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Resumo

O transtorno do uso do alcool € uma condi¢cédo patolégica que afeta milhares de
pessoas em todo o mundo. H& uma relacdo entre alteracdes no padrdo de
encurtamento dos teldmeros, estresse oxidativo, apoptose e o uso cronico de
etanol. No entanto, muitos desses parametros ainda nao foram elucidados em
conjunto em modelo de exposi¢gédo aguda e/ou considerando os aspectos individuais
de preferéncia pelo etanol. Nesse contexto, o objetivo deste trabalho foi avaliar a
instabilidade genémica e disfunc¢des celulares nos fendtipos de preferéncia pelo
etanol com o zebrafish adulto. Os animais foram submetidos ao paradigma
comportamental de Preferéncia Condicionado a Lugar (Conditioned Place
Preference), e distinguidos em 4 fendtipos em relagédo a preferéncia pelo etanol
apos uma Unica exposicao (20 min): Leve, Pesado, Inflexivel e Reforco Negativo.
Apbés a eutanasia, o cérebro, o figado e as branquias foram dissecados e
imediatamente congelados e mantidos a -80°C. Para as analises moleculares foi
feita a extracdo de DNA e RNA dos respectivos tecidos, o tamanho dos telémeros,
0 numero de copias de mtDNA e a quantificacdo dos transcritos dos genes bax e
bcl2 foram realizados por gPCR. Para as avaliacfes das enzimas antioxidantes, 0s
tecidos foram homogeneizados em tampéo fosfato, e posteriormente determinado
o potencial antioxidante total e a atividade das enzimas catalase (CAT), superoxido
dismutase (SOD) e glutationa peroxidase (GPx). O encurtamento do telomero foi
observado nos fenétipos Pesado, Inflexivel e Reforco Negativo. O aumento dos
transcritos do gene bax foi evidenciado no fenétipo Reforco Negativo. O aumento
da atividade das enzimas antioxidantes foi evidenciado principalmente nos
fendtipos Inflexivel e Reforco Negativo. Os fenoétipos Inflexivel e Pesado
apresentaram maior numero de cépias de mtDNA. O conjunto de resultados
demonstra que uma Unica exposicdo ao etanol altera significativamente os
parametros analisados, sobretudo ha o encurtamento de telébmeros e aumento da
atividade das enzimas antioxidantes nos fenotipos de preferéncia pelo etanol,
principalmente no fendtipo Inflexivel. No entanto, nenhum desses parametros se
mostrou alterado no fenétipo Leve (exposto ao etanol, mas sem preferéncia),
sugerindo que as bases moleculares relacionadas ao comportamento de
preferéncia pelo etanol vdo além dos seus efeitos nocivos, apresentando uma forte
relacdo com o perfil do fenétipo.

Palavras-chave: alcool, telébmeros, enzimas antioxidantes, mtDNA, apoptose,
Danio rerio.



Abstract

Alcohol use disorder (AUD) is a pathological condition that affects people around
the world. There is a relationship between telomere shortening, oxidative stress,
apoptosis, and chronic ethanol abuse. However, many of these parameters have
not yet been elucidated together in an acute exposure model and/or considering
individual aspects of ethanol preference. In this context, the aim of this work was to
evaluate the genomic instability and cellular dysfunctions in adult zebrafish ethanol
preference phenotypes. The animals were submitted to behavioral paradigm of
Conditioned Place Preference and distinguished in 4 phenotypes after an acute
ethanol exposure (20 min): Light, Heavy, Inflexible and Negative Reinforcement.
After euthanasia, the brain, liver, and gills were dissected and immediately frozen
and stored at -80°C. For molecular analyzes, DNA and RNA were extracted from
specific tissues, the telomeres length, the mtDNA copy number, a transcription of
the bax and bcl2 genes were performed by gPCR. For the evaluation of antioxidant
enzymes, the tissues were homogenized in phosphate buffer, the total antioxidant
potential, and the activity of catalase (CAT), superoxide dismutase (SOD) and
glutathione peroxidase (GPx) were subsequently determined. Telomere shortening
was observed in the Heavy, Inflexible and Negative Reinforcement phenotypes. An
upregulation of the bax gene was evidenced in Negative Reinforcement phenotype.
The increased activity of antioxidant enzymes was evidenced mainly in the Inflexible
and Negative Reinforcement phenotypes. The Inflexible and Heavy phenotypes had
the highest mtDNA copy number. These results demonstrate that a single ethanol
exposure significantly alters the parameters analyzed, especially considering the
telomere shortening and increased antioxidant enzymes activities in the ethanol
preference phenotypes, especially in the Inflexible. However, none of these
parameters was altered in the Light phenotype (exposed to ethanol, but without
preference). Suggesting the molecular basis related to the ethanol preference
behavior go beyond its harmful effects, presenting a strong relationship with the
phenotype.

Keywords: alcohol, telomeres, antioxidant enzymes, mtDNA, apoptosis, Danio
rerio.



1. INTRODUCAO

1.1 Transtorno do uso do alcool

O uso de bebidas alcoolicas é provavelmente o habito social mais antigo
do mundo, sendo prevalente em muitas culturas. No entanto, 0 consumo excessivo
de alcool apresenta consequéncias prejudiciais, incluindo problemas fisicos,
psicoldgicos e sociais (EDENBERG; FOROUD, 2014). Segundo o ultimo relatorio
da Organizacdo Mundial de Saude (OMS), mais de 3 milhdes de pessoas morreram
como resultado do uso nocivo de alcool em 2016. No geral, o uso nocivo do alcool
causa mais de 5% da incidéncia global de doenc¢as (WHO, 2018). No Brasil, hd um
grande consumo de &lcool em diversas faixas etérias, desde a adolescéncia
(WILLHELM et al., 2018), até a idade adulta (GUIMARAES et al., 2010), sendo
predominante em adultos com idade entre 18 e 29 anos (GARCIA; FREITAS, 2015).

O transtorno do uso do alcool € uma condi¢do crénica, com aspectos
comportamentais e socioecondémicos, caracterizado pelo consumo compulsivo de
alcool (ZOU et al.,, 2017). Esse processo envolve tolerancia, sintomas de
abstinéncia apés a retirada da bebida, perda de controle, preocupacdo constante
com a aquisicdo e/ou uso da substancia, desejo persistente ou esforcos
malsucedidos para parar de beber, perda de habilidades sociais, ocupacionais ou
recreativas (BATRA et al., 2016).

No que se refere ao uso abusivo do etanol, existem diferentes padrdes de
comportamento relacionados a quantidade de bebida consumida, frequéncia do
consumo, fatores genéticos, epigenéticos, psicoldgicos e sociais (KUNTSCHE et
al., 2017; PANDEY et al., 2017). Por exemplo, ha a definicdo do “beber pesado”
(também chamado de beber prejudicial ou abuso de alcool) relacionado aos
individuos que apresentam evidéncias de danos a saude (fisicos ou mentais) pelo
consumo excessivo do alcool, porém sem evidéncias de dependéncia
(JASTRZABSKA et al., 2016). Também temos a definicdo de Dependente Alcoolico
(ou adicto), sendo este considerado o estagio mais grave, de modo que 0s
individuos apresentam dependéncia fisica e psicolégica a droga (FLUYAU,
CHARLTON, 2020). De acordo com a Associacdo Americana de Psiquiatria, o
termo adicgcao se refere a uma condicdo complexa, uma doenca cerebral que se

manifesta pelo uso compulsivo de substancias, apesar da consequéncia nociva
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(AMERICAN PSYCHIATRIC ASSOCIATION, 2013). Nesse contexto, a adicc¢ao foi
definida como um ciclo de trés estagios: (1) compulsdo/intoxicacédo, (2)
abstinéncia/efeito negativo e (3) estagios de preocupacao/antecipa¢do, 0s quais
envolvem circuitos neuronais e dominios funcionais distintos (REILLY et al., 2017).

As consequéncias do abuso cronico do alcool envolvem disturbios de uma
grande variedade de fun¢des no organismo, como hiperlactacidemia, elevagao dos
niveis de gorduras, inibicdo da sintese proteica, desestruturagdes no sistema de
canais de membrana, disfuncdo mitocondrial, ativacdo acelerada de metabdlitos
toxicos, hipoxemia severa, aumento do estresse oxidativo, instabilidade gendmica
e apoptose (ALBANO, 2006; MARIANO; GUZMAN, 2000; MARTINS DE
CARVALHO et al., 2019; NOWOSLAWSKI et al., 2005). Como consequéncia
surgem diversos problemas clinicos, incluindo cirrose alcodlica, pancreatite
alcoodlica, cancer do trato gastrointestinal superior e do figado, doencas
cardiovasculares, cancer de mama, diabetes e sindrome alcodlica fetal
(EDENBERG; FOROUD, 2013).

A exposicdo aguda ao etanol tem efeitos marcantes no metabolismo
cerebral e promove alteracfes comportamentais, funcionais e morfolégicas (KONG
etal., 2019; PAIVA et al., 2020; TIPPS et al., 2015). Os efeitos agudos da exposi¢cao
ao etanol variam de efeitos ansioliticos e desinibitérios leves, sedacéo e perda da
coordenacdo motora, amnésia, emese, hipnose e eventualmente inconsciéncia
(HARRISON et al., 2017).

Considerando o contexto do uso abusivo do alcool, nem todos os individuos
estédo igualmente propensos a se tornar dependentes (STICKEL et al., 2017). Para
que o individuo se torne dependente do alcool, € fundamental que haja
vulnerabilidade e suscetibilidade a dependéncia, fomentadas por condi¢cbes
bioldgicas, psicolégicas, sociais e ambientais (HECKMANN; SILVEIRA, 2009). No
que se refere as condi¢cdes biolégicas relacionadas a adiccdo, o componente
genético destaca-se como um dos principais (KATSAROU et al., 2017; NEWMAN
et al., 2016). Além disso, evidéncias recentes sugerem que a instabilidade
gendmica e alteracbes celulares, sobretudo relacionadas ao encurtamento de
teldbmeros (KANG et al.,, 2017; WANG et al., 2017), alteracdo das enzimas do

sistema antioxidante, disfuncédo mitocondrial e aumento do indice de apoptose sé&o



parametros associados ao consumo excessivo do etanol (KANG et al., 2017; LU et
al., 2015; WANG et al., 2017).

1.2 Instabilidade genGmica

A instabilidade gendmica € definida como sendo o aumento da frequéncia
de alteragcbes genéticas variando de mutacbes em genes especificos,
amplificacfes, insercdes, delecdes ou rearranjos de segmentos cromossémicos,
ganho ou perda de um cromossomo inteiro e outras alteracbes que afetam a
arquitetura genémica das células (KALIMUTHO et al.,, 2019). A instabilidade
gendbmica surge de muitas vias diferentes, tais como danos nos telémeros,
amplificacdo do centrossomo, modificacfes epigenéticas e danos ao DNA de fontes
enddgenas e exdgenas (FERGUSON et al., 2015).

Considerando o processo evolutivo dos seres vivos, 0 genoma procariético
circular desenvolveu uma complexa maquinaria biolégica relacionada com a
manutencgao da integridade do DNA, garantindo a homeostase celular e a fidelidade
da transmissao de informacdes genéticas (BRILLI et al., 2013; SHCHERBAKOVA,
FIJALKOWSKA, 2006). Em eucariotos, o genoma circular ancestral evoluiu para
estruturas cromossémicas lineares (KROUSTALLAKI; GAGOS, 2015). No entanto,
a estrutura linear dos cromossomos apresenta uma importante restricao biologica,
relacionada ao “problema da replicacdo do final dos cromossomos” (LEVY et al.,
1992), de modo que os telébmeros ndo sao totalmente replicados durante a divisao
celular, e portanto, apresentam um processo natural de desgaste ao longo do
tempo (SHAY, 2018).

Os teldbmeros correspondem a estrutura final dos cromossomos cuja
funcdo é proteger o genoma (BLACKBURN, 2001) e tém um papel essencial na
garantia de que as extremidades naturais dos cromossomos nao sejam
confundidas com locais de danos no DNA (KEEFE, 2016). Os teldbmeros séo
constituidos por um longo arranjo de fita dupla de repeticbes de TTAGGG ligados
pelo complexo de proteinas Shelterin que forma interacbes em t-loop (Figura 1)
(MACIEJOWSKI; DE LANGE, 2017). A estrutura em loop € formada atraves da
atividade nucleolitica nas extremidades do DNA telomérico para produzir uma
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o trato de teldmeros de fita dupla, garantindo que as extremidades de DNA soltas
sejam alojadas internamente dentro da estrutura de nucleoproteinas (TURNER et
al., 2019). O DNA telomérico em associacdo com o complexo Shelterin tem um
papel essencial na estabilizacdo das extremidades dos cromossomos, formando
uma estrutura de cobertura que os protege da degradacdo e fusédo terminal
(NEUMANN; REDDEL, 2002).

Telomere t-loop
fso—soo nt Variable
. N S 3' overhang loop size
. a D loop
2-100 kb 5'
ds [TTAGGG] | £ 3
N

Strand invasion of 3' overhang

Figura 1. Estrutura dos teldbmeros. Os telémeros apresentam conformacgédo em alca t (t-loop), que
resulta da invasao da projecdo da extremidade 3 'da fita simples no DNA telomérico de fita dupla. O
complexo Shelterin é constituido de seis proteinas diferentes e trés delas se ligam especificamente
as sequéncias repetidas do teldmero. TRF1 e TRF2 ligam-se as sequéncias repetidas bifilamentares
e POT1 (do inglés, Protection Of Telomeres 1) liga-se as sequéncias repetidas unifilamentares. As
subunidades TIN2 e TPP1 fixam POT1 a TRF1 e TRF2 ligadas ao DNA, enquanto a proteina Rapl
associada a TRF2 ajuda a regular o comprimento dos teldbmeros. O complexo Shelterin é
suficientemente abundante para cobrir a maior parte do DNA telomérico de fita dupla. Fontes: (DE
LANGE, 2009; SNUSTAD; SIMMONS, 2013). Modificada a partir de SHAY; WRIGHT, 2019.

A maioria dos eucariotos evoluiu para manter seus teldmeros com
maquinarios especificos, incluindo a enzima telomerase (LIU, JUN et al., 2019), que
consiste de dois componentes essenciais: 0 RNA da telomerase (TERC/TR) e a



transcriptase reversa da telomerase (TERT), associados a proteinas (OKAMOTO;
SEIMIYA, 2019). A telomerase adiciona sequéncias de repeticdo telomérica as
extremidades dos cromossomos, alongando-as para compensar a perda dessas
regides apods o processo de replicacdo celular (BLACKBURN et al., 2006), de modo
que ela possa neutralizar a senescéncia replicativa, mantendo a estabilidade
gendmica (SARETZKI, 2009). A telomerase estd presente em células-tronco
embrionérias, células germinativas e algumas células soméaticas proliferativas, tais
como células da medula 6ssea e células que revestem o intestino (HIYAMA, E.;
HIYAMA, 2007; HIYAMA et al., 1996; LANSDORP, 2005), todas as quais devem
sofrer divisdo celular continua. No entanto, a maioria das células sométicas tem
pouca ou nenhuma atividade de telomerase, de modo que 0S CromossSomos nessas
células encurtam progressivamente a cada divisdo celular (FORSYTH et al., 2002).
Quando os telébmeros se encurtam além de um ponto critico, 0 cromossomo torna-
se instavel, tem uma tendéncia a sofrer rearranjos e € degradado (PRESTON,
1997).

O tamanho adequado dos teldmeros € necessario para garantir a sua
funcao e evitar a ativacéo de vias de danos ao DNA (SARETZKI, 2009). No entanto,
diversos mecanismos resultam no desgaste dos teldmeros, como consequéncia, a
célula perde sua capacidade proliferativa, atingindo o seu limite de replicacédo
(TURNER et al., 2019). Dessa forma, a diviséo e proliferacédo celular sdo limitadas
pelo encurtamento continuo dos teldmeros em cada ciclo, levando a senescéncia
e apoptose (SHAY, 2018; STOGBAUER et al.,, 2020). O encurtamento dos

teldmeros se deve a sintese incompleta de DNA na regido telomérica, dano

oxidativo e eventos de processamentos exonucleoliticos (SHAY; WRIGHT, 2019).

O comprimento dos teldmeros ndo € determinado apenas geneticamente,
podendo ser moldado também por fatores ambientais (ZHU et al., 2011). De modo
que alteracdes no comprimento dos teldmeros estdo relacionadas a diversos
mecanismos de doencas (BLACKBURN et al., 2015; KAPURIA et al., 2019). Por
exemplo, o alongamento dos teldbmeros é considerado uma das caracteristicas
marcantes dos tecidos com alta renovagédo celular, como os tumores malignos
(STOGBAUER et al., 2020; VENTURA et al., 2019). Enquanto o encurtamento dos
teldbmeros abaixo de um certo comprimento critico limita a proliferacédo celular; e,

consequentemente, tem implicagbes para a oncogénese, doencas
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cardiovasculares, diabetes, cirrose hepatica, distirbios mentais/cognitivos e
depressdo (CARULLI, 2015; EVANS; LUNDBLAD, 2000; HAYCOCK et al., 2014;
MONROY-JARAMILLO et al., 2018; SCHUTTE; MALOUFF, 2015).

O estresse fisico e psicoldgico estd associado a menor atividade da
telomerase e ao encurtamento dos telomeros (DE PUNDER et al., 2019). Maus-
tratos na infancia, eventos adversos na vida, doengas crbnicas e graves também
estdo associados a telomeros mais curtos (BOKS et al., 2015; TYRKA et al., 2016).
Além disso, foram evidenciados processos de encurtamento telomérico em
individuos adictos, relacionando esse fenbmeno ao uso de drogas como a cocaina
(LEVANDOWSKI et al., 2016), e ao alcool (HARPAZ et al., 2018; YAMAKI et al.,
2019).

