaMas® Mz Maroplite Reader (Mdecilar Devioes, MOS
Arabtie gl Teehneoboges, Sunmeale, Calforninl Sue CAT umi as
b 2 one ol ol bagdiopen peroside oonsened por Mmie
arad ghe activity s cabeulajed as CAT Unitsimg peoben

2 M. Mo Bl oyl

AWestern Dlor analysis veds perlormed s ally 45 previously
ale=mibesd [ Towdnr et al, 19791 For thes, 25 pg of canlimyonde

B 48h
- Execise

[LALN L33 o

Ag 2 Bfect ol rocecme thaneg g priecy on avpid il o nfianipocybe sl by, Ccl by e teniied waith TO0 00, D8 or 1 Dy ioe 38 bR Tor dE b B Wiler §dir rmia 4 50
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prekems yeere segarated by eleot rophoeess on a 158 SDS-PAGE and
mansfenred e errocellubse membranes | Trases-blor 30 semi-dg
mransier ceil BioRad ™ |, ocked wiis 5T B54% for 2 h, and scubased
OVeTTESE 41 47 C wilh e primsey Jibodbes J80i-1inG 21730
il gn - -2 ] (s -BEREE bty an 1500, The bl weas washied
W R TTRS ¢ Tris-besflered saline (TR pHTS, plus 005 Twaee-20)
el ingiabed B 3 hoen TTES sodsstion comia inemg e secndary
antihody peroxifase conjugated (1:3000) The blol was 15en
developed using a chemmilumine=cence ECL kf. Evmunoblots were
quiamifcd by wcanning the Alms weth o DNR Bio-Rimaging Sysems
seanner [MF CremiBia20™) g delermining ogaical densities
vty lmage] B4y simware | Wiy v Bashase®, Matscaal leesinines ol
Plealil, L)

215, Protom gussrdBcaimn

The poeemn concevmanon of the cardiomyocyre  procemn
FARTALEE wak determined wigh b nishod presiousty desonibed
|Larwry 1 al, 1951 ] msing senen hovese albisnin as the skaradard

216, Staratical nalymy

The mormal distnfmgion of vanables was tested wch the
Kilinogory-Smanoy nnrinaday e0 and the homagencsy al
variances with Levene™s o=t Dasawe e companed beiwetn prougs
Ly Cwe-wiayy Anadyss oF Warmeoe [ANDWA ) Fpsoved By Tukey's
pusi-hoc s Correlaions were perlmmed by Pearsons cormeda
twmn goeffioment. The Staieticl Packape for the Seoal Soomces
|5P=5, version Hul) was used bor o aralyses, and the CraphPad
Priem 503 progiam (Graphfad Seliware, San Deego DA was el
e a compusationdl pood for graph edigion. Data were expresssd a5
mctan £ 50k s g valie <0006 v Considensd significant.

A, Resulls

11, Exprye profecds nesmaiol tordormpocptes from O - indaced
deaim

Viability of the neonaral cardsonryocyies by T exclusion e 1
pipeeniel in Fle 20 A oodcenirape-dopiiadent ofll dearh

A}
W Conlrol
ang
‘E %08 ;
T
i ;
'El' ma
103
3
e 0l 0.5 Lo
T o ildidn (T

g EFe s of Esbr o dmi i pregranoy o B0 Do tan o et Cond ey, O b owe e qreed o th DS 018 ar i b 310 24 B 1] ardg bRl vakees are

b by DT, bothe a 24 amd A48 0 alier oreasme s was oheersed,
Exercise af suchers during prognancy pootecosd the cardioenmy-
cytes of progeny framadears induced with 0.5 and L0k DO aler
4B h [F. 28] coanpuarcd with reonildl candsmipic = Bom e
Lol groeg,

A3 IR dvduen] apapiosy andd necrosiz iee redieed oy aronsdal
sl o franm exverctid merhers dirbg pressandy

b an atremng b wibaderstand Che masn s hanien of DoX-
indduced deatly b dies model, and the efeors ol eaercise, neomaial
ganliciyocite:  (eated with DO wese analyzal by By
ety | P 5L Simiarky got e e by resols, it v obee ]
Bl Eheae el a3 S0nEeiTTaTan-depe nie it inorease @y candishiyu-
ayles death (24 and A8 b afer B (reabmend ), amd that exeroee
fhid e procecs agednst DDOCGinduoed oell deach 3dh aher
proatment [Fig. 384-D]. However, neorotal cardiceyocyies from
muthe s e raed dhariseg prognandy cxhibined o perote o agaissr
DO-mduced dearh 45 hoalser DO (05 and L0 jaAT) esament,
with an snomeas o o] weable colls and a decmease of apopiotie
amd neciegic oefs (P SE-H) These pesolts demonsivate ghat
dgpibeeds e the main mecdhanism of DOM-imduced dealy in

o icimyecyies of propeny e i is spreScand by redeced by the
et ke dUring pregneasey

33 Eerrce gradarri Ao atal duedioevoowes aEpning RS i rése

Au con be seen m Fip A8, meonaal cordimypscptes. exposed fo
DO (0.5 and L0 8] showved an Increase in ROS produciin in
relaian tocells nor expesd G e daug | negatise control |, Ak,
eneroee durmg pregnancy did ot protect nesnasall cardisn
eytes 24 h alter DOX erearmenl. An Eendass in BOS proediceion
indioed by DO vaas also obsenyed 88 halter creacmeni of nechatal
iy v [ sedvnbary mothers wth 85 and 10 p M TR
{Fig =B). Moweyer, the cxercise of mmhers during pregrancy
sigmificanily proivcted neosaial cardimvocytes apaeed (he 805
Iincrease 43 5 ainer DO oreanmaeni 1o addiios, Pearsos's anakysis
AT 3005 21 MeTse CofieRir be Deveen ool viabiling and BOS
prodistion @ nesnatal cardinmyvecytes Botho o 24 and 2B h
(rm =T, p QO amed 7= LT DD L el
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Importanthy. the e was s significant directoorrelation between RIS
predaction and apeopeocs [r- 0G5S p - DOOMH, r=0E%, p
< G| obsrried both ot 74 gl A8 b after DOX cregtmenl
nepec T ey

T ldarive DA Samge respoes b inlual s corfsmyopes of
progesy by eerclee of morkers durdeg pregmnoy

Subseguenthy moarder moverily the D eltects an the DMA
mbegnty of necnatal cardieemocybes, an analysis of DA damage
b alkaline Comrel asery was carned oot Thisagsay detets primanry
(repaicabile s DA cngle and deisble-omand beeaks and alkd-lihie
sites [Codling e 3l 79903 Dufinskd sl Codling. 255), [toan be seen
in the ppresenrarive images of Galionyooaes from wsdentary
meotheers that TOX indoced a comeentra thon-de pende ot imcrease in
[, dwnape [T S8-00 The anabisiz off DA cdamage, through a
damage index, shows & dear conoenirathon Jdepend ent increase ol
D-induced DA damage ebserved moneonatal cardiommcytes
of all groups of mothers [Flg. 64 and Bl Howeser, escroise by
mothers during pregrancy protected candiomyocyies of progeny
Troen DON-induced DHA damage. both a8 34 and 48 h afier DO
IrEAmEnl. [ B impurant to menian thal exerciee was aie no
deome e DA damage even inoells non tresed it DOE | negarive
gonbmlL

Fi 6 C=F ) showes DOX- indeosd DNA damage afer analysswith
i D repair eneymes Endedl and FRG These eneymes warcase
the Comet 1est specificity and are abk to oidative base
damaped and coneert 1t 0 smge-siramd breaks (Callins o al.
199%; Hatmad o al, 2009 L This resoln shosws ke exent ol
oxidative OMA damage caussd by DOX frextment in necmatal
cardiomyocyies. This oxidative damage was recognizal by Endolilt
andd FPG e wess sipmificantly lower in meanaslal cells from
exercized mothers o rehivion o neonatal cells drom controds
Maoreowver, al =yme form observed in alkalime comeet assary, neonatal
ardiomyocyies [from eacrcieed mothers) ne d o OO
sheraned @ decrease in onidabve OMA domage, both at 24 and a8 h
after DO treatment. Empartantly, Pearsoi’s analysis domorel rate
a direct ormlation between Endoll] or PPC acivEy amnd BO5
presfaction in reanecal cardiorgndyies both ar 24h [r=0T501
P QDO and re 0522, pe: 00007 and £8 b [ =077, p - (L0
ardl r= 0753, po DT aMer D dreatment, For Endolll grsd FIGL
mesp bk

L Dy [N

|_'I|-ﬁ||

Fiz. 5. Fogr roe ci rar e pe ol 10

15, Exorcor protech meonaia! corsliompent oy agebet o decredse m
onekeddant defeeses ol

In order 10 undersind the possibile rrechanioms: of canliopra-
iection induced by ewerdse we ewaluated the acvistty of
arinsddant nymis SO0 and CAT, i shaswan o Table 1 Treacment
with DO indooed & decrease in SO0 aciivity lewels of neonatal
carciorrs vies Freen condro| mutbers companed to the exercised.
both &t 24 and 4586 alter DOX trestment. Also, 500 activicy of
neonatal cordiomyescrtes from the oierased goup was not
aflected by an increase in DOX oonoemrations. Conversehy, DO
Induced a decrease bn rhe CAT sotivitg, which was o
proncunced in neonatal cardiomyscytes from contmol mothers.
Wharenver, Peercise during pregnancy cauked s Agnifcan bnorease
i CAT actiwvity kevels of cardiomyocytes i all conceninsions of
[ gl aliar in the megative control, b particolar, CAT sty
showed an mvere correlation wih BOS production (r= <0791
e DT andd r= - QB0E, p = CLOG Jand adirect comrelation with
cefl vlabiliey [r= 0572, p = Q0001 and r=0.T16, p < 00001 | boch 2
24 and A4 h afper D00 treatment, repeciyely,

36, Livek af SUTS axpresion ae Baraisal Dol
ordlompocer from exerrised moskers daring premancy

Western blothng analyses shoved that eserces during preg
nansy inkrease e expression of histone descetylase Smt6 in
cardlomyecyies of progeny. This effed was ako observed in
nennatal cells from e rosed moth ey nod expose ] bo DOF and was
higheet at § i DO (inorease of 3; 1.4; 35 and 4.1-fold conpared
1o neonatal opths freen conerol med hers treabed witky MC: D0 200% and.
10 M Do repecibvely) (Fig 7L

4. Discosskon

The main adverse effect of DOX s cardimosiciey, which can
e congestive hiart filoe mosduls ot cumuolative doses
Children and adelesconts are paniclarly suscoptible and there s
no wafe dose 1 this populatiom [ Kocabag etal . JURL: Trackienberg
&, 2i1). Arcng che multiple rechanioms of DOs-ind aoad
mxkciiy. & 5 established that free radicakinduced osidaiiee siress
s animportant mle vl he pathogooesis ofheart Ciluee. leafiog
I apaploss, necress and adephagic cardiomyecste death
(Ctcaks o al, 2002 Hochetie oral, 20151 Here we demeaseirated
that DOX induced an increase in KOS prochucison in neomatal
Carclompesyies 20a s oMol was cormelated with the decrease in
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Frg T Bt of exerose duiisg pooghiicy e WS fiphiicein s eeddal
Catlaiwan e Cells wers e wiih DO L oS of L0 asl G 38 B Roas gra b
Cipeaia B e i S0 [Te e 100 iy bt Ol TN O S e A
wispde The syoded * |l @ o B B oo el groip, b Oy ARTA,
P Biw Tk

i.‘fll'-llld:l'iltb' Apapinsks wxs the mam mechanizm of DOX-ind el
Lt yosipie death, which wos corelabel with the isorewa in
A0S prodwction and consistem with the medanisms of 0O
o icicy.

Pespile scarches for adjuwant therapees, an ofeciive frosiment
o COAnErACE e cardiopead o efecrs of DN is ver oo be discowered.
IE p korcrmm Chal peeroise franirg prosides npoeanlis] poobesbon
aghred many candie irsats, In Bl caorse gan consfiule @n
excelkent 1ol #kher o prevent andior o redt seversl dseases.
prociding enhamced] reskance o the candac muscle. s
[Asionedy et sl FO0): Ferreira &t ol 30162 Yamamoio ef al.
2016 En eaperirrental models, when exercize b performed baefore
[Adrenado e o, 20010 Kavarr el o 2004 and durmg DOX

meaEiment (Muarpes-Akein ef al, 3015) ¢ seems Do alEiaie
cardiac dyilunchon. Homwever because TN is used in patienis
undargning canoeT chemotherapy who cxperlence severe Qrigue
and display corssderable raenme miclkeranoe, the erensgy and
dormion of suerciss trdning ==ssions can constiine 3 Vending
[ebar, and an slternative manlel Tor wng ciorcise is inlensting

Here we imvessigaied for the frst dme a model of imersention
with exerdise conducped during preégnancy, Svaluanng its pessiilo
protective effects on the oo l= of progemy, which werme cxoposed in
P Dur resubs indicsted that noomatal cardiomyoodes (rom
mochers cxercised during pregnancy exhibited o prode cokan aganse
Dbd-anghw il apigeotic amd pecrobic ool death shoswing on
mcrease in el vabilty comelaed with the decreass in BOS
procluccion. The candipmobeoion inducsd by eaeicke can be
atirbwted iv the activabon and up-regalation of anbioxidint
enzymes In ths line after DOK creatment the neonatal candio-
mvicy e From eser o ded ‘mothe s exhibibed kevels of SO0 and CAT
actrvibies higher than rdiomyecytes from sedentary mothers
Morvorerr. exercive duting presnency ralwed an incecase in CAT
actmwiby W in camsliongooyies of progemy undrea bed with DO
These glfe s of sserrise on antioxid ant stanes were cornelaed wich
thi diciease in OS5 producion ad also with cadinmoogtes
daath, assigming o esercise perfomed during pregnancy an
mpactanr procective ofTect against DO-indooed cardiotoiciny,
Tz o kb cdn = by Imbazid Eooa pheniomenonasmally refered in
25 an ExErvse- inuced coss-rolarance, where the sserciseraining
has basrnl agsoe laned oo an up-regulation of e hear andoxklant
syitern amsd mifochondnal Fenchon, reduction of the lipsd
perooiidarion y-prodens Sarmatian and induction of hest shock
pratemn (HSP overes pression afber siress sbrmb (K avazis et al
PO Waltai et ol 200k; Lee ot al. 2003; Poverra of sl 2006, B0k
Veadtn ef Al 201510 Moreover, £ has been demaonsiraced chat
exercise is able o rmprove the meitsss hordng] mepirabory Function,
deireasing the dosorubicineindoced  weiciny oty (fscemda
ot al., 20004, 2010k, 20050} in agnesment with the esentidl roleal
miuchondria in the pathogeneiis of DO nduced cardisnomicity,
Adckough inofves mode] dhae exenciee has Been made By moahers, an
werameratinnal effect of maternal exergize on midechondnal
function in cardiomacyies af progeny may B possible.

A imperiiact quesbion of tha surk = regandag the elfecis of
exercise cm DHA miegnty. Surprisingly, eeercte daning pregrancy
war able. to decrease DNA strand-breaks doe o ovedative sress,
meaRured by FRC and Endolll ensyres, in the camlkomocdies of
progeny, The reduction. induced by esercsg, in ocklabie DHS
mrand-hreaks was ko obesrved Lo the absence of DOK Treaiment,
rxhcating Chat dhe meecharmmsnm of DO, popair may be incleoed by
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waercss, brparirmg busal bevos of DA am]  pessibly
meedalaring the ol repair machinery lor addional =g, n ling
with this, exomize dwmg  pregnancy induced an apoetani
ncrease in ihe evpresdon of S0 in neonatal cardiomscies
Sinth i g omhear HDAC that rorees scetdation from bzine
resadines withun histones and, fogether with other sirtmos b
vl promirener Tor il invebeermeni in genome stability, the
chnomain remedeling prooess and OMA damage response [Cardos
ol @l I00E: Teoren aned Chua, 20010 Simifarky i other dass B
HOACs, Sirth 1s dependend on MDY, a dassical cosnzyme: with a
well-caablizhed rede o cellular redoy reactlons Thiks, the Increaso
n the MALERADH raco. which can bo induced by ooemcise can
increase the expression and activicy of ths sioun [Kohal e al,
O Winnik ot al IOES). it has been demoratramd that activiy
of Eith Is reduced ingether with che incracellulas HAD® leel
daring sardiac Bypertropby. indicating 2 relationship between
WATY and Simb in e hiean (Cai et al., 2092 NAD™ kevils inoieass
during exerciss. aciing a5 2 metabodic sensor and kading fo Sinih
uperegulaninn (orrie 2413 a0 supporting che S acivacion
obsereed in necratal cardicrmyooyies from exerceed mothen

mndmpartan functknod Sinis e beed togenome stabilivy angd
chromatn remedeling [Man et al. 2001 Toiber ef al. 201 3)
Throaigh mihdative stress sibuatione, such as those that are DO
ke, Sirtfi i recroited b sites off DNA double-straml bresks
where (U stemulaces DA repair threagh bath non-hamsdog o
el-paiming and homaloges: eonmbiration. Conseguentiy, Sl
Binds o and meonce ADP-nooey lates PARP-1, leading o incne sed
PARE paly-ADP-ribossaie actvity and DS repair [Mas of al,
20NVL Alsa, SINE & a defense protein &nd cells oy b activede
delense pathvwars b survive. which coors urder =il evenby
rchas hyvpaxic damage tothe heart i Palsm - tvery etal, 2013)
cardiac hyperrophy (Cal er al, 2007 premature dhod rocyies
senescerce [Magat o al., 2005 ] anil in eur resulis, [ROX- induced
D damagy.

Other ways ame invohesd o repir provided by Simib, such 3
deacetylarion of CLemninal hindeg pratein nCeacling pooiein
CUPL which & essertial for DNA end-resection during homalo-
s recnmbination evaked by BNA double-srrand breaks (Raidi
el al, T Inothe D8 reak sites Seth adeo recrulis SNFTZH, an
ATP-Sependend chromarin cemadeler, @ open up condenssd
chromain and prodidicg addtional tools in genomic siabiiy
(Tolber o & Z0E3L

Reganfeg the e Mooty &7 exr dae on Phe phessiope idoe fveld in
proEemy, ©wad rocently sugpested chi exerose sk as a regudatar
of cpapenetic modificabons  that are alsn mvelved in the
paitogenesis of cardioweoular diseases (Ammer and Bloch,
A5 briderses have shovwn that exertine can induce epizmelx
edflcacieres impliceted im0 che regpdaton of canrdew eouiar
e -aociabyxd penes, wath onacquent megulotion of pro-
inflammanory oyinkines: wasoular smaooth muscle Aber differenel-
atmn: erdethelial funciion; gl changes in cardiomsocdies
myosn hewey chain expression (S=sander and Owend 2013,
Clekn @ al, =11, Naljena & al, 301K Socl eroal, 206}
Woreower, the emgenetk rmasdificationy at chromatin keved am
voninolid by 3 sot of spedalized enaymes (g, the HDWS and
hH=mne acetyliransferases], metabolite sallabiliy. aol signaling
partmays (Migioesky and Kovakcik, 2000 Waeddingen, 301 2)
Kuny of thess ereymes are depend et on chages i the levels of
b lolibis, seic heas veppen, Incarkeaylic scid cycle mternasd labes,
ared NAD ewels, being susceprible bo changes ind oced by exercise
n 4 tsue-dependest manney (Fan ol al, 2085 Parca-Caleans
gt al. 141 Therdfome, exdorose-induord nuetabalic albe ratsm can
influence eplgerete modificatdons by changiceg looal oo enkra
s of by retabobies |1 the exercise-induces epigerseiic
medfications can be trasmvited o progeny and cause modulacion
of hearl gomie maprissen = an umeshad guesbers However, @

nsany enes cdn be epipenetical e mohilivd by cxercive, or rencie-
indisced metabnolic Arersons. i can be hypothedsed rhat sercise
daring  prognesy coukl meilliste beochicial eapamyes, with
rardicpmiecoye effects in progeny (Donovan and Willes, 30108
Sharples o al, JMG]

Therefore this work mvestigaisd the eflecs of exerdse on DOH-
bty by 4 veoerd muelde] ol studly, Heor wee densniet rabe G fhe
firs ome thar exercise dwing pregnancy & ablke to propect the
carthomynodes of pageny against DOM-toncrty, and this cardi-
oproteciian was malnly redabed fo the inhibidon of apopictk cell
death. Tha Ardings of chis work indicare that neonaial cerdio-
mycwies from msencsed mothers during pregnamcy ane nossbly
Mmade rosisant to DOX-induced toaicny, which ocours by he
maiulatmn of the medox status, by decreasing B0S production and
DOMA ochdarme damage, an increass In armocdant aciuty, and by
the regabiben of the chromatin memodeling and DH8 repair
signaing proiin — SiMA This osull cculd be oeland 1o an
intergeneratiocal candioprodecinee effect, denobng an impectant
inwalvenent of the matemal @nvinonmene in Fswers 0 aesiul
apenis of progery throughout Hie Homeeer ad diional soudies are
necessary o clanify the moke of epigenetics in the candioproiedtive
phenidype awanled by escnciee shaereed in prgeny,
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5. CAPITULO 2: ARTIGO 2: Maternal resveratrol supplementation during
pregnancy protects neonatal heart against Doxorubicin-induced cardiotoxicity.

Maternal resveratrol supplementation during pregnancy protects neonatal heart

against Doxorubicin-induced cardiotoxicity.

Este artigo foi submetido ao periddico “Food and Chemical Toxicology”.