Além do processo de senescéncia e morte celular programada, a
instabilidade gendmica mediada pelo encurtamento telomérico apresenta relacéo
com diversos disturbios funcionais da célula, como estresse oxidativo e disfuncéo
mitocondrial (BERNABEU-WITTEL et al., 2020; PASSOS et al.,, 2007). Os
teldbmeros séo altamente sensiveis a danos por estresse oxidativo, devido ao alto
teor de residuos de guanina (ZHU et al.,, 2011). O dano oxidativo prolongado
também diminui a atividade da telomerase e acelera o encurtamento dos telémeros
(SMITH, 2018). As disfuncbes mitocondriais causam desgaste dos telémeros,
enquanto os danos dos teldmeros levam a reprogramacdo da biossintese e
disfungcbes mitocondriais, o que tem implicacbes tanto no processo de
envelhecimento quanto em doencas (ZHENG et al., 2019).

1.3 Enzimas antioxidantes, disfuncéo mitocondrial e apoptose

Organismos aerébios possuem um sistema de defesa antioxidante que lida
com as espécies reativas de oxigénio (EROs) produzidas como consequéncia da
respiracdo aerobia e oxidacdo de substratos (FUKAI; USHIO-FUKAI, 2011). As
EROs correspondem a moléculas instaveis como o anion superoxido (0O27), o radical
hidroxila (OHe¢) e o peréxido de hidrogénio (H202) que podem causar danos a
qualquer macromolécula (proteinas, DNA e lipidios) (LI, ROBERT et al., 2016). No
entanto, a presenca de um sistema de defesa antioxidante, em condi¢cdes normais,

mantém a concentracao intracelular dessas espécies reativas em um nivel seguro
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(OKTYABRSKY; SMIRNOVA, 2007). Existem varias enzimas associadas aos
mecanismos de defesa e reparo antioxidantes contra o estresse oxidativo, como a
superoxido dismutase (SOD), a catalase (CAT) e a glutationa peroxidase (GPx). A
SOD acelera a conversdo de superdxido em peroxido de hidrogénio, enquanto a
CAT e a GPx convertem o peroxido de hidrogénio em agua (FUKAI; USHIO-FUKAI,
2011; GLORIEUX; CALDERON, 2017; MARGIS et al., 2008). Além dos
componentes enzimaticos, o sistema antioxidante envolve moléculas com
capacidade de inativar rapidamente os radicais e oxidantes, como a glutationa
reduzida (GSH), proteinas de ligacdo a metais, acido urico, melatonina, bilirrubina,
poliaminas, vitaminas e coenzima Q (MIRONCZUK-CHODAKOWSKA et al., 2018).

O equilibrio entre a producdo de EROs e as defesas antioxidantes
determina o grau de estresse oxidativo celular (FINKEL; HOLBROOK, 2000). De
modo que alteracbes nos padrbes de atividade dessas enzimas acontece em
resposta ao aumento da producdo de EROs, o que pode levar as células a um
estresse prolongado, associado a doencas como diabetes (MORAES et al., 2015),
doencas hepaticas (LI, SHA et al., 2015), Alzheimer (TONNIES; TRUSHINA, 2017),
depressdo (GORLOVA et al., 2019), e abuso de drogas e alcool (RIEZZO et al.,
2012; XU et al., 2019).

As EROs causam deterioracdo das células neuronais por meio da
modulacdo da funcdo de biomoléculas, como o DNA, RNA, lipidios e proteinas
(SINGH et al., 2019). O cérebro consome uma grande quantidade de oxigénio para
manter o seu funcionamento adequado, e por isso, produz um alto indice de
espécies reativas (HALLIWELL, 2006). O tecido nervoso € mais susceptivel ao
dano oxidativo por apresentar menos defesas antioxidantes, comparado a outros
tecidos, como o figado (COBLEY et al., 2018). No figado, o estresse oxidativo
apresenta um risco para doenca hepatica alcodlica, incluindo patologias como
esteatose hepatica, hepatite e cirrose, que podem levar ao desenvolvimento de
carcinoma hepatocelular (CICHOZ-LACH; MICHALAK, 2014).

As mitocdndrias ocupam uma posi¢ao central no controle da vida, pois essa
organela é indispensavel na produgéo de energia necessaria para o funcionamento
do organismo, por meio da respiracio celular (FERNANDEZ-CHECA et al., 1998).

Na realizacédo dessa tarefa, as mitocondrias consomem grandes quantidades de
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oxigénio molecular e contribuem significativamente com a producédo de EROs, e,
ao mesmo tempo, sdo os principais alvos do dano oxidativo (SARETZKI, 2009). A
alta taxa de respiracdo e fosforilacdo oxidativa no cérebro, figado, coracdo e
musculo esquelético esta relacionada a alta demanda de energia nesses tecidos.
Nesse contexto, o niumero de mitocondrias pode variar de acordo com a demanda
de energia das células, ou como resposta a condi¢cdes estressantes (LEE; WEI,
2001; TYRKA et al.,, 2016). Os niveis de antioxidantes e pro-oxidantes podem
desempenhar um papel nesse mecanismo de ajuste da massa mitocondrial ou
namero de copias do DNA mitocondrial (mtDNA) nas células do tecido (LIU, CHIN
SAN et al., 2003). O aumento da biogénese mitocondrial também pode acontecer
devido a instabilidade genbmica mediada pelo encurtamento dos teldbmeros
(ZHENG et al., 2019).

Evidéncias apontam que a telomerase desempenha uma funcdo de
protecdo nas mitocondrias, de modo que o componente proteico da telomerase
(TERT) se move entre o nucleo e as mitocondrias sob condi¢cbes de estresse
oxidativo (AHMED et al., 2008; HAENDELER et al., 2009). Por sua vez, o aumento
da biogénese mitocondrial associada a disfuncdo dessa organela, produz
quantidades indiscriminadas de EROs, o que pode causar danos oxidativos aos
constituintes celulares incluindo o DNA telomérico, resultando no encurtamento dos
telomeros (PASSOS; ZGLINICKI, 2005), ocasionando um efeito ciclico que envolve
o desgaste telomérico, estresse oxidativo e disfuncdo mitocondrial, conforme

representado na Figura 2.
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Figura 2. Relagdo entre a instabilidade gendmica e disfun¢des celulares. O encurtamento dos
teldmeros esta associado ao aumento da biogénese mitocondrial, que por sua vez contribui para
produzir espécies reativas de oxigénio (EROs), promovendo o estresse oxidativo. O estresse
oxidativo aumenta os danos ao DNA, ocasionando o encurtamento dos teldmeros. Todo esse ciclo

contribui para o envelhecimento celular e apoptose. Fonte: Préprio autor.

A instabilidade genémica associada as disfunc¢des celulares no contexto do
estresse oxidativo e envolvendo as mitocéndrias pode levar a apoptose
(BERNABEU-WITTEL et al., 2020; SHAO et al., 2005). A morte celular programada
ou apoptose € um mecanismo de autodestruicao celular envolvido em uma série de
eventos bioldgicos, como desenvolvimento embrionario e homeostase dos tecidos
(MEIER et al., 2000; VOSS; STRASSER, 2020). No entanto, a apoptose excessiva
contribui para varias doencas neurodegenerativas, autoimunes, e esta envolvida no
crescimento e regressdo de tumores (KACZANOWSKI, 2016; NAGATA, 2010;
RADI et al., 2014).

Duas vias apoptéticas sdo bem descritas: a via intrinseca, na qual a
mitocdndria desempenha um papel central, envolvendo membros da familia Bcl-2
gque apresenta componentes pro- e anti-apoptoticos; e a via extrinseca, consistindo

na familia de receptores relacionados ao TNF (Fator de Necrose Tumoral) na
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membrana celular (JEONG; SEOL, 2008). A familia Bcl-2 (B Cell Lymphoma 2)
inclui as proteinas anti-apoptéticas, como Bcl2-2 e Bcl-xL (Bcl-2 like survival
factors), e as proteinas pré-apoptoticas Bax (proteina X associada a Bcl-2;
codificada por Bax) ou Bak (antagonista/assassino de Bcl-2; codificada por Bak1)
(SINGH et al.,, 2019). As interacdes mutuas entre os membros pro- e anti-
apoptoticos estabelecem o limiar que determina se a célula deve ou ndo entrar em
apoptose (BORNER, 2003). Em estudo com linhagem de células tumorais foi
demonstrado um efeito positivo entre a reducao da atividade da enzima telomerase,
encurtamento de telébmeros e 0 aumento da razdo Bax/Bcl-2, como um mecanismo
de inducédo da apoptose (KHAW et al., 2013; VAFAIYAN et al., 2015).

1.4 Instabilidade gendmica, disfun¢des celulares e etanol

O encurtamento dos teldmeros estd associado as alteracbes de
comportamento (BATESON; NETTLE, 2018) e fatores de risco para doencas
mentais, incluindo exposicao ao estresse e adversidades na infancia (EPEL et al.,
2004; SHALEV et al., 2013a; SHALEV et al., 2013b; ZAHRAN et al., 2015). Além
disso, o encurtamento dos teldmeros também estd associado com depressao
(SCHUTTE; MALOUFF, 2015), ansiedade (HOEN et al.,, 2013), esquizofrenia
(GALLETLY et al., 2017) e abuso de drogas (MONROY-JARAMILLO et al., 2018).
O uso abusivo cronico do etanol também apresenta relagdo com o encurtamento
de teldbmeros em leucécitos (DIXIT et al., 2019; MARTINS DE CARVALHO et al.,
2019; PAVANELLO et al., 2011), es6fago (AIDA et al., 2011) e epitélio oral (AIDA
et al., 2020). H& indicativos de que o acetaldeido, o primeiro metabdlito resultante
da oxidacdo do etanol, desempenhe um papel no processo de encurtamento dos
telomeros (YAMAKI et al., 2019). De fato, o processo de oxidacdo do etanol em
acetaldeido parece ter um efeito importante nos parametros comportamentais,

fisioldgicos e moleculares associados ao abuso do etanol (MCBRIDE et al., 2002).

No figado e no cérebro a oxidag&o do etanol através da citocromo P450
2E1 (CYP2E1) pode causar aumento significativo de EROs, o que pode contribuir
para o estresse oxidativo (LI, SHA et al., 2015). No cérebro, além do CYP2EL, a
enzima catalase também desempenha um papel essencial para a oxidacdo do

etanol em acetaldeido (HERNANDEZ et al., 2016). Normalmente, a formacéo das
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EROs é balanceada pelo sistema antioxidante, que depende da disponibilidade de
GSH, cuja manutencéo estéa interligada com a atividade do ciclo da metionina. O
ciclo da metionina é também a fonte de S-adenosilmetionina (SAM), o doador
universal do grupo metil para todas as reagdes de metilacdo (VADIGEPALLI,
HOEK, 2018). H& evidéncia de que a atividade do ciclo da metionina é suprimida
pela ingestédo cronica de etanol (KHARBANDA, 2009).

No cérebro, a exposicdo aguda ao etanol ocasiona modulacdes na
atividade das enzimas antioxidantes, de modo a compensar o efeito toxico dessa
molécula (BALINO et al., 2019; ENACHE et al., 2008). Evidéncias apontam que o0
aumento da atividade da CAT no tecido nervoso esta relacionado ao
comportamento de uso abusivo do etanol (ARAGON et al., 1985; MATTALLONI et
al.,, 2019). O consumo de etanol também produz modificacbes no estado
antioxidante do figado (KOCH et al., 2004). Nesse 6rgao, o estresse oxidativo pode
ser explicado pela metabolizacdo do alcool: a alcool desidrogenase (ADH) oxida o
etanol em acetaldeido, o qual é posteriormente oxidado em acetato pela
acetaldeido desidrogenase (ALDH) (CENI et al., 2014). Este produto é instavel e
facilmente se decompde em agua e dioxido de carbono. No entanto, a formacéo de
acetaldeido € destrutiva para as células do figado por ser um agente reativo que
pode causar danos ao DNA que resultam em lesdo do tecido (CICHOZ-LACH,;
MICHALAK, 2014). No figado, padrdes diversos da resposta enzimatica do sistema
antioxidante foram evidenciados em estudos de exposicdo aguda e crdnica ao
etanol (DEY; CEDERBAUM, 2006; IGNATOWICZ et al., 2013).

Nos ultimos anos, varios estudos mostraram que o alcool afeta a
homeostase celular em 6rgdos como o figado e o cérebro alterando a funcédo
mitocondrial por meio do comprometimento da cadeia de transporte de elétrons,
gerando estresse oxidativo, reduzindo a producdo de energia e induzindo
processos de apoptose (ALMANSA et al., 2009; BAILEY; CUNNINGHAM, 2002;
HOEK et al., 2002). A exposicao crénica a EROs pode levar ao declinio da funcdo
mitocondrial, bem como o0 estresse oxidativo pode induzir a proliferacdo
mitocondrial, aumentando o niumero de copias de mtDNA (MALIK; CZAJKA, 2013).
O aumento no numero de mitocéndrias foi evidenciado em tecido cardiaco de ratos
expostos ao etanol (MARIN-GARCIA et al., 1995), e no sangue de pessoas com

carcinoma de células escamosas de cabecga e pesco¢o em associagdo com 0 Uso
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de tabaco e abuso de alcool (KUMAR et al., 2017). Além disso, a neurotoxicidade
pelo uso de substancias ilicitas, como cocaina, anfetamina e metanfetamina esta
relacionada ao aumento do estresse oxidativo intracelular, seguido de alteragbes
no numero de mtDNA e disfuncdo mitocondrial (SADAKIERSKA-CHUDY, 2014).

O etanol ativa a via intrinseca da apoptose em neurénios, contribuindo para
os efeitos neuropatoldgicos da exposicao ao alcool (NOWOSLAWSKI et al., 2005),
bem como a exposi¢ao aguda ao etanol induz a via mitocondrial de apoptose em
hepatocitos (HIGUCHI et al., 2001). Considerando a via intrinseca da apoptose, a
exposicao ao etanol promove alteracdes na expressao de Bax e Bcl-2 no cérebro
(LEE, HAE YOUNG et al., 2008), e em hepatdcitos, a translocacdo de Bax do citosol
para a mitocondria desempenha um papel crucial na apoptose induzida por

exposicao aguda ao etanol (ADACHI et al., 2004).

1.5 Danio rerio (zebrafish)

O Danio rerio (zebrafish) € um teledsteo tropical de agua doce, que nos
altimos anos vem atraindo a atencédo da comunidade cientifica como um modelo
experimental. As vantagens na utilizacdo desses peixes se devem ao seu pequeno
porte (3 a 4 cm), facil manejo, manutencao e alta taxa reprodutiva (SILVEIRA et al.,
2012). Dessa forma, o zebrafish constitui um excelente modelo para estudos em
biologia do desenvolvimento (VELDMAN; LIN, 2008), avaliacdo de novos agentes
terapéuticos (DEVEAU et al, 2017), estudos comportamentais (BARTOLINI et al.,
2015; LIU, XIUYUN et al., 2016), genéticos (KLEE et al., 2012; PRIETO; ZOLESSI,
2017), toxicolégicos (GOMEZ-CANELA et al., 2017; JAGADEESHAN et al., 2017)
e para andlise de mecanismos de diversas doencas humanas (BERENS et al.,
2016; LULLA et al., 2016), incluindo avaliacbes sobre o efeito da exposicdo ao
alcool (MATHUR et al., 2011; PAIVA et al., 2020; TRAN et al., 2015).

O Danio rerio pode ser considerado um bom modelo de pesquisa para
doencas genéticas humanas, pois 71% dos genes que codificam proteinas no
genoma humano séo relacionados a genes encontrados no zebrafish, e destes,
84% dos genes relacionados a doencas humanas possuem um gene ortdlogo em
zebrafish (HOWE et al., 2013). Estudos de aprendizagem, memoaria, agressividade,

ansiedade e sono sugerem fortemente que 0s processos regulatérios conservados
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fundamentam o comportamento tanto em zebrafish quanto em mamiferos
(NORTON; BALLY-CUIF, 2010), reforcando o uso dessa espécie como modelo de

pesquisa para esses estudos.

Especificamente em relacdo a avaliacdo dos efeitos do alcool, diversos
trabalhos evidenciaram que o zebrafish desenvolve padrées de comportamento
(DA SILVA CHAVES et al., 2018; GERLAI et al., 2000), modulagfes sinapticas
(KLEE et al.,, 2012; TRAN et al., 2017) e bioquimicas (MOCELIN et al., 2018;
MULLER et al., 2017) que servem como base para o entendimento de alteracées
moleculares e fisioldgicas no contexto do uso abusivo do etanol. O que demonstra
que o Danio rerio € um bom modelo para estudar os efeitos do alcool tanto em nivel
de transcricao, alteracdes bioquimicas e moleculares, quanto no comportamento,

sobretudo em relacéo a preferéncia pelo etanol (PAIVA et al., 2020).
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2. JUSTIFICATIVA

Muitos modelos de pesquisa tém sido utilizados para estudar os efeitos do
alcool, com o intuito de identificar padrdes genéticos relacionados ao
comportamento de preferéncia e perda de controle em relacdo ao etanol. Os
modelos de pesquisa baseados no estudo de comportamento e que definem a
relacdo de preferéncia pelo etanol, sugerem respostas diferenciais dos individuos,
sendo possivel a distingdo fenotipica quanto a preferéncia. Em camundongos foram
identificados dois padrbes de preferéncia em modelo de livre escolha, de modo que
0 grupo caracterizado como compulsivo por esses autores corresponde aos
individuos que continuaram tendo preferéncia pelo etanol, mesmo apds a adicéo
de quinino, demonstrando uma perda de controle em rela¢do ao consumo do alcool
(SPOELDER et al., 2015).

No nosso grupo de pesquisa, um padrdo similar de comportamento foi
identificado em um estudo também com camundongos, cuja definicdo em relacéo
a preferéncia pelo etanol se deu em dois fenétipos distintos: os animais de fen6tipo
pesado e fendtipo inflexivel, sendo que esse ultimo manteve o alto consumo de
etanol, mesmo apods a adicdo de quinino, enquanto o fendtipo pesado interrompeu
0 consumo quando o quinino foi adicionado (DA SILVA E SILVA et al., 2016).

Em estudos comportamentais relacionados ao etanol utilizando o zebrafish
como modelo de pesquisa, também foi possivel distinguir a variabilidade em relacao
a preferéncia pelo etanol. Mathur e colegas (2011) identificaram uma preferéncia
significativamente maior pelo compartimento onde os peixes receberam etanol
durante uma Unica exposicdo de 20 minutos, principalmente em individuos
expostos a 1,5% de etanol, sendo que a avaliacdo da preferéncia final foi feita 24h
apos a exposicao (MATHUR et al., 2011).

Com o intuito de aprofundar o entendimento da relagéo dos fenétipos com as
modula¢c6es moleculares relacionadas a preferéncia pelo etanol, o nosso grupo de
pesquisa estabeleceu um protocolo com o zebrafish utilizando como base o teste
de Preferéncia Condicionado a Lugar (do inglés Conditioned Place Preference -
CPP). O teste CPP é um método validado para andlise de comportamento de
preferéncia baseado em um estimulo (COLLIER et al., 2014; COLLIER;
ECHEVARRIA, 2013). O protocolo consiste na definicho do lado basal de
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preferéncia do animal, seguido de exposicdo ao etanol e avaliagdo quanto a
mudanca em relacdo ao lado de preferéncia no aquario. Como resultado, foram
distinguidos quatro fendtipos: Leve (ndo apresenta preferéncia pelo lado exposto
ao etanol); Pesado (apresenta preferéncia ao lado exposto ao etanol apés 24h de
exposicao); Inflexivel (apresenta preferéncia ao lado exposto ao etanol, apés 24h
e apos 15 dias da exposicdo); e Refor¢co Negativo (apresenta preferéncia pelo lado
exposto ao etanol apos 15 dias de exposi¢cdo) (PAIVA et al., 2020). Nesse trabalho
foram identificadas alteracées no padréo de transcricdo dos principais receptores
de neurotransmissores que sdo alvos do etanol (drdl, drd2, grinla, gria2a e
gabbrlb).

Tendo em vista que 0 NOSSO grupo vem caracterizando e desenvolvendo
esses modelos de pesquisa, relacionando os fenotipos de preferéncia pelo etanol
as variacoes nos niveis de transcritos de genes envolvidos no sistema recompensa,
e considerando que mecanismos como encurtamento de teldmeros, disfuncao
mitocondrial e estresse oxidativo podem estar relacionados com o comportamento
de uso abusivo do etanol, decidimos investigar a ocorréncia de instabilidade
gendmica e disfuncdes celulares nos fendtipos de preferéncia pelo etanol com o
zebrafish. Portanto, este trabalho teve como objetivo avaliar o padrédo de
encurtamento de teldomeros; analisar a ocorréncia de biogénese mitocondrial (pela
quantificacdo de mtDNA por gPCR); avaliar a atividade das enzimas antioxidantes
(SOD, GPx, CAT) e do potencial antioxidante total dos tecidos; e quantificar os
transcritos dos genes bax e bcl2 (relacionados ao controle da apoptose) em
branquias, figado e cérebro dos fenoétipos de preferéncia pelo etanol.
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Abstract

Telomeric shortening is related to genomic instability and increased apoptosis in chronic
alcohol abuse. However, there is no evidence of telomere shortening in association with
apoptosis an acute ethanol exposure. We aimed to evaluate the telomeres length and the
transcriptional regulation of the bax and bcl2 genes in the gills, liver, and brain of ethanol
preference phenotypes in adult zebrafish. The ethanol preference of the animals was define
using the behavioral Conditioned Place Preference (CPP) paradigm, after a single ethanol
exposure. Four phenotypes were identified: Light, Heavy, Inflexible and Negative
Reinforcement. The telomere shortening was observed in gills and brain of Heavy, Inflexible
and Negative Reinforcement phenotypes, as well in liver of Heavy and Negative
Reinforcement. An upregulation of the bax gene was evidenced in the brain of Negative
Reinforcement. Our results suggest an association of ethanol preference phenotype and
telomere shortening in adult zebrafish submitted to CPP test following an acute ethanol

exposure.

Keywords: alcohol abuse, Danio rerio, telomeres shortening, apoptosis, ethanol preference.
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1. Introduction
Telomeres are composed of a long double-ribbon array of TTAGGG repetitions at
chromosome’s end that protects the genome from degradation and fusion 2. Telomeres
extend for 9-15 kb in humans but can be as long as 100 kb in rodents ® and 5-15 kb in
zebrafish 4. Most eukaryotes have evolved to maintain their telomeres with specific

machinery, including telomerase °.

The telomere sequence is a protection system to prevent the loss of crucial DNA after
replication in proliferating cells, however, there are several mechanisms that result in
telomere shortening °. Thus, progressive telomere shortening occurs as results of cell
division and aging due to the incomplete synthesis of DNA in the telomeric region, oxidative
damage and exonucleolytic processing events 8. Once the telomeres have shortened to their
threshold, they lose the ability to cap the end of the chromosome, which leads to genomic

instability, loss of cell viability and apoptosis %1,

Alterations in the telomere length (TL) are related to several disease mechanisms 213,
For example, stretching of telomeres is considered one of the marks of tissues with high cell
proliferation such as malignant tumors ***°, Interestingly, telomere shortening may also be
considered as an indicator of biological age. Thus, it has been studied as a biomarker of cell
aging and therefore associated to the increased risk of pathological conditions such as
hypertension, diabetes, Alzheimer and depression %%, In addition, telomere shortening was

observed in cocaine addiction and alcohol abuse 1820,

Alcohol abuse is a worldwide problem of a psychological, physical, and social nature.
According to data of World Health Organization (WHO), more than 3 million people died
as a result of harmful alcohol use in 2016 2. Besides accelerate physiological aging, chronic
alcohol abuse has been proposed as one of the factors responsible for telomere shortening
which may be a bidirectional relationship 2272, In this context, in a behavioral study Kang et
al % suggested that the impulsive choice for alcohol consumption is associated with shorter
telomere length.

Exposure to ethanol may also lead to increased apoptosis rate in hepatocytes,
cardiomyocytes, lung, and neurons 26°. A growing body of evidence shows that apoptosis
may occur as a consequence of telomere shortening 3L Thus, the relationship between
alcohol, shortening of telomeres and apoptosis should not be disregarded. The Bcl-2 protein
family are central regulators of apoptosis being subdivided into three groups: group I with

anti-apoptotic activity (as Bcl-2), groups Il and 111 that promote cell death (as Bax) 2.
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Our research group developed a model of ethanol preference in juvenile zebrafish
describing four phenotypes regarding the ethanol preference — Light, Heavy, Inflexible and
Negative Reinforcement — and identified patterns of differential gene regulation in these
groups associated to ethanol abuse . In the present study, we aimed to evaluate the
shortening of telomeres and the transcriptional regulation of the bax and bcl2 genes in the
gills, liver, and brain of the ethanol preference phenotypes in adult zebrafish. Considering
the behavioral Conditioned Place Preference (CPP) test paradigm, we identified the same
four phenotypes of ethanol preference and evidenced the telomere shortening in the gills and
the brain of Heavy, Inflexible and Negative Reinforcement phenotypes, as well in liver of
Heavy and Negative Reinforcement. An upregulation of the bax gene was evidenced in the

brain of Negative Reinforcement phenotype.

2. Results

2.1 Determination of the phenotypes based on ethanol preference behavior

The animals subjected to the CPP test were classified into four phenotypes according
to their preference for the ethanol: 1) Light (n = 9), animals that did not prefer the
conditioning side at any time (Basal Preference - B, Post-Conditioned Preference - PC, and
After Withdrawal Preference - AW); 2) Heavy (n = 12), animals that preferred the side where
the conditioning to the ethanol occurred in PC but lost preference in AW; 3) Inflexible (n =
15), animals that preferred the conditioning side in both PC and AW, and 4) Negative
Reinforcement (n = 14), animals that did not alter their PC preference in relation to B, but

began to seek the conditioning side in AW (Table 1 and Figure 1).

In the Control group (with no exposure to the ethanol), no statistical differences were
observed compared to the threshold preference in PC or AW (Figure 1A). The Light
phenotype presented a significantly lower mean than the preference threshold (50.1%) in B,
PC and AW (p < 0.0001 for all) (Figure 1B). For the Heavy phenotype, we observed a mean
value statistically different and higher than 50.1% in PC (p < 0.0001) and statistically
different and lower than the same threshold in AW (p < 0.0001) (Figure 1C). The Inflexible
phenotype showed a mean higher from 50.1% in PC (p = 0.0029) and in AW (p < 0.0001)
(Figure 1D). Lastly, in Negative Reinforcement the mean was statistically lower and
different from 50.1% in PC (p = 0.0005) and was higher from the same threshold in AW (p
=0.0011) (Figure 2E).
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Table 1. Description and number of samples (n) of each phenotypic group distinguished by the CPP

test.
Phenotype Description n
Light Animals that did not prefer the ethanol conditioning side in any of the observations. 9
Heavy Animals that preferred the ethanol conditioning side at PC and quit preferring at AW. 12
Inflexible Animals that preferred the ethanol conditioning side at both PC and AW. 15
Negative Reinforcement  Animals that began to prefer the ethanol conditioning side only at AW. 14

PC — Post-Conditioned Preference. AW — After-Withdrawal Preference.
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Figure 1. Ethanol preference determined by the CPP test for each phenotypic group. Data are
represented as the percentage of time spent on the ethanol conditioning side during the determination
of the preferences B, PC, and AW for each phenotype distinguished after a single ethanol exposure
of 20 min. Preference moments: B = Basal, before conditioning; PC = Post-Conditioning; AW =
After Withdrawal. The preferences were calculated in relation to a hypothetical preference threshold
of 50.1% (red line). The graphs represent the preference changes that characterize each phenotype:
(A) In the Control group (n = 10). (B) Light phenotype (n = 9). (C) Heavy phenotype (n = 12). (D)
Inflexible phenotype (n = 15). (E) Negative Reinforcement phenotype (n = 14). Differences between
the means of the groups and the hypothetical value of 50.1% were considered statistically significant
when p < 0.05. Data are expressed as the mean and standard error of the mean (£SEM).
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2.2 Telomere length in gills, liver, and brain

For telomere length analysis we used a protocol for gPCR 34. As shown in Figure 2,
telomere shortening was evidenced in gills (Figure 2A) (F (4,30) = 5.276) of Heavy,
Inflexible and Negative Reinforcement phenotypes compared to Control (p < 0.05). The
same result was found in liver (Figure 2B) (F (4,26) = 3.344) of Heavy and Negative
Reinforcement phenotypes compared to Control (p < 0.05). In brain (Figure 2C) (F (4,28) =
5.601) the telomere shortening was also observed in Heavy, Inflexible and Negative

Reinforcement, compared to Light group (p < 0.05).
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Figure 2. Relative telomeres length of adult zebrafish submitted to the CPP test and the distinguished
in phenotypes of ethanol preference. (A) Gills. (B) Liver. (C) Brain. Statistical analyses were
performed by one-way ANOVA followed by the Tukey's post-hoc test. Data are expressed as the
mean and standard error of the mean (£ SEM). Statistically significant differences are represented
by * p < 0.05.

2.3 Transcriptional regulation of bax and bcl2 in gills, liver, and brain

Figure 3 shows the transcript levels of the apoptosis molecular markers bax and bcl2
in the zebrafish gills, liver, and brain for each phenotype. We observed a significant
difference in the transcript levels of bax in brain (F (4,27) = 1.994) of Negative
Reinforcement phenotype compared to Light (p < 0.05).
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Figure 3. Relative amount of mMRNA of apoptosis genes in the zebrafish submitted to CPP test and
distinguished in phenotypes of ethanol preference. (A) bax in gills. (B) bcl2 in gills. (C) bax/bcl2
ratio in gills (D) bax in liver. (E) bcl2 in liver. (F) bax/bcl2 ratio in liver. (G) bax in brain: upregulated
in Negative Reinforcement in comparison to the Light p < 0.05. (H) bcl2 in brain. (1) bax/bcl2 ratio
in brain. Statistical analyses were performed by one-way ANOVA followed by the Tukey's post-hoc
test. Data are expressed as the mean and standard error of the mean (£ SEM). Statistically significant
differences are represented by * p < 0.05. (n = 6). a.u.= arbitrary units.
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2.4 Correlation between telomere length and bax/bcl2 ratio

Pearson's correlation was performed to evaluate the association between the results of
the telomeres length and the relative quantification of the bax and bcl2 transcripts,
considering the tissues analyzed, as well the ethanol preference phenotypes. As shown in
Table 2, there was no statistical evidence of a correlation between shortening of telomeres
and indicative of increased apoptosis in the ethanol preference phenotypes.

Table 2. Correlation between telomere length and bax/bcl2 ratio in gills, liver and brain of adult
zebrafish submitted to the CPP test and the distinguished in phenotypes of ethanol preference.

Phenotypes r p-value
Gills

Control -0.214 0.684
Light 0.360 0.427
Heavy -0.089 0.849
Inflexible -0,357 0.555
Negative Reinforcement -0.314 0.493
Liver

Control 0.090 0.866
Light 0.431 0.394
Heavy -0.585 0.222
Inflexible 0.490 0.402
Negative Reinforcement -0.231 0.618
Brain

Control -0.511 0.301
Light -0.556 0.195
Heavy -0.289 0.578
Inflexible -0.510 0.302
Negative Reinforcement -0.188 0.687

Coefficients (r) and p-values were calculated by the Pearson’s correlation model.

3. Discussion

Paiva et al * characterized the ethanol preference phenotypes using juvenile zebrafish
(20 days post fertilization (dpf)) submitted to CPP test paradigm, by describing the behavior
and molecular alterations related to alcohol abuse. In the present work we evidenced the
same phenotypes in heterogenetic adult zebrafish reinforcing the use of this model to study
ethanol preference. As shown in Table 1 there was found four different phenotypes: Light,
Heavy, Inflexible and Negative Reinforcement.

In the context of alcohol abuse, changes in telomeres length present an important
association with risk factors, such as cancer, liver cirrhosis *>=¢ and premature aging 3'. There

are many reports about shortening telomeres associated with chronic alcohol abuse in human
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leukocyte 2°22, blood 24, esophagus ¢ and oral epithelium 3, although, there are a missing
information related to acute ethanol exposure and telomere shortening. Harpaz and
colleagues “° evidence telomere shortening in human cells cultures exposure to moderate
concentrations of ethanol, equivalent to social drinking, and suggests that may contribute to
the carcinogenic potential of acute alcohol consumption. The animals used in our experiment
were exposure to ethanol once and for 20 min, and present relevant alterations related to
genomic and cellular instability by the telomere shortening. These finds contribute to
reinforce the harmful effects of ethanol consumption even in low doses, specially associated
to seeking behavior.

Considering the ethanol preference in adult zebrafish, telomere shortening was
evidenced in the gills and brain of Inflexible, Negative Reinforcement and Heavy
phenotypes. In Heavy and Negative Reinforcement phenotypes the telomere shortening was
also evidenced in the liver. These phenotypes shown ethanol preference in CPP test,
especially the Inflexible, whose prefers the ethanol side in both PC and AW tests. However,
no evidence of telomere shortening was found in Light phenotype, also exposure to ethanol,
but without ethanol preference, so that the results found in this group are similar to control.

In a study of early stress associated with anxiety and substance use disorders in human,
Tyrka and colleagues *! evidenced shorter telomeres. Our results present the same pattern of
telomere shortening in the gills, liver, and brain of ethanol preference phenotypes. In the
liver, this characteristic may represent a genetic risk factor for the development of cirrhosis
342 1n brain telomere shortening has been associated to neurodegenerative disorders * and
neuroinflammation #*. Considering our results, we present the occurrence of shortening
telomeres in the brain, liver, and gills in individuals with ethanol preference for the first time.

Telomere shortening is also related to cellular loss by triggering apoptosis 345, To
better understand the context of apoptosis considering the ethanol preference phenotypes,
we performed the analysis of transcriptional regulation of the bax and bcl2 genes. We
identified an upregulation of bax gene in the brain of Negative Reinforcement phenotype,
suggesting a possible increased apoptosis index in this group. Bax gene codify a pro-
apoptotic protein and presents an important role in the context of ethanol-induced apoptosis
46 Britton and Miller 4" also demonstrated this in a study with Bax knockout mice which no
present neuronal loss after ethanol exposure. There was no evidence of alterations in
transcriptional regulation of the bax and bcl2 genes for the other tissues of the ethanol
preference phenotypes, thus, other studies can be performed to evidence the occurrence of

apoptosis in these phenotypes by another pathways. In order to evaluate the association
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between telomere shortening and the bax/bcl2 ratio, we performed Pearson’s correlation
analysis. However, there was no evidence of a correlation between these parameters
considering the ethanol preference phenotypes in our study.

Nevertheless, our results demonstrated a differential cellular response in telomere
shortening regarding ethanol preference. One consideration about our experiment is the
phenotypic definition related to the behavior using heterogenetic animals. Bateson and
Nettle * discuss how individual differences in telomere length are associated with individual
differences in behavior, and by their finds, suggests a possible relation of telomere length
and higher impulsivity in choices between delayed rewards, higher propensity to take risky
decisions, higher probability of smoking, higher alcohol consumption, higher stress
reactivity, and more neurotic and pessimistic personality types. Furthermore, there is an
association between telomere shortening and biobehavioral research #°, such as depression
18 stress *° and violence °. In our model of study, the Light group presented similar results
compared to control, i.e., despite have been exposed to ethanol, this phenotype does not
present the alterations observed in the other phenotypes which ethanol preference. These
data reinforce the association between the telomere shortening and the behavior changes
associated to ethanol preference, seeking and consumption, even considering an acute
ethanol exposure.