Fator de Impacto: 3,584
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Mater nal resveratrol supplementation during pregnancy protects neonatal heart against
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Abbreviations

7-AAD, 7-Amino-Actinomycin; AMP/ATP, AMP to ATP ratio; AMPK, AMP-activated protein
kinase; Annexin V-PE, Annexin V-Phycoerythrin; BSA, bovine serum albumin; CAT, catalase;
DCF, 2'-7'-dichorofluorescein; DCF-DA, 2'-7'-dichorofluorescein diacetate; DMEM, Dulbecco’s
modified Eagle’s medium; DOX, doxorubicin; DTNB, 5-5-dithio-bis (2-nitrobenzoic acid);
Endolll, endonuclease Ill; FBS, fetal bovine serum; FPG, formamidopyrimidine DNA-
glycosylase; HDAC, histone deacetylase; HMP, high melting-point; LMP, low melting-point;
NAD®, nicotinamide adenine dinucleotide; PARP, poly-ADP-ribose polymerase; PBS,
phosphate-buffered saling; ROS, reactive oxygen species, SDS, sodium dodecyl sulfate; Sirt6,

sirtuinG; SOD, superoxide dismutase; TB, trypan blue.
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Abstract

Treatment of cancer with doxorubicin (DOX) is limited by its dose-dependent
cardiotoxicity, increasing the demand for more reasonable therapeutics. Considering that
bioactive components of diet can influence epigenetic factors and health of future generations,
this research investigated the effects of resveratrol supplementation during pregnancy on DOX-
induced cardiotoxicity in heart of neonatal rats. For this, rats were divided in control and
resveratrol groups and pre-treated during gestational days. Hearts of newborns were used to
obtain the cardiomyocytes culture that was treated with DOX. The results showed that maternal
resveratrol supplementation induced an increase in neonatal cardiomyocytes viability and a
decrease in DOX-induced apoptotic and necrotic cell death, which were correlated to the
decrease in ROS production and increase in antioxidant defenses. Resveratrol considerably
protected neonatal cardiomyocytes from DOX-induced DNA damage, demonstrating a reduction
in the oxidative DNA breaks. Notably, resveratrol supplementation induced an increase in
expression of Sirt6 in neonatal cardiomyocytes exposed to DOX. These results demonstrate that
resveratrol supplementation during pregnancy has a cardioprotective effect on offspring heart
against DOX-induced toxicity, in part due its antioxidant function, and mainly related to Sirt6

activation and DNA damage repair, promoting the genome stability.

Key-words: resveratrol; pregnancy; doxorubicin; cardiomyocytes, Srt6; oxidative stress.
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1. I ntroduction

In the last decades the survival of cancers has enhanced due to the better screening and the
advance in therapy. The anthracycline antibiotics are an important group of antitumor drugs
widely used in cancer chemotherapy. Among these, doxorubicin (DOX) is a broad spectrum
chemotherapeutic agent and it is one of the most widely used therapy for treating a variety of
adult and pediatric solid tumors and leukemias (Cortés-Funes and Coronado, 2007; Minotti et al.,
2004). The main cytotoxic action of DOX in cancer cells involves DNA intercalation,
topoisomerase inhibition and production of free radicals to attack DNA, which compromises the
replication and transcription process (Ferrans, 1978; Gewirtz, 1999). However, the clinical
effectiveness of DOX is limited by its side effects, with strong cardiotoxicity leading to dose-
dependent cardiomyopathy (Grenier and Lipshultz, 1998; Volkova and Russell, 2011), and the
development of multidrug resistance (Kaye and Merry, 1985; Villar et a., 2014).

DOX can interfere with many different intracellular processes, so it has been described
that molecular etiologies which give rise to acute and chronic cardiotoxicity are multiple and
unsolved. A variety of pathways has been proposed, but the most commonly accepted mechanism
is the iron-mediated formation of reactive oxygen species (ROS), which promotes myocardial
oxidative stress (Lebrecht et al., 2007; Simutinek et al., 2009). This ROS generation can cause
damage to lipid membranes and nucleic acids, which together with reduced levels of antioxidants
and sulfhydryl groups leads to the initiation of apoptosisin cell (Liu et a., 2007; Wang et al.,
2001). Moreover, DOX can aso induce DNA damage, inhibit DNA and protein synthesis,
promote myofibril degeneration, inhibit transcription of specific genes and induce cardiomyocyte
apoptosis via caspase-3 dependent pathway (Gratia et a., 2012, Montaigne et al., 2012;

Tokarska-Schlattner et al., 2006).
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Elucidation of the mechanism of DOX-induced cardiomyopathy and its prevention is still
unsolved and the most effective method to prevent its cardiotoxicity is a dose-limiting approach
that may however compromise its chemotherapeutic properties (Bristow et al., 1981; Jones et al.,
2006; Preobrazhenskaya et al., 2006). The present challenge is to design a cardioprotective
protocol for both short and long-term effects of DOX without hampering the antitumor activity of
the drug. Many preventive and therapeutic strategies have been explored to counteract DOX
toxicity and dysfunction, such as antioxidant supplementation and exercise training protocols.

In line with this, studies suggest that Mediterranean diets, characterized by consumption
of a large quantity of plant-derived foods, cereals, and fish, low intake of meat and dairy
products, daily intake of olive oil and nuts as main source of fat, and moderate intake of wine
(especidly red wine) during meals, are associated with reduced risk of cardiovascular disease
(Grosso et d., 2015; Perona et al., 2010; Tektonidis et a., 2015). Particularly, the
cardioprotective effect of wine has been attributed to antioxidants present in its polyphenol
fraction (Das et a., 1999; Sato et al., 2002), in view of grapes contain many antioxidants,
including resveratrol, epicatechin, catechin and proanthocyanidins. Resveratrol (3,5,4'-
trihydroxy-trans-stilbene), a non-flavonoid polyphenolic compound belonging to the stilbene
group, has recently gained attention with regard to its potential role in the protection against
metabolic and cardiovascular diseases (Catalgol et a., 2012; Das and Maulik, 2006). The
cardiovascular benefits of resveratrol may be due its direct or indirect effects in biological
systems, such as, it prevents platelet aggregation in vitro (Wang et al., 2002); increases
expression of both endothelial and inducible nitric oxide synthase and relaxes isolated arteries
and rat aortic rings (Das et a., 2005; Jager and Nguyen-Duong, 1999; Naderali et al., 2000);
exerts antioxidant effects, preventing LDL oxidation in vitro by chelating copper, as well as by

directly scavenging free radicals (Frankel et a., 1993); decrease total cholesterol concentration in
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hypercholesterolaemic models (Kollar et al., 2000); in addition to its phytoestrogenic action in
some systems (Gehm et al., 1997).

Recently, it has been demonstrated that the heritable information is not only transmitted to
offspring through DNA sequence. The new area of epigenetic emerges to explain the heritable
changes in gene expression not related to changes in DNA sequence (Daxinger and Whitelaw,
2012; Migicovsky and Kovalchuk, 2011; Whitelaw, 2008). Some works in the field of
epigenetics has proposed that the inter- and transgenerational transmission of physical,
behavioral, and emotional traits in mammals is influenced by a variety of (epigenetic) factors,
which can be modulated by chemicals agents, nutritional components of diet, environmental
stimulus or toxicants, lifestyle, as well as by aging (Anway et al., 2006; Bollati et a., 2009; Roth
et al., 2009; Szyf et a., 2008; Waterland et al., 2006). Particularly, it has been demonstrated that
nutritional components of diet can influence epigenetic mechanisms modulating the epigenome,
with persistent effects whose can be transmitted to offspring or subsequent generations (Burdge
et a., 2007; Dolinoy et a., 2007, 2006; Lillycrop, 2011; Waterland et a., 2006).

Among the most extensively studied epigenetic modifications, highlights the histone
acetylation, which is mediated by histone acetyl transferases (HATS) and histone deacetylases
(HDACs) enzymes, whose are criticaly involved in regulating affinity binding between the
histones and DNA backbone (Choi and Howe, 2009; Kouzarides, 2007). HDACs class Il
comprises seven members of sirtuins (Sirtl to Sirt7) dependent on nicotinamide adenine
dinucleotide (NAD"), that modulate lysine acetylation in a dynamic fashion, playing a relevant
role in the pathogenesis of various diseases, aging, oxidative stress, cell metabolism, and
apoptosis (D’Onofrio et al., 2015; Morris, 2013; Radak et al., 2013; Sebastian and Mostoslavsky,
2015; Watroba and Szukiewicz, 2015). Particularly, it has been recently demonstrated that Sirt6,

a nuclear HDAC with high levels of expression in mouse muscle, brain and heart (Liszt et al.,
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2005) is associated with prolonged life expectancy and has an important role in resistance to
DNA damage and suppression of genomic instability (Mao et al., 2011; Mostoslavsky et al.,
2006; Tennen et al., 2010). Due these features Sirt6 constitutes a potential target to study genome
stability and epigenetic regulation in mammals.

Therefore, in view that the components of diet can induce epigenetic modifications and
that resveratrol is a bioactive compound that can provide beneficial effects on health and
cardiovascular diseases, this work was carried out to investigate the effects of materna
resveratrol supplementation during pregnancy on DOX-induced cardiotoxicity on heart of
progeny, examining the possible resveratrol cardioprotective effects on heart defense

programming.

2. M ethods

2.1. Chemicals

DMEM, PBS, FBS and penicillin/streptomycin were obtained from Gibco-BRL (Grand
Island, NY, USA). LMP agarose, HMP agarose, hydrogen peroxide, DCF-DA, DCF, catalase,
TB, epinephrine, BSA, DTNB and pancreatin were purchased from Sigma (St. Louis, MO, USA).
Trans-Resveratrol was obtained Cayman Chemical Company (USA). Primary antibody anti-Sirt6
was purchased from Abcam (UK). All other antibodies were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Annexin V-PE and 7-AAD were purchased from BD
Biosciences (San Diego, CA). FPG and Endolll were obtained from BioLabs (New England,
USA). All other reagents were of analytical grade and purchased from loca commercial

suppliers.
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2.2. Ethical approval and animals

The research was performed in accordance with the Brazilian Guidelines for the Care and
Use of Animals for Scientific and Didactic Purposes (DOU 27/5/13, MCTI, p.7), and al
procedures outlined were approved by the Research Ethics Committee of the UFCSPA (CEUA,
number 106/13-182/13).

Female and male albino Wistar rats (aged 4 weeks, weighing 70-100 g) from the Center of
the Reproduction of Laboratory Animals of the UFCSPA, were kept under a day/night cycle
(lights on 7:00 am to 7:00 pm), room temperature 21°C + 1, and 50% + 5 relative humidity. The
animals received throughout the experiment a standard pellet diet (Nuvital CR1®, Parand, Brazil)

and tap water ad libitum.

2.3. Estrous stimulation and mating procedure

Virgin female rats received wood shavings of the male box for the estrous stimulation.
After the first estrous period, one male rat was housed individualy for to mate with 3 virgin
female rats for one night. At subsequent morning the females were separated and vaginal smears

taken to detect the presence of sperm, which was the confirmation of the gestational day zero.

2.4. Experimental design

After the confirmation of gestational day zero, the females were assigned in the following
groups. 1) Control (n=8): without supplementation with resveratrol, and 2) Resveratrol (n=8):
resveratrol 2.5 mg/Kg body weight (dispersed in saline with 0.05% of Tween 80) by gavage.
Once aday, 5 days/week, during 21 gestational days.

After birth, pups at 3" life’s day were euthanized by decapitation and hearts were

removed for achievement of the primary culture of cardiomyocytes. Birth usually occurred at
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night with 10-12 pups being born, and hearts of al neonates were used to obtain a pool of

cardiomyocytes. A simplified scheduleisillustrated in Figure 1.
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Figure 1: Experimental design and treatment schedule.

2.5. Primary cardiomyocytes culture

Primary culture was prepared from hearts of newborn rats with 3 days old and cultured as
previously defined (Fu et a., 2005), with some modifications as follow. The hearts were
removed, washed with PBS, minced and defragmented with a buffer containing 0.125%
pancreatin and 0.3% BSA diluted in 10 mL (g/L): 80 NaCl, 2 KCl, 0.5 Na;HPO,, 10 NaHCOsg,
and 20 dextrose (pH 7.2). This homogenate was digested at 37°C during repeated cycles of 5
min. The supernatant of which cycle was centrifuged (500 g, 5°C, 5 min) and pellet was
resuspended in 3 mL DMEM containing 10% SFB and 1% penicilin/estreptomicin, and placed in
a humidified incubator (5% CO,, 37°C). This process was repeated until complete
defragmentation of al cardiac tissue. At final, the pool of cells containing fibroblasts and
cardiomyocytes were plating in 75 cm? bottle culture, for fibroblasts adhesion. After, the cellular
suspension containing cardiomyocytes was aspired, centrifuged and finally plated in culture

plates (Falcon, EUA) previously treated with gelatin (0.1% in PBS) for cardiomyocytes adhesion.
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After the suitable confluence the culture was treated with DOX (0.1, 0.5 or 1.0 uM) during 24 or

48 h for the specific analysis.

2.6. Trypan blue (TB) exclusion assay

Cdll viability was measured by TB exclusion test, as previously described (Robichova and
Slameniova, 2002). In brief cardiomyocytes were treated 24 or 48 h with DOX (0.1, 0.5 or 1.0
uM), were washed with PBS, trypsinized, centrifuged and resuspended in PBS. An aliquot of this
cellular suspension was stained with trypan blue dye (0.4%), and the number of viable
(uncolored) and dead (colored) cells was counted in Automated Cell Counter (Countess®). The

ratio of (viable cellg/total cells) x100 results in the percentage of viable cells.

2.7. Flow cytometric analysis

Annexin V-PE was used together with a vital dye, 7-AAD, to distinguish apoptotic from
necrotic cells, according to the manufacturer's instructions. Cardiomyocytes treated during 24 or
48 h with DOX (0.1, 0.5 or 1.0 pM) were washed with PBS, trypsinized, centrifuged and
resuspended in 100 pL of binding buffer with 3 pL. Annexin V-PE and 3 pL of 7-AAD, and
incubated for 15 min in the dark and at room temperature. After incubation, 200 pL of binding
buffer was added and mixed for immediate analysis. Data were collected and analyzed by a
FACS Calibur flow cytometer with CellQuest software, with a maximum of 5000 events per
sample. Fluorescence was measured and the percentage of viable, early apoptotic, late apoptotic

and necrotic cells was determined.
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2.8. Comet assay

The akaline comet assay was performed as previously described (Hartmann and Speit,
1997; Singh et al., 1988) with minor modifications. Cardiomyocytes treated during 24 or 48 h
with DOX (0.1, 0.5 or 1.0 uM) were washed with PBS, trypsinized, resuspended in complete
medium, centrifuged and resuspended again in 200 uLL PBS. Then, 30 pL of cell suspension was
dissolved in 0.75% LMP agarose and spread onto a glass microscope slide pre-coated with a
layer of 1% NMP agarose. The slides were then incubated in ice-cold lysis solution (2.5 M NaCl,
10 mM Tris, 100 mM EDTA, 1% Triton X-100, and 10% DM SO, pH 10.0) at 4 °C for at least 1
day in order to remove cellular proteins and membranes, leaving the DNA as ‘nucleoids’.

In the modified comet assay, dlides were removed from the lysis solution, washed in
enzyme buffer (40 mM HEPES, 100 mM KCI, 0.5 mM NaEDTA, 0.2 mg/mL BSA, pH 8.0), and
incubated with 100 uL FPG or Endolll enzymes (300 mU per gel; 45 min 37°C). After, the slides
were placed on a horizontal €l ectrophoresis unit containing freshly made alkaline buffer (300 mM
NaOH, 1 mM EDTA, pH 13.0), which covered the dlides for 20 min a 4°C in order to alow
unwinding of DNA and expression of akali-labile sites. Subsequently, an electric current was
applied for 20 min to allow DNA migration. Slides were then neutralized (0.4 M Tris, pH 7.5)
and stained according to a silver-staining protocol (Nadin et al., 2001). After dry, one hundred
cells were analyzed visually with an optical microscope, and scored according to tail length into
five classes, assigned as class 0: undamaged, without a tail, to class 4: comets with no head,
amost al DNA in tail. The genotoxic effect of DOX on cardiomyocytes was estimated by
damage index (DI) of DNA, which ranged from O (completely undamaged: 100 cells x 0) to 400

(with maximum damage: 100 cells x 4) (Hartmann et a., 2003).
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2.9. Cardiomyocyte protein extracts

After treatment of cardiomyocytes during 24 or 48 h with DOX (0.1, 0.5 or 1.0 uM) cells
were washed with ice-cold PBS and whole cell protein extracts were obtained by scraping cellsin
RIPA buffer containing complete Mini protease cocktail inhibitor tablet (Roche Applied Science,

QC, Canada). The protein extracts of cardiomyocytes were used for additional analysis.

2.10. 2°,7-Dichlorofluorescein diacetate (DCF-DA) oxidation assay

ROS production was assessed according previously described (LeBel et al., 1992) using
DCF-DA as marker. In brief, 160 uL DCF-DA was incubated with 40 pL of cardiomyocyte
protein extracts during 30 min at 37°C in dark. Fluorescence intensity was measured in
SpectraMax M2e Microplate Reader (Molecular Devices, MDS Analytical Technologies,
Sunnyvale, Cdifornia) using excitation and emission wavelengths of 480 and 535 nm,
respectively. Calibration curve was performed with standard DCF (1 mM) and the levels of ROS

were calculated as nmol DCF formed/mg protein.

2.11. Total sulthydryl content

This assay is based on the reduction of DTNB by thiols, generating a yellow derivative
(TNB) whose absorption is measured spectrophotometricaly at 412 nm (ELLMAN, 1959).
Sulfhydryl content isinversely correlated to oxidative damage to proteins. A standard curve was
plotted for each measurement using GSH as a standard and the results were expressed as

pmol/mg protein.
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2.12. Superoxide dismutase (SOD) activity

SOD activity was evaluated by quantifying the inhibition of superoxide-dependent
autoxidation of epinephrine, verifying the absorbance of samples at 480 nm (Misra and
Fridovich, 1972). The inhibition of autoxidation of epinephrine occurs in the presence of SOD,
whose activity can be then indirectly assayed spectrophotometrically. One SOD unit is defined as
the amount of SOD necessary to inhibit 50% of epinephrine autoxidation and the specific activity

is reported as SOD Units/mg protein.

2.13. Catalase (CAT) activity
CAT activity was assayed as previously described (Aebi, 1984), based on the
disappearance of H,O; at 240 nm. One CAT unit is defined as one umol of hydrogen peroxide

consumed per minute and the specific activity is calculated as CAT Units/mg protein.

2.14. Immunablotting analysis

Immunaoblotting analysis were performed as previously described (Towbin et al., 1979).
For this, 25 pg of cardiomyocyte proteins was separated by electrophoresis on a 12% SDS-PAGE
(SDS-polyacrylamide gel electrophoresis) and transferred to nitrocellulose membranes (Trans-
blot SD semi-dry transfer cell, BioRad), which was subsequently blocked with 5% BSA for 2 h,
washed in TTBS (Tris-buffered saline (TBS) pH7.5, plus 0.05% Tween-20) and then incubated
overnight at 4°C in TTBS solution containing the antibodies: anti-sirt6, anti-actin, and anti-CAT,
both diluted 1:500. After primary antibody incubation, membranes were washed with TTBS and
incubated with horseradish-peroxidase conjugated secondary antibodies (anti-rabbit 1gG, anti-
mouse 1gG, and anti-goat 1gG, both diluted 1:3000, in TTBS solution). The blot was then

developed using a chemiluminescence ECL kit (Thermo Scientific, Sdo Paulo/Brazil).
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Immunoblots were quantified by scanning the films with a DNR Bio-Imaging Systems scanner
(MF ChemiBis2.0®) and determining optical densities with the ImageJ 1.48v software (Wayne

Rasband, National Institutes of Health, USA).

2.15. Protein quantification
The protein concentration of the cardiomyocyte protein extracts was determined with

method previously described (Lowry et al., 1951) using BSA as the standard.

2.16. Satistical analysis

The normal distribution of variables was tested with Kolmogorov-Smirnov normality test
and the homogeneity of variances with Levene’s test. Data were compared between groups by
One-way Anaysis of Variance (ANOVA) followed by Tukey post-hoc test. Correlations were
performed by Pearson’s correlation coefficient. The Statistical Package for the Social Sciences
(SPSS, version 16.0) was used for all analyses, and the GraphPad Prism 5.03 program (GraphPad
Software, San Diego, CA) was used as a computational tool for graph edition. Data were

expressed as mean + SD, and a p value of 0.05 was considered significant.

3. Results

3.1. Resveratrol protects neonatal cardiomyocytes from DOX-induced death
Viability of the neonatal cardiomyocytes, evaluated by TB exclusion test, is represented in
Figure 2. It was observed a concentration-dependent cell death induced by DOX, both at 24 and

48 h after treatment. Maternal resveratrol supplementation significantly protected neonatal
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cardiomyocytes from death induced with 0.5 and 1.0 yM DOX after 48 h (Figure 2B), but not

after 24 h (Figure 2A), compared with neonatal cardiomyocytes from control mothers.
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Figure 2: Effects of maternal resveratrol supplementation during pregnancy on neonatal cardiomyocytes
viability. Cells were treated with DOX (0.1, 0.5 or 1.0 uM) for 24 h (A) or 48 h (B). Vaues are mean +
SD (n=8). * indicates p<0.05 from control group, by One-Way ANOV A, post-hoc Tukey.