In conclusion, we present genomic alterations related to telomere shortening and
evaluation of transcriptional regulation of bax and bcl2 genes in the gills, liver and brain of
adult zebrafish submitted to CPP test and distinguished in phenotypes according to their
ethanol preference. All the animals with ethanol preference: Heavy, Inflexible and Negative
Reinforcement, showed telomere shortening in gills and brain, demonstrating the
susceptibility of these tissues to ethanol damage. Our results also present an association of
genomic vulnerability related to ethanol preference phenotypes, mainly considering our
finds for the brain, elucidating the individual’s response associated to genomic instability
and behavior. We also evidenced an upregulation of bax, a pro-apoptotic gene, in the brain
of Negative Reinforcement phenotype. Furthermore, our protocol using zebrafish
demonstrates the relevance of this model for studies of behavior and ethanol preference. In
addition, the patterns of molecular changes that we present are consistent with the data found
in rodents and humans, with the differential to establishing a relationship between the

behavior and the telomere shortening considering the acute ethanol exposure.
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4. Methods

4.1 Animals and experimental conditions

Were used seventy wild type adult zebrafish (Danio rerio), short-fin of heterogeneous
background and of both sexes obtained from the Aquatic Animal Housing of Universidade
Federal de Lavras (Minas Gerais, Brazil). The animals presented an average weight of
0.2709 £ 0.078 grams. The fish were housed in an automated system (Rack Hydrus, model
ZEB-40-Alesco), in polycarbonate aquariums with 2.5L capacity (11.5 x 34.5 x 15.5 cm),
containing a recirculation system, under a 14:10 hour photoperiod (light/dark). The
temperature maintained was 28°C + 1°C and pH 7.0. All animals were fed three times a day,
twice (once at 8:00 and 16:00) with commercial alcon BASIC® as flake fish food (Alcon,
Brazil), and once at 11:00 with live food (Artemia sp.). Rearing and welfare conditions were
in accordance with the standards for the species. The protocol was approved by the Ethics
Committee of CEUA-UFMG (Protocol number: 64/2016).

4.2 Experimental design

The experiment was conducted according to the protocol described by Paiva and
colleagues 3, as shown in Figure 4. Sixty animals were used to define the ethanol preference
phenotypes and ten animals were designated as a Control group, without drug exposure. The
animals were individualized and acclimated for seven days before the beginning of the

experiment and were kept in the rack (ALESCO® Industria e Comércio Ltda, Brazil).
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Figure 4. Experimental design. Acclimation: animals were randomly divided for ethanol preference
phenotyping and Control group. The fish were maintained in the experimental environment for seven
days for adaptation. After this period, on the experimental day 1, we began the CPP test, which lasted
16 days. For this test, the animals of both groups were individualized. Preferences were determined
by analyses of filming records (10 min each) from three moments: Basal (B), Post-Conditioning
(PC), and After Withdrawal (AW). Preference in B was measured to establish the intrinsic preference
of each animal for the different compartments of the tank (white and dotted) in the absence of the
drug. Following determination of the preference B, each animal of the Acute group was exposed to
ethanol conditioning (1% v/v) on the least preferred side for 20 min, followed by another period of
20 min on the preferred side containing only water. During this phase, the animals of the Control
group were similarly conditioned on both sides of the tank, but in the absence of ethanol. Twenty-
four hours after the conditioned exposure, the PC preference was determined and, after 16 days (on
day 17), we determined the AW preference. Later in the same day, the animals were classified into
Light, Heavy, Inflexible, and Negative Reinforcement, based on data from the three preference
determination time points (B, PC, and AW). The animals were, then, euthanized and their gills, liver
and brain collected for analysis. (Modified from Paiva et al *3).

4.2.1. Conditioned Place Preference (CPP)

To determine the ethanol preference phenotypes, we used the protocol described
before *3. The preference was evaluated in three moments: basal (B), post-conditioning (PC),
and after withdrawal (AW). We used 5L (30 x 15 x 12 cm) experimental tanks with two
patterns of texture in the bottom, i. e., half of the tank had a plain white bottom and the other
half had a white bottom with evenly distributed black circles (environmental clue) 2. The
experimental tanks were separated from each other by isolators to prevent the animals from
seeing the neighboring tank.

Determining the basal (B) preference - The previously individualized animals were
carefully transported to the behavioral evaluation room (with controlled lighting,
temperature, and noise conditions) and transferred to the experimental tanks being careful to
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minimize the stress due to the transference and hypoxia. Then, in the absence of ethanol, the
animals were filmed for ten minutes to determine the preference. The basal (B) preference

was defined as the side of the tank that the animal explored for longer (%).

Conditioned exposure to the ethanol — Following determination of the B preference,
the animals were placed in the conditioning tank, on the side opposite to the preference.
These tanks were identical to those used to determine the preference, except for the presence
of a sealed central divider to prevent the passage of water or drug, thus avoiding cross-
contamination effects. On the least-preferred side, each animal from the Acute group was
exposed to ethanol (Merck, Damstadt, Alemanha) at a concentration of 1% (v/v) for 20
minutes. Then the fish were removed from that compartment, left in a beaker with water for
5 minutes to remove ethanol excess. Next, the animals were placed in the compartment
corresponding to the preferred side in B, with only water, and were held there for another 20
minutes. After conditioning on both sides, the animals were taken back to the maintenance
tanks. Both the water and the ethanol solution were exchanged for each animal.

Determining the post-conditioning (PC) preference - The PC preference was
determined following the same procedures described for establishing the B preference. The
evaluation was performed 24 hours after the conditioning period to ensure the elimination
of any residual effects of the drug administered on the previous day.

Determining the preference after withdrawal (AW) - Following determination of the
PC preference, the animals were kept in the maintenance tanks without ethanol for 16 days.
At the end of this period, the post-withdrawal (AW) preference was established following

the procedures previously described.

4.2.2. Behavioral Assessment and Phenotyping

At the end of all phases of the CPP test, the animals were classified according to the
individual preference for ethanol based on the video recording. The initial two minutes of
filming were disregarded, and the next five minutes were used for analysis in the behavioral
software EthoVision XT 12 (Noldus - Wageningen, Netherlands) 3. This software generated
data of average speed and total time always spent by each animal on the white and dotted
sides of the tank (in B, PC, and AW tests). The preference results were expressed as the
percentage of time spent on the side opposite to that of preference B (the side on which they
were exposed to the ethanol). Percentages of time on the conditioning side that were higher

than and statistically different from the hypothetical value of 50.1% were considered as a
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preference for ethanol. Values below and different from the threshold were considered as an
aversion for the compartment. Animals with freezing behavior were excluded from all

analyses.

4.3 DNA and RNA extraction

After the AW test animals were euthanized with an overdose of the anesthetic
benzocaine (ethyl p-aminobenzoate, 250 mg/L) 4. The gills, liver, and brain were dissected,
washed in phosphate buffered saline (PBS) and stored at -80°C. DNA was extracted from
the tissues using the Direct-Zol DNA / RNA Kit (Zymo Research Sdo Paulo, Brazil),
according to the manufacturer's instructions. This kit allows the extraction of DNA and RNA
from the same sample and free of contaminants. The quantification was performed on the
DeNovix DS-11 (DeNovix, Delaware, USA).

4.4 Telomere length

64ng of DNA were used to perform the gPCR, using CFX 96TM Real Time system
(BioRad) and QuantiNova SYBR Green RT-PCR Kit (Qiagen, Sdo Paulo, Brazil). PCR
amplification was performed using the following protocol: 95 °C for 15 minutes, followed
by 40 cycles at 95 °C for 15 seconds and 54 °C for 2 minutes. The fluorescence quantification
was done during the last stage of the cycle (54 °C). The negative control, without the
template DNA, was tested in all reactions. The analysis of real-time PCR data was calculated
by the Ct delta-delta method using a reference gene (rpsll - ribosomal protein S11) for
normalization. For telomeres length we used the primers sequences:
5’GGTTTTTGAGGGTGAGGGTGAGGGTGAGGGTGAGGGT3’ (Forward primer), and
5’TCCCGACTATCCCTATCCCTATCCCTATCCCTATCCCTA3’ (Reverse primer) [39].
For rps11 we used the sequences: 5’CTCTGACGACACTGCCTTATG3’ (Forward primer)
and S’GAAGATGGTGGGCTGTTTCT3’ (Reverse primer) [This study].

4.5 Primer design, Reverse transcription, and qPCR
Primers were designed as described in Martins e collaborators *°. The sequences used
are available in Table 3. For each sample, 400 ng of total mMRNA were used for reverse

transcription using oligo (dT20), primers (Prodimol Biotecnologia, Belo Horizonte, Brazil)
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and Revertaid® (Thermo, S&o Paulo, Brazil) according to the manufacturer's instructions.
Target gene transcripts were quantified by gPCR using the CFX 96TM Real Time system
(BioRad) and QuantiNova SYBR Green RT-PCR Kit (Qiagen, Sdo Paulo, Brazil). PCR
amplification was performed without the extension step (95 °C for 2 minutes, followed by
40 cycles at 95 °C for 5 seconds and 60 °C for 10 seconds). The fluorescence quantification
was done during the last stage of the cycle (60 °C). A negative control without a sample
(NTC) was tested in all reactions. The qPCR data were analyzed by the Ct delta-delta method
using the reference gene eeflala (eukaryotic translation elongation factor 1 alpha 1a) for
normalization. The relative amount of mRNA of the genes of interest was calculated as
described by Vandesompele °°.

Table 3. Sequence of the gPCR primers and respective amplicon sizes.

Amplicon
Gene symbol Gene description Primer Forward (5°-3°) Primer Reverse (5°-3) (pb)
Eukaryotic translation 309
eeflala elongation factor 1 alpha 1 CTACTCTTCTTGATGCCCTTGAT  TGTCTCCAGCCACATTACCAC
bax BCL2 assroe‘gﬁfgfo)r(é apOpLOSIs 5 A GATGAGCTGGATGGAAATG  GGCGACAGGCAAAGTAGAAA 160
bel2 BCL2 apoptosis regulatora ~ CTGGATGACTGACTACCTGAAC CAGGCAGAGAAAGTGGAATAGA 242

4.6 Statistical Analysis

All data were analyzed for normality by the Shapiro-Wilk test. To determine the
existence of preference i.e. if the mean time spent on the conditioning side was different
from the hypothetical threshold of 50.1%, the one-sample t-test was performed (GraphPad
Prism version 7). The one-way ANOVA test (GraphPad Prism version 7) was used to
analyze the molecular data, Pearson’s correlation coefficients were calculated to evaluate
the association between telomere length and bax/bcl2 ratio. The results were expressed as
the mean and standard error of the mean (+ SEM). A p value < 0.05 was considered
significant for all tests.
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Abstract

Ethanol can cause a significant increase in reactive oxygen species and an imbalance in
antioxidants enzymes, which contributes to oxidative stress and behavioral changes.
Mitochondria is susceptible to oxidative stress, to compensate there is an increase in
mitochondrial biogenesis. We aimed to validate the protocol of ethanol preference
phenotypes in adult zebrafish; evaluate the antioxidant enzymes activity and mtDNA copy
number. The ethanol preference was define using the behavioral Conditioned Place
Preference paradigm. To validate the protocol, the transcriptional regulation of ethanol
targets receptors in brain was evaluated (drd1, drd2, grinla, gria2a, gabbrlb and Irrk2). The
total antioxidant potential was measured by FRAP, SOD, CAT and GPx activities were
performed in gills, liver and brain. mtDNA copy number was measured by gPCR. Four
phenotypes were observed: Light, Heavy, Inflexible and Negative Reinforcement. The
transcripts of ethanol target receptors in brain showed the same regulation described before
for juveniles animais. A decrease in total antioxidant potential was showed in the gills and
brain of ethanol preference phenotypes, as in the liver of Negative Reinforcement. Gills
showed increased SOD and CAT activities while GPx was reduced for the Negative
Reinforcement. SOD activity also increased in gills of the Heavy. In the liver of Inflexible
SOD and CAT increased and the Negative Reinforcement showed increased GPx. In brain
there was increased SOD, CAT and GPx activities in the Negative Reinforcement while in
the Heavy and Inflexible SOD/GPx and SOD/CAT increased, respectively. Was also
evidenced an increased mtDNA copy number in gills and liver of Inflexible, as in brain of
Heavy. Considering these results, we can suggest an association between the increased
antioxidant enzymes activity and ethanol preference phenotypes in adult zebrafish. Our
results also indicate that ethanol exposure may be related to the increase in mitochondrial

biogenesis in Inflexible and Heavy.

Keywords: alcohol abuse, CPP test, Danio rerio, behavior, antioxidants, mtDNA copy

number
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1. Introduction

Alcohol drinking is probably the oldest social habit in the world, being present in many
cultures (Jastrzabska et al., 2016). Excessive alcohol consumption has adverse
consequences, including physical, psychological, and social problems (Edenberg and
Foroud, 2014). In addition to the harmful effects, ethanol and their first metabolite
acetaldehyde (Smith et al., 1997) can cause a significant increase in reactive oxygen species
(ROS), which contributes to oxidative stress (Albano, 2006) in the liver (Ceni et al., 2014),
brain (Cui et al., 2019) and other tissues (Scott et al., 2000; Tamura et al., 2014).

Oxidative stress is described as an imbalance between the levels of ROS and the
inadequate availability of the antioxidants (Sies and Jones, 2007). The antioxidants
substances are divided into non-enzymatic, like reduced glutathione (GSH), metal-binding
proteins, uric acid, melatonin, bilirubin, polyamines, and coenzyme Q, (Mironczuk-
Chodakowska et al., 2018) and enzymatic. There are several enzymes associated with
antioxidant defense and repair mechanisms against oxidative stress, such as superoxide
dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx). Superoxide dismutases
(SODs) are the major antioxidant defense systems against superoxide anion, which consist
of three isoforms of SOD in mammals: the cytoplasmic Cu/ZnSOD (SOD1), the
mitochondrial MnSOD (SOD?2), and the extracellular Cu/ZnSOD (SOD3) (Fukai and Ushio-
Fukai, 2011). CAT is a key enzyme in the metabolism of hydrogen peroxide and reactive
nitrogen species, and is mainly located in peroxisomes (Glorieux and Calderon, 2017). In
the brain, CAT oxidizes ethanol in acetaldehyde and has been associate with ethanol
consumption (Gill et al., 1996). GPx is a family of multiple isozymes that catalyze the
reduction of hydrogen peroxide to water using GSH as an electron donor (Margis et al.,

2008), and is the major antioxidant system of the brain (Teixeira et al., 2017).

Mitochondria dysfunction are intimately involved in the generation of oxidative stress
(Hoek et al., 2002), producing indiscriminate amounts of ROS that may lead to oxidative
damage to cellular constituents (Gonzalez-Ebsen et al.,, 2017). Measurement of
mitochondrial DNA (mtDNA) content has been proposed as a biomarker for mitochondrial
dysfunctions studies, using real time quantitative PCR (qPCR) (Malik and Czajka, 2013).
There is evidences of changes in mtDNA copy number in human leukocytes and
lymphocytes under oxidative stress conditions (Chan et al., 2013; Liu et al., 2003), and
higher mtDNA copy numbers were seen in individuals with major depression, depressive

disorders, and anxiety disorders (Tyrka et al., 2016). Further, high mtDNA copy number was
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evidenced in blood of people with head and neck squamous cell carcinoma in association
with smoke and smokeless tobacco, betel quid chewing, and alcohol (Kumar et al., 2017).

Ethanol abuse promotes alterations in antioxidants enzymes activities contributing to
oxidative stress, cellular disturbances and damage (Koch et al., 2004; Oyenihi et al., 2016).
Oxidative stress and mitochondrial dysfunctions are associated with alcoholic liver disease
(Bailey and Cunningham, 2002; Li et al., 2015) that includes hepatic steatosis, hepatitis and
cirrhosis, which may lead to the development of hepatocellular carcinoma (Cichoz-Lach and
Michalak, 2014). In brain, ROS accumulation triggering alterations in transduction signaling
pathways (Halliwell, 2006), a variety of molecular cascades that increase blood-brain barrier
permeability, causing neuroinflammation (Sajja et al., 2016), cell disturbance and death
(Flora et al., 2012). In addition to cellular and molecular damage, oxidative stress is
associated to ethanol-induced aggressive and suicidal behavior (Tobore, 2019), drug abuse
(Riezzo et al., 2012; Yamamoto and Raudensky, 2008), food addiction (Tobore, 2020), and
neuropsychiatric disorders such as Alzheimer's (Tonnies and Trushina, 2017), schizophrenia
(Barron et al., 2017), depression (Gorlova et al., 2019), and anxiety (Smaga et al., 2015). In
brain, oxidative stress induced by alcohol abuse is related to behavioral changes associated
to addiction (Yedy Israel et al., 2019). In zebrafish, ethanol altered social behavior, fear
response, and exploration (Gerlai et al., 2006; Heloysa et al., 2018), also promotes oxidative
stress in the brain (Agostini et al., 2018; Rosemberg et al., 2010) and liver (Howarth et al.,
2011; Tsedensodnom et al., 2013). The gills are responsible for gas exchange and plays a
dominant role in osmotic and ionic regulation, acid-base regulation, and excretion of
nitrogenous wastes (Evans et al., 2005), also are important for the absorption of ethanol
(Tran et al., 2016) and is an essential target for toxicity and pathology studies in fish (Evans,

1987). However, information about the effects of alcohol in this structure is scarce.

Studies of reward, learning, memory, aggression, anxiety, and sleep behavior strongly
suggest that conserved regulatory processes underlie behavior in zebrafish and mammals
(Norton and Bally-Cuif, 2010). Furthermore, zebrafish develops behavior patterns (da Silva
Chaves et al., 2018; Mathur et al., 2011; Paiva et al., 2020b), synaptic modulations (Klee et
al., 2012) and biochemical changes (Muller et al., 2017) that provide a basis for
understanding cellular alterations in the context of addiction. In zebrafish, Mocelin et al
(Mocelin et al., 2018) showed a protective association of N-acetylcysteine (a GSH precursor
with potent antioxidant properties) in both the behavioral alterations and the oxidative stress

observed in animals exposed to ethanol. Another study demonstrated an association of

55



anxiety-like behavior in zebrafish populations and changes in oxidative stress-related
parameters in brain, such as increased CAT and glutathione S-transferase (GST) activities
(Quadros et al., 2019). Considering the evidences of a relationship between the imbalance
in anitoxidant status and behavior modulations, we proposed this study to evaluate the

antioxidant enzymes activity using a model of ethanol preference.

Our research group developed a model of ethanol preference in juvenile zebrafish
describing four phenotypes regarding the ethanol preference — Light, Heavy, Inflexible and
Negative Reinforcement — and identified patterns of differential gene regulation in these
groups associated to ethanol abuse (Paiva et al., 2020a). In the present work, we aimed to:
validate this same protocol for adult zebrafish; and characterize the phenotypes of ethanol
preference in adult zebrafish in a biochemical and molecular context of antioxidant enzymes
activity and mitochondrial biogenesis. Considering the behavioral Conditioned Place
Preference (CPP) test paradigm, we identified the same four phenotypes of ethanol
preference and the same transcriptional regulation of ethanol targets receptors in brain (drd1,
drd2, grinla, gria2a, gabbrlb and Irrk2) of adult zebrafish. Besides that, we evidenced an
increased antioxidant enzymes activities in the gills, liver, and brain of Heavy, Inflexible
and Negative Reinforcement phenotypes. We also evidenced an increased mtDNA copy
number in the gills and liver of Inflexible phenotype, as in the brain of Heavy animals.
Considering these results, we can suggest a relationship between the increased antioxidant
enzymes activities and increased mtDNA copy number, induced by acute ethanol exposure,

and the ethanol preference behavioral in adult zebrafish.

2. Methods

2.1 Animals and experimental conditions

Two experiments were carried out. The first was used to validate the protocol
described by Paiva for juveniles (Paiva et al., 2020a), in adult animals. The second
experiment was conducted to perform the analysis of the antioxidant enzymes activities and
evaluation of mtDNA copy number in the ethanol preference phenotypes. For the
Experiment 1, were used eighty-five wild type zebrafish (Danio rerio) short-fin of
heterogeneous background and of both sexes obtained from Ecofish (Minas Gerais, Brazil).
Animals were 4-5 months old and presented an average weight of 0.39 grams. For the

Experiment 2, were used one hundred and forty wild type adult zebrafish obtained from the
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Aquatic Animal Housing of Universidade Federal de Lavras (Minas Gerais, Brazil),
presented an average weight of 0.387 grams. For the both experiments, the animals were
housed in an automated system (Rack Hydrus, model ZEB-40-Alesco), in polycarbonate
aquariums with 2.5L capacity (11.5 x 34.5 x 15.5 cm), containing a recirculation system,
under a 14:10 hour photoperiod (light: dark), the temperature maintained was 28°C + 1°C
and pH 7.0. All animals were fed three times a day, twice (once at 8:00 and 16:00) with
commercial alcon BASIC® as flake fish food (Alcon, Brazil), and once at 11:00 with live
food (artemia). Rearing and welfare conditions were in accordance with the standards for
the species. The protocol was approved by the Ethics Committee of CEUA-UFMG (Protocol
n°64/2016, UFMG, Minas Gerais, Brazil).

2.2 Experimental design

The two experiments was conducted according to the protocol described by Paiva and
colleagues (Paiva et al., 2020a), as shown in Fig. 1. On Experiment 1, seventy-five animals
were used to define the ethanol preference phenotypes and ten as Control group, without
drug exposure. For the Experiment 2, one hundred and twenty animals were used to define
the ethanol preference phenotypes and twenty animals were designated as a Control group.
The animals were individualized and acclimated for seven days before the beginning of the

experiment and were kept in the rack (ALESCO® Industria e Comércio Ltda, Brazil).
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Fig. 1 Experimental design. Acclimation: animals were randomly divided for ethanol preference
phenotyping and Control group. The fish were maintained in the experimental environment for seven
days for adaptation. After this period, on the experimental day 1, we began the CPP test, which lasted

16 days. For this test, the animals of both groups were individualized. Preferences were determined
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by analyses of filming records (10 min each) from three moments: Basal (B), Post-Conditioning
(PC), and After Withdrawal (AW). Preference in B was measured to establish the intrinsic preference
of each animal for the different compartments of the tank (white and dotted) in the absence of the
drug. Following determination of the preference B, each animal of the Acute group was exposed to
ethanol conditioning (1% v/v) on the least preferred side for 20 min, followed by another period of
20 min on the preferred side containing only water. During this phase, the animals of the Control
group were similarly conditioned on both sides of the tank, but in the absence of ethanol. Twenty-
four hours after the conditioned exposure, the PC preference was determined and, after 16 days (on
day 17), we determined the AW preference. Later on the same day, the animals were classified into
Light, Heavy, Inflexible, and Negative Reinforcement, based on data from the three preference
determination time points (B, PC, and AW). The animals were, then, euthanized and their tissues
were collected for analysis (Modified from Paiva et al (2020a)).

2.2.1 Conditioned Place Preference (CPP)

To determine the ethanol preference phenotypes, we used the protocol described
(Paiva et al., 2020a). The preference was evaluated in three moments: basal (B), post-
conditioning (PC), and after withdrawal (AW). We used 5L (30 x 15 x 12 cm) experimental
tanks with two patterns of texture in the bottom, i. e., half of the tank had a plain white
bottom and the other half had a white bottom with evenly distributed black circles
(environmental clue) (Mathur et al., 2011). The experimental tanks were separated from each
other by isolators to prevent the animals from seeing the neighboring tank.

Determining the basal (B) preference - The previously individualized animals were
carefully transported to the behavioral evaluation room (with controlled lighting,
temperature, and noise conditions) and transferred to the experimental tanks being careful to
minimize the stress due to the transference and hypoxia. Then, in the absence of ethanol, the
animals were filmed for ten minutes to determine the preference. The basal (B) preference
was defined as the side of the tank that the animal explored for longer (%).

Conditioned exposure to the ethanol — Following determination of the B preference,
the animals were placed in the conditioning tank, on the side opposite to the preference.
These tanks were identical to those used to determine the preference, except for the presence
of a sealed central divider to prevent the passage of water or drug, thus avoiding cross-
contamination effects. On the least-preferred side, each was exposed to ethanol (Merck,
Damstadt, Alemanha) at a concentration of 1% (v/v) for 20 minutes. Then they were

removed from that compartment, left in a beaker with water for 5 minutes to remove ethanol
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excess. Next, they were placed in the compartment corresponding to the preferred side in B,
with only water, and were held there for another 20 minutes. After conditioning on both
sides, the animals were taken back to the maintenance tanks. Both the water and the ethanol
solution were exchanged for each animal.

Determining the post-conditioning (PC) preference - The PC preference was
determined following the same procedures described for establishing the B preference. The
evaluation was performed 24 hours after the conditioning period to ensure the elimination
of any residual effects of the drug administered on the previous day.

Determining the preference after withdrawal (AW) - Following determination of the
PC preference, the animals were kept in the maintenance tanks without ethanol for 16 days.
At the end of this period, the post-withdrawal (AW) preference was established following

the procedures previously described.

2.2.2 Behavioral Assessment and Phenotyping

At the end of all phases of the CPP test, the animals were classified according to the
individual preference for ethanol based on the video recording. The initial two minutes of
filming were disregarded, and the next five minutes were used for analysis in the behavioral
software EthoVision XT 12 (Noldus - Wageningen, Netherlands). This software generated
data of average speed and total time spent by each animal on the white and dotted sides of
the tank at all times (B, PC, and AW). The preference results were expressed as the
percentage of time spent on the side opposite to that of preference B (the side on which they
were exposed to the ethanol). Percentages of time on the conditioning side that were higher
than and statistically different from the hypothetical value of 50.1% were considered as a
preference for ethanol. Values below and different from the threshold were considered as an
aversion for the compartment. Animals with freezing behavior were excluded from all

analyses.
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2.3 Total RNA extraction

After the AW test, the animals of Experiment 1 were euthanized with an overdose of
the anesthetic benzocaine (ethyl p-aminobenzoate, 250 mg/L) (Ross et al., 2009). The brains
were dissected, immersed on a phosphate buffered saline solution (PBS), frozen in liquid
nitrogen, and stored at —80 °C. Total mRNA was extracted using ReliaPrep™ RNA
Miniprep Systems (Promega, Fitchburg, USA) according to the manufacturer's instructions.
Samples were quantified using the DeNovix DS-11 (DeNovix, Delaware, EUA). All samples
showed purity ratios of 260/280 and 230/ 260 between 1.8 and 2.2.

2.4 Primer design, Reverse transcription, and qPCR

Primers were designed as described in Martins de Carvalho et al. (2019). The
sequences used are available in Table 1. For each sample of Experiment 1, 800 ng of total
mMRNA were used for reverse transcription using oligo (dT20), primers (Prodimol
Biotecnologia, Belo Horizonte, Brazil), dNTP mix (10 mM), Reaction Buffer 5X (Thermo
Fisher Scientific, S&o Paulo, Brazil), Ribolock RNase Inhibitor (Thermo Fisher Scientific),
and Revertaid® Reverse Transcriptase (Thermo Fisher Scientific, Sdo Paulo, Brazil)
according to the manufacturer's instructions. Target gene transcripts were quantified by
gPCR using the CFX 96TM Real Time system (BioRad) and Kapa SYBR Fast qPCR Kit
Master Mix (Kapa Biosystems, S&o Paulo, Brazil). Amplification was conducted without the
extension step (95 °C for 3 min, followed by 40 cycles at 95 °C for 3 s and 60 °C for 20 s).
Fluorescence quantification was performed during the last step of the cycle (60 °C). A
negative control without a sample (NTC) was tested in all reactions. The gPCR data were
analyzed by the Ct delta-delta method using the geometric mean of the reference genes
eeflala (eukaryotic translation elongation factor 1 alpha 1a) and rpl13 (ribosomal protein
L13) for normalization. Stability of the reference genes was confirmed using the algorithms
BestKeeper and Genorm (Pfaffl et al., 2004; Wan et al., 2010) . The relative amount of
MRNA of the genes of interest was calculated as described by Vandesompele et al. (2002).

2.5 Tissue preparation for biochemical and molecular analysis
After the AW test, the animals of Experiment 2 were euthanized with an overdose of
the anesthetic benzocaine (ethyl p-aminobenzoate, 250 mg/L) (Ross et al., 2009). Animals

of each phenotype and control group were randomly divided for antioxidant enzymes
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activities or mtDNA copy number analysis. The gills, liver, and brain were dissected, washed
in phosphate buffered saline (PBS) and stored at -80°C.

2.6 Antioxidant defenses assays for FRAP, SOD, CAT and GPx activities

Tissue homogenization - Tissue samples were homogenized on ice in 200uL of
phosphate homogenization buffer (pH 7.4). The homogenate was centrifuged at 800xg for
10 min at 4°C and proteins concentrations were then measured by Qubit Protein Assay

(Invitrogen, Brazil) in Qubit 2.0 Fluorometer, following the manufactory instructions.

Total antioxidant capacity — Total antioxidant capacity was evaluated by the ferric
reducing antioxidant power (FRAP) method (Benzie and Strain, 1996). The antioxidants
present in the samples reduce Fe3* to Fe?*, which is chelated by 2,4,6-tris(2-pyridyl)-
striazine (TPTZ) to form a Fe>*~TPTZ complex. The tissue homogenates were incubated
with the FRAP reagent (0.3 M sodium acetate buffer - pH 3.6 -, 10 mM TPTZ, and 20 mM
ferric chloride) at 37 °C for 6 min. The absorbance was measured at 593 nm. Antioxidant

capacity was determined using a standard curve with Trolox.

Superoxide Dismutase activity - SOD activity was assessed by the inhibition of
autoxidation of pyrogallol by SOD present in the tissue samples (MARKLUND and
MARKLUND, 1974). The homogenates were mixed with 50 mM Tris-HCI buffer (pH 8.2)
containing EDTA (1mM), catalase (80 U/mL), and pyrogallol (24 mM), and the kinetic assay

was monitored during 10 min at 420 nm.

Catalase — CAT activity was determined by the method described by Aebi (Aebi,
1984). CAT activity evaluation was based upon hydrogen peroxide decomposition by CAT
presents in the samples. The homogenates were incubated with 10% Triton X-100 and mixed
with 10 mM potassium phosphate buffer, pH 7.0, containing 0.2% hydrogen peroxide. The
hydrogen peroxide decomposition was monitored at 240 nm for 10 min.

Glutathione Peroxidase activity - GPx dismutes the t-butyl hydroperoxide (t-BuOOH)
of the test, generating a disulfide bridge between two GSH (GS-GS) which returns to the
reduced state (2 GSH), by the action of Glutathione Reductase (GR). GR acts by oxidizing
NADPH. Thus, the test is a measure that consists of recording the decrease in NADPH
(Flohé and Giinzler, 1984). The tissue homogenates were mixed with Buffer GPx (100 mM
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potassium phosphate buffer and 1mM EDTA, pH 7.7), 40 mM Sodium azide, GSH, GR,
NADPH and Tert-butyl. The kinetic assay was monitored for 10 min at 340 nm.

2.7 DNA extraction

DNA was extracted from the tissues samples of Experiment 2 using the Direct-Zol
DNA / RNA Kit (Zymo Research Sdo Paulo, Brazil), according to the manufacturer's
instructions. This kit allows the extraction of DNA and RNA from the same sample and free
of contaminants. The quantification was performed on the DeNovix DS-11 (DeNovix,
Delaware, USA).

2.8 mtDNA copy number

For mitochondrial DNA copy number analyses, 10ng of DNA were used to perform
the gPCR, using the CFX 96TM Real Time system (BioRad) and QuantiNova SYBR Green
RT-PCR Kit (Qiagen, Sao Paulo, Brazil). PCR amplification was performed without the
extension step (95 °C for 2 minutes, followed by 40 cycles at 95 °C for 5 seconds and 60 °C
for 10 seconds). The fluorescence quantification was done during the last stage of the cycle
(60 °C). The negative control, without the template DNA, was tested in all reactions. The
analysis of the real-time PCR data was calculated by the Ct delta-delta method using a
nuclear reference gene (rpsll - ribosomal protein S11) for normalization. The primers were
designed considering the sequence of mitochondrial coxl and atp6 genes and were
synthesized by IDT (Integrated DNA Technologies). The sequences are listed in Table 2.

2.9 Statistical Analysis

All data were analyzed for normality by the Shapiro-Wilk test. Using the RStudio
statistical package, we performed the principal component analysis (PCA) to distinguish the
phenotypes in relation to the ethanol preference of Experiment 1. To determine the existence
of preference i.e. if the mean time spent on the conditioning side was different from the
hypothetical threshold of 50.1%, the one-sample t-test was performed (GraphPad Prism
version 7). The one-way ANOVA test (GraphPad Prism version 7) was used to analyze the

antioxidant enzymes activities and molecular data. The results were expressed as the mean
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and standard error of the mean (x SEM). A p value < 0.05 was considered significant for all
tests.

3. Results

3.1 Determination of the phenotypes based on ethanol preference behavior

Animals from Experiments 1 and 2 subjected to the CPP test were classified into four
phenotypes according to their preference for the ethanol: 1) Light - animals that did not
prefer the conditioning side at any time (B, PC, and AW); 2) Heavy - animals that preferred
the side where the conditioning to the ethanol occurred in PC but lost preference in AW; 3)
Inflexible - animals that preferred the conditioning side in both PC and AW; and 4) Negative
Reinforcement - animals that did not alter their PC preference in relation to B, but began to
seek the conditioning side in AW (Table 3 and Fig. 2). For the Experiment 2, fourteen

animals showed freezing behavior and were excluded from phenotype analysis.

We analyzed the behavior results of the two experiments together. In the Control group
(with no exposure to the ethanol), no statistical differences were observed compared to the
threshold preference in PC or AW (Fig. 2A). The Light phenotype presented a significantly
lower mean than the preference threshold (50.1%) in B, PC and AW (p < 0.0001 for all)
(Fig. 2B). For the Heavy phenotype, we observed a mean value statistically different and
higher than 50.1% in PC (p < 0.0001) and statistically different and lower than the same
threshold in AW (p < 0.0001) (Fig. 2C). The Inflexible phenotype showed a mean higher
from 50.1% in PC (p < 0.0001) and in AW (p < 0.0001) (Fig. 2D). Lastly, in Negative
Reinforcement the mean was statistically lower and different from 50.1% in PC (p < 0.0001)
and was higher from the same threshold in AW (p < 0.0001) (Fig. 2E).

3.2 Analysis of clustering phenotypes

PCA analysis considering the variance of the preference data and the effects of the
determination moments (B, PC, and AW) corroborated the grouping of the animals of
Experiment 1 into the four observed phenotypes (Fig. 3).
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3.3 Transcriptional regulation of ethanol target receptors in brain

To validate the protocol described before in juveniles, we performed the analyse of the
transcripts of ethanol target receptors in adult zebrafish's brain of Experiment 1. Differential
regulation was observed between phenotypes for transcript levels of drd1 (F (4.28) = 4.316,
p = 0.0076) and drd2 (F (4, 26) = 19.10, p <0.0001), from grinla (F (4.29) = 5.317, p =
0.0025) and gria2a (F (4, 25) = 17.95, p < 0.0001) and also gabbrlb (F (4, 25) = 19.77, p
<0.0001). Post hoc analyzes revealed that drd1 is hyper-regulated in the Inflexible phenotype
in relation to all others (Figure 4A). For drd2 and grinla, a hyporegulation of all phenotypes
was observed in relation to the Control (Figure 4B and C, respectively). gria2a and gabbrlb
were hyper-regulated in all phenotypes also in relation to the Control (Figure 4D and 4E,
respectively). The results showed a group-specific effect (F (4.29) = 3.777, p = 0.0136) on
the Irrk2 transcription, a hyperregulation of this gene was observed in the Inflexible

phenotype (Figure 4F).