3.2. DOX-induced apoptosis and necrosis are reduced in neonatal cardiomyocytes from
resveratrol supplemented rats during pregnancy

In an attempt to understand the main mechanism of DOX-induced death in this model,
and the effects of resveratrol supplementation, neonatal cardiomyocytes treated with DOX were
analyzed by flow cytometry (Figure 3). Likewise to the viability results, it was observed a
concentration-dependent increase in cardiomyocytes death (24 and 48 h after DOX treatment),
and resveratrol did not protect against DOX-induced cell death 24 h after treatment (Figure 3 A-
D). Conversely, the neonatal cardiomyocytes from resveratrol supplemented pregnant rats
exhibited a significant protection against DOX-induced death 48 h after treatment with al
concentrations of DOX, with an increase in total viable cells and decrease of apoptotic and

necrotic cells (Figure 3 E-H). These results demonstrate that apoptosis is the main mechanism of
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1 DOX-induced death in neonatal cardiomyocytes, and that this effect is significantly reduced by

2 theresveratrol supplementation during pregnancy.
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Figure 3: Effects of maternal resveratrol supplementation during pregnancy on neonatal cardiomyocytes
viability, apoptosis, and necrosis by flow cytometry analysis. Cells were treated 24 h (A-D) or 48 h (E-H)
with DOX (0.1, 0.5 or 1.0 uM). Negative control = cells without DOX. Values are mean £ SD (n=8).
Symbol * indicates viable, # apoptotic and + necrotic cells, with p<0.05 from control group, by One-Way
ANOVA, post-hoc Tukey.

3.3. Resveratrol protects neonatal cardiomyocytes against increase in ROS production

As can be seen in Figure 4, neonatal cardiomyocytes exposed to DOX (0.5 and 1.0 uM)
showed a significant increase in ROS production in relation to cells not exposed to the drug
(negative control). Maternal resveratrol supplementation during pregnancy did not protect
neonatal cardiomyocytes 24 h after DOX treatment. A significant increase in ROS production
induced by DOX was also observed 48 h after treatment of neonatal cardiomyocytes from control
group with 0.5 and 1.0 uM DOX (Figure 4B). Moreover, resveratrol significantly protected these
cardiomyocytes against the ROS increase induced by all DOX concentrations. Through Pearson’s
analysis, it was observed an inverse correlation between cell viability and ROS production in
neonatal cardiomyocytes both at 24 and 48 h (r = -0.8, p<0.0001 and r = -0.789, p<0.001),
respectively. Importantly, there was a significant direct correlation between ROS production and
apoptosis (r = 0.836, p<0.0001, r = 0.817, p<0.0001) and necrosis (r = 0.425, p<0.055; r = 0.637,

p<0.001) observed both at 24 and 48 h after DOX treatment, respectively.
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Figure 4: Effects of materna resveratrol supplementation during pregnancy on ROS production in
neonatal cardiomyocytes. Cells were treated with DOX (0.1, 0.5 or 1.0 uM) for 24 h (A) or 48 h (B).
Values are mean = SD (n=8). * indicates p<0.05 from control group and # indicates p<0.05 from negative
control (NC — cells without DOX), by One-Way ANOV A, post-hoc Tukey.

3.4. Resveratrol supplementation during pregnancy induces a protective response against
oxidative DOX-induced DNA damage

Subsequently, the effects of DOX on DNA integrity of neonatal cardiomyocytes were
evauated by DNA damage analysis by akaline Comet assay. This assay detects primary
(repairable) DNA single and double-strand breaks and alkali-labile sites (Collins et a., 1993;
Dusinska and Collins, 1996). The results show a concentration-dependent increase of DNA
damage DOX-induced, observed in neonatal cardiomyocytes from all groups of pregnant rats
(Figure 5 A-B). However, the maternal supplementation with resveratrol induced a significant
protection of neonatal cardiomyocytes, both at 24 and 48 h after treatment with DOX (except 1.0
UM for resveratrol supplemented mothers). Moreover, it was observed a positive effect of
resveratrol on cardiomyocytes DNA damage even in cells not treated with DOX (negative
contral).

Subsequently we performed analysis with the DNA-repair enzymes Endolll and FPG,
which increase the Comet test specificity and are able to recognize oxidative base damaged and
convert it into single-strand breaks (Collins et a., 1993; Hartmann et a., 2003). The results show
the magnitude of oxidative DNA damage caused by DOX treatment in neonatal cardiomyocytes
(Figure5 C-F). The oxidative damage was recognized by Endol Il and FPG and was significantly
lower in neonatal cells from supplemented mothers in relation to neonatal cells from controls.
Moreover, at same form observed in akaline Comet assay, resveratrol supplementation was able
to decrease oxidative DNA damage in neonatal cardiomyocytes not exposed to DOX, both after

24 and 48 h after DOX treatment. Importantly, Pearson’s analysis demonstrates a direct
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1 correlation between Endolll or FPG activity, and ROS production in neonatal cardiomyocytes

2 both at 24 h (r = 0.804, p<0.0001 and r = 0.754, p<0.0001) and 48h (r = 0.798, p<0.0001 and r =

3 0.790, p<0.0001) after DOX treatment, for Endolll and FPG, respectively.
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Figure 5: Effects of maternal resveratrol supplementation during pregnancy on DNA damage of neonata
cardiomyocytes. Cells were treated with DOX (0.1, 0.5 or 1.0 uM) for 24 h (A) or 48 h (B) and DNA
damage due to single and double-strand breaks and akali-labile sites were detected. Effects of resveratrol
on oxidative DNA damage were analyzed with Endolll and FPG enzymes when neonatal cardiomyocytes
were treated with DOX (0.1, 0.5 or 1.0 pM) for 24 h (C and E) or 48 h (D and F). These enzymes
recogni ze oxidative base damaged and convert it into single-strand breaks. Values are mean + SD (n=8). *
indicates p<0.05 from control group, and # indicates p<0.05 from negative control (NC - cells without
DOX), by One-Way ANOVA, post-hoc Tukey.

3.5. Resveratrol protects neonatal cardiomyocytes of the decrease in antioxidant defenses and
thiol content induced by DOX

To examine whether the increase in DOX-induced ROS generation is associated with
decreased activities of antioxidant enzymes and total thiol content, we investigated the activities
of the antioxidant enzymes superoxide dismutase (SOD) and catalase (CAT) (Table 1), aswell as
total sulfhydryl content (Figure 6). These results demonstrated that treatment with DOX induced
a significant decrease of SOD activity in neonatal cardiomyocytes from control group compared
to the resveratrol supplemented rats, both at 24 and 48 h after DOX treatment. At same form,
DOX induced a significant decrease in CAT activity levels, which was concentration-dependent,
and more pronounced in neonatal cardiomyocytes from control group (Table 1). Notably,
resveratrol protected neonatal cardiomyocytes from decrease in total sulfhydryl content DOX-
induced in relation to cells from control group, both at 24 and 48 h after DOX treatment (Figure
6). However, the decrease in sulfhydryl content was more pronounced at higher concentrations,
without protective effect of resveratrol at 1.0 uM DOX.

Moreover, the activity of antioxidant enzymes was significantly correlated whit cell
viability, as well as ROS production. Particularly, CAT activity showed an inverse correlation
with ROS production (r = -0.763, p<0.0001 and r = -0.808, p<0.0001) and a direct correlation

with cell viability (r = 0.508, p<0.007 and r = 0.680, p<0.001) both at 24 and 48 h after DOX
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treatment, respectively. This effect was also observed for SOD activity, which correlates

inversely with ROS production both at 24 and 48h after DOX treatment (r = -0.527, p<0.004 and

r =-0.671, p<0.0001), respectively. In addition, there was a significant direct correlation between

SOD activity and cell viability (r = 0.398, p = 0.024; r = 0.558, p<0.001) both at 24 and 48h after

DOX treatment.

Table 1: Effects of resveratrol supplementation during pregnancy on SOD and CAT activities of

neonatal cardiomyocytes.

Control Resveratrol Control Resveratrol
SOD (U/mg protein)
DOX (uM) 24 hours 48 hours
treatment
NC 461+ 054 6.26 + 1.36* 4.46+0.30 6.00 + 1.63
0.1 3.90+ 0.68 5.31+ 0.38* 3.98+ 0.08 6.06 + 1.13*
0.5 3.22+0.72 5.22 + 0.84* 3.03+0.74" 5.12 + 0.95*
1.0 2.83+ 0.40" 5.56 + 0.72* 2.53+0.93" 5.19 + 1.39*
CAT (U/mg protein)
DOX (uM) 24 hours 48 hours
treatment
NC 12.15+ 2.16 24.07 + 2.93* 12.30 + 0.93 27.11 + 2,55
0.1 6.16 + 0.81" 13.00 + 4.29*" 7.85+ 1.03" 13.56 + 2.62*"
0.5 4.04 + 057" 9.47 + 2.53+" 5.35 + 0.62" 12.24 + 3.87*"
1.0 2.62+0.20" 8.78 + 4.15*" 2.68 + 1.51" 8.36 + 1.79*"

Cells were treated with DOX (0.1, 0.5 or 1.0 uM) during 24 or 48 h. Values are mean + SD (n=8). *
indicates p<0.05 from control group, and # indicates p<0.05 from negative control (NC - cells without
DOX), by One-Way ANOV A, post-hoc Tukey.
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Figure 6: Effects of maternal resveratrol supplementation during pregnancy on total sulfhydryl groups of
neonatal cardiomyocytes. Cells were treated with DOX (0.1, 0.5 or 1.0 uM) for 24 h (A) or 48 h (B).
Vaues are mean £ SD (n=8). * indicates p<0.05 from control group and # indicates p<0.05 from negative
control (NC — cells without DOX), by One-Way ANOVA, post-hoc Tukey.

3.6.Levels of Srt6 and CAT expresson are increased in neonatal cardiomyocytes from
resveratrol supplemented rats during pregnancy

Immunaoblotting analysis showed that resveratrol supplementation of rats during
pregnancy induced a significant increase in expression of Sirt6 protein of neonatal
cardiomyocytes in relation to neonatal cells from controls (Figure 7A, B and C). However, the
increase in Sirté expression was only observed in neonatal cells exposed to DOX, with an
increase dependent of DOX concentration (Figure 7A and C). On the other hand, the effect of
resveratrol on CAT expression was slight and a significant difference between groups was only
observed in neonatal cardiomyocytes exposed to low concentration or not exposed to DOX (Fig
7B and C). At high DOX concentrations the effect of resveratrol on CAT expression was similar

to that observed in neonatal cardiomyocytes from control group.
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Figure 7: Effects of maternal resveratrol supplementation during pregnancy on Sirt6 and CAT protein
expression of neonatal cardiomyocytes. Cells were treated with DOX (0.1, 0.5 or 1.0 uM) for 48 h. Bar
graph corresponds to mean = SD of the quantification values of Sirtl/p-actin ratio (A) and CAT/B-actin
ratio (B) from all samples. * Indicates p<0.05 from control group, and # indicates p<0.05 from negative
control (NC — cells without DOX), by One-Way ANOV A, post-hoc Tukey.

4. Discussion

DOX iswidely used to treat childhood and adult cancers, but its chemotherapeutic dose is
limited by both acute and chronic cardiotoxicity, with cumulative cardiotoxic effects (Aleman et
a., 2007; Bristow et al., 1981; Grenier and Lipshultz, 1998). Approximately 60% of pediatric
cancer patients are treated with anthracyclines and about 10% of them develop symptoms of
cardiomyopathy up to 15 years after the end of chemotherapy (Kremer et a., 2002). The

development of novel therapeutic strategies to reduce the treatment outcomes is essential,
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viewing the increase of life expectancy for decades after the anti-cancer therapy. Studies in the
field of experimental and clinical research, as well as preventive medicine have highlighted the
beneficial effects of resveratrol on cardiovascular and metabolic diseases (Cai et a., 2015;
Catalgol et a., 2012; Das and Maulik, 2006). Moreover, resveratrol is a bioactive component of
diet that, among other environmental stimuli, can modulate epigenetic factors. In this study, for to
determine the possible cardioprotective heritable effects of resveratrol against DOX-induced
toxicity, we evaluated at first time the cardioprotective effects of materna resveratrol
supplementation during pregnancy on DOX-induced cardiotoxicity in neonatal heart.

Neonatal cardiomyocytes from control pregnant rats exhibited a pronounced DOX-
induced concentration-related cardiotoxicity, with significant decrease in cell viability, increase
in apoptotic and necrotic cell death, which were strongly correlated with the increase in ROS
production and decrease in activity of antioxidant defense systems. Apoptosis was the main
mechanism of DOX-induced cardiomyocytes death that is consistent with the elucidated
mechanisms of DOX toxicity. Neonatal cardiomyocytes from controls also showed lower levels
of total sulfhydryl groups and a significant increase in oxidative DNA damage DOX-induced.
However, the materna supplementation with 2.5 mg/Kg resveratrol per day, during the
gestational period was effective in protecting the neonatal heart against DOX-induced
cardiotoxicity. These results are favorable to the hypothesis that maternal supplementation with
resveratrol during pregnancy can modulate the responses to stressful agents of progeny.

The globa demand for more reasonable therapeutics has identified in resveratrol
important features to human health, and it still possesses an effective cost, exhibits low toxicity,
and is readily available (Aggarwal et a., 2011; Li and Vederas, 2009). This bioactive compound
is widely known by its protective effect against oxidative stress in different tissues and in

pathological conditions such as cardiovascular diseases, inflammatory response, cancer and
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diabetes (Boocock et al., 2007; Das and Das, 2007; Movahed et al., 2012; Silan, 2008; Tao et al.,
2016), particularly in diseases where oxidative stress plays an important role. However, the
interest in this compound has been renewed in recent years, first from its identification as a
chemopreventive agent for skin cancer, regulating multiple cancer-inflammation pathways
(Aggarwal et a., 2011; Amiri et a., 2013; Aziz et a., 2005), and subsequently from reports
where it can activate epigenetic cofactors, particularly sirtuin deacetylases and extends the
lifespan of some animal species (Chung et a., 2011; Howitz et a., 2003; Lagouge et a., 2006;
Zhang et al., 2011).

In this research, resveratrol supplementation of pregnant rats induced a protective effect
on neonatal cardiomyocytes exposed to DOX, with an increase in cell viability, decrease in
apoptotic and necrotic cell death, which were correlated with the decrease in ROS production
both at 24 and 48 hours. Moreover, maternal supplementation with resveratrol prevented in
neonatal cardiomyocytes the decrease of SOD activity DOX-induced, as well as lead to an
increase in CAT activity, with a dlight upregulation of CAT protein expression. Besides
antioxidant enzymes, the total sulfhydryl content- a molecular target of ROS in the non-
enzymatic antioxidant system- was also atered in neonatal cardiomyocytes from resveratrol
supplemented rats during pregnancy, in which the resveratrol increases the total sulfhydryl
content and counteracts the oxidative effects induced by DOX at lower concentrations (NC, 0.1
and 0.5 uM).

Resveratrol is a stilbenoid compound that consists of two aromatic rings, which are
attached by a methylene bridge. It is present in cis/trans isoforms both of which may be
glycosylated and the trans isomer has the magjor biologica activity (Ovesna and Horvathova-
Kozics, 2005). Due to the aromatic groups in its structure, resveratrol is able to function as

antioxidant and prevent oxidation reactions. Resveratrol is able to sequester 2,2-azinobis(3-
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ethylbenzthiazoline-6-sulfonic acid; ABTS) and 1,1- diphenyl-2-picrylhydrazyl (DPPH),
scavenging hydroxyl radicals (Soares et a., 2003). In addition, in vascular system, this molecule
can aso scavenge H,0O,, delaying the oxidative stress and preventing endothelial cell death
induced by ROS, which are responsible, at least in part, for its cardioprotective effects (Ungvari
et al., 2007).

Since resveratrol treatment has been shown to be safe in pregnancy and it is able to cross
the placental barrier, affecting the fetus directly (Bourque et a., 2012; Singh et al., 2011,
Williams et a., 2009), it is possible that the cardioprotective effects observed in this study might
be a direct scavenging action of resveratrol on DOX-induced ROS production. Moreover, the
decrease in ROS production can also be due to an upregulation of enzymatic and non-enzymatic
antioxidant defense system, which in turn counteracts the futile cycle of ROS production during
DOX mitochondrial metabolization.

Severa mechanisms have been proposed for DOX-mediated cell death in clinicaly
relevant doses. DOX can act as a DNA intercaator, forming DOX-DNA adducts, which can
activate DNA damage responses and induce cell death independent of topoisomerase 1l (Forrest
et a., 2012; Swift et al., 2006); or can act as a topoisomerase |l poisoning, resulting in double-
strand DNA breaks and cell death (Pommier et al., 2010); DOX can mediate the cell death
through oxidative stress production, once DOX-induced release of free radicals may cause
oxidative stress, resulting in DNA damage and cell death (Berlin and Haseltine, 1981; Minotti et
al., 2004; Siminek et al., 2009); or still through ceramide overproduction, which is a lipid
molecule involved in a variety of celular processes including growth arrest, apoptosis, and
senescence (Senchenkov et a., 2001). In many of these proposed mechanisms overproduction of

the oxidative stress and DNA damage has been present.
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Neonatal cardiomyocytes treated with DOX exhibited a concentration-related increase in
oxidative DNA damage, which is related to the oxidative stress, measured through the activities
of Endolll and FPG enzymes. Both act as glycosilase enzymes, while Endolll recognizes
oxidized pyrimidines in DNA, the FPG has the ability to recognize imidazole-ring-opened
purines, or formamidopyrimidines (fapy Ade and fapy Gua), which occur during the spontaneous
breakdown of damaged purines (Boiteux, 1993; Doetsch et al., 1987; Dusinska and Collins,
1996). Our research demonstrated that resveratrol supplied a notable cardioprotection against
DOX-induced DNA damage, preserving the DNA integrity. Neonatal cardiomyocytes from
resveratrol supplemented mothers, both after 24 and 48 h of DOX treatment, showed a significant
decrease in oxidative DNA strand-breaks, following Endol Il or FPG incubation, which represents
a decrease in residual oxidized DNA bases. These data were supported by Pearson’s correlation
analysis, which demonstrated a direct correlation between Endolll or FPG activities and DOX -
induced ROS production.

In the analysis of DOX-induced DNA damage, it is important to note that the decrease in
the oxidative DNA strand-breaks in neonatal cardiomyocytes from resveratrol supplemented
mothers was also observed in the absence of DOX treatment. This can be a result of a direct
antioxidant action of resveratrol, once it is able to cross to placental barrier. However, we
wondered whether the maternal supplementation with resveratrol during pregnancy could
activate, via modulation of epigenetic factors, DNA damage response pathways in neonatal
cardiomyocytes. Among the most studied epigenetic factors, it has been demonstrated that
resveratrol can modulate the activity of Sirtl, increasing lifespan in yeast, worms, and flies and
enhancing health span in rodents (Baur et al., 2006; Howitz et a., 2003; Wood et a., 2004).

Recently, Sirt6 is another histone deacetylase that has received attention by its key role in the
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DNA repair and maintenance of genomic stability (Kaidi et a., 2010; Mao et a., 2011,
Mostoslavsky et al., 2006; Toiber et al., 2013).

Our results demonstrated that maternal supplementation with resveratrol induced a
significant increase in Sirt6 expression of neonatal cardiomyocytes exposed to DOX, which was
concentration-related. The expression of Sirt6é was not altered in neonatal cardiomyocytes from
control pregnant rats. Moreover, resveratrol did not alter the Sirt6 expression in neonatal cells not
exposed to DOX. Concerning the cardioprotective action of resveratrol on DOX-induced DNA
damage in neonata cells, these results can be due, at least partially, to Sirt6 overexpression,
which in turn acts as a scaffold protein in DOX-induced DNA damage repair. Sirt6 is a
chromatin-bound protein with important function on genome stability that following DNA
damage is rapidly recruited to sites of double strand breaks, activating downstream DNA damage
repair factors and the efficient repair through both non-homologous end-joining and homologous
recombination (Cai et a., 2012; Mao et al., 2011; Toiber et a., 2013). Moreover, Sirt6 binds to,
and mono-ADP-ribosylates PARP-1, a member enzyme of PARP (poly-ADP-ribose polymerase)
family, which plays an important role in regulation of various cellular and subcellular processes,
including DNA repair, gene expression, genomic stability, cell cycle, and cell death (Mao et al.,
2011; Schreiber et a., 2006).

Similarly to other HDACs class 11, Sirt6 is dependent on NAD", a classical coenzyme
with well-established role in cellular redox reactions. However, NAD" can be consumed by many
families of enzymes, including PARPs, when the PARP-1 is the major NAD™ consuming enzyme
(Schreiber et al., 2006). Moreover, it has been demonstrated that NAD™ levels decreases and Sirt6
is inactivated during cardiac hypertrophy, indicating a relationship between NAD" and Sirt6 in
heart (Cai et a., 2012). The cardioprotection awarded by resveratrol in this model can be due to

the increasein NAD™ levels. Resveratrol inhibits mitochondrial ATP synthase activity by binding
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to its G-subunit and interfering with mitochondrial respiration (Gledhill et a., 2007; Zheng and
Ramirez, 2000). As consequence, resveratrol causes an increase in the ratio of AMP to ATP
(AMP/ATP), and then activates the energy-sensing AMPK (AMP-activated protein kinase)
(Dolinsky et a., 2009; Hart et al., 2013), which in turn increases NAD" that may serve as a
metabolic sensor leading to Sirt6 activation. Particularly, it was also shown that resveratrol
protects mouse embryonic fibroblasts against DOX-induced cardiotoxicity through activation of
AMPK (Wang et a., 2012), which is related to decrease in ROS production and cardioprotective
effect against glucotoxicity in adult cardiomyocytes (Balteau et a., 2014).

On the other hand, Sirt6 expression was not altered in neonatal cardiomyocytes from
control pregnant rats, which also exhibited an increase in DOX-induced oxidative DNA-damage
and ROS production, suggesting that the lack of cardioprotection is dependent of Sirt6
expression. It has been demonstrated that during oxidative stress situations PARP-1 is activated
and competes with Sirt6 for a limited pool of NAD" in the cell. In view of the very low K, and
high Vme of PARP-1 (Mendoza-Alvarez and Alvarez-Gonzalez, 1993), few NAD" is available
for the Sirt6, limiting its activity. However, surprisingly maternal resveratrol supplementation did
not ater Sirt6 expression in neonatal cardiomyocytes not exposed to DOX. A possible
explanation for this could be that Sirt6 is a defense protein and cells try to activate defense
pathways to survive, which occurs under stressful events such as hypoxic damage to heart
(Maksin-Matveev et a., 2015), cardiac hypertrophy (Ca et al., 2012), premature chondrocytes
senescence (Nagai et a., 2015), and here DOX-induced toxicity to neonatal heart.