3.4 Total antioxidant potential in the gills, liver, and brain among ethanol

preference phenotypes

For the analysis of antioxidant status, evaluations of the total antioxidant potential
were performed using the FRAP method in the gills, liver, and brain of the animals of
Experiment 2. In the gills (F (4,23) = 11.95) there was a decrease in the antioxidant potential
for all groups exposed to ethanol compared to Control: Light (p = 0.0021), Heavy (p =
0.0001), Inflexible (p < 0.0001) and Negative Reinforcement (p = 0.0002) (Fig. 5A). In the
liver (F (4,25) = 2.060), there was a decrease in total antioxidant potential for Negative
Reinforcement (p = 0.0374) (Fig. 5B) in relation to Ligth group, and in the brain (F (4,25) =
7.084) there was a decrease in the total antioxidant capacity for the Heavy (p = 0.0016),
Inflexible (p = 0.0167) and Negative Reinforcement (p = 0.0028) phenotypes compared to
the Light group (Fig. 5C).

3.5 SOD, CAT and GPx activities in the gills, liver, and brain of ethanol

preference phenotypes

The results for SOD activity are shown in Fig. 6. In the gills (Fig. 6A) (F (4,25) =
19.78) there was an increase in SOD activity in Negative Reinforcement group compared to
Control (p < 0.0001) and Light (p < 0.0001). In addition, in the gills of Heavy group there
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was also an increase in SOD activity compared to Control (p = 0.0003) and Light (p =
0.0004). The same was found in liver (F (4,25) = 4.546) for Inflexible group (Fig. 6B), which
showed an increase in SOD activity compared to Control (p = 0.0244) and Light (p =
0.0127). There was found a significant increased SOD activity in brain (F (4,24) =5.716) of
Heavy, Inflexible and Negative Reinforcement groups (Fig. 6C), compared to Light (p =
0.0084; p = 0.0055; p = 0.0269 respectively) and for Heavy (p = 0.0266) and Inflexible (p =
0.0182) compared to Control group.

As shown in Fig. 7A, Negative Reinforcement group showed an increased CAT
activity in gills (F (4,22) = 3.808) compared to Control (p = 0.0073) and Light (p = 0.0194).
There was an increased activity of CAT in liver (F (4,25) = 4.375) (Fig. 7B) of Inflexible
compared to Control (p = 0.0018) and Light (p = 0.0282) groups. In brain, CAT activity (F
(4,25) = 5.275) was higher in Inflexible and Negative Reinforcement groups compared to
both Control (p = 0.0176; p = 0.055) and Light (p = 0.0298; p = 0.0096) (Fig. 7C).

The results of GPx activity for all tissues analysed are presented in Fig. 8. In the gills
(F (4,21) = 5.021) there is a decrease in GPx activity in the Inflexible group compared to
Control group (p = 0.0234) (Fig. 8A). In the liver (F (4,25) = 2.607), the Negative
Reinforcement showed greater GPx activity compared to Control (p = 0.0291) and Light (p
=0.0390) (Fig. 8B). Finally, in the brain (F (4,23) = 5.102) an increase in GPx activity was
evidenced in Heavy group compared to Control (p = 0.0436) and Negative Reinforcement
compared to both Control (p = 0.0036) and Light (p = 0.0485) (Fig. 8C).

3.6 mtDNA copy number in the gills, liver and brain

The mtDNA copy number was analysed by qPCR, considering the amplification of
two mitochondrial genes: atp6 and cox1. The results are shown in Fig 9. As demonstrated in
Fig 9D, we found an increased mtDNA copy number in the gills (F (4, 29) = 3.490) of
Inflexible phenotype compared to Light (p < 0.03) considering the gene coxl. In the liver
(Fig 9B and 9E), the increased of mtDNA was evidenced in Inflexible compared to Control
(p < 0.01) and Light (p < 0.02), and considering both atp6 (F (4, 31) = 4.733) and cox1 (F
(4, 30) = 4.669). Finally, an increased mtDNA copy number (atp6 and coxl) (F (4, 30) =
5.981; F (4, 31) = 3.892) was observed in the brain (Fig 9C and 9F) of Heavy phenotype
compared to Control (p < 0.05) and Light (p < 0.005).
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4. Discussion

Our research group has been working with the phenotypic characterization of ethanol
preference in juvenile zebrafish (20 days post fertilization (dpf)) (Paiva et al., 2020a). At the
present study we were able to validate the protocol in adult zebrafish by showing the same
transcriptional regulation of the genes commonly associated with addiction-like phenotypes
(drd1, drd2, grinla, gria2a, gabbrlb and Irrk2), and we replicate the same phenotypes:
Light phenotype - had no influence of ethanol on the behavior modulation in relation to the
preferred side. The Heavy phenotype - shows preference for the side exposed to ethanol in
the PC test but is no longer preferred in the AW test. Inflexible phenotype - prefers the side
exposed to ethanol in the two tests analyzed (PC and AW). Finally, the Negative
Reinforcement phenotype - shows preference for ethanol only in the AW test, in other words,
after the alcohol withdrawal period there is a change of preference about the side of the

aquarium in which the animal was exposed to ethanol.

We analyzed the antioxidant status and mitochondrial biogenesis in the gills, liver, and
brain of ethanol preference phenotypes, considering the total antioxidant potential and
activities of SOD, CAT, GPx, and the measurement of mtDNA copy number by gPCR.
According to our results, a single ethanol exposure increases the antioxidant enzymes
activities in the individuals of Heavy, Inflexible and Negative Reinforcement groups. Using
the FRAP method, we observed a decrease in total antioxidant potential in the gills and the
brain of all ethanol preference phenotypes, as well in the liver of the Negative
Reinforcement. Reinforcing our results, other authors have shown decreased antioxidant
status in studies of acute ethanol intake in rats (Basarslan et al., 2017; Ozkol et al., 2017).
For ethanol preference phenotypes (Heavy, Inflexible and Negative Reinforcement), there
was a significant increase in SOD, CAT and GPx activities in the gills, liver, and brain. We
found an increased mtDNA copy number in the gills and liver of Inflexible phenotype, and
in brain of Heavy animals. Our results are in accordance with other studies that demonstrate
a relationship between the occurrence of oxidative stress and behavioral patterns associated
to ethanol abuse (Muller et al., 2017; Nkpaa et al., 2019) and to alcohol preferring in mice
(Xu et al., 2019). Additionally, higher mtDNA numbers were evidenced in a study of early

stress associated with anxiety and substance use disorders (Tyrka et al., 2016).

The harmful effects of ethanol are related to its metabolism and oxidation (Koch et al.,
2004). Evidence from previous studies has shown that acetaldehyde, the first ethanol
metabolite, is an oxidative stress inducer (Cui et al., 2019; Tamura et al., 2014; Yan et al.,
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2016). The oxidation of ethanol to acetaldehyde can occur through pathways that involve
CAT, cytochrome CYP2E1, and alcohol dehydrogenase (ADH) (Hernandez et al., 2016).
The main pathway to metabolize ethanol in the liver involves ADH and CYP2E1 (Ceni et
al., 2014), while CAT is particularly important for this process in the brain (Zimatkin et al.,
2006). Moreover, associated with SOD and GPx, CAT acts as key enzyme of the cellular
antioxidant system (Li et al., 2015). A single ethanol exposure promotes an increase in SOD
(Enache et al., 2008) CAT, (Oyenihi et al., 2016; Rosemberg et al., 2010), and GPx (Balifio
et al., 2019) activities.

Studies indicates an increase in antioxidant enzymes activities probably as a
compensatory regulatory response to oxidative stress (Caixeta et al., 2018; Justino et al.,
2017; Moraes et al., 2015), including acute ethanol exposure (Casafias-Sanchez et al., 2016;
Schlorff et al., 1999). We found an increase in SOD activity in the gills of Heavy and
Negative Reinforcement phenotypes, and in the liver of Inflexible phenotype, as well in the
brain of all these phenotypes. An elevated SOD activity in zebrafish gills has been associated
to oxidative stress induced by toxic substances (Chen et al., 2012; Paravani et al., 2019).
There is scarce evidence on the effects of alcohol in the gills, therefore, our findings are
important because they demonstrate the susceptibility of this structure to the drug, associated
to ethanol preference phenotypes. We also evidenced an increase in hepatic SOD activity of
Inflexible phenotype. Similar results were found by Ignatowicz et al (Ignatowicz et al.,
2013), who demonstrated an elevated SOD activity in the liver of alcohol-addicted rats after
a single-dose ethanol exposure. These findings reinforce the relationship between the
occurrence of oxidative stress in this organ and the profile of ethanol-seeking behavior.
Considering our results for brain, there was an increase in SOD activity for Heavy, Inflexible
and Negative Reinforcement phenotypes. Ethanol increases superoxide radical generation in
the brain (Ribiere et al., 1994) that can be probably related to the increased SOD activity
evidenced in our and other studies. In the central nervous system, the same pattern of high
SOD activity in hippocampus was found by Enache et al (Enache et al., 2008) in a study
with adolescent male rats acutely exposed to ethanol, as in brain from chronic alcoholics
(Marklund et al., 1983), and in serum of alcohol-dependent patients (Thome et al., 1997).

There was an increase in CAT activity in the gills of Negative Reinforcement, the same
was evidenced in the liver of Inflexible, and in the brain of both phenotypes. Oyenihi et al
(Oyenihi et al., 2016) also showed an increased CAT activity in the liver of rats acutely
exposed to ethanol. Similar results for CAT activity were found in brain of zebrafish acutely
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exposed to ethanol (Rosemberg et al., 2010). High CAT activity in our phenotypes may be
associated with an increase in hydrogen peroxide production, associated to ethanol exposure
(Hernéandez et al., 2016). Beyond that, studies investigate the role of CAT in ethanol intake,
since in brain CAT oxidize ethanol in acetaldehyde, which, as has been proposed, mediates
some behavioral effects produced by ethanol (McBride et al., 2002). Additionally, our results
demonstrate a possible association of high CAT activity, induced by the acute ethanol
exposure, and the ethanol preference. As shown before, we found an increased activity of
CAT in the liver and especially in the brain of Inflexible phenotype. Aragon (Aragon et al.,
1985) suggests that cerebral CAT may be involved in the regulation of the affinity of animals
to consume ethanol. To support this, it was evidenced a lower ingestion of ethanol in rats
treated with a CAT blocker (Mattalloni et al., 2019), showing the importance of this enzyme
in ethanol consumption. Interestingly, in a study of ethanol-induced conditioned place
preference (CPP) with mice, the authors suggest that catalase—H>O, system may be an
important step in the experiencing of the positive affective effects of ethanol regarding
contextual cues during the development of CPP (Font et al., 2008).

In the gills of Inflexible phenotype there was a decrease in GPx activity. The same was
found in blood of mice exposed to ethanol (Das et al., 2009), what might be explained by
elevations in ethanol-induced ROS (Bailey et al., 2001). On the other hand, GPx activity was
higher in the liver and the brain of the Negative Reinforcement and in the brain of Heavy
phenotype. The same pattern was evidenced in a study with neuronal cell culture that
demonstrated an increase in GPx activity 48h after an acute ethanol exposure (Casafas-
Sanchez et al., 2016). The increased GPx activity is probably associated with the oxidative
damage caused by the ethanol in these individuals, since GPx plays a critical role in
protecting cells from damage by ROS, providing a mechanism for peroxide detoxification
in living cells (Balifio et al., 2019). In association with abusive ethanol behavior, Wu et al
(Wu et al., 2020) observed an increased GPx activity in alcohol use disorders (AUD) patients

and suggest that GPx levels might be AUD state biomarker.

The mitochondria play an important role in the context of oxidative stress related to
drug addiction (Sadakierska-chudy, 2014) and induced by ethanol (Bailey and Cunningham,
2002; Hoek et al., 2002). The alterations in mtDNA copy number has been proposed as a
biomarker of mitochondrial dysfunction (Wang et al., 2017), in this sense, mitochondrial
genome to nuclear genome ratio (Mt/N) values would increase as a result of increased

mitochondrial biogenesis (Malik and Czajka, 2013). Considering studies of chronic alcohol
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consumption, it seems there is no difference in mtDNA copy number of alcoholics
individuals (von Wurmb-Schwark et al., 2008; Vyas et al., 2020). However, we found an
increased mtDNA copy number in ethanol preference phenotypes, after an acute ethanol
exposure, precisely in Heavy and Inflexible groups. Beyond that, we also demonstrated an
increase in antioxidant enzymes activities in these same phenotypes. Evidence suggests that
during oxidative stress, ROS generation can be considered as a signal to the nucleus to limit
cell proliferation through telomere shortening as sensors to damage in the mitochondria
(Passos and Zglinicki, 2005). Furthermore, during oxidative stress, the telomerase reverse
transcriptase (TERT) component of telomerase have been shown to translocate to the
mitochondria (Ahmed et al., 2008; Haendeler et al., 2009), suggesting that TERT may
protect mitochondrial function indirectly by regulation of mitochondrial biogenesis
(Gonzalez-Ebsen et al., 2017). In the gills and the liver of Inflexible phenotype and in the
brain of Heavy, we evidence both, an increased mtDNA copy number andelevated
antioxidant enzymes activities. The mechanism related to TERT translocation from nucleus
to mitochondria, considering the occurrence of oxidative stress, presents clues that can

explain our results for these phenotypes.

In summary, we demonstrated an increased antioxidant enzymes activity in Heavy,
Inflexible and Negative Reinforcement phenotypes, as well an increased mtDNA copy
number in Heavy and Inflexible. Heavy phenotype showed a decreased antioxidant potential
in the gills and the brain, as an increased activity of SOD in the gills and both SOD and GPx
in the brain. Heavy also demonstrated an increased mtDNA copy number in the brain. The
Inflexible phenotype present a lower antioxidant potential in the gills and brain, a decreased
activity of GPx in gills, a high activity of SOD and CAT in both liver and brain, and increased
mtDNA copy number in the gills and liver. A decreased antioxidant potential was evident in
the gills, liver and brain of Negative Reinforcement phenotype, additionally, an increased
activity of SOD and CAT was found in the gills and brain of this group, as well a high
activity of GPx in their liver and brain. The 3 phenotypes cited correspond to animals whose
shown ethanol preference at least one moment of the CPP test. On the other hand, the Light
group was the one without ethanol preference, still, the animals of this phenotype were
exposure to ethanol, but we didn’t find any alterations in antioxidant status in gills, liver or
brain of them. Considering that and the heterogenetic characteristic of the animals used in
our experiment, and the evidences discussed before related to the occurrence of oxidative

stress and increased mitochondria biogenesis mainly in liver and brain associated to
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voluntary ethanol consumption, we suggest an association between the antioxidant
imbalance, mitochondria dysfunction, and the ethanol preference phenotypes described by

our group.

In conclusion, these results show the individual differences in relation to the voluntary
seeking for alcohol, by establishing a phenotypic distinction in relation to ethanol preference,
and also demonstrates variations in antioxidant status and mtDNA copy number in specific
tissues, considering a single ethanol exposure. We are still trying to understand the
mechanisms involved in the loss of control that promotes the abuse of ethanol, and many
studies need to be done to better elucidate the vulnerability that some individuals have in
relation to the addiction. In this line, we show in a model that is easy to develop, with low
maintenance cost, and that presents a great similarity with the results found in murine models
and human studies, that there is a differential response in antioxidant enzymes activity and
mitochondrial biogenesis, considering the phenotypes. Additionally, the modulation of
behavior in the ethanol preference goes beyond a physiological response, and involves
patterns of characteristics previously existing, which ethanol triggers modulating the
behavior. Furthermore, other studies are necessary to improve our knowledge about these

phenotypes and their implications.
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Table 1. Oligonucleotides used to validate the protocol of ethanol preference phenotypes in

adult zebrafish. Sequence of the gPCR primers and respective amplicon sizes.

Target Gene description Primer Forward (5°-3°) Primer Reverse (5°-3°) Amggcon
rpll3a Ribosomal protein L13 TCTGGAGGACTGTAAGAGGT AGACGCACAATCTTGAGAGCAG 148
eeflalll Eukaryotic translation elongation factor 1 CTACTCTTCTTGATGCCCTTGAT TGTCTCCAGCCACATTACCAC 309
alpha l1a
drd1l Dopamine receptor Dla CTCAAATGTGGACTCGGAAAG  GAGAGAAGAGTTAGCCCATCCA 226
drd2 Dopamine receptor D2a ATACTTCCGCTCTTTGGATGAA  ATCAGGTAGTTGGTGGTGGTCT 275
grinla Glutamate receptor, ionotropic, N-methyl CACCAGGATGTCCATTTATTCA  CCTTAGGTCCTCTCTTGTTGTCA 269
Daspartate 1a
gria2a Glutamate receptor, ionotropic, AMPA 2a TCACTGTGGAGAGAATGGTGTC  GATAAGCGTATTTGCCTTTGGA 237
gabbrlb Gamma-aminobutyric acid (GABA) B AAGCATCACTGAAGGACCATCT  GGGAGACACTTTCTGACCTTTG 306
receptor, 1b
Irrk2 Leucine-rich repeat kinase 2 GATGCTACTGGAAGACCTGCTC ~ AAGACCCACCAAACTAGGATGA 346
Table 2. Oligonucleotides used to evaluate the mt-DNA copy number by qPCR in gills, liver
and brain of adult zebrafish submitted to CPP test.
Target Gene description Primer Forward (5°-3°) Primer Reverse (5°-3°) Amggcon
rpsil Ribosomal protein S11 ~ CTCTGACGACACTGCCTTATG GAAGATGGTGGGCTGTTTCT 205
cox1l Cytochrome c oxidase ACCAGGATTCGGCATTATCTC CTCGGGTGTCTACATCCATTC 164
subunit |
atp6 ATP synthase 6 CCTTATCCTCGTTGCCATACTT GTTTGTGAATCGTCCAGTCAATC 115
Table 3. Description and number of samples (n) of each phenotypic group distinguished by
the CPP test in the Experiments 1 (Expl) and 2 (Exp2).
o Expl Exp2
Phenotype Description
n n
Light Animals that did not prefer the ethanol conditioning side in any of the observations. 20 27
Heavy Animals that preferred the ethanol conditioning side at PC and quit preferring at AW. 20 32
Inflexible Animals that preferred the ethanol conditioning side at both PC and AW. 20 24
Negative Reinforcement  Animals that began to prefer the ethanol conditioning side only at AW. 15 23

PC = Post-Conditioned Preference. AW = After Withdrawal Preference.
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Fig. 2 Ethanol preference determined by the CPP test for each phenotypic group. Data are
represented as the percentage of time spent on the ethanol conditioning side during the determination
of the preferences B, PC, and AW for each phenotype distinguished after a single ethanol exposure
of 20 min. Moments of preference determination: B = Basal, before conditioning; PC = Post-
Conditioning, 24h after conditioning; AW = After Withdrawal, 16 days after withdrawal. The
preferences were calculated in relation to a hypothetical preference threshold of 50.1% (red line),
with mean values higher than and different from 50.1% indicating a preference for the ethanol
conditioning side and mean values below this threshold indicating an aversion to the conditioning
compartment. The graphs represent the preference changes that characterize each phenotype: (A) In

the Control group (n = 20) no statistical differences were observed compared to the threshold
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preference in PC or AW. (B) Light phenotype (n = 27) presented a significantly lower mean than the
preference threshold (50.1%) in B, PC and AW (p < 0.0001 for all). (C) For the Heavy phenotype (n
= 32), we observed a mean value statistically different and higher than 50.1% in PC (p < 0.0001) and
statistically different and lower than the same threshold in AW (p < 0.0001). (D) The Inflexible
phenotype (n = 24) showed a mean higher from 50.1% in PC (p < 0.0001) and in AW (p < 0.0001)
(Fig. 3D). (E) In Negative Reinforcement (n = 23) the mean was statistically lower and different
from 50.1% in PC (p < 0.0001) and was higher from the same threshold in AW (p < 0.0001).
Differences between the means of the groups and the hypothetical value of 50.1% were considered
statistically significant when p < 0.05. Data are expressed as the mean and standard error of the mean
(£SEM).