Therefore, in this research we investigated the cardioprotective effects of resveratrol on
DOX-toxicity with a novel approach, and we demonstrated, for the first time, that maternal
supplementation during pregnancy is able to protect neonatal cardiomyocytes against DOX-

toxicity. Some of the beneficia cardiovascular effects of resveratrol are mediated by the



10
11
12
13
14

87

overexpression of Sirté and increase in DNA damage response. These effects together with the
modulation of antioxidant enzymes and reduction in cellular oxidative stress, contribute to the
cardiomyocytes survival under DOX toxicity. A representative scheme of cardioprotection in this

model is presented in Figure 8.
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Figure 8 The suggested mechanism for the cardioprotective effects of materna resveratrol
supplementation on neonatal cardiomyocytes exposed to DOX. Resveratrol can protect the neonatal
cardiomyocytes of DOX-induced DNA damage blocking the ROS production by an increase in
antioxidant defense, or acting as a scavenger of ROS. Moreover, resveratrol or its metabolites can act on
mitochondria reducing ATP synthesis. As a result, the ratio of AMP to ATP increases. The increase in
AMP activates AMP kinase, which in turn increases NAD" levels, which activates the Sirt6. This then
leads to the various effects of Sirt6, such as reduction in the DNA damage and cardiomyocytes death. On
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the other hand, the DOX-induced DNA damage can increase the activity of PARP-1, which competes with
Sirt6 for NAD" storage.

Additional studies are necessary to determine the role of Sirt6 desacetilation targets and
PARP-1 in this resveratrol cardioprotective model against DOX toxicity. In summary, our
findings demonstrate that neonatal cardiomyocytes from materna supplemented rats during
pregnancy are notably more resistant to DOX-induced toxicity, which occurs by means of
regulation of oxidative stress through antioxidant defense system, and genome stability by Sirt6
overexpression, denoting an important involvement of maternal environment in answers to

stressful agents of progenies throughout life.
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6. DISCUSSAO

Mostramos nesse trabalho, em modelo experimental animal, que o exercicio
fisico ou a suplementacdo com resveratrol realizados pela genitora durante o periodo
gestacional exercem efeito protetor no coracdo da prole contra a toxicidade induzida
pelo quimioterapico DOX. Os resultados foram semelhantes para exercicio e
resveratrol, onde ambos protegeram contra a cardiotoxicidade gerada pela DOX nos
cardiomidcitos dos neonatos. Os efeitos sobre a reducdo da morte celular por apoptose
e necrose, aumentando a viabilidade dos cardiomiécitos, reducdo dos niveis de ERO e
de dano oxidativo ao DNA, bem como aumento da atividade de enzimas antioxidantes
SOD e CAT foram semelhantes entre as diferentes intervencgdes.

Ao explorar os mecanismos envolvidos nessa cardioprotecdo, podemos dizer
gue passa pela acdo efetiva do sistema de defesa antioxidante, que resulta numa
reducdo de ERO e do dano oxidativo ao DNA dos cardiomidcitos, mas também por uma
maior sinalizacdo para o reparo de dano ao DNA, com aumento na expressdo da
enzima Sirt6, principalmente em cardiomiocitos de neonatos de genitoras que
realizaram exercicio durante a gestacdo. Vale ressaltar que o aumento na atividade de
defesas antioxidantes e reducdo de danos oxidativos sao desfechos classicos para o
exercicio e resveratrol, que justificam cardioprotecdo, mas, sobretudo quando essas

intervencdes sao realizadas no proprio organismo onde a toxicidade seré induzida.

No nosso modelo, as diferentes intervencdes realizadas na mé&e durante a
gestacdo obtiveram resultados cardioprotetores que foram observados no coracdo do
neonato da geracao subsequente, e obtidos durante o desenvolvimento embrionario até
0 nascimento. Assim, além dos resultados classicos de protecdo pelo exercicio e
resveratrol contra agentes indutores de estresse oxidativo, é importante pensar que o
mecanismo envolvido na protecdo conferida aos neonatos expostos a DOX passe pela
formacdo de uma heranca materna de cardioprotecao, transmitida de méae para prole, e

sobre esse tema também nos debrucamos na discussao dos resultados.

Durante muitos séculos, o homem deteve um conhecimento apenas empirico das

fascinantes similaridades entre pais e filhos; conhecimento obtido através das
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observactes de fildsofos gregos como Anaxagoras e Hipocrates (MAYR, 1985). E foi
apenas no século XIX, com o surgimento das leis de Mendel, que o DNA foi identificado
e sua sequéncia reconhecida como agente de hereditariedade (AVERY; MACLEOD;
MCCARTY, 1944; HERSHEY; CHASE, 1952).

A associagcdo entre genotipo e fendtipo, que constitui a esséncia da genética
Mendeliana, procurou estimar a que ponto as diferencas genéticas individuais
contribuiam para as variacdes individuais de fenétipo. Como as descobertas de Mendel
tinham foco no DNA e sua sequéncia como centro da hereditariedade, outras formas de
heranga foram ignoradas durante muito tempo, e a nossa visdo de hereditariedade
estreitada invariavelmente as associacdes entre genoétipo e fendtipo (MAYR, 1985).

Aristételes, Lamarck, Darwin e muitos outros pensaram que uma via de
transmissao do fendétipo de uma geracédo para outra poderia envolver a “heranca de
caracteristicas adquiridas com exposigdes ambientais e experiéncias de vida” (MAYR,
1985). Essa proposta caiu por terra com as descobertas e leis de Mendel. Entretanto, a
ideia da hereditariedade dos efeitos de exposices ambientais sobre as caracteristicas
fenotipicas e o risco para desenvolvimento de doencas nos descendentes fascinou os
cientistas por muitas décadas. Desde entdo, diversos estudos mostraram que nao
apenas a alteracdo no material genético, mas também a influéncia de exposi¢cdes
ambientais podem modular fatores epigenéticos os quais conduzirdo a alteracbes
fenotipicas hereditarias transmitidas de méae para filho, e que podem persistir por
inUmeras geracdes (NELSON; NADEAU, 2010; WHITELAW; WHITELAW, 2008;
YOUNGSON; WHITELAW, 2008). Portanto, além da heranca Mendeliana, duas outras
formas de transmissdo de informacfes hereditarias, baseadas em modificacbes

epigenéticas e responsaveis pelo fenétipo, sdo importantes nesse contexto:

1. A heranca epigenética intergeracional ou parental: resultante da exposi¢ao
intrauterina ou de células germinativas a fatores ambientais com capacidade
de modificar o epigenoma, como os fatores nutricionais, hormonais, o
estresse, toxinas ambientais; sendo essa informacao transmitida de uma
geracdo a subsequente (DAXINGER; WHITELAW, 2012; HEARD;
MARTIENSSEN, 2014);
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2. A heranga epigenética transgeracional: alteracdo fenotipica decorrente de
uma modificacdo epigenética que persiste através de geracbes em
individuos que ndo foram diretamente expostos ao fator ambiental, ou que
nao herdaram a variacao genética individual (DAXINGER; WHITELAW, 2012;
HEARD; MARTIENSSEN, 2014).

No caso do nosso modelo, as ratas foram expostas ao exercicio ou
suplementacdo com resveratrol durante a gestacao, e o feto pode ser afetado ainda no
Gtero (1% geracdo), ou as células germinativas do feto (que dariam origem a 22
geracdo). Esses efeitos sdo considerados parentais, conduzindo a uma heranca
epigenética intergeracional. Somente a 32 geragdo pode ser considerada com uma

heranca transgeracional verdadeira na auséncia de exposicao.

As alteracBes fenotipicas decorrentes de heranca epigenética inter- ou
transgeracional podem surgir por exposicdo a diversos os fatores ambientais com

potencial para modulacéo de fatores epigenéticos, onde podemos destacar:

1. As influéncias nutricionais durante o periodo pré-natal, tais como a
caréncia alimentar (HEIJMANS et al., 2008); o excesso de nutrientes (BYGREN; KAATI;
EDVINSSON, 2001); uma dieta pobre em proteinas (CARONE et al., 2010) ou rica em
gordura (NG et al.,, 2010), ou ainda uma dieta rica em compostos bioativos, como a
genisteina (DOLINQY et al., 2006); a deficiéncia em vitaminas ou micronutrientes
(MEJOS et al., 2013); a presenca de toxinas derivadas do plastico (DOLINOY; HUANG,;
JIRTLE, 2007; MANIKKAM et al., 2013).

2. A influéncia do estilo de vida pré-natal, tais como o tabagismo
(NORTHSTONE et al.,, 2014); o estresse (RODGERS et al., 2013); a obesidade
(SOUBRY et al., 2013); e o exercicio fisico (LAKER et al., 2014).

3. Ainda a exposi¢cdo a outros fatores durante o periodo pré-natal pode ser
determinante para o fendtipo da prole, tais como a exposicéo a tintas e solventes (REID
et al., 2011); pesticidas (SKINNER et al., 2013), radiacdes ionizantes (KOTURBASH et
al., 2006); armas quimicas (NGO; TAYLOR; ROBERTS, 2010); dentre outros.

A exposicdo a esses fatores durante o periodo pré-natal pode ter significativas

implicacbes sobre as geracbes futuras, tais como as alteragbes metabdlicas
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(obesidade, hipertensao, alteracéo em perfil lipidico, alteragdo na tolerancia a glicose e
reducdo da sensibilidade a insulina); doencas metabdlicas (diabetes e doencas
cardiovasculares); alteracdes psicossociais, comportamentais e mentais; prejuizo do
desenvolvimento embrionario e crescimento fetal (com recém-nascidos de baixo peso e

extremo baixo peso, ou com mal formacdes); e cancer (SOUBRY, 2015).

Nesse estudo avaliamos os efeitos da exposi¢cao durante o periodo gestacional a
dois fatores ambientais: a suplementacdo materna com resveratrol - um composto
bioativo encontrado na dieta; e a realizacdo de exercicio fisico pela méde — um
componente do estilo de vida; sobre a toxicidade da DOX no coracdo da prole. A
escolha desses fatores é relevante, pois tanto o resveratrol quanto o exercicio fisico
possuem caracteristicas cardioprotetoras, onde a sua utilizacdo tem sido associada a
protecdo contra problemas cardiacos e doencas cardiovasculares (BERTELLI; DAS,
2009; MOORE, 1998; RAVAL et al., 2008). Exercicio e resveratrol também apresentam
como ponto comum atuarem sobre a reducdo do estresse oxidativo e aumento na
resposta de sistemas de defesa antioxidante (ASCENSAO et al., 2003; JI, 2002;
UNGVARI et al.,, 2007). Esse efeito foi observado nos cardiomidcitos de neonatos
provenientes de genitoras que realizaram exercicio durante o periodo gestacional ou
receberam suplementacdo com resveratrol na dieta, os quais apresentaram reducéo do
nivel de ERO e dano oxidativo ao DNA, bem como aumento na atividade de enzimas

antioxidantes e expressao da CAT.

Relativamente ao exercicio fisico, sabe-se que sua adoc¢do contribui de forma
significativa para um estilo de vida saudavel e conduz ao melhor prognéstico, reducao
do risco e dos efeitos colaterais relacionados ao tratamento medicamentoso de diversas
doencas, incluindo o cancer, as doencas cardiovasculares, desordens metabdlicas e
doencas neurodegenerativas (LEE et al., 2012a; SCHMID; LEITZMANN, 2014). Além
disso, o exercicio fisico € uma pratica de baixo custo, acessivel e que tem implicacdes
sociais e econdmicas positivas. Apesar de seus inumeros beneficios, o completo

conhecimento acerca de seus mecanismos moleculares ainda é limitado.

Durante a ultima década pesquisas na area da epigenética demonstraram que as

modificacdes da cromatina, ou modificacdes epigenéticas, tais como modificacdes de
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histonas e a metilacdo do DNA, apresentam um papel importante na patogénese de
diversas doengas, dentre elas as doencas cardiovasculares. Além disso, estudos
recentes nesse campo sugerem que 0 exercicio pode agir como um potente modulador
de modificacdes epigenéticas, e que possui potencial para conter o desenvolvimento e
progressdo de diversas doencgas, como as cardiovasculares, em nivel epigenético
(CAROLINA et al., 2014; LOVATEL et al., 2013b; RECCHIONI et al., 2016; ZIMMER et
al., 2015).

Em nosso estudo demonstramos que realizacdo de exercicio fisico durante a
gestacao protege o coracdo da ninhada contra a toxicidade induzida pela DOX, onde foi
observado um aumento significativo na viabilidade dos cardiomiécitos, com menor
namero de células em apoptose e necrose apos o tratamento com a DOX, resultados
que se correlacionaram com o decréscimo na producdo de ERO. Nosso modelo de
cardioprotecdo envolve o aumento da atividade do sistema de defesa antioxidante
(aumento de atividade das enzimas SOD e CAT, bem como aumento da expresséo da
CAT) em resposta a presenca de ERO, o que é frequentemente definido como um
mecanismo de adaptacdo induzida pelo exercicio (ATALAY; SEN, 1999; POWERS et
al., 1998; RAMIRES; JI, 2001; VENDITTI; DI MEO, 1996).

De maneira significativa os resultados demonstraram que além dos efeitos sobre
o sistema de defesa antioxidante, o exercicio diminui o dano ao DNA no cora¢do do
neonato, através da reducdo no nimero de quebras duplas e danos alcali-labeis, bem
como das quebras simples indicativas de dano oxidativo, o qual é reconhecido pelas
enzimas FPG e Endolll. Podemos dizer que a reducéo do dano ao DNA pelo exercicio
durante a gestacao ocorreu por um aumento no reparo dos danos, observado também
nos cardiomidcitos ndo expostos ao quimioterapico. Esse dado indica que mecanismos
de reparo podem ser ativados pelo exercicio materno, reparando os danos basais nos
cardiomiocitos da ninhada e possibilitando que a maquinaria de reparo esteja modulada
para insultos adicionais, como pela exposi¢cao a DOX.

A preservacdo da integridade do DNA é essencial pra garantir uma heranca
precisa do material genético, bem como a adequada func¢éo celular; onde o dano ao

DNA, nao reparado, frequentemente conduz a senescéncia celular, apoptose ou



108

tumorigénese  (PAPAMICHOS-CHRONAKIS; PETERSON, 2013). InUmeros
mecanismos tém evoluido no sentido de proteger e reparar o DNA danificado, tais como
o reparo de quebras duplas por recombinacdo homéloga e ndo-homologa (CHAPMAN,;
TAYLOR; BOULTON, 2012). Nesse processo inumeros fatores estdo envolvidos no
reconhecimento, na sinalizacdo e amplificacdo da cascata de reparo desencadeada
pela formagdo de quebras na dupla fita do DNA (CICCIA; ELLEDGE, 2010). Dessa
resposta orquestrada fazem parte inUmeras proteinas, dentre elas a Sirté que recebeu
papel de destaque nesse trabalho por seu envolvimento em duas funcdes distintas,

discutidas a seguir.

A Sirté € uma proteina nuclear membro da familia das sirtuinas que apresenta
uma funcdo importante na estabilidade do genoma (MAO et al., 2011; TOIBER et al.,
2013). Durante situacdes de estresse oxidativo, tais como o induzido pela DOX nos
cardiomiécitos da prole, a Sirté € recrutada para os locais de quebra da dupla fita do
DNA, onde atua sinalizando para o reparo do DNA por recombinacdo homéloga e nao-
homologa. Nessa situacdo pode atuar como mono-ADP-ribosilase, situacdo em que a
Sirt6 liga-se e mono-ADP-ribosila a PARP-1 (Poly-ADP-ribose polymerasel), ativando-a
e aumentando o reparo do DNA (MAO et al., 2011); ou desacetilando a nuclease CtIP
(carboxy-terminal binding protein-interacting protein), envolvida no processo de reparo

de quebras duplas no DNA durante a recombinacdo homologa (KAIDI et al., 2010).

Nosso trabalho demonstrou que o exercicio materno protege o coracdo do
neonato do dano ao DNA provocado pela exposicdo a DOX, protecdo que esta
relacionada ao aumento na expressdo da Sirt6, que pode ser recrutada para sitios de
guebra do DNA amplificando a resposta ao dano. Entretanto, um efeito surpreendente
do exercicio materno durante a gestacdo foi o aumento na expressdo da Sirt6 em
cardiomidcitos e neonatos que ndo foram expostos a DOX, onde encontramos um efeito
unicamente do exercicio sobre a expressdao da proteina. Para uma melhor
compreensao desse resultado, recordamos que a Sirt6 € uma HDAC classe Il
dependente de NAD®, coenzima cujos niveis encontram-se aumentados durante o
exercicio. Uma estreita relacdo entre os niveis da coenzima e da proteina ja foi
demonstrada no coragdo, quando se observaram niveis reduzidos de NAD®

paralelamente a baixa atividade da Sirt6 durante a hipertrofia cardiaca (CAIl et al.,
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2012). Assim, considera-se que o aumento dos niveis de NAD" pelo exercicio serve
como um sensor metabolico para a ativacdo da Sirt6.

Tendo em vista que os resultados de cardioprotecdo no coracdo da ninhada
foram obtidos por meio da intervencéo realizada com exercicio durante a gestacao,
outro aspecto importante a ser discutido é o relacionado aos efeitos das intervencdes
maternas sobre o fendtipo da prole. Nesse sentido, é importante destacar que a Sirt6é é
uma HDAC que tem recebido destaque por seu papel em processos de modificacdo da
cromatina, onde através das modificacbes poOs traducionais de histonas atua em
processos de modificagdo epigenética (KUGEL; MOSTOSLAVSKY, 2014;
MOSTOSLAVSKY et al., 2006; TENNEN; CHUA, 2011).

As histonas possuem um papel central na organizagdo da cromatina e
acessibilidade dos genes. A conexdo do DNA e das proteinas histonas é baseada em
forcas de atracdo eletrostatica entre a carga negativa do DNA e a positiva da cadeia
lateral de aminoacidos na por¢cdo N-terminal das histonas. Dessa forma, as
modificacdes pos-traducionais de proteinas histonas na cadeia lateral de aminoacidos
podem alterar a sua carga, modificando as forcas de atracdo ou repulsdo, e gerando
um DNA que alterna entre um estado menos compactado e mais acessivel ou mais
compactado e inacessivel, determinando ou nédo a cria¢do de locais para recrutamento
de proteinas ativadoras ou silenciadoras de genes alvo (BERGER et al., 2009;
KOUZARIDES, 2007). Dentre as modificacbes de proteinas histonas que resultam em
modificagdes estruturais na cromatina, com maior ou menor acessibilidade a fatores de
transcricdo e genes alvo, destacam-se a acetilacdo de residuos de lisina das histonas
pelas enzimas HATs, que deixam a cromatina num estado “ativo” e acessivel; e a
desacetilagdo de histonas, pelas HDACs, que faz o papel oposto, “silenciando” a
cromatina ao reduzir a acessibilidade a fatores de transcricao (PAPAMICHOS-
CHRONAKIS; PETERSON, 2013; WOLFFE, 1992).

Dessa forma, a Sirt6 além de atuar na sinalizacdo para o reparo do DNA
mantendo a integridade do genoma, desempenha uma funcdo importante ao nivel da
cromatina, transmitindo seus sinais através da desacetilacdo de histonas. A Sirt6

recebe a denominacédo de reguladora trasnscricional, uma vez que altera a expressao
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de inumeros genes (KAWAHARA et al., 2009, 2011; TENNEN; CHUA, 2011). Dentre os
alvos moleculares da Sirt6, atua desacetilando a histona H3 nos residuos de lisina 9 e
56 (H3K9 e H3K56, respectivamente) e inibindo a atividade de diversos fatores de
transcricdo, como o NF-kB (factor nuclear kappa B), c-JUN (Transcription factor AP-1),
HIF-1la (Hypoxia-inducible factor 1-alpha), e Myc-c (Myc proto-oncogene protein),
envolvidos no processo de inflamacdo, envelhecimento, regulacdo do sistema
cardiovascular, e cancer (KAWAHARA et al., 2009; MOSTOSLAVSKY et al., 2006;
SEBASTIAN et al., 2012; ZHONG; MOSTOSLAVSKY, 2010). Nesse sentido, estudos
tem demonstrado que, através de sua funcdo regulatéria, a Sirt6 previne o
desenvolvimento de hipertrofia e faléncia cardiaca, modula o metabolismo da glicose,
inibe o processo inflamatério e a senescéncia de células endoteliais além de bloquear o
crescimento tumoral (ANDERSON et al., 2015; CAl et al., 2012; CARDUS et al., 2013;
SEBASTIAN; MOSTOSLAVSKY, 2015). Também foi recentemente demonstrado que a
desacetilagdo da H3K9 pela Sirt6 regula a ligacdo do fator de transcricdo SFR (serum-
response factor) ao DNA, controlando a diferenciacdo de células musculares lisas em
cardiomidcitos e miocitos vasculares (MCDONALD et al., 2006; YAO et al., 2014).

Ao nivel da cromatina, ainda sdo escassos 0s estudos que investigaram 0s
efeitos do exercicio sobre cardiomidcitos, tanto em humanos quanto em animais. Nessa
linha, McGee e colaboradores demonstraram que uma Unica intervengdo com exercicio
aerébico em bicicleta ergométrica modifica o perfil da acetilacdo de histonas no musculo
esquelético de adultos jovens (MCGEE et al., 2009). Além disso, a regulacéo
epigenética pelo exercicio foi demonstrada sobre a funcdo endotelial, uma vez que o
estresse de cisalhamento (“shear stress”) induzido pelo exercicio pode modular a
regulacdo da eNOS (6xido nitrico sintase endotelial) em nivel transcricional, pela
modulacéo da acetilacdo de histonas H3 e H4 (ILLI et al., 2003; WEBER et al., 2010).

Além disso, os efeitos intergeracionais do exercicio realizado durante a gestacao
sobre a resisténcia do coracédo da prole a cardiotoxicos constitui um topico ainda néo
investigado. Resultados que déo suporte para os efeitos protetores intergeracionais do
exercicio materno durante a gestacdo, demonstram em modelo experimental de
camundongos expostos a dieta hipercaldrica, que quando o exercicio é realizado

durante a gestacdo pode impedir que o PGC-la (peroxisome proliferator-activated
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receptor gamma coactivator 1l-alpha) do musculo esquelético da prole seja
hipermetilado, efeito normalmente observado no diabetes mellitus tipo 2 (LAKER et al.,
2014).

Assim como o estilo de vida, a nutricAo € um importante fator ambiental com
capacidade de modular o fenétipo. Nessa linha, o resveratrol € um polifenol encontrado
em pequenas quantidades na dieta que apresenta efeitos benéficos sobre a saude,
dentre eles a quimioprevencdo contra 0 cancer e a protecdo contra doencas
cardiovasculares (DAS; DAS, 2007; WAFFO-TEGUO et al., 2001). Nesse trabalho
optamos pela suplementacdo materna durante a gestacdo com uma baixa dose de
resveratrol (2,5 mg/Kg/dia), visto que ndo apresentou toxicidade, e esteve associada
com efeito cardioprotetor em modelo experimental de animais hipertensos (MOVAHED
et al.,, 2012). Com a administracdo dessa baixa dose de resveratrol, ndo observamos
efeitos toxicos para a mae, como perda de peso durante a suplementacdo, ou para a
prole, com reducdo do numero de neonatos por ninhada. Além disso, tem sido
demonstrado que existe uma relacdo nao linear de resposta a dose de resveratrol para
seus efeitos protetores tanto em humanos quanto em animais. Em modelo experimental
animal de quimioprevencao foi comprovado que doses mais baixas estdo associadas
com melhores resultados, com reducéo de 52% no volume de adenoma coloretal numa
baixa dose de resveratrol em comparacéo a 25% de reduc¢éao do volume do tumor numa
dose elevada (CAl et al., 2015).

Contudo, a administracdo de uma baixa dose ndo implica em auséncia de efeitos
sobre o feto, uma vez que o resveratrol pode atravessar a barreira placentaria. Esse
fato faz com que a cardioprotecdo observada em nosso modelo possa ser devida a
acdo direta da molécula, que possui acdo antioxidante. Nesse sentido, Singh e
colaboradores (SINGH et al., 2011) demonstraram que a suplementagcao materna com
resveratrol durante a gestacéo (3° ao 12° dia gestacional) com 100 mg/Kg/dia previne o
estresse oxidativo e a apoptose associadas com a embriopatia diabética, aléem de
reduzir o perfil glicémico e lipidico nas ratas prenhas. Embora a dose de resveratrol
utilizada em nosso estudo seja baixa, a hipotese de um mecanismo de cardioprote¢céo

gue envolva a acéo direta da molécula ndo pode ser descartada.



112

Além disso, o resveratrol € um composto bioativo da dieta que tem demonstrado
atuar também na modulagcédo de fatores epigenéticos (CHOI; FRISO, 2010). Estudos
anteriores demonstraram que o0 resveratrol pode inibir o crescimento de células
tumorais com mutacdo em BRCAL1l (breast cancer 1), por meio do aumento da
expressdo da Sirtl, que atuando juntamente com outros fatores resulta na inibicdo da
cascata de sinalizagcdo do NFkB-p65 (nuclear factor NF-kappa-B p65 subunit) em
linhagem de células de cancer de mama MCF-7 (human breast adenocarcinoma cell
line; acronym of Michigan Cancer Foundation-7) (BOURGUIGNON; XIA; WONG, 2009;
WANG et al., 2008). Outro efeito epigenético do resveratrol esta relacionado ao seu
papel no recrutamento da proteina MBD2 (methyl-binding domain protein-2) ao
promotor do BRCA1 em linhagem de MCF-7 (PAPOUTSIS et al., 2010). A MBD2 é um
membro da familia de proteinas com dominio de ligacdo metil-CpG que apresenta papel

importante no silenciamento epigenético de genes supressores tumorais.

Em nosso estudo verificamos que a suplementacdo materna com resveratrol
durante a gestacdo causou um aumento significativo na expressdo da Sirté nos
cardiomidcitos de neonatos expostos a DOX. Como mencionado anteriormente, a Sirté
€ uma enzima nuclear com funcdo importante na estabilidade do genoma, uma vez que
€ rapidamente recrutada para locais de quebra no DNA ativando fatores de reparo (CAl
et al., 2012; MAO et al., 2011; TOIBER et al., 2013). Assim, entendemos que além da
acao sobre o estresse oxidativo, outro mecanismo de cardioprotecao pelo resveratrol
estad associado a reducao do dano ao DNA, por meio do aumento na expressao Sirt6, a
qual age como proteina reguladora na sinalizacéo do reparo do dano ao DNA causado
pela DOX.

Particularmente, 0 aumento na expressao da Sirt6 nos cardiomidcitos da ninhada
de mées suplementadas com resveratrol foi dependente da concentragdo de DOX e
nao foi observado em cardiomidcitos de neonatos ndo expostos ao quimioterapico. O
aumento na expressdo da Sirt6 em cardiomiocitos de ratas suplementadas com
resveratrol pode estar relacionado ao aumento nos niveis de NAD", uma vez que o
resveratrol atua na mitocondria inibindo a ATP sintase e ativando a AMPK, com
consequente aumento dos niveis de NAD", o qual serve como um sensor metabolico
para o aumento na expressao da Sirté (DOLINSKY et al., 2009; GLEDHILL et al., 2007,



113

HART et al., 2013). Relativamente ao aumento na expresséo da Sirt6 pela exposicao
dos cardiomiécitos & DOX, entendemos que como a Sirté é considerada uma proteina
de defesa, sera acionada pelas células ao ativarem vias de sobrevivéncia celular. Esse
mecanismo é observado quando ocorre aumento na expressao da Sirt6 em situacdes
de estresse celular como o dano hipoxico ao coracdo (MAKSIN-MATVEEV et al., 2015),
a hipertrofia cardiaca (CAIl et al.,, 2012), a senescéncia prematura de condrdcitos
(NAGAI et al., 2015), e aqui podemos incluir a toxicidade cardiaca induzida pela DOX
nos cardiomiocitos da prole, gerando dano ao DNA e instabilidade genémica, situacfes

onde a Sirt6 sera recrutada.

Assim, nossos resultados demonstram que o tanto o exercicio realizado durante
o0 periodo gestacional, quanto a suplementacdo materna com resveratrol durante a
gestacao apresentam efeitos cardioprotores intergeracionais sobre a toxicidade da DOX
nos cardiomidcitos da ninhada. Durante a gestacdo a dieta € um dos principais fatores
que influencia o desenvolvimento dos 6rgéos e a plasticidade do feto. Por esse motivo,
o investimento em compostos bioativos da dieta que modulam diferentes mecanismos
epigenéticos em diferentes estagios do desenvolvimento e podem agir de forma
benéfica sobre a salde e a susceptibilidade a diversas doencas no adulto, se faz
importante. Da mesma forma o exercicio tem efeitos reconhecidamente benéficos, e
pode ser considerado uma ferramenta ndo-farmacolégica promissora, usada para
prevenir ou mesmo atenuar os efeitos colaterais provocados pelo tratamento de

doencas graves, como o0 cancer.

Estudos adicionais sdo necessarios para determinar os efeitos diretos de uma
baixa dose de resveratrol, via barreira placentaria, sobre o coracéo da prole; bem como
o papel da Sirt6 sobre seus alvos moleculares (H3K9 e H4K56); da enzima PARP-1 e
HATs nesse modelo de cardioprotecdo intergeracional pelo exercicio e suplementacdo
materna com resveratrol durante a gestacdo. Esses resultados irdo possibilitar uma
melhor compreensdo dos efeitos do ambiente materno nas respostas a agentes

estressores da prole no decorrer de seu desenvolvimento.
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7. CONCLUSOES

v O exercicio ou a suplementacdo com resveratrol durante a gestacao

tornam o coracdo da ninhada mais resistente a morte celular pela DOX;

v A apoptose é o principal mecanismo de morte celular induzida pela DOX

nos cardiomiécitos de ninhadas de todos os grupos de tratamento;

v A cardiotoxicidade da DOX esta relacionada ao aumento no estresse

oxidativo nos cardiomiécitos das ninhadas;

v O exercicio ou a suplementacdo com resveratrol durante a gestacdo
reduzem significativamente o dano ao DNA induzido pela DOX nos cardiomiécitos da

ninhada;

v O exercicio ou a suplementacdo com resveratrol durante a gestacao

aumentam a capacidade de defesa antioxidante dos cardiomidcitos das ninhadas;

v A HDAC Sirt6 tem expressdo aumentada em cardiomiécitos de ninhadas

de genitoras que realizaram exercicio durante a gestacéo;

v Existem efeitos intergeracionais cardioprotetores no coracdo da prole de

exposicdes feitas as genitoras durante o periodo gestacional.
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8. PERSPECTIVAS

As principais perspectivas para a continuidade deste trabalho, bem como para o

desenvolvimento de outros estudos sdo apresentadas a seguir:

. Estimar os efeitos diretos do resveratrol no coracdo da ninhada, atraves

da quantificacdo do resveratrol e seus metabdlitos no coracdo do neonato;
o Avaliar a expresséo dos alvos moleculares da Sirt6 — H3K9 e H3K56;

o Investigar adicionais mecanismos de reparo dos danos ao DNA, por meio
de enzimas de reparo de quebras simples (PARP-1 e OGG1), ou de quebras duplas
(Rad51, Ku70);

o Avaliar a expresséo e atividade da Sirtl, que atua conjuntamente com a
PARP-1, bem como a atividade da Sirt6;

o Estimar o nivel de NAD*, ATP e AMP intracelular, e sua relacdo com a
expresséao da Sirt6;

. Avaliar a expressao de proteinas relacionadas a metilacdo do DNA (MBP),

bem como de histonas metiladas.
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INTRODUCTION

Toxicolagy, an international journal, publishes anly the highest quzlity original research and critical
reviews dealing with the adverss effects of xenabiotics on the health of humans and animals. The goal
of the journal Is to advance the sdentific understanding of mechanisms of toxichy. Emphasis will ke
placed an taxic affects abservad at relevant expasurss, which have direct impact on selfety svaluation
and risk assessment, All manuscripts published in Texicalogy are jubject B0 Pigorous pear raview,

FNypes of papsr

In additicn to orlginal research articles, concse and current review and minl-review articles are also
weloome, as are personal epinlon papers and commentarias, Please consult the Managing Editors for
special instructions prior to submitting such articles,

BEFORE YOU BEGIN

Ethics in publishing
For Infarmation on Ethics in publishing and Ethical guidelines for jJournal publication ses
https: ) fwww, eleaviar.cam/publishingethics and Btps:ffwww, slsevier.com/jourmal-authors/ethics,

Coaflict of interest
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for the work in the submitted manuscript. &ll financial relativnships with any entiies that could be
vigwed as relavant to the general area of the submiitted manuscrpt All sources of revenus with
rejevance to the submitted work who made payments te you, or te your institution on your behalf, in
the 36 months prior b2 submigsion, Any other interactions with the spongor of outside of the submitted
work should also be reparted. Any relevant patents or copyrights [planned, pending, or issued]. Any
other relationships or afiliations that may be percelved by readers to have influsnced, or give the
appearance of potentially influencing, what you wrote in the submitted work,

A5 & general guideling, it s ususlly better to disclese & relationship than not, This information will
be acknowledged at publication in a Transparency Document, Additional information on the ICHMIE
recommeandations can be found at: hizp:wweasicmje.org. The form far conflict of interest disclosure
can be downloaded here, or at http:/ /v icmie.org/ oo disclosure.pdf (If this link doss mot display
properly in your browser, please nght-click the link and select "Save Target As..." or "Save Link as..."
frem the popup mend, b

Submizsion declaration and verification

Submiggion of an article implies that the work described hag not been published previously [except
im the form of an abstract or as part of a published lecture or academic thesis or as an elactronic
preprint, see http:/ fwwivislsevisn com)/ postingpolicy ), that it is not under consideration for publication
elsewhere, that its publication is approved by all authors and tacitdy or explictly by the responsible
authorities where the work was carfad out, and that, if accepted, It will not be published elsewhers
i Ehe same farm, in English or in any other languags, Induding electronically without the written
consant of the copyrght-halder, To verify arigipality, your articks may be chacked by the ariginalicy
datection service CrossCheck httpo/Swweelseviercomfeditors! plagdatect,

Furthermaore, It is understood that with submission of this article the authors have complied with the
Institutiona! policies governimg the humane 2nd sthical treatment of the sxperimental subjects, and
that they are willing to share the original data and materials If 20 reguasted,

Changes to authorship

Authors are sxpected to consider carefully the list and order of authors before submitting thelir
rmanuscript and provide the definitive list of authors &t the time of the original submission. Any
additicn, delation or rearrangement of awthor names in the auwthorship list should be made only
befora the manuscript has besen accepted and only If approved by the journal Editon To request such
g change, the Editer must receive the follwing from the corresponding author; (&) the resson
for the change in author list and (b)) written confirmation (e-mall, letber) from all authors that they
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onily In exceptional cirocumstances will the Bditor consider the addition, deletion or rearrangemsnt of
authars after the manuscript has been accepted. While the Editor considers the reguest, publication
af the manuzeript will be suspendsd. [f the manuscript has already been published in an enline issue,
any raquests approved by the Bditor will resdlt in a corrigandum,

Article transfer service

This journal is part of our Article Transfer Service. This means that if the Editor feels your article is more
suitable in one of our other participating journals, then you may be asked to consider transferring the
article to ane of those, IT yau agres, your article will Be transferred automatically on yaur behalf with

fe need to reformat, Fleass nofe that YOUF article will be réviewed agaln ﬁ'r' tha new ]ﬂl.-lrl‘lll. Mare
information about this can be found here; https: /fweww, elsevier. comyauthors/article-transfer-servica,

Copyright

Upan seceptance of an article, suthors will be asked to carmplete a Journal Publishing Agreement’ [for
more Infarmation on thig and fopyright, see Btips/Sww elesyier com/copyright), An e=mall will
be sent to the corresponding author confirming recelpt of the manuwsonpt together with a "Journal
Publishing Agreement’ form or a link to the anlire wversion of this agreement.

Subscribers may reproducs tables of contents or prepars fists of articles including abstracts for internal
circulation witthin their instibutions, Permission of the Publisher is required for resale or distribution
outskde the Institution and for all other derivative works, Including compliztions and translations
[plesse consult https://www, elsevier comy permissicns |, [f excerpts from other copyrighted works ars
Imgluded, the authoris) must obtain written permission from the copyright cwiners and credit the
gxurcms) in the aticle, Elsavier has preprintad farme for use by authars in thess cases, pleass consult
hitps: f M. elsevier.com, permissions,

For apan access articles: Upon acceptance of an article, authors will be asked to complete an ‘Exclusive
Licenze Agreement (for more information sees https:/Swoaew. elsevien comd Odauthoragreament),
Fermitted third party reuse of apen access articles is determined by the author's chodce of user loense
(see https:/fwww elsevier.com/openacoessiicenses),

Author rights
A5 am author you [or your employer ar institution) have certain rights to reuse your worke, For more
information see https:/waw, elseyvier com) cagyright,

Rale of the funding sotiree

Wou are reguested to identify who provided financial support for the conduct of the research and/or
preparation of the article and to briafly describe the role of the sponsor(s], i any, In study design; in
the coflection, analysis and interpretation of data; in the wrting of the report; and in the decision ta
submit the article for publication, If the funding source(s) had no such involvement then this should
be stabed.

Funding body agreemenits and poficies

Elgevier has established agreements and developed poliies to allow authars whose articles appear in
journals published by Elsevier, to comply with potential manuscript archiving requirernents as specifled
a5 conditiens of thelr grant awards. To learm more about existing agreements and policies please visit
hetps www, elesyar com/funding bodiss,

Us Wational Institutes of Health [NIH) voluntary posting {* Publfc Access® ) policy.

Efsevier faclitates authaor response to the MNIH wvoluntary posting request (refarred to as the MNIH
"Public Access Palicy®; see http:/fwww. nib.goy/about/publicaccess/index him) by posting the peer-
revimwed author's manuscript difectly to PubMed Central on request from the author, 12 months after
farmal publication, Upon notification from Elsevier of acceptance, we will ask you to confirm wia a-
mail {oy e-mailing us &t NTHauthomequest@elseviancom) that your work has received NIH funding
and that you intend to respond to the NIH polkcy request, along with your NIH avward Aumbar to
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funder ar institutian},
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= Articles are made available to subscribers as well as developing countries and patient groups through
SUF unbversal SCoess Programs (AR W elsavian comy/accesst,

s Ho open access publication fee payabls by authars,

Regardiess of how you cheosa to publish your artcle, the jeuemal will apply the same peer review
criterla and acoeptance standards.,

For open access articles, permitbed third party (reluse is defined by the following Creabve Commons
usar licenses:

Creative Cammaons Attnbution (CC BY)

Lt others distribube and copy the article, ereabe extracts, abstracts, and other reviged versions,
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work {such as an anthology), text or data mine the articdes, even for commerclal purposes, as long
&3 they eradit the authar(s), do not represent the author a2 endarsing thair adapeation of Ehe article,
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Creativeé Cominans ARRbubian-NeaCommensia-NWoDértvs (OO0 BY-NE-MD)
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Elsevier's pricing policy: hitps. faww, elseviercomispanactesspricing,

Grean open ACCcass

Authors can share thelr research in a varisty of different ways and Elsevier has a number of green
ppen eccess options available. We recommend authors see our areen open aocess pege far further
information {hitp://elseviercom/greenopenaccess), Authors can alzo self-archive Eheir manuscripks
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College of Skills traiming offers modules on how 0 prepare, write and strucbure your article and
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and more, b ensure that your submission will be the best that you can make it

Language [Usage and edifing serndices)
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mixture of these) Authors who feel their English language manusoript may reguire editing
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Submizsion

Submisslon ta this journal procesds totally online and you will be guided stepwiza through the creation
and upfoading of your files. The system automatically converts source files to a single FOF file of the
article, which is used in the pear-review process, Please nobe that even though manuscript source
files are conwerted te POF flles at submission for the review process, these source files are neaded for
further processing after acceptance. All correspondence, including notification of the Editor's decdslon
anmd requests for revision, takes place by e-maill Femoving the need far a pager trall.

Each manusceript must alsa be sccompanied by a eaver lgtber autlining the basic findings of the paper
and their significance, When submitting the revited manuscript, It 5 a requirerment to submik Bwig
Wersians:

Revized Manuscript without tracked changsa: The manuscript should be & single word pracessing fle
containing tha Btk page. abstract, manvscript text, and any figurs/bable lagends,

Revized Manuscript with tracked changes: This fite showeld be the same &5 the revised manuscript
but it should afso display the tracked changes. Switch on track changes’ Im your word processor to
display any revisions that wera made.

Minimal exceptions will be sxercised.

fleferoos

The Editors welcome suggestions by the authors of the names and addresses of up te five individuals
wito could axpertly reviaw the paper, and who are not fraom the same institutions as the authors, The
Editors, reserve the right to use these or other reviewears,

PREPARATION

Use of word processing software

It is important that the fle be saved in the native format of the word processor used. The text
should b2 in single-calumn farmat, Keep the layout af the taxt a5 simple as possible. Most farmatting
codes will be removed pnd raplaced an processing the article. In particulsr do mot wie the word
processor's options o justify text or bo hyphenate words, However, do use bold Fate, [tallcs, subscrpts,
suparscripts abc. When preparing tables, if you are using a table grid, wse only one grid for mach
individual table and not a grid for each row. If no grid is used, use abs, not spaces, ta align columns,
The electronic text should be prepared i a way wery similar to that of convéntional manuscripts
{=ee alse the Guide to Publishing with Elsevier, https.//www alseviar com/guidepablicaticn}, hNobe
that source files of figures, tables and text graphics will be required whether or not you embed your
figures In the text, Ses also the section on Elactronmic artwork.

To avold unnecessary ermars you are strongly sdvissd be use the 'spell-check’ and ‘grammar-check”
functons of your word processor

Articfe sfructure

Manuscripts should be typewritten double spaced.

Subdivigion - fumbered ections

Divide your article into clearly defined and numbared secbions, Subsactions should Be numbered
1.1 (them 1.1.1, 1.1.2, ...}, 1.2, etc. {the abstract s not Included in section numbering). Use this
numbering algs for internal cross-refarancing: do nat just refer to 'the text”, Any subsection may be
glven a brief heading. Bach heading should appear on lHs own separate line,

Introgwction
State the abjectives of the work and provide an adequate background, avoiding a detailed I#erature
survey or a summary of the results.

Farerial and methods
Frovide sufficient detall bo allow the work to be reproduced. Methods already published should be
indicated by a reference: only relevant modifications should be described,

ey
Results should be clear and conciss,

Discugsion
This shouwld explore the significance of the results of the work, fot répeat thern. A combined Results
and ecussion section £ often appropriate. Aveld extenslve citations and discussion of published
lterature.
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Cofciusions
The main conclusions of the study may be presentad in a short Conclusions sectlon, which may stand
alesve ar farm a subsaction of a Discussion or Resulbs and Discussion seckion

Appendices

If thers is mors han one appendix, they shauld be identifiad as &, B, ate, Formulas and equatians in
appendices should be given separate numbering: Eq. (A.1), Eq. [A.2], #t2.} In 3 subsequest appendix,
Eq. {B.1) and 30 an. Similarly for tables and figures: Table &.1: Fig. A.1, ete,

Ersenbial title page information

= Title, Concise and infarmative, Titles sre often used in informetios-retrieval syafems, Avoid
abbraviations and farmulse whers possible.