Phenotypes
Control

- Heavy

-©- Inflexible

A Light

-Q- N. Reinforcement

PC2 (42.2% explained var.)

PC1 (43.6% explained var.)

Fig 3. Scree plot showing the distribution of the preference data and its relationship to the
moments of preference determination (B, PC and AW). Ellipses indicate grouping of data
into four phenotypes (Light, Heavy, Inflexible and Negative Reinforcement) and the arrows
indicate the moments of preference determination (B, PC and Aw). The proximity of ellipses
(phenotypes) in relation to the arrows indicate which moment best explains the variance of
the data that phenotypic category. Width and size of ellipses indicate the variability. The
direction of arrows indicates the correlation between the variables. B — Basal Preference. PC
— Post-Conditioned Preference. AW — After-Withdrawal Preference.
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Fig 4. Transcriptional regulation of ethanol targets receptors in brain of the adult zebrafish submitted
to CPP test and distinguished in ethanol preference phenotypes. (A) drd1. (B) drd2. (C) grinla. (D)
gria2a. (E) gabbrilb. (F) Irrk2. Statistical analyses were performed by one-way ANOVA followed
by the Tukey's post-hoc test. Data are expressed as the mean and standard error of the mean (£ SEM).
Statistically significant differences are represented by * p < 0.05.
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Fig. 5 Total antioxidant potential by the FRAP method in tissues of adult zebrafish submitted to the
CPP test and the distinguished in phenotypes of ethanol preference. (A) Gills. (B) Liver. (C) Brain.
Statistical analyses were performed by one-way ANOVA followed by the Tukey's post-hoc test. Data
are expressed as the mean and standard error of the mean (£ SEM). Statistically significant
differences are represented by * p < 0.05, ** p < 0.005 (n = 6).
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Fig. 6 SOD activity in tissues of adult zebrafish submitted to the CPP test and the distinguished in
phenotypes of ethanol preference. (A) Gills. (B) Liver. (C) Brain. Statistical analyses were performed
by one-way ANOVA followed by the Tukey's po st-hoc test. Data are expressed as the mean and
standard error of the mean (£ SEM). Statistically significant differences are represented by * p <
0.05. (n=7).
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Fig. 7 Results of CAT activity in tissues of adult zebrafish submitted to the CPP test and the
distinguished in phenotypes of ethanol preference. (A) Gills. (B) Liver. (C) Brain. Statistical analyses
were performed by one-way ANOVA followed by the Tukey's post-hoc test. Data are expressed as
the mean and standard error of the mean (x SEM). Statistically significant differences are represented
by *p<0.05.(n=7).
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Fig. 8 Results of GPx activity in tissues of adult zebrafish submitted to the CPP test and the
distinguished in phenotypes of ethanol preference. (A) Gills. (B) Liver. (C) Brain. Statistical analyses
were performed by one-way ANOVA followed by the Tukey's post-hoc test. Data are expressed as
the mean and standard error of the mean (+ SEM). Statistically significant differences are represented
by * p <0.05, ** p <0.005; (n = 7).
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Fig. 9 Relative mtDNA copy number of adult zebrafish submitted to the CPP test and the
distinguished in phenotypes of ethanol preference. A-C results for atp6. D-F results for coxl.
Statistical analyses were performed by one-way ANOVA followed by the Tukey's post-hoc test. Data
are expressed as the mean and standard error of the mean (x SEM). Statistically significant

differences are represented by * p < 0.05 (n = 8).

77



Declarations

Funding

This works was supported by Coordenacdo de Aperfeicoamento de Pessoal de Nivel
Superior (CAPES - N° AUXPE 1970/2016), foundation of Ministério da Educacdo (MEC)
and Pro-Reitoria de Pesquisa from the Universidade Federal de Minas Gerais (PRPQ -

UFMG), Brazil.

Conflicts of interest/Competing interests

The authors have no relevant financial or non-financial interests to disclose.

Ethics approval

All fish were kept following the welfare parameters for the species and the protocols were
conducted according to the rules of the Ethics Committee on the Use of Animals (Comité de
Etica no Uso de Animais) of the Federal University of Minas Gerais, Minas Gerais, Brazil

(Protocol number 64/2016).

78



5. References

Aebi, H., 1984. [13] Catalase in Vitro. Methods Enzymol. https://doi.org/10.1016/S0076-
6879(84)05016-3

Agostini, J.F., Toé, H.C.Z.D., Vieira, K.M., Baldin, S.L., Costa, N.L.F., Cruz, C.U.,
Longo, L., Machado, M.M., da Silveira, T.R., Schuck, P.F., Rico, E.P., 2018.
Cholinergic System and Oxidative Stress Changes in the Brain of a Zebrafish Model
Chronically Exposed to Ethanol. Neurotox. Res. 33, 749-758.
https://doi.org/10.1007/s12640-017-9816-8

Ahmed, S., Passos, J.F., Birket, M.J., Beckmann, T., Brings, S., Peters, H., Birch-Machin,
M.A., von Zglinicki, T., Saretzki, G., 2008. Telomerase does not counteract telomere
shortening but protects mitochondrial function under oxidative stress. J. Cell Sci. 121,
1046-1053. https://doi.org/10.1242/jcs.019372

Albano, E., 2006. Alcohol, oxidative stress, and free radical damage. Proc. Nutr. Soc. 65,
278-290. https://doi.org/:10.1079/PNS2006496

Aragon, C.M.G., Sternklar, G., Amit, Z., 1985. A correlation between voluntary ethanol
consumption and brain catalase activity in the rat. Alcohol 2, 353-356.
https://doi.org/10.1016/0741-8329(85)90074-6

Bailey, S.M., Cunningham, C.C., 2002. Contribution of mitochondria to oxidative stress
associated with alcoholic liver disease. Free Radic. Biol. Med. 32, 11-16.
https://doi.org/10.1016/S0891-5849(01)00769-9

Bailey, S.M., Patel, V.B., Young, T.A., Asayama, K., Cunningham, C.C., 2001. Chronic
ethanol consumption alters the glutathione/glutathione peroxidase-1 system and
protein oxidation status in rat liver. Alcohol. Clin. Exp. Res. 25, 726-733.
https://doi.org/10.1111/j.1530-0277.2001.tb02273.x

Balifio, P., Romero-Cano, R., Sdnchez-Andrés, J.V., Valls, V., Aragon, C.G., Muriach, M.,
2019. Effects of Acute Ethanol Administration on Brain Oxidative Status: The Role
of Acetaldehyde. Alcohol. Clin. Exp. Res. 43, 1672-1681.
https://doi.org/10.1111/acer.14133

Barron, H., Hafizi, S., Andreazza, A.C., Mizrahi, R., 2017. Neuroinflammation and
oxidative stress in psychosis and psychosis risk. Int. J. Mol. Sci. 18, 1-13.
https://doi.org/10.3390/ijms18030651

Basarslan, S.K., Osun, A., Senol, S., Korkmaz, M., Ozkan, U., Kaplan, I., 2017. Protective
effects of intralipid and caffeic acid phenyl esther (CAPE) on neurotoxicity induced
by ethanol in rats. Turk. Neurosurg. 27, 66—73. https://doi.org/10.5137/1019-
5149.JTN.14463-15.2

Benzie, 1., Strain, J., 1996. The ferric reducing ability of plasma(FRAP)as a measure of
“Antioxidan power”:the FRAP assay analytical biochemistry. Anal. Biochem.

Caixeta, D.C., Teixeira, R.R., Peixoto, L.G., Machado, H.L., Baptista, N.B., De Souza,
A.V., Vilela, D.D., Franci, C.R., Espindola, F.S., 2018. Adaptogenic potential of royal
jelly in liver of rats exposed to chronic stress. PLoS One 13, 1-13.
https://doi.org/10.1371/journal.pone.0191889

Casafias-Sanchez, V., Pérez, J.A., Quinto-Alemany, D., Diaz, M., 2016. Sub-toxic ethanol
exposure modulates gene expression and enzyme activity of antioxidant systems to
provide neuroprotection in hippocampal HT22 cells. Front. Physiol. 7, 1-12.
https://doi.org/10.3389/fphys.2016.00312

79



Ceni, E., Mello, T., Galli, A., 2014. Pathogenesis of alcoholic liver disease: Role of
oxidative metabolism. World J. Gastroenterol. 20, 17756-17772.
https://doi.org/10.3748/wjg.v20.147.17756

Chan, S.W., Chevalier, S., Aprikian, A., Chen, J.Z., 2013. Simultaneous quantification of
mitochondrial DNA damage and copy number in circulating blood: a sensitive
approach to systemic oxidative stress. BioMed Res. Corp. 2013, 1-10.
https://doi.org/http://dx.doi.org/10.1155/2013/157547

Chen, Y., Zeng, S.F., Cao, Y.F., 2012. Oxidative stress response in zebrafish (Danio rerio)
gill experimentally exposed to subchronic microcystin-LR. Environ. Monit. Assess.
184, 6775-6787. https://doi.org/10.1007/s10661-011-2457-0

Cichoz-Lach, H., Michalak, A., 2014. Oxidative stress as a crucial factor in liver diseases.
World J. Gastroenterol. 20, 8082-8091. https://doi.org/10.3748/wjg.v20.i25.8082

Cui, J., Liu, Y., Chang, X., Gou, W., Zhou, X., Liu, Z., Li, Z., Wu, Y., Zuo, D., 2019.
Acetaldehyde induces neurotoxicity in vitro via oxidative stress- And Ca2+
imbalance-mediated endoplasmic reticulum stress. Oxid. Med. Cell. Longev. 2019.
https://doi.org/10.1155/2019/2593742

da Silva Chaves, S.N., Felicio, G.R., Costa, B.P.D., de Oliveira, W.E.A., Lima-Maximino,
M.G., Siqueira Silva, D.H. de, Maximino, C., 2018. Behavioral and biochemical
effects of ethanol withdrawal in zebrafish. Pharmacol. Biochem. Behav. 169, 48-58.
https://doi.org/10.1016/j.pbb.2018.04.006

Das, S.K., Varadhan, S., Gupta, G., Mukherjee, S., Dhanya, L., Rao, D.N., Vasudevan,
D.M., 2009. Time-dependent effects of ethanol on blood oxidative stress parameters
and cytokines. Indian J. Biochem. Biophys. 46, 116-121.

Edenberg, H.J., Foroud, T., 2014. Genetics of alcoholism. Handb. Clin. Neurol. 125, 561
571. https://doi.org/10.1016/B978-0-444-62619-6.00032-X

Enache, M., Van Waes, V., Vinner, E., Lhermitte, M., Maccari, S., Darnaudéry, M., 2008.
Impact of an acute exposure to ethanol on the oxidative stress status in the
hippocampus of prenatal restraint stress adolescent male rats. Brain Res. 1191, 55-62.
https://doi.org/10.1016/j.brainres.2007.11.031

Evans, D.H., 1987. The fish gill: Site of action and model for toxic effects of
environmental pollutants. Environ. Health Perspect. VVol. 71, 47-58.
https://doi.org/10.1289/ehp.877147

Evans, D.H., Piermarini, P.M., Choe, K.P., 2005. The multifunctional fish gill: Dominant
site of gas exchange, osmoregulation, acid-base regulation, and excretion of
nitrogenous waste. Physiol. Rev. 85, 97-177.
https://doi.org/10.1152/physrev.00050.2003

Flohé, L., Gunzler, W.A., 1984. [12] Assays of Glutathione Peroxidase. Methods Enzymol.
https://doi.org/10.1016/S0076-6879(84)05015-1

Flora, S.J.S., Gautam, P., Kushwaha, P., 2012. Lead and ethanol co-exposure lead to blood
oxidative stress and subsequent neuronal apoptosis in rats. Alcohol Alcohol. 47, 92—
101. https://doi.org/10.1093/alcalc/agr152

Font, L., Miquel, M., Aragon, C.M.G., 2008. Involvement of brain catalase activity in the
acquisition of ethanol-induced conditioned place preference. Physiol. Behav. 93, 733—
741. https://doi.org/10.1016/j.physbeh.2007.11.026

80



Fukai, T., Ushio-Fukai, M., 2011. Superoxide dismutases: Role in redox signaling,
vascular function, and diseases. Antioxidants Redox Signal. 15, 1583-1606.
https://doi.org/10.1089/ars.2011.3999

Gerlai, R., Lee, V., Blaser, R., 2006. Effects of acute and chronic ethanol exposure on the
behavior of adult zebrafish (Danio rerio). Pharmacol. Biochem. Behav. 85, 752—761.
https://doi.org/10.1016/j.pbb.2006.11.010

Gill, K., Amit, Z., Smith, B.R., 1996. The regulation of alcohol consumption in rats: The
role of alcohol- metabolizing enzymes - Catalase and aldehyde dehydrogenase.
Alcohol 13, 347-353. https://doi.org/10.1016/0741-8329(96)00006-7

Glorieux, C., Calderon, P.B., 2017. Catalase, a remarkable enzyme: Targeting the oldest
antioxidant enzyme to find a new cancer treatment approach. Biol. Chem. 398, 1095—
1108. https://doi.org/10.1515/hsz-2017-0131

Gonzalez-Ebsen, A.C., Gregersen, N., Olsen, R.K.J., 2017. Linking telomere loss and
mitochondrial dysfunction in chronic disease. Front. Biosci. - Landmark 22, 117-127.
https://doi.org/10.2741/4475

Gorlova, A., Pavlov, D., Zubkov, E., Zorkina, Y., Inozemtsev, A., Morozova, A.,
Chekhonin, V., 2019. Alteration of oxidative stress markers and behavior of rats in a
novel model of depression. Acta Neurobiol. Exp. (Wars).
https://doi.org/10.21307/ane-2019-021

Haendeler, J., Dro, S., Bu, N., Jakob, S., Altschmied, J., Goy, C., Spyridopoulos, I., Zeiher,
A.M., Brandt, U., Dimmeler, S., 2009. Mitochondrial Telomerase Reverse
Transcriptase Binds to and Protects Mitochondrial DNA and Function From Damage.
https://doi.org/10.1161/ATVBAHA.109.185546

Halliwell, B., 2006. Oxidative stress and neurodegeneration: Where are we now? J.
Neurochem. 97, 1634-1658. https://doi.org/10.1111/j.1471-4159.2006.03907.x

Heloysa, A.S., Jaquelinne, P. da S., Silva, P.F., Luchiari, A.C., 2018. Individual
differences in response to alcohol exposure in zebrafish (Danio rerio). PLoS One 13,
1-12. https://doi.org/10.1371/journal.pone.0198856

Hernéndez, J.A., Lépez-Sanchez, R.C., Rendon-Ramirez, A., 2016. Lipids and Oxidative
Stress Associated with Ethanol-Induced Neurological Damage. Oxid. Med. Cell.
Longev. 2016. https://doi.org/10.1155/2016/1543809

Hoek, J.B., Cahill, A., Pastorino, J.G., 2002. Alcohol and mitochondria: A dysfunctional
relationship. Gastroenterology 122, 2049-2063.
https://doi.org/10.1053/gast.2002.33613

Howarth, D.L., Passeri, M., Sadler, K.C., 2011. Drinks Like a Fish: Using Zebrafish to
Understand Alcoholic Liver Disease. Alcohol. Clin. Exp. Res. 35, 826-829.
https://doi.org/10.1111/j.1530-0277.2010.01407.x

Ignatowicz, E., Wozniak, A., Kulza, M., Seficzuk-Przybylowska, M., Cimino, F.,
Piekoszewski, W., Chuchracki, M., Florek, E., 2013. Exposure to alcohol and tobacco
smoke causes oxidative stress in rats. Pharmacol. Reports 65, 906-913.
https://doi.org/10.1016/S1734-1140(13)71072-7

Jastrzabska, 1., Zwolak, A., Szczyrek, M., Wawryniuk, A., Skrzydto-Radomanska, B.,
Daniluk, J., 2016. Biomarkers of alcohol misuse: Recent advances and future
prospects. Prz. Gastroenterol. 11, 78-89. https://doi.org/10.5114/pg.2016.60252