= Author names and afffliations. Mease clearly indicate the given name(s) and family name(s)
af mach awthor and check that all names are accurately spafled, Present the authors' affillation
addresses (where the schull work was dore) below the names, Indicate all affiliations with & lower-
case supericript leiter immediately after the auther's name and in front of the appropriate address,
Frovide the full postal address of sach affiliation, Including the country name and, iF avalable, the
a=rmail address of each author.

* Corresponding auwthor, Clearly indicate wha will handle correspondence at all stages of refareeing
and publication, alse post-publication. Ensure that the e-mall address is given and that contact
details are kept up to date by the corresponding author,

= Present/permanant address. If an author has moved since the work described in the article was
dane, or was visiting &t the time, a 'Present address' (or ‘Permaneant address’) may be indicated as
a faotmate bto thet suthor's name. The address at which the author actuslly did the woark musk be
retained a5 the main, affiliation address. Supsrscript Arabic numerals are vsed for such footnotes,
Abstract

& concise and factual abstract is required, The sbstrach should stafe briafly the purpose of the
research, the principal resufts and major conclusions. &n abstract is often presented separately from
Ehe article, 3o it must be able to stand slane, For this reason, References should Be avaided, but i
essential, them cite the sukhon 3] and year(s]. Alss, nen-standard or uncsmmon abbreviations should
be avolded, but If essential they must be defined at their firgt mention in the abstract itself.

Graphical abstract

Altough a graphical abstract 15 optional, b5 use |3 encouraged az [t draws more atbtectlon to the online
article. The graphical abatract should surmmarize the contents of the article in 8 concize, pictorial form
designad to capiurs the attention of & wide readership, Graphicel abstracts should be submitbed a5 &
saparate file in the online submission system, Image si2e. Please provide an image with a minimum
of 531 = 1328 pleels (h = w) or proportionally more. The image should be readabie at a size of § =
13 cm using a regular sereen resolutien of 96 dpl. Praferred file types: TIFF, EPS, PDF or M5 Office
files. See https: {fwww.elseviercom/oraphicalabsiracts for examplbes.

Authors can make use of Elsevier's Illustration and Enhancemert service to ensure the best
presantation of their images and in accordance with all technical requirements: Hlustration Service,

Mightighis

Highlights are a short collection of bullet poinks that convey the core findings of the article. Highlights
are pptional and should be submitted In a ssparate aditable fil2 in the online submission sysktam,
Plzase use 'Highlights' in the fle name and include 3 to 5 bullet points (maximum 85 characters,
imcluding spaces, per buliet point). See hizps://wwwi.elsevier.com/highlighis for examples.

Kopyword:

Immediately after the abstract, provide 3 to maximum & keywords that inclede the full chamical
name(s}. Use Britsh speliing and avoid general and plural terms and muitiple concepts (avoid, for
example, "and”, "of"). Be sparing with abbreviations: anly abbreviatians firmly establishead in the field
ray ba =Bgible. Thess kayvwords will b usad for indaying purposes,

Abgravialtions

Oefine abbreviabons that are not standard in this fisld In 2 foobnote to be placed on the first page

of the article. Such abbreviations that are unavoldable In the abstract must be defined at thelr first
mentian there, as well 22 in the footnote. Ensure consisbency of abbrayigtions thraughout Ehe aticle.
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Collate acknowlsdgaments in & separats saction atthe énd of the articks befors the references snd do
nizt, therefore, include them on the title page, as a footnote o the tite or otherwise. List here those
Iindividuads who provided help during the research (¢.9,, providing language help, writing assistande
or proof reading the article, ebc.).

Formatting of funding sowrces
List funding sources in this standard way to faciiitate compliancs to funder's requirements:

Funding: This wark was sopparted by the MNational Tnstitubes of Heslth [grant numBers K, vyl
thee GBI & Melinda Gates Foundation, Seattle, WA [grant number 2222]; and the United States Institutes
of Beace [grant number azaz].

It is not necassary to include detailed descriptions on the program or type of grants and awards, When
furding is from & block grant or other resources available to a university, college, or other research
instibution, submit the name of the institute or organization that provided the funding.

If no funding has been providsd for the research, pleass includs the following sentsnce;

This research did not receive any specific grant fram funding agencies in the public, commardial, ar
not=for-profit sectors,

Match formulse
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separately from the bext (if referred to explicitly in the test].

Foolpoteg

Footmobes should be used sparingly, Mumber them consecutively throughouwt the articke. Many word
processors can bulld foobnotes Into the text, and this feakure may be used. Otherwlse, please Indicate
the position of foctnotes in the text and list the fostnotes themselves sparately at the end of the
article, Do not Include foctnotes |n the Reference list,

Arfwaorik

Elactronic arfwork

General points

= Make surs you use uniform lettering and sizing of your ariginal artwork.

= Embed the used fonks if the application provides that eption.

= Alm bo use thae following fants In your Hustrations: Aral, Courler, Times New Roman, Symbaol, or
use fonts that look similar

= Number the lllustrations according to their seguence In the text.

= Ltea 3 fogical naming conventlon for your artwerk files,

= Provide captions to illustratisns separataly,

= Size the Mustrations closs ta the desired dimensions of the publshed version,

= Submit mach (llustration as a separate file.

A detalled guide on slectronlc artwork is avallable on aur website:

hAbtEa: vy, elseviarn com armworkinstructicns,

You are urged to visit this site; some excerpts from the detailed information are given here.
Farmats

If your shectronic artwork is created in a Microsoft Office application {Word, PowerPoint, Bxcel] then
plesse supply 'as ls' in the native document format.

Regardless of the application wsed other than Micresoft OMice, when your slectronic artwork is
finalized, pleate "Save 88" of convert the images to one of the fallewing formats [nats the Pesolutien
requiraments for line drawings, halftenes, and line/haiftors combinaticns given below )

ERS {or PDF): vector drawings, embad all wsed fonts,

TIFF [or JPEG): Color or grayscale photographs {halftones), keep to a minimum of 300 dpl.

TIFF {or JPEG): Bitmapped {pure black & white plesls] line drawings, kesp to & minimum of 1000 dpl.
TIFF {or JPEG): Combinatians bitmapped line/half-tans (calor ar grayscale), keep to & minimum af
500 dpl

Please do not:
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* SUpply files that are optimized for screen use [2.0., GIF BMP, BICT, WPGE): these typically hawve &
fow number of pixels and limited set of colors;

= Supply files that are too low in Pesolutian;

e Submit graphics that are disproportionately large for the contant.

Color artvark

Flease make sure that artwork files ‘are in an acceptable format (TIFF (or JPBG), EPS (or PDF), or
M5 Offfce filas) and with the correct resclution. [f, together with your accepted article, yau submit
wsable color flgures then Elssvier will ensure, at no additional charge, that thess figures will appear
in calor enling (&.9,, StenceDirect and other sites) regardiess of whather or not these ilustrations
are reproducad in color in the printed version, For color reproduction in print, you will receive
information regarding the costs from Elsevier after receipt of your accepted article. Please
indicate your praference for colar: In print or anline anly, For further information on the preparation
of slactronic artwark, pl-t;l-“- see Rtos: ) fwww, glsey|encom/ artwarkinstructions,

Figure captions

Ensure that sach [fustration has & caption. Supply captions ssparately, not attached ke the figurs, A
caption should comprise a brief title (not on the figure itself) and a description of the llustration. Keep
t=xt in the lllustrations themsslves to a minimum but explain all symbols and abbreviations wsed.

Tablas

Fleaze submit tables as sditable text and not as images, Tables can ke placed either next to the
relevant text in the article, or on separate page(s) at the esnd. Mumber tables consecutively in
sccordance with their appearance in the text and place any tabie notes below the table body. Be
sparing in the use of tables and eénsure that the data presented in them do not duplicate results
describad elsewhears in the article, Please avald using vertical rules.

Refarences

Citation in fext

Fleaze ensura that every referende cited In the text i alse present In the referdnce st [and vice
wersa), Any references cited In the abstract must be given in full, Unpublished results and personal
communications are not recommended in the reference list, but may be mentionsd in the text, If these
references are included in the reference list they should follow the standard reference style of the
journal and should Include a subsbitution of the publication date with sither ‘Uripublished results” or
‘Personal communicabon’. Citation of 2 reference as "in prass’ Implies that the item has besn accepted
for publication.

Refarence links

Increased discoverabillty of research and high guakity peer review are ersured by onling links to
the sources clbed. In order to allow us to create links to abstracting and Indexing services, such as
Scopus, Crogsfel and PubMed, please ensure that data provided in the references are correct, Please
noke that incorect surnames, joemal/beoek titles, publication wear and pagination may prevant link
ereation, When copying references, please be careful as they may already contain errors, Use of the
D] Is encouraged,

A 01 can be wsed to cfte and link to electronic articles where an article |2 In-press and full ciation
dekails are not yak kaown, but the artizle is available online, A DOT 1z guarantesd newver to change,
S0 you can use ik as a permanent link to any electronic article. &n example of a citation using DO1
for an article mot yet in an issue 1s: VanDecar 1.C., Russo E.M.; James O.E., Ambeh W.B., Franke M,
{2003, aselsmic continuation of the Lesser Antilles slab beneath northeastern Venezuela, Journal
of Geophysical Research, http://dr.dol.org/10.1029,/2001 JBOCOBES). Plezse note the format of swch
cltgtiens should be In the same sbyfe as all other references in the paper

Web references

A= a minlmwum, the full URL should be given and the date when the reference was last accessed. Any
further Information, If known (D01, author names, dates, referencs to a source publication, etc.},
should also B¢ given, \Web references can be listed separately (8.9, after the reference list) under a
clifferant heading if desired, or can be Included in the reference fist,

References in 3 special issue
Blease ensure that the words “this ssue’ are added to any references in the list (and any cifations in
the text] to other articles in the same Special (s,

152



Refarence management softwars

Most  Eleswier jowurnals  hawe their reference  template  avallable in many of the
most  popular  reference  manegement  software  products. These inclede  all  products
that support Cikatlon Stybe Language styles (http://ctationstyles.aorg), such 25 Mendelay
{I"I;I;: Slwwim omandaley i.'.:-m.l'l"e-.:!urn?._.'rq."qugnrl-manag.g-r':l and Zobere [REtps:/ /wwiv, Zolero |:|"|;|,"}I as
wiall as EndMota [http:/fendnote.com/downloads/stylez). Using the word processor plug-ins from
these products, authors only need to select the appropriate journal templats when preparing their
article, after which ciations and bibflographles will be automatically formatbed In the journal's style,
If no template ls yet available for this journal, pleass follow the farmat of the sample references and
cikations as shawn in Ehis Guide.

Users of Mandeley Desktop can easily install the reference style for Bhis fournal by clicking Ehe fallowing
link:

http://open.mendelsy. com,/ese-citation-styls/ taxicology

Whan preparing your manwseript, you will then be able b select this stybe using the Mendalsy plug-
ins for Microsoft Word or LibreOffice.

Bsference formatiing

Thers are no strict requirements on reference formatting at submission. References can be in any skyfe
or format as fong as the style Is consistent. Wheare applicable, authar(s) name(s), jourmnal title) ook
title, chapter tide/article title, vear of publicakion, volume numbear/book chapter and the pagination
st be prasent, Use of DOD] (5 highly encouraged, The reference style used by the feurnal will be
applied to the accepted article by Elsevier at the proof stage, Mote that missing data will be highlighted
at preof stage for the author to correct. If you do wish to farmat tha references yvourself they shauld
be arranged according to the following examples:

Referance style

Taxt: All citations In the text should refer to:

1. Single suthar; the authar's name [without Initials, unless there s ambiguity) and the year of
publication;

2. Two authovs: Both authesa’ names and the year of publication:

3. Thres of marg authors: first authar's name follgvwed by ‘et al.’ and the vear of publication,
Citalions may be made direcHy {or paranthetically), Groups of refererces should e listed first
alphabetically, then chronologically,

Examples: "2 demonstreated (Allan, 20008, 2000b, 19%9; Allsn and Jones, 1999, Krames 2t al,
{2010] have recently shown ...

Ligg: References should be arrangsd Grst alphabetically and then further sorted chrenolagically if
necassary. Moré than oné refersnce from the same authar{s) in the sarme vear must be dentified by
the lathars 'a’, 'b°, 'c", etc,, placed after the year of publication.

Examples:

Refersnce to a journal publication:

Wan der Geer, 7., Hanrasds, 1AL, Lupken, R.A, 2010, The art of writing & sclentific article. J, Sei
Commun. 163, 51-59.

Refersnce to 8 book:

Strunk Jr, W., White, E.B., 2000, The Elements af Style, fourth ad, Lengman, New York,

Reference to a chapter in an adited book:

Mettam, =.R., adams, L.B., 2009, How o prepare an electromic version of your article, in: Jones, B.S.,
Smith , R.Z, (Eds.), Inbroduckion b2 the Electrenic Age. E-Publizhing Inc,, Mew York, pp. 281-304,
Referznce to a websibe:

Cancer Resaarch UK, 1975, Cancar statistics reparts for the UK., hERp S fwvww cancerresearchiuk org’
aboutcancer/statistics/Cancerstatsreport (accessad 13,0303,

Journal abbreviations spurce

Jowrnsl names should bse abbreviated according fo the List of Titde \Word Abbreviations:
btbp:/ fwww dssn.om/servicesonline-services/access-bo-the-ftwa/,

Video data

Elsavier accepts video matenal and animation sequences bo support and enhance your scientific
research. Authors who have video or animation files that they wish to submit with their article are
strongly encouraged to include links bo these within the body of the article, This can be dene in the
same way as a fligure or table by referring to the video or animation content and noting in the body
tawt where it should be placed. all submitted fles should be properly labalied 2o that thay dirscty
relate to the video fle's content, [n order bo ensure that your video or animation material 5 directhy
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ugable, please pravide tha files In ore of cur recammendad file formats with a preferred maximum
size of 150 MB. Vides 2nd enimation fles supplied will be publiahad snline in the electranic vergian
af your article in Eldevier Web prodiscts, Including Sclenceliirest: Rttp:/ fwiww sciencadiréct com.
Please supply 'stifls" with your files; you can choose any frame from the video or animation or
make a separate image. These will be used imstead of standard lcoms and will personalize the
link te your vides data, For more detailed instructions plesse vistt our video instruction pages st
hitps:/ wwie elsevier comyartwarkinstructions, Noke: sinde vides and animation cannot bé embedded
in Ehe print wersion of the journal, pleass provide text far both the electronic and the prict version
Far the pertions of the article that refer B this content.

Supplementary matoris!

Supplementary materal can support and enhamce yowr scenbfic research. Supplementary files
offer the author additional possibilities to publish supparting applicabions, high-resolution Images,
backgreund datasets, sound clips and mare, Please nobe that such items are published anline exactly
@5 They are submitted; there 15 no typessting Involved (supplementary data supplied as an Excel
file ar a2 & PowerPaint slide will appear a2 such enling). Please submit the material tagsther with the
article and sUpply a concise and descriptive caption for each file, IT vau wish to make any changes to
supplementary data during any stage of the process, then please make sure to provide an updated
fil=, and do not annotats any correctlons on 3 previous version. Flease also maks sure o switch
aff the Track Changes' option In any Micresaft Office files a3 thess will appear in the published
cupplementary file(s). For more detailed mstructdons pleasse visit our artwork Instruction pages at
||1t|:'|$. S i e gy ek comdartwarkinstr uctions.

Data in Brief

Authors have the option of converting any or all parts of their supplementary or additional raw data into
one o multiple Data in Bref articles, a mew kind of article that houses and describes their data, Data
Im Brief articles ensure that your data, which 1s normally bursd In supplementary material, Is actively
reyviewsd, curated, formatted, indexed, given a DOT and publicly available te all upon publication.
&uthars ars encouraged to submit their Data in Brief articlz as an additional item directly alonoside the
reyised version of their manuscript. T vour research articls i aecepted, vour Data in Brief arkiche will
automatically b transferred cver to Dala i Eriel where it will be sdiborially reviewed and published in
the new, open access journal, Oats in Brief, Please note an open access fes |z pavakle for publication
In Data in Bref. Full detzlls can be found at hitp:/fwaw journals elsevier.comydata-in-brisf, Flease
uze the fellowing template to write your Data In Brief; hbtps:/Swww, slseviercom/ dib-template,

Databaze inking

Elsevier encourages authors to connect articles with extemal databases, giving readers access to
relevent databases that Relp b0 build & better understanding of the described research, Please refer
b redevant database (dentifiers using the fallawing format In your article: Databass: o (.., TAIR:
ATLGO1020; CCDC; 734053; FDB: 1XFN). See httos:/fwern.elsevier comy/databaselinking for mare
Information and a full list of supported databases.

AudioSiides

The jeumal encourages authors to create an AudioShdes presentation with their published article.
LudioSlides are brisf, webinar-style presentations that are shown next to the online articde on
ScignceDirect, This gives authsrs the oppartunity b summarize their research in their own werds and
bz help readers understard what the paper is about. More information and examples are available at
hittpz:/ fwww.elsevier.comy/audiostides. Authors of this journal will avtomatically receive an invitation
e-maf to create an audioslides presentation after acceptance of thair paper,

Sudmissan checkirst

The following list will be useful during the final checking of an article prior to sending it ta the journal
for review, Pleage consult this Guids for Authors for further details of any iterm.
Ensure that the Mollowing items are present:

ne author haz bemn designabed as the corresponding author with contact detalls:
* E-mall address

= Full postal address

Al neceszary flles have been vploaded, and contain!

= Heywards

= Al figure captions

= All tables (including tithe, description, fooknotes)

Further considerations
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= Manuscript has been “spell-checked' and ‘grammar-checkes’

= References are in the correct format for this journal

= All references mentioned in the Reference list are cited in the text, and vice versa

= Permission has besn obtained for use of copyrighted material from obher sources (incleding the
Internet)

Printed verslon of figures (IF applicable) in calar oF Black-ard-whits

= Indicate clearly whather or not cober or black-and=white in print is required.

Fer any further informeticn pleass visit our cestomear support site ab bibs: frsuppart alsaviar cam,

AFTER ACCEFTAMNCE

Online proof correction

Corresponding authors will recene an e-mail with & link to our onling prodfing system, allgwing
anratation and correction of proofs anline. The envirenment 15 similar B2 MS Ward: in additian ta
editing text, you can alse comment on figures/tables and answer questions from the Copy Editon
Web-bassd proofing provides a faster and less ermor-prane process by allowing you to directy type
your corrections, eliminating the potential introduction of &rrors.

If preferred, vou can still choose to annotate and uptoad your edits on the PDF version. Al instructions
for proofing will be given inthe 2-maill we send to authors, including alternatve methods o the oniine
version and POE

We will do everything possible to get your article published quickly and accurately, Please use this
proaf anly for checking the typasetiing, editing, completeness and correctness of the text, tables and
figures, Significant charnges ta the articles as accepted far publication will anly be considersd at this
stage with permission from the Editar, [V i Important to ensure that all corrections are sent back
ta uE In oRe communication. Please chack carafully bafare replying, as Inclusion of any subgedquant
carrections cannot be guaranteed. Proofreading is sofely your responsibility,

Offprints

The correspanding author will, at no cost, receive a customized Share Link providing 50 days frae
access to the final puBlizhed version of the articke an ScienceDirect, The Share Link can be used
for sharing the article via any communication channel, incuding emall and social media, For an
extra charge, paper offprints can be ordered via the offprint order form which Is sant anca the
article is accepted for publication. 8oth comresponding and co-authors may order offprints at any
time via Elsevier's Webshop, Corresponding authars whe have published their article open access do
nat receive 3 Share Link as their final published version of the article is avallable opén access on
Sclercelirect and can b= shared thraugh the article DO link.

AUTHOR INQUIRIES

Yau can track your submitted article at https: )/ fwww. glseviercom/track-submission. You can brack
your sccepbed arkticle ak hibps: /S elseviercom//trackarticls, Yeu are alio weleome to conkack
Cugtomar Support via http:/feupport elseyiercom,

& Copywight 2018 Elevier | bttp: lwwes. cisevieroom
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10.3. Critérios para submisséo de artigos ao periodico Food and Chemical Toxicology.

FOOD AND CHEMICAL TOXICOLOGY

I AUTHOR INFORMATION PACK

TABLE OF CONTENTS "
Enamvcal

s  Dascriptien p.1 Texioalegy
L Audience p.2
. Impact Factor p.2
L Abstracting and Indexing p.2
L Editorial Board p.2
L Guide for Authors p.5 o

IRSM: COTE-FalE
DESCRIPTION

Food and Chemical Toxbcolagy (FCT). an internatenally renowned jeurnal, that publishes arlgenal
res2arch articles and reviews on toxic affects, In animals and humans, of natural or synthetic
chemicals cocwring in the human environment with particular emphasis on food, drugs, and
chemicals, including agricultural and industrial safety, and consumer product safety. Areas
such as safety evaluation of movel foods and Ingredients. biotechnologically-derived products,
ard manomaterials are Incleded In the scope of the joumal. FCT also encourages submission of
papers on inter-relationships between nutrition and toxicology eand on o owliee technigues,
particularly those fastering the 3 Rs,

The principal aim of the joumal 5 to publish high mpact, scholarly work and to serve as &
mulbidisciplinary forum for ressarch in toxicalagy. Pepers submitbed will b2 judged an the basi= of
sclentific originality and contributicn ba the field, gualty and sublect matter, Studies should address
at least one of the following: Adverse physiclogical/blechamical, or pathalogical changes inducad
by specific defined substancez Mew techniques for assessing potential toxicity, including modecular
biolagy Mechandsma underlying toxic phenomens Toxicological examinations of spacific chemicals or
consumer prediicts, both those showing adverse effects and those demonstrating safety, that mest
current standards of scientific accaptability

Authors must clearly and briefly identify what novel toxic effect (5] or toxic mechanism (s) of
the chemilcal are baing reportad and what their significance = In the abstract. Furthermars, sufflcient
doses should be Included In order to provide informaticn on NOAELMLOAEL values,

Manuscripts describing research Involving the following areas will not be considered:
materals/substances of only local intersst materials/substances for which the chemical composition Is
nat clearly defined only pharmacolegical propertiss. or potentially bensficial effects using in ¥itra ar in
vivo systems chemical analyses of toxins in foods without addressing the texic implication to humans
[risk assessment should be included] unraalistic human doses, Inappropriate route of exposure, or In
vitre axperimeants that da not reflect serem laveals in humans

FCT ig committed bto the highest standards. Oniy papers that have not been previously published,
that fit in the above mentioned scope, and that Rave besn ravieded by expects In the fleld prior to
publication will be accepbed, Cover letters must state that the manuscript is new and original and nok
under cansideration for publication aisewhears, Co-suthars should be individuals whe have conkrbuted
substantially to the corntent of the papers. All authars must declare any potential conflict of interest
and all fimancial swpport,



Benefits to authors

We provide many author benefits, such as free POFs, a liberal copyright policy, special discounts on
Elzevier publications and much more, Mease click here for more information on our author seryices |

Flease see the Guide for Authors for Information on artide submission. I you require further
information or help, please visik our support pages: http://support. elseviencom

AUDIENCE

Food scientists, toxicobogisks, chemiats and researchers working in the pharmacsutical
industry. Sponsored Articles: Food and Chemical Toxkcolagy offers authors or thair institutions the
cption b2 sponsor nen-subscriber access to thelr articles on Elsevier's slectronic publishing platforms,
For more infarmation please click Fp: fowww. elsevien com/wps/find/authorshome. authors/fothere.
IMPACT FACTOR

2014; 2,895 © Thomson Reuters Journal Citatlon Reports 2015

ABSTRACTING AND INDEXING

Analytical Abstracts

Agualine Abstracts

BIDSIS

Elsevigar BIDBASE

Cambridge Scientific Abstracts
Chemical Abstracts

Chermical Hazards in Industry
Current ConbentsBIOMED Databasze
Current Contents/SciSearch Database
Currant Conténts/Sciance Citatlon [ndéy
MEDLIMEE

International Packaging Abstracts
EMBASE

Health and Safety Science Abstracts
Research alert

Taxicalogy Sbstracts

Scopus

EMBizlogy

EDITORIAL BOARD

Editor-in-Chief

José L. Domingo, Lab_ of Toxicolody and Environmental Health, School of Madicne, [I5P, Universtat Ravira
I virgil, Sand Lirens 71, 43201, Reus, Cataionia, Spam

Co=Fdifors

Bryan Delaney, Aesearch Fellny — Tomicoligy, DuPant Plomnesr, Global Industry affairs and Regulatory, 7100 NW
E2nd Avenie, Johnaton, S0531, Tawa, LSS

Siegfried Knasmiiller, Irst. of Cancer Besearch, Ervironmental Toxicology Group, Medical University Wienna,
Innar Madicing [, Borschiiegassa 8a, A-1090, Viernna, Austria

Chada Raddy, Dopt, of Biemedical Scsences, Univarsity of Missours, ELD2 Veterinary Madical Bullding, 1600
Balline, Colimbia, 65211, Micsouri, USA

Anstidis Tsatsakis, Dept. of Forensic Soences and Toxicology, Madical Schood, Unversiby of Crate, 714009,
Heraklian, Grsaca
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Azsociate Editors

Silvia Berlanga de Morass Barres, School of Mhammacoutical Scences, Universidace de Sdo Paulo,
Ay, Prof Lined Prestes, 580, 05508-000 S0 Paule, Brazil

David J. Brusick, Brusick Consuitency, Yirginia, USA

Qasim Chauwdhry, DEFRA Central Sclence Laboratony, The Food and Environment Research Agency, Sand Hutton,
wark, YO41 1LT, UK

Roger Clamens, University of Southem Caklomia School of Phammacy, Loe Ahgelaes, Califomia, LIS&

Adrian Cawmed, Toxicekgical Cenber, Depastment of Pharmaceutical Sciences, University of Antwerp,
Universikeitsplein 1, 2610, Wilrjk, Belgium

Mark Feeley, Bureau of Chemical Safety, Chemicol Hazord Assesament Diwislon, Health Canada, Ottawa, K1A
.2, Ointarke, Canada, Tunrey's Pasture

Swaran lest Singh Flora, Defence Reseaich and Develnpment Establishment, Div, of Regulatony Toxicalagy,
Ministry of Defence, Govermiment af India, hanst Road, 474 002, Gwalics, India

Willlam C, Hall, Hall Copsulting, [ng,, 12337 Sherwaod Foeest D, C26, ME Ainy, MO 21071, Marylamd, USA
Janis Hulla, facramanto District, U.S. Armmy Corps of Enginesrs, 1325 1 Street, Sacamento, Ch 05814,
Cabfomia, LISA

Sabmasn Inayat-Hussatn, Group Health, Safety and Envirenment Dhvision, Head, Global Tegicsdeqy, Petraliam
Ma=icnal Berhad, Levsl 45, Tower 1. PETRONAS Twin Towers, KLOC, 50088, Kuasfa Lumour, Maleysia

Dimitris Kouretas, Depl, of Blochenistry & Blotesthnology, Unlsensty of Thesaaby, Larigss, Greeos

Claire L. Kruger, Diractar of Haalth Soiencas, Spharts Incorporated, 6420 fockledge Dr, Wesbmcraland Bldg.
£503, Bethasda, MDD 20817, USA

Byung-Mu Lea, Collage of Pharmacy, D of Toxicology, Sungkyankwan Univergity (SKKUY, Cheoancheon-dong
300, 440-746, Suwon, Gyeen]gi-da, Seuth Korea

Jusn M. Llobet, Depl de Salut Pablica, GRET-CERETON, Catedratc de Toxlcalogis, University of Berosfona,
Barceloma, Spain

Palma Ann Marons, Toxicolegy and Pathology Associabes, LD, Pharmacology and Toxicclooy, virpinta
Cornmormaealth Undvereity, Schosd of Medicine

Yeonhwa Park, Dept of Food Science, Dniderzity of Massachusalts a1 Amherst, Amherst, MA, Mascachigeits,
LISA

Ivonne M.C.M. Rietjens, Sectie Toxscalogie, Agrotechnelogie en voedingswetenschappen (AFSGE], Waoeningen
Universiteit, Postbus B0, Bodenuminer 92, 6700 EA, Wageningen, Netherlands

Dieter Schrenk, Dapt, of Foud Chemistry and Environmental Toxicology, Techndsche UndversBSE Kakserslautern,
Erwin-Schirosdnge -5t 52, D-67663, Kedsarsdautem, Geimaiy

Pig-Kun Fhau, Depd. of Radiatien Toxoolegy & Oncology, Bailing [nsititute of Badiation Medicine, 27 Talping
Rd., 100850, Haldian District, Baljing, China

Emeritus Editors

Alan R. Boobis, Experimental Medicine and Toxicology, Div. of Investigative Sdence, Imperial Cellege Landon,
Lenden, W12 ONM, UK, Hammearsrmith Campus, Do Cane Road

Joseph F. Boerzelleca, Presilenl, Tomicolsgy & Pharmacalogy, Tno, ATIE Sepembsr Orive, Richimond, va
23FF9-T319, Weginda, Uss

A, Wallace Hayes Dept. of Erviconmental Health, Hamdard TH. Ohan Schoal of Fublic Bealth, 3040 Langwoosd
Ave., Boston, MO 02115-5747, Massachuesotts, UsA

Hans Verhagen, Cantre for Mutrition and Health {PBE4 ), Rijksinstituut voor Volksgezondhaid en Milieu (RIVM],
Posskizus 1, 3720 BA Bilthoyen, Matherlands

Faunding Editar
The late Leon Golberg

International Editorial Board

M. Andersen, Research Triangis Fark, Morth Carchna, USa
H. Aoyama, |baraki, Japan

M. Arara, Now Dehi, India

S.M, Barlew

A. Bartholomaesus, Canberre, Australia

M. Basaran, Sihilkiye, &nkara, Turkay

L. Badlka, San Diego, California, LESA

A, Rrasuning, Baifn, Germarny

F Carvalbia, Porto, Porfugal

T.¥.K. Chan, Shatin, Hong Kong, China

M. Clift, Fribourg, Switzesriand

T.F.X. Collins, Chevy Chase, Margland, LS8
M., Cronin, Liverpos, UE

M. Das, Locknow, India

B. Delclas, Jafarson, Arkansas, U5

D:. Doerge, lefferson, Arkansas, USA

M. Dusinaka, Kloller, Noreay
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M.F. Fenech, Adelalde, South Ausiralia, Australa

M, Ferrante, Catania, Ttaly

M. Filipic, Liubliana, Slovenda

G. Font, Valzncia, Spain

K. 5. Golokhvast, Viadimsimk, Hossian Fedaeration
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Your Paper Your Way

We now differentiate between the requirements for new and revised submissions, You may choose to
submit your manuscript as 2 single Word or BDF file to be used in the refereeing process. Only when
Youf paper is at the revision stage, will you Be requested be pulb your pager In Bo a "correct format’
for acceptance and provide the items required for the publication of your article.

To find out more, please visit the Preparation section below,

INTRODUCTIOMN

Feod and Chemical Toxicolagy (FCT), an Intemmatienally renowned journal, aspires to pubdish orginal
research articles and reviews on toxic effects, |n animals ar humans, of natural or synthatic chemicals
oocurring In the human environment with particalar emphasis on food, drugs, and chemicais,
including adgricultural and industiial safety, and consiinmer product safety, Sresas fuch as
gafety svaluation of novel feods and ingredients, biotechmologically-derived products, and
nanomaterials are included in the scope of the journal, FCT also encourages submission of papers
on inter-relationships between nutrition and toxicolegy and cn i viire techriques, particularly
those fostering the 3 Rs.

The princpal alm of the journal |5 to publish high Impact, scheolardy work and to serve as a
riwltidisciplinary forum for research in toxicology. Papers submitted will be judged on the basis of
sclentific originality and contributlon bo the field, gualitty and subject matter. Studies should address
at least one of the following: Physiclogical, blochemical, or pathological changes Induced by specific
substances Technigues for assessing pobential boeicity, including molecular biclogy Mechanisms
urtderlying toxic phenomena Taxicalogical examinations of specific chamicals oF consumer producks,
bath those showing adverse effacts and those demonstrating safety, that meet current standards of
scientific atceptabiicy

Manuscripts concerming materials/substances of only local Interest far which the chemical compasitian
of the material/substancs |5 not clearly defined will pot Be considenss, Manuscripks addressing only
pharmacological properties, or only potentialby beneficial effects using in in witro or 0 wivo systems,
are not within the scape of the journal,

FCT is commitbed to the hlghast standards. Only papers thak have nob been praviously published,
that fit In Ehe above mentioned scope, and bhat bave been reviewed by axparts in the fald prior to
publication will be accepted. Cover latters must state that the papar is new and eriginal and nok under
consideration for publication slsewhers, Papers perding in other journals will mat be considersd. Co-
authors sivould be individuals who have contribwted substantially to the content of the papers.

TVpes of papel

The Jaurnal's main purposs |5 the publication of papers reparting and interpreting ariginal unpublished
toxicelogical research, particulardy studies pramoting an uncerstanding of the mechanisms underlying
toxic effects or Improvemsnts in methods for predicting adverse effects. Papers reporting the
taxicalogical examination of ip-b:i'ﬁlt facds, chemicals of consumer producks wdll be publishesd,
irrespective of the positive or negative nature of the results, provided the tests and reporting mest
current standards of acceptability. In addition, Short Communications will alse be considersd, as
will concise interpretative Reviews of toxicoleghcal toplcs of contemperary significance. Letbers to the
Editor will be limited to comments on contributions already published In the joumal; if a letker is
Bocepted, a response {for simultanecus publication) will be invitsd from the authors of the arigingl
contribution, All Letters to the Editor should be submitted to the Editer in Chief, Jose L. Domingo at
the following address: jessluls, domingodiure. cak,

BEFORE YOU BEGIN
Ethics in publishing

Fer informatien <n Ethics in publishing and Ethical guidelings for fournal publication see
e Sl wenw alseviar com/publishingethics and REtEs: /fwww, slsaviar com/jsurnal-authars/ sthics,
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Canfilict af interesr

Focd angd Chemical Toxicolagy Fellows the TICMIE recommendations regarding conflict of interest
disclasures, All authors are requirad to repert the following Information with each submission: All third-
party financial support for the work In the submitted manuscript. All financial relatienships with any
entities that could be viewsad as relevant to Ehe genersl ares of the submitted manuscript, All sourcas
of revenue with relevance to the submitted work who made payments to you, or to your institution on
your behalf, in the 36 months prior Eo submission. Any other interactions with the sponssr of cutside
of the submitted work should also be reporbed, Any relevant patents o Copyrights (planned, pending,
or issued]. Any other relationships or affiliations that may be perceived by readers to have influenced,
or give the appearance of pobentially influencing, what you wrote In the submitted work.

&z 3 general guideline; it is usually better to discloss a relationship than not. This information wil
b acknowledged at publication In a8 Transparency Document, Ad diticnal infermation on the ICMJE
recemmeandations can be found aty hitp:/wesn.lcmje.org. The form for conflict of interest disclosure
can be downloaded here, or &t bikp:/f'www, icmije.crg ool _disdlesurs,pdf (if this link doss not display
progerly In your browser, please right-click the link and ssiect “Save Target A3..." or "Save Link as..."
from the popup menw. )

Submission declaration and verrfication

Submisson af an article imples that the work described hag not Besn published previoushy (except
in the form of an abstract or az part of a publiched lecture or academic thesis or as an electronic
preprink, see http:/Jwww elseviar com/pestingpolicy ), that it is net under consideration for publication
elzewhere, that its publication is approved by all authors and tacitly or expdicibly by Ehe responsibie
authorities where the work was carried out, and that, If accepted, it will not be published elsewhare
i the same farm, In English or in any other language, including slectronically withaut the written
consent of the copyripht=holder. To werlfy orginality, your article may be checked by the originality
detection service CressCheck hitp:/ fwww elseviercom/editors, plagdetect,

Each manuscript must alse be accompanksd by a cover letter gutlining the basic findings of the
paper and their significance. Furthermore, It 15 understopd that with submission of this article the
augthors bave complied with Ehe institutional policies governing the humane and ethical treatrment of
the experimental subjecks (L.e. animals and human subjects], and that they are willing to share the
original data and materisls if 36 requeskad,

Changes to authership

Authors are expected to conslder carafully the list and order of authors before submitting their
manuscript and provide the definitive list of authors at the tme aof the orlginzl submission. any
addition, deletion or rearrangemant of author names In the authorship Het showld be made oniy
before the manuscript has been accepted and only If approved by the journal Editor. To reguest such
a change, the Editor must receive the follewing from the corresponding author: (a) the reason
for the change in authar list and (b)) writben confirmation {e-mail, letter) from all authors that they
agres with the addition, removal or rearrangement, In the case of addition or remaoval of suthers,
this ircludes confirmation from the author being added or remaved,

only In exceptional cdrocumstances will the Ediber consider the additien, deletion or rearrangement of
authors after the manuscript has been scespted. While the Ediber considers the ragquest, publication
of the manuscript wil be suspended. IF the manuscript bas already Been published o an online |ssue,
amy requests approved by the Editor will result in a corfgendum.

Article transfer service

This journal is part of our Article Transfer Service. This means that if the Editer feels your article is more
sultable in one of our ather participating journals, then you may be asked to consider transfarring the
articke to one of those, IF vou agres, vour article will be transferred automatically «n your behalf with
no nead ta reformat. Please note that vour article will ba reviewed again by the new journal. More
Informaticen about this can be found here: https:fwww. elseviercomyauthars/article-transfer-service,

Copyrigit

Upan accaptancs of an article, authars will be asked to complata a 'Journal Fublishing Agresmant” (Far
more information on this and copyright, see htfps:/fwww ekseviercom/copyright). An e-mail will
be sent to the corresponding author confirming receipt of the manuscript together with a Journal
Publishing Agreament’ form or a link te the enline versien of this agreement.
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subscribers may reproduce tables of contents or prepare lists of articles including abstracts for internal
circudation within their institutions, Permission of the Publisher is reguired for resgle or distribution
outslde the institution and for all other derlvative works, including compllations and translations
[ pleace consult hotps:/fwww.slssvier comy/permissions). IFf excarpts from other copyrighted works are
included, the author(s) must abtain written permissian frem the copyright owners and credit the
source(s) i the article. Elsevier has preprinted forms for use by authors in these cases: please consult
RttEs O, alssyier caom, parmissians,

For open access articles; Upon acceptance of an article, authars will be asked to complate an "Exclusive
License agrzemant {(for more Information ss= https: ) Swiwe elseyiercom/OAauthoragreement),
Farmittad third party réeuse of open access artickes 15 detarmined by the authars chaloe of usar lcanga
i see hitps: fwww.elseviercom/openaccesslicensss ).

Author rights
&s an author you (or your employer or Institution) have certain rights to reuse your work, For more
infarmation see hbtps: fwww 2lgevier comydoopyright,

Raole of the funding source

You are required to identify who provided finamcial support for the conduct of the research and/ar
preparation of the article and to briefly describe the role of the sponser(s), if any, in skudy design: in
Ehe collection, analysis and interpretation of daks; In the writing of the report: and In the decigion to
submit the article for publication. If the funding source{s) had no such Involvement then this should
b= skated, Please see hitp:) ) venw elssviern comfunding,

Funding body agreemenis and policies

Bleaviar has established a number of agreements with funding bodies whick allow aukhors
b comply with their fundet's open access policies. Some authors may alse be reimbursed
for assoclated publication fees. To learn more abowt existing agreements please  visit
https ! wern.elsevier.com//fundingbodies,

Opan access
This ]t!l.ll"nll offers authors a chalce in pu hllﬂl'llr'll;l their resaarch;

E e o
= Articles are freely avallable to both subscribers and the wider public with permitted reuse.
= An open access publication fee s payable by authors or on their behalf {e.g. by their research
funder or institution],
Subscription
= Articles are made avallable to subscribers as well as develaping countries and pati2nt groups through
QUF Universal access programe (https!/fwww elsevier com/actess],
& Mo open access publication fee payable by authors,

Ragardless of how vou chogse to publish your articls, the journal will apply the same peer review
criteria and acceptance standards.

For apen access articles, parmitted third party (rejuss is defined by the following Creative Commaons
user licenses:

Creative Commans Attnbution (OO BY)

Lets others distribute and copy the article, create extracts, abstracts, and other revised versions,
adapkations or derivative works of or from an article (such as a translation), Inchude In 2 collective
work (such &3 an anthology), text or data mine the article, even for commercial purposes, as leng
as they credit the author(s], do not represent the author as endorsing thelr adaptation of the article,
amnd do not modify the article In such a way as to damage the author's honor or reputation.

Creative Commans Aftnbution-NamCommearcial-NoDervs (O BY-NC-80)

Far pan-commersial purpeses, lets others distribute and copy the articie, and to include in a collectiva
wark [such a5 an anthology), as long as they oredit the author{s] and provided they do not alter or
modify the srticle,

The open access publication fee for this Journal is USD 2600, excluding taxes. Learm more about
Blsevier's pricing policy: https:/ v elsevierncom/openaccesspricing,
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Green open access

Authors can share thelr research In 2 variety of different ways and Blsevier has a number of gresn
ppen access options available, We recommend authors $8e our graen cpen Access = L for further
infarmation (hitp://elasviercom/greenapenaccess], Authors can alse self-archive their manuscripts
immediately and enable public access from thelr Institution’s repositery after an embargo period. This
is the versien that has been accepted for publication and which typically includes author-incorporated
changes suggested during submisslon, peer review and In aditor-authar comminications, Embargo
pericd: For subscription articies, an appropriate amount of Ome Is nesded for joumals to deliver
yalue o subseribing custarmers before an artidle becomes frealy available to the public, This is the
embargo peried and it beging from the date the articie iz formally published online in Its final and
fully citakle form.

This jeurnal has an embarge peried of 12 myonkhs,

Efsewvier Publisfung Campus

Tha Elsavier Publishing Campus {wrw publishingcampus.com} s an online piatform offering free
lectures, Interactive training and professional advice to support vou in pubfishing your research. The
Callege of Skills training offers modules on how te prepare, write and structure your article and
explains haw aditors will look st your paper when it is submitted for publication. Use these resourcas,
and more, to ensure that your submission will be the best that you can make it.

Language [ usage and ediling services)

Please write wour text im good English {American or Eritish usage |s accepted, but not a
mixture of these). Authors wha feel their English languags manuscript may require editing
to eliminate possible grammatical or spelling errors and to conform b correct scientific
English may wish to use the English Language Editing service available from Elsevier's
WchEhﬂlp I‘.*H!'n!-"l.';=|;|$.hnip.=|:.='.'|l=r.|::hl'r'|."|.:|ng.mqaz:li“‘.lrlg.":- or Wisit our customer support site
[ hitp:/fsupport.elseviercom) for more information,

Submission

Dur enling submission system guides you stepwise through Bw process of enbering your artiche
details and uploading vour files, The svetam somverts your arkicls files to a single PDF file used in
the peer-review process. Editable files (e.g., Word, LaTex) are reguired to bypeset your ardicle for
firal publication, All correspondence, including notification of the Editer's decisien and requests for
revision, is sent by e-mail.

ﬁ'rﬁ-.‘ {"L'S

The Editders reguine submissions By the authors of the names and addresses of 4 potential reviewers for
this submission, The institutional address and e-mail address are required. AL past 2 of the refereas
should be from a different country to the commesponding author's. The Editors reserve the right to
Use these or other reviewers,

PREPARATION

NEW SUBMISSIONS

Submizsion to this journal procesds totally onling and vou Will be guided stepnize throwgh the creation
and uploadirg of your files, The system automatically converts your flles to a single PDF file, which
is used In the peer-review process.,

As part of the Your Paper Your Way service, you may chogse 1o submit waur manuscript as a singke fie
to be usad i tha refereeing process. This can be a POF file or a Word document, in any format or lay-
out that can be used by referess to evaluate your manuscript. It should contalim high enough guality
figures far referesing. IF you prefer to do 0, you may $till provide all or somue of the source files at
the initial submission. Please mobe that individual figure files larger than 10 MB must be upksaded
saparately.

References

There are fo strict requirements on refersnce formatting at ssbmission, References can be In any style
or format as long 3s the style s consistent. Where applicable, authar]s) nameis), joumal tite/book
title, chapter title/article title, yvear of publication, velume number/book chapker and the paginatien
must be presant. Lize of DO Is highly encouraged. The reference style used by the journal will be
appli=d bo the accepted article by Elsevier at the proof stage, Moete that missing data will b= highlighted
at procf stage for the author te correct,
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Farmatting requiremants

THars ape e st F'l.‘-l"l'l"!-hﬂll"h;l reguirements but all manuscripts must contaln the sssaptial elaments
needed o comvey vour manescript, for examole Abstrack, Keywords, Introduction, Materials and
Methods, Results, Conclusions, Artwork and Tables with Captions.

If wour article includes any Videos andfor other Supplementany material, this should b included in
Yedr initial subrmissian for peer rviesw purposes,

Civide the arbcle Into clearly defined sections,

Flease ansure the taxt of your paper is double-spaced- this s an ss2ential pasr raview requirement,

Figuras and tables ambaddas in faxt

Flease ensure the figures and the tables Included in the single file are placed next to the relevant text
In the manuscript, rather than at the bottoon or the top of Ehe fle.

REVISED SUBMISSIONS

Use of word processing software

Regardless of the file format of the original submission, at revision you must provide us with an
editable file of the entire article, Keep the layout of the text as simple a3 possible, Mast formatting
codes will be remowved and repiaced on processing the article. The ebecironic text should be prepared in
a way very similar ta that of convertional manuscripts {see alsa the Guide to Publishing with Elsevier:
Rttps: /i, alseviercom/guidepublication), Sed aso the fection on Electronic artwork,

To avald unnecessary errors wou are strongly adviesd o use the 'spell-check' and ‘grammar-check’
functions of your word processon

Artrcle structure

Subdivision - numbered sections

Civide your article into cleardy defined and numbered sections. Subsections shauld be numbered
1.1 {bhen 1.1.1, 1.2.2, ...), 1.2, ®ic, (Ehe abstract ks not induded in sactian numbering). Use this
numbering also for intermal cress-referencing: do mot just refer to 'the text. Any subsection may be
given a brief heading. Each heading sheuld appear on ks own separate lins,

Tntreduclion
State the objectives of the work and provide an adeguate background, avolding a detailed |€erature
survey or 8 summary of the results,

Mareral angd methods
Frovide sufficient detail to aliew the work to be reproduced. Mathads already published shauld ba
indéicated by a reference: only relevant medifications should be described.

Resuils
Results should be clear and concise,

Siscussion
This should explore the significance of the results of the work, not repeat them. & combinsd Results
ared Discussion section is ofter apprapriate, Svold extensive citations and discussion of published
literaturs,

Conclusions
The main conclusions of the study may be presentad in & short Conclusions secticn, which may stand
alone ar form a subsection of a Discussion or Results and DMscussion section.

Exgartial title page feifarmriation

= Title. Concice and infarmative, Titles are often used in infarmatian-retrissal systemes. Avaid
abbreviations and formulse where possible.

= Author names and affiliations. Plzasa clearly indicate the ghven name{s) and family nama(s)
of each author and check that all names are accurately spelled. Pressnt the suthors” sffiliation
addresses (where the actual work was dorne) below the names. Indicate all affifations with a lower-
case superscript letter Immediately after the author's mame and In front of the appropriate address,
Frovide the full postal address of each affiliation, including the country narme and, if avallable, the
a-mall address of aach authoar

* Corresponding author. Clearly indicate who will handle correspondence at all stages of refareamng
arvd publication, alss post-publicatian. Ensure that the e-mail address is given and that contact
details are kept up to date by the corresponding author.
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= Prasant/permanent address. If an author has moved since the work described In Ehe article was
done, or was visiting at the time, a 'Fresent address' {or "Permanent address’) may be indicated as
a footnote to that author's name. The address at which the author actually did the work must be
retained a5 the main, sffiiation address, Superscript Arsbic numerals are used for such footmotes,
Abstract

A conclse and factual abstract |s required, The abstract should state briefiy the purpose of the
research, the principal results and major conclusions. &n abstract 1s often presented separatsly from

tue artiche, 5o it must be able to stand alone, For this reason, References should be avoided, Bt if
essential, then cite the authoer{s) and yean s). Alsa, nron-standard or uncomiman abbreviations shoukd

be aveided, but if essential they must be defined at their first mention in the abstract itself,

Graphical abstract

Although a graphical abstract is optional, its use is encouraged as it draws more atbention ko the online
article. The graphical abstract should summarize the contents of the article in a conclse, pictorial form
designed bo capture the attention of a wide resdership. Graphical abstracts should be submitted as 3
aaparate file in the anline submisgion syatem. Tmage size: Pleaze provide an images with 2 minimum
of 831 = 13I8 pl=als (h < w) or propartionally mare, The image should be readable at & size of & «
13 cm usirg a regular screen resclution of %6 dpl. Preferred file types: TIFF EPS, POF or M5 Office
files. See nttps: )/ fwew.elseviercom, graphicalabstracts for examples.

Authors can make use of Elzevier's Tlustration and Enhancament servics b ensure Bhe best
presentation of their images and In accordance with all technical requirements; lllustration Service,

Highlights

Fleaze amend your ressarch highlights so that they consésk of 3 to 5 bnef bullet points which convey
the core findings of vour work, Please ensure EACH bullet point does NOT excesd 125 characters
fincluding spaces), An example s given balaw:

RESEARCH HIGHLIGHTS EXAMPLE:

* Research highlights are a mandatory fleld of a submitted paper & thersfore should not exceed 85
charachers including spaces,

Keywords

Immediately after the abstract, provide a maximum of & keywords, using British spelling and avoiding
general and plural terms and mutbple concepis (aveid, for example, "and', "of']. Be sparing with
gbbreviations: enly sbbreviations frmly established in the fisld may be aligible. Thess keywards will
be used for Indexing purposss.

dAbbreviations
Abbraviations should be used sparingly; they should be defined when first used in the paper but also
lisbed Im alphabetical order under Abbreviations as a footnote to the Htle page (see abova).

Acknowledgements

Collate ackrowledgements in a separate section atf the end of the article befiore the references and do
rat, therefore, include them an the title page, a5 a footnote to the title o otherwise, LBt here those
Individuals wiho provided help during the research (e.q., providing langusge help, writing assistance
or praaf reading the article, etc,).

Namenclature and units

&l measuraments should be expressed in metric, prefarably 51 units. Test chemicals and enzymes
riust be clearly [dentified, TUPAC and CAS names being used, wherever possible with the aid of
CAS Ragistry and EC numbers. Festicides should Be referred to be thelr [S0 names and human and
wetarinary drugs by their NN,

Fooarnobas

Footnobes should be usad spanngly. Number them consecutively threughout the artizla. Many word
processors budld foobmotes Into the text, and this feature may be wsed. Should this not b= the case,
indicabe the position of footnokes in the taxt and present the footnetes themseives separately at the
end of the article.

Artwaork
Electronic arfwork
General points
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» Make sure you use uniform lettering ard sizing of your original arbwork.

« Frafarrad fonts: Arial (or Helvetica), Times New Roman (or Times), Symnbal, Courier,

= Mumber the lllustrations according to thelr sequence in the bext.

= Use a logical naming convention for your arbwork files.

» Indicate per figure if ILis & single, 1.5 of 2-column fitting Image.

= For Word submissions only, you may still provide figures and thelr captions, and tables within a
singhs fils 3t the ravision stage.

= Pflease note that individual figure files larger than 18 ME muest be provided in separate sowrce files,
A detailed gulde on electrondc arbwork Is avallable on our website:

hEtps:/ Swiaiw el seviercom arbworkinskrections.

You are urged to visit this site; some excerpts from the detailed information are given here,
Formats

Recardless of the application used, when your electronic artwark s finalized, pleass 'save ad or
comwert the Images to ane of the following formats (nate the resolution requirements for lins drawings,
halftanes, snd line/halftone combinations given below]:

EFS (or POF): Vector drawings. Embed the font of save the text as "graphics’

TIFF {or JPE): Color or grayscale photographs (halftones): always use a minimum of 300 dpl.

TIFF [ar IPG): Bitmappsed line drawimngs! use a minimum of 1000 dpl.

TIFF (ar JIPG): Combinations bitmapped ling/half-tone (colar of grayscale): a minimum of 500 dgx
is required,

Please do not:

= Supply files that are optimizad for screen use (.., GIF, BMP, PICT, WRGE); the resoluton s too low,
» Supply files that are too low In resclution.

= Submit graphics that are disgreportionately large far the content,

Coar artwark

Pleaze make sure that artwork files are in an acceptable format [TIFF {or JPEG), EPS {or PDF), orf
M5 Office files) and with the correct resolution, If, together with your accepted article, you submit
usable coler figures then Eisevier will ensurs, at no additional charge, that these figures will appear
in celor enline (9., ScienceDirect and other sites) regardless of whether or not these lllustrations
are raproduced In color In the peinted verslon, For colar reproduction in print, you will recelves
information regarding the costs from Elsevier after receipt of your accepted article, Please
indicate your preference for color; in print or online only, For further information on the preparation
of electronic artwork, please see https://www.elseviencom/artworkinstructions,

Figure captions

Ensure that sach ilustration has a caption. 4 caption should comprise 3 Brief title (nok on the figure
itself) and & descripgtion of the lllustration, Keep t2xt in the (llustrations themsslves te & minimuem but
explain all symbaols and abbreviations used.

Tables

Please submit tablas ac editable text and not a5 images. Tables can be placed sither next to the
relevant text in the article, or on separate pagela) at the ermd. Number tabies consscutively in
accordance with their appearance in the text and place any table notes below the table body, Be
sparing In the use of tables snd &nsurs thakt the data presented in them do nob duplicsts results
describad slsawheare in the article. Flease avald using vertical rules,

Referonces

Citation In text

Pleaze =nsure that every refergnce cited in the text s 2lso present in the reference list (amd vice
yersa), Any references cited in the abstract must e gheen 0 full, Unpublished fesults and personal
earmmurications are not recemmended in the referencs list, buk mey be mentionsd in the texk, If these
references are included In the reference list they showld follow the standard reference style of the
journal and should incdude & substitution of the publication date with either '"Unpublished results’ or
'Personal communication’, Citation of & refarence as 'in press’ implies that the item has been acceptad
for pubdication.

Rafarence lnks

Increased discoverability of research and high quality pesr review are ensured by onling links te

the scurces cited. In order to allow us to create links to abstracting and Indexing services, such as
Scopus, CrossRef and PubMed, please ensure that data provided in the references ars correct. Please
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riate that incorrect surnames, journal/book titles, publication year and pagination may prevent link
creation. When copying references, piease be careful as they may already contain errors. Use of the
OOl 1= encouraged.

A Dl can be used to clbe and link to elactronic articles where an artide s in-press and full citation
details are not yet known, Buk the article is availeble online. A DOT i3 guaranteed never to change,
SOOVoU Can use b as a permanent link B any electronic article. An example aof a3 ctatlon using DOl
for an article ot yet 0 an ssue is: VanDecar 1.0, Russo R.M., James 0B, Ambeh W.B., Franke M.
(200%). Aseismic continuabion of the Lesser Antilfes slab bensesth northeastern Yenezuela, Journal
of Geaphysical Resssrch, http:/ dw.dol.org/10,1029/20011B0008841, Please note the format of such
citations should be i the same style as all other referances in the paper

Reference management soffware

Maost  Elsewksr  journals  have thetr  reference  template avallable im0 many  of the
mest  popular  references management software  products, These indlisde  all  products
that support Citation Skyle Language styles (hixp://cfationstyles.org), such as Mendeley
(it e mzndeley camfeatures/ reference-manager] and Zotere (httes) ) fwsw, totera.argd), a3
well as BEpdNote {(htip:/fendnote.comfdovwnloads/styles), Using the word processor plug=Ins from
these products, authors ondy need to select the appropriate journal template when preparng their
article, after which citations and bibllcgraghies will be sutomatically formatted in the jeurnal's style.
If no template is yet available for Ehis fournal, please follow the format of the sample references and
citations as shown In this Guide.

Users af Mendeley Desktop caneasily install the reference skyle for this fournal by clicking the following
lirke;

http S fopen, merde ey, com/use=-citation=styiefaod-and -cheamical-tacalogy

When preparing your manuscript, vou will then be able to selact this style using the Mendelay plug-
ins for Microsoft Word or LibreOffics,

Refereance formatting

Thers are no stHct requirements on refarence farmatting at submission. Referances can be In any style
o format as leng as the sbyle is consistent. Where applicable, author]s] nams(s), jourmal title/book
titie, chapter title/article title, vear of publication, volume number/book chapter and the pagination
must be present. Use of DOL is highly encouraged, The referance style wsed by the joumal will be
applied to the accepted articls by Elsavier at tha proaf stage, Note that missing data will be highlightad
at proof stage for the authar to correct. If wou do wish 80 format the references yoursalf they shauld
bir arranged atcording to the fallowing examples:

Referance siyils

Text: All citations In the text should refer to:

1. Single author: the author's name (without initials, unless there is ambiguity) and the year of
publication;

2. Twio authors: bath authors' namss and the year of publication;

2. Three or more aptharg: firgt author's name fellowed by ‘et al." and the year of publication,
Citations may be made directly [or parenthetically). Groups of referances should be listed first
alphabetically, then chranolagically,

Examples: 'as demonstrated (Allan, 20003, 2000b, 1999; Allan and Jones, 1999), Kramer et al,
(2010} have recently shown ....'

List: References should be arranged first alphabetically and then further sorted chrenalogically o
necessary, More than one referance from the same author(s) in the same y2ar must be identified by
the letbers "a', "b', 'c’, etc., placed after the year of publication.

Examples;

Reference tooa journal publication:

“an der Geer, J., Hanraads, J.A.J,, Lupton, R.A&,, 2010, The art of writing a sclentific arocle, 1. %o,
Commun. 163, 51-59,

Reference to & book:

Strunk Jr, W, ‘White, B.B,, 2000, The Blemenks of Skyle, fourth ed. Longman, New York.

Reference to 2 chapter in an edited book:

Mattam, G.R., Adams, L.B., 2009, How to prepare an ¢lectrenic version of your article, in: Janes, B.S.,
Smith , R.2. (Eds. ), Introduction to the Electranic Age. E-Publishing Inc., Mew York, pp. 2831-304.
Referance tc a websibe:
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Cancer Research UK, 1975 Cancer statistics reports for the UK. hitp:)/ wwe. cancemessarchuk. org/
aboukcancar) statistics/cancerstatsreport) {accessed 13.03.03).

Journal abbreviations source
Jourral pames should be abbreviated according to the Lkt of Title WWord aAbbreviations,
hittp:/ fwwnwi.issn.ongfsarvices/onlne-servicesaccess-to-the-ttway.

Video data

Eisevier accepts video material and animation s=guences to support and enhance wour scentific
research, Authors who have vides or animation files that they wish te submit with their article are
strongly encouvraged to include links to thase within the body of the article. This can be done in the
same way a5 3 flgure ar table by referring to the video or animation content and nofing In the body
bext where it should be placed. All submitted files should be properly labeled 2o that they directly
relate to the videg file's content. In order to ensure that your video or animation material is directy
usable, please provide the files in one of cur recommended file formats with a preferred mazimum
size of 150 ME. Video and animation files suppiied will b2 published oniine in the electronic version
af your arficle in Elzevier Web products, including ScencsDirect) htbp:/ www stisncedirect, cam,
Fleas= supply 'stills’ with your files: you can choose any frame from the video or animabion or
maks 3 separate Image. These will be used instead of standard icons and will personslize the
link Ba your vides data, For more deétailed instructions pleage visit our video Instruction pages at
https: (Swww, slsevier.com/artworkinstructions, Note: sincs video and animation cannot be embadded
im the print version of the journal, please provide text for bath the slectronic and the print version
for the partions of the article that refer o this content.

Supplementary materiol

Supplementary material can support and enhance your sCientific research, Supplementary files
offer the author additional possibilities te publish supporting applications, high-reselution images,
background datasets, sound clips and more. Please note that sisch iterns are published online exacty
as they are submitted; there s no typesstting involved (supplementary data supplied 2s an Excsl
filé of a4 & PowerPoint slide will agpear as such anling), Please submit the material tagether with the
article and supply a concise and descripthve caption for each file. If you wish to make any changes to
supplementary cata during any stage of the process, then please make sure to provide an updated
file, and do fot annotate any dorfections on & pRevious vergion, Please alsd make sure Bo switch
off the Track Changes’ ocotien in any Microsoft Office files as these will appear im the published
supplementary file(s). For more detaited mstructions please wisit our artwork instructicn pages at
https:/ www. elsevier.com/arbworkinstructions.

Data in Brief

Authors have the option of converting amy orall parts of their supplementary or additional raw data into
ome or multiple Data in Brief articles, a new kind of arbicle that houses and describes their data. Data
im Briaf articles snsurs Ehak your dats, which i norrmally Buried in suppiemeantary mabarial, is activaly
reviewed, curated, formatted, indexed, given & DOI and publicly available to all upon publication,
Authors are encouragad to submit thelr Data in Brief article as an additianal item directhy alongside the
revised version of thelr manuscript. If your reseanch article s accepted, your Data in Brief article will
autormatically be transferred over ba Data it Brief where & will be editorially reviewsd and published in
the new, open access journal, Data in grief, Flease nobe an open access fee |5 payable for publication
im Datz in Brizf. Full datalls can be found at htop:fvwaww journals elzevizroom/data-in-brief. Please
use the following template to write your Data in Brief: hitps:fwww elseviercom/dib-template,

Diatabase linking

Elsevier encourages authors to connect articles with external databases, alving readers dccess Bo
relevant databases that help to build a better understanding of the described research. Please refer
to relevant database Identifiers using the follewing format in your article: Database: xxxw (e.g., TAIR!
ATIGOI020; CODC: 734053; PDB: LMFN). See https:/fwww elseviercem/databaselinking for more
information and a full list of supported databases,

AuchioSfides

The journal encourages authors bo create an AudicSlides presentation with their published articlz.
Audiosiides are brief, webinar-style presentations that are shown next to the onling article on
Scienceliract, This gives authors the opportunity to summarize thelr research n thelr own words and
bo help readers underszand what the paper = abowt. More infarmation and exampizs are avaliable at
REtps: [ wiww, elsavier.com/audiosiides, Authors of tRiz journal will automatically reseive an invieation
g-mail to create an AudioSlides presertation after acceptance of their paper
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Submrssion checklist

The following list will be useful during the final checking of an article prior to sending It to the journal
for review. Please consult this Gulds for Authors for further detalls of any ikem,

Ensure that the following items are present:

One auther has been designated 25 the correspanding author with contact detalis:

* E-rmail address

* Full postal address

All necesszary files have been uploaded, and contain:

s Kaywords

# All figure captions

¢ All tablas {inciuding kitle, description, footnobes)

Furtiner considerations

» Manuscript has bean “speil-chacked' and "grammar-checked”

= All references mentioned 0 the Referance kBt are cited in the text, and vice versa

* Permission has been obtained for use of copyrighted material from other sources {including the
Inbesmet}

Printed version of figures [If applicable) im color or black-and-whita

= Indlcate dearly whather or not cobor of black-and-whits in print Is requirsd.

For any further information please visit our customer support site at hitp: )/ support.elsevisroom.

AFTER ACCEPTAMNCE

Onirne proal correction

Corresponding authers will receive an e-mail with & link % our onfine proafing system, allowing
annotation and correction of procfs online. The environment is similar o MS Word: in addition to
aditing baxk, wou can 2lsa commeant on Mgures/tables and answer questions fram the Copy Edibter
‘Wab-Based proofing provides a faster and |ess error-prone process by alliaving you to directly type
your cerrections, eliminating the potential introduction of emars.

If preferred, you can still choose to annakats and upload your 2dits on the POF version. All instructions
for pracfing will b= given in the e-mall vie sand to authors, including alternative mathods o the anline
version and POE

We will do =verything possible ta get vour article published gquickly &nd aecurabsly, Pleass uze this
proaf only for checking the typasetting, editing, completaness and correctness of the text, tables and
figures. Significant changes to the article as accepted for publication will only be considered at this
stage with permission from the Bditor It ds important to ensure that all corrections are sent back
to us in one communication. Please check carefully before replying, as inclusion of amy subseguent
comections cannot e guaranteed. Proofreading is solely vour responsibillty.

Miprints

The corresponading awthor will, at mo cost, recelve a customized Shars Lnk providing 50 days free
access to the final published version of the article on Sciercelirsct. The Share Link can be ussd
far sharing the article via any communication channel, Including email and focial media. For an
exbra charge, paper offprints can be ordered via the offprink order form which is sent once Hhwe
artidle is accepted for publication. Both corresponding and <o-authars may order offprints at any
tfime via Elsavier's Wehshop, Corresponding authors who have published their article open access do
not recelve a Share Link as thair final published versien of the article is avallable open access on
ScienceDirect and can be shared thirowgh the article 0OT link.

AUTHOR INQUIRIES

You can track vour submitted article at hitps: /' werwelsevier.com/track-submission. You can track
wvour accepted article at hitps:/‘weww.elseviencom/trackamice, You are also welcome to contact
Customer Suppart via bitp://support. &lsevier oom,
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