81



Justino, A.B., Pereira, M.N., Peixoto, L.G., Vilela, D.D., Caixeta, D.C., De Souza, A.V.,
Teixeira, R.R., Silva, H.C.G., De Moura, F.B.R., Moraes, I.B., Espindola, F.S., 2017.
Hepatoprotective Properties of a Polyphenol-Enriched Fraction from Annona
crassiflora Mart. Fruit Peel against Diabetes-Induced Oxidative and Nitrosative
Stress. J. Agric. Food Chem. 65. https://doi.org/10.1021/acs.jafc.7b01355

Klee, E.W., Schneider, H., Clark, K.J., Cousin, M.A., Ebbert, J.O., Hooten, W.M.,
Karpyak, V.M., Warner, D.O., Ekker, S.C., 2012. Zebrafish: A model for the study of
addiction genetics. Hum. Genet. 131, 977-1008. https://doi.org/10.1007/s00439-011-
1128-0

Koch, O.R., Pani, G., Borrello, S., Colavitti, R., Cravero, A., Farre, S., Galeotti, T., 2004.
Oxidative stress and antioxidant defenses in ethanol-induced cell injury. Mol. Aspects
Med. 25, 191-198. https://doi.org/10.1016/j.mam.2004.02.019

Kumar, M., Srivastava, S., Singh, S.A., Das, A.K., Das, G.C., Dhar, B., Ghosh, S.K.,
Mondal, R., 2017. Cell-free mitochondrial DNA copy number variation in head and
neck squamous cell carcinoma: A study of non-invasive biomarker from Northeast
India. Tumor Biol. 39, 1-9. https://doi.org/10.1177/1010428317736643

Li, S, Tan, H.Y., Wang, N., Zhang, Z.J., Lao, L., Wong, C.W., Feng, Y., 2015. The role of
oxidative stress and antioxidants in liver diseases. Int. J. Mol. Sci. 16, 26087—26124.
https://doi.org/10.3390/ijms161125942

Liu, C.S., Tsai, C.S., Kuo, C.L., Chen, H.W., Lii, C.K., Ma, Y.S., Wei, Y.H., 2003.
Oxidative stress-related alteration of the copy number of mitochondrial DNA in
human leukocytes. Free Radic. Res. 37, 1307-1317.
https://doi.org/10.1080/10715760310001621342

Malik, A.N., Czajka, A., 2013. Is mitochondrial DNA content a potential biomarker of
mitochondrial dysfunction? Mitochondrion 13, 481-492.
https://doi.org/10.1016/j.mit0.2012.10.011

Margis, R., Dunand, C., Teixeira, F.K., Margis-Pinheiro, M., 2008. Glutathione peroxidase
family - An evolutionary overview. FEBS J. 275, 3959-3970.
https://doi.org/10.1111/j.1742-4658.2008.06542.x

MARKLUND, S., MARKLUND, G., 1974. Involvement of the Superoxide Anion Radical
in the Autoxidation of Pyrogallol and a Convenient Assay for Superoxide Dismutase.
Eur. J. Biochem. 47, 469-474. https://doi.org/10.1111/j.1432-1033.1974.tb03714.x

Marklund, S.L., Oreland, L., Perdahl, E., Winblad, B., 1983. Superoxide dismutase activity
in brains from chronic alcoholics. Drug Alcohol Depend.
https://doi.org/10.1016/0376-8716(83)90062-5

Martins de Carvalho, L., Lauar Gongalves, J., Sondertoft Braga Pedersen, A., Damasceno,
S., Elias Moreira Junior, R., Uceli Maioli, T., Faria, A.M.C. de, Brunialti Godard,
A.L., 2019. High-fat diet withdrawal modifies alcohol preference and transcription of
dopaminergic and GABAergic receptors. J. Neurogenet.
https://doi.org/10.1080/01677063.2018.1526934

Mathur, P., Berberoglu, M.A., Guo, S., 2011. Preference for ethanol in zebrafish following
a single exposure. Behav. Brain Res. 217, 128-133.
https://doi.org/10.1016/j.bbr.2010.10.015

Mattalloni, M.S., Albrecht, P.A., Salinas-Luypaert, C., Deza-Ponzio, R., Quintanilla, M.E.,
Herrera-Marschitz, M., Cancela, L.M., Rivera-Meza, M., Virgolini, M.B., 2019.

82



Silencing brain catalase expression reduces ethanol intake in developmentally-lead-
exposed rats. Neurotoxicology 70, 180-186.
https://doi.org/10.1016/j.neuro.2018.10.010

McBride, W.J., Li, T.K., Deitrich, R.A., Zimatkin, S., Smith, B.R., Rodd-Henricks, Z.A.,
2002. Involvement of acetaldehyde in alcohol addiction. Alcohol. Clin. Exp. Res. 26,
114-119. https://doi.org/10.1111/j.1530-0277.2002.th02439.x

Mironczuk-Chodakowska, I., Witkowska, A.M., Zujko, M.E., 2018. Endogenous non-
enzymatic antioxidants in the human body. Adv. Med. Sci. 63, 68—78.
https://doi.org/10.1016/j.advms.2017.05.005

Mocelin, R., Marcon, M., D’ambros, S., Herrmann, A.P., da Rosa Araujo, A.S., Piato, A.,
2018. Behavioral and Biochemical Effects of N-Acetylcysteine in Zebrafish Acutely
Exposed to Ethanol. Neurochem. Res. 43, 458-464. https://doi.org/10.1007/s11064-
017-2442-2

Moraes, 1.B., Manzan-Martins, C., De Gouveia, N.M., Calabria, L.K., Hiraki, K.R.N.,
Moraes, A.D.S., Espindola, F.S., 2015. Polyploidy analysis and attenuation of
oxidative stress in hepatic tissue of STZ-induced diabetic rats treated with an agueous
extract of vochysia rufa. Evidence-based Complement. Altern. Med. 2015.
https://doi.org/10.1155/2015/316017

Muiller, T.E., Nunes, S.Z., Silveira, A., Loro, V.L., Rosemberg, D.B., 2017. Repeated
ethanol exposure alters social behavior and oxidative stress parameters of zebrafish.
Prog. Neuro-Psychopharmacology Biol. Psychiatry 79, 105-111.
https://doi.org/10.1016/j.pnpbp.2017.05.026

Nkpaa, K.W., Awogbindin, 1.0., Amadi, B.A., Abolaji, A.O., Adedara, I.A., Wegwu,
M.O., Farombi, E.O., 2019. Ethanol Exacerbates Manganese-Induced
Neurobehavioral Deficits, Striatal Oxidative Stress, and Apoptosis Via Regulation of
p53, Caspase-3, and Bax/Bcl-2 Ratio-Dependent Pathway. Biol. Trace Elem. Res.
191, 135-148. https://doi.org/10.1007/s12011-018-1587-4

Norton, W., Bally-Cuif, L., 2010. Adult zebrafish as a model organism for behavioural
genetics. BMC Neurosci. 11. https://doi.org/10.1186/1471-2202-11-90

Oyenihi, O.R., Afolabi, B.A., Oyenihi, A.B., Ogunmokun, O.J., Oguntibeju, O.0., 2016.
Hepato- and neuro-protective effects of watermelon juice on acute ethanol-induced
oxidative stress in rats. Toxicol. Reports 3, 288-294.
https://doi.org/10.1016/j.toxrep.2016.01.003

Ozkol, H., Bulut, G., Balahoroglu, R., Tuluce, Y., Ozkol, H.U., 2017. Protective Effects of
Selenium, N-Acetylcysteine and Vitamin E Against Acute Ethanol Intoxication in
Rats. Biol. Trace Elem. Res. 175, 177-185. https://doi.org/10.1007/s12011-016-0762-
8

Paiva, I.M., de Carvalho, L.M., Di Chiaccio, I.M., de Lima Assis, I., Naranjo, E.S.,
Bernabé, M.G., Ferreira, F.N.A., Cayuela, M.L., Murgas, L.D.S., Brunialti Godard,
A.L., 2020a. Inhibition of Lrrk2 reduces ethanol preference in a model of acute
exposure in zebrafish. Prog. Neuro-Psychopharmacology Biol. Psychiatry 100,
109885. https://doi.org/10.1016/j.pnpbp.2020.109885

Paiva, I.M., Sartori, B.M., Castro, T.F.D., Lunkes, L.C., Virote, B. do C.R., Murgas,
L.D.S., de Souza, R.P., Brunialti-Godard, A.L., 2020b. Behavioral plasticity and gene
regulation in the brain during an intermittent ethanol exposure in adult zebrafish

83



population. Pharmacol. Biochem. Behav. 192, 172909.
https://doi.org/10.1016/j.pbb.2020.172909

Paravani, E. V., Simoniello, M.F., Poletta, G.L., Casco, V.H., 2019. Cypermethrin
induction of DNA damage and oxidative stress in zebrafish gill cells. Ecotoxicol.
Environ. Saf. 173, 1-7. https://doi.org/10.1016/j.ecoenv.2019.02.004

Passos, F., Zglinicki, T. Von, 2005. Mitochondria, telomeres and cell senescence 40, 466—
472. https://doi.org/10.1016/j.exger.2005.04.006

Pfaffl, M.W., Tichopad, A., Prgomet, C., Neuvians, T.P., 2004. Determination of stable
housekeeping genes, differentially regulated target genes and sample integrity:
BestKeeper - Excel-based tool using pair-wise correlations. Biotechnol. Lett.
https://doi.org/10.1023/B:BILE.0000019559.84305.47

Quadros, V.A., Rosa, L. V., Costa, F. V., Muller, T.E., Stefanello, F. V., Loro, V.L.,
Rosemberg, D.B., 2019. Involvement of anxiety-like behaviors and brain oxidative
stress in the chronic effects of alarm reaction in zebrafish populations. Neurochem.
Int. 129, 104488. https://doi.org/10.1016/j.neuint.2019.104488

Ribiere, C., Hininger, 1., Saffar-Boccara, C., Sabourault, D., Nordmann, R., 1994,
Mitochondrial respiratory activity and superoxide radical generation in the liver, brain
and heart after chronic ethanol intake. Biochem. Pharmacol. 47, 1827-1833.
https://doi.org/10.1016/0006-2952(94)90312-3

Riezzo, I., Fiore, C., De Carlo, D., Pascale, N., Neri, M., Turillazzi, E., Fineschi, V., 2012.
Send Orders of Reprints at reprints@benthamscience.org Side Effects of Cocaine
Abuse: Multiorgan Toxicity and Pathological Consequences. Curr. Med. Chem. 19,
5624-5646.

Rosemberg, D.B., da Rocha, R.F., Rico, E.P., Zanotto-Filho, A., Dias, R.D., Bogo, M.R.,
Bonan, C.D., Moreira, J.C.F., Klamt, F., Souza, D.O., 2010. Taurine prevents
enhancement of acetylcholinesterase activity induced by acute ethanol exposure and
decreases the level of markers of oxidative stress in zebrafish brain. Neuroscience
171, 683-692. https://doi.org/10.1016/j.neuroscience.2010.09.030

Ross, L.G., Ross, Barbara, Ross, Bryony, 2009. Anaesthetic and Sedative Techniques for
Agquatic Animals: Third Edition, Anaesthetic and Sedative Techniques for Aquatic
Animals: Third Edition. https://doi.org/10.1002/9781444302264

Sadakierska-chudy, A., 2014. Mitoepigenetics and drug addiction. Pharmacol. Ther. 144,
226-233. https://doi.org/10.1016/j.pharmthera.2014.06.002

Sajja, R.K., Rahman, S., Cucullo, L., 2016. Drugs of abuse and blood-brain barrier
endothelial dysfunction: A focus on the role of oxidative stress. J. Cereb. Blood Flow
Metab. 36, 539-554. https://doi.org/10.1177/0271678X15616978

Schlorff, E.C., Husain, K., Somani, S.M., 1999. Dose- and time-dependent effects of
ethanol on plasma antioxidant system in rat. Alcohol 17, 97-105.
https://doi.org/10.1016/S0741-8329(98)00039-1

Scott, R.B., Reddy, K.S., Husain, K., Schlorff, E.C., Rybak, L.P., Somani, S.M., 2000.
Dose response of ethanol on antioxidant defense system of liver, lung, and kidney in
rat. Pathophysiology 7, 25-32. https://doi.org/10.1016/S0928-4680(99)00034-6

Sies, H., Jones, D., 2007. Oxidative Stress, in: Encyclopedia of Stress.
https://doi.org/10.1016/B978-012373947-6.00285-3

84



Smaga, I., Niedzielska, E., Gawlik, M., Moniczewski, A., Krzek, J., Przegalinski, E., Pera,
J., Filip, M., 2015. Oxidative stress as an etiological factor and a potential treatment
target of psychiatric disorders. Part 2. Depression, anxiety, schizophrenia and autism.
Pharmacol. Reports 67, 569-580. https://doi.org/10.1016/j.pharep.2014.12.015

Smith, B.R., Aragon, C.M.G., Amit, Z., 1997. Catalase and the production of brain
acetaldehyde: A possible mediator of the psychopharmacological effects of ethanol.
Addict. Biol. 2, 277-290. https://doi.org/10.1080/13556219772570

Tamura, M., Ito, H., Matsui, H., Hyodo, 1., 2014. Acetaldehyde is an oxidative stressor for
gastric epithelial cells. J. Clin. Biochem. Nutr. https://doi.org/10.3164/jcbn.14-12

Teixeira, R.R., de Souza, A.V., Peixoto, L.G., Machado, H.L., Caixeta, D.C., Vilela, D.D.,
Baptista, N.B., Franci, C.R., Espindola, F.S., 2017. Royal jelly decreases
corticosterone levels and improves the brain antioxidant system in restraint and cold
stressed rats. Neurosci. Lett. 655, 179-185.
https://doi.org/10.1016/j.neulet.2017.07.010

Thome, J., Foley, P., Gsell, W., Davids, E., Wodarz, N., Wiesbeck, G.A., Boning, J.,
Riederer, P., 1997. Increased concentrations of manganese superoxide dismutase in
serum of alcohol-dependent patients. Alcohol Alcohol. 32, 65-69.
https://doi.org/10.1093/oxfordjournals.alcalc.a008235

Tobore, T.0O., 2020. Towards a comprehensive theory of obesity and a healthy diet: The
causal role of oxidative stress in food addiction and obesity. Behav. Brain Res. 384,
112560. https://doi.org/10.1016/j.bbr.2020.112560

Tobore, T.0., 2019. On the Neurobiological Role of Oxidative Stress in Alcohol-Induced
Impulsive, Aggressive and Suicidal Behavior. Subst. Use Misuse 54, 2290-2303.
https://doi.org/10.1080/10826084.2019.1645179

Tonnies, E., Trushina, E., 2017. Oxidative Stress, Synaptic Dysfunction, and Alzheimer’s
Disease. J. Alzheimer’s Dis. 57, 1105-1121. https://doi.org/10.3233/JAD-161088

Tran, S., Facciol, A., Gerlai, R., 2016. Alcohol-induced behavioral changes in zebrafish:
The role of dopamine D2-like receptors. Psychopharmacology (Berl). 233, 2119—
2128. https://doi.org/10.1007/s00213-016-4264-3

Tsedensodnom, O., Vacaru, A.M., Howarth, D.L., Yin, C., Sadler, K.C., 2013. Ethanol
metabolism and oxidative stress are required for unfolded protein response activation
and steatosis in zebrafish with alcoholic liver disease. DMM Dis. Model. Mech. 6,
1213-1226. https://doi.org/10.1242/dmm.012195

Tyrka, A.R., Parade, S.H., Price, L.H., Kao, H.T., Porton, B., Philip, N.S., Welch, E.S.,
Carpenter, L.L., 2016. Alterations of Mitochondrial DNA Copy Number and
Telomere Length with Early Adversity and Psychopathology. Biol. Psychiatry 79, 78—
86. https://doi.org/10.1016/j.biopsych.2014.12.025

Vandesompele, J., De Preter, K., Pattyn, F., Poppe, B., Van Roy, N., De Paepe, A.,
Speleman, F., 2002. Accurate normalization of real-time quantitative RT-PCR data by
geometric averaging of multiple internal control genes. Genome Biol.
https://doi.org/10.1186/gb-2002-3-7-research0034

von Wurmb-Schwark, N., Ringleb, A., Schwark, T., Broese, T., Weirich, S., Schlaefke, D.,
Wegener, R., Oehmichen, M., 2008. The effect of chronic alcohol consumption on
mitochondrial DNA mutagenesis in human blood. Mutat. Res. - Fundam. Mol. Mech.
Mutagen. 637, 73-79. https://doi.org/10.1016/j.mrfmmm.2007.07.003

85



Vyas, C.M., Ogata, S., Reynolds, C.F., Mischoulon, D., Chang, G., Cook, N.R., Manson,
J.AE., Crous-Bou, M., De Vivo, I., Okereke, O.1., 2020. Lifestyle and behavioral
factors and mitochondrial DNA copy number in a diverse cohort of mid-life and older
adults. PLoS One 15, e0237235. https://doi.org/10.1371/journal.pone.0237235

Wan, H., Zhao, Z., Qian, C., Sui, Y., Malik, A.A., Chen, J., 2010. Selection of appropriate
reference genes for gene expression studies by quantitative real-time polymerase
chain reaction in cucumber. Anal. Biochem. https://doi.org/10.1016/j.ab.2009.12.008

Wang, X., Sundquist, K., Rastkhani, H., Palmér, K., Memon, A.A., Sundquist, J., 2017.
Association of mitochondrial DNA in peripheral blood with depression , anxiety and
stress- and adjustment disorders in primary health care patients. Eur.
Neuropsychopharmacol. 27, 751-758.
https://doi.org/10.1016/j.euroneuro.2017.06.001

Wu, S.Y., Chen, C.Y., Huang, T.L., Tsai, M.C., 2020. Brain-derived neurotrophic factor
and glutathione peroxidase as state biomarkers in alcohol use disorder patients
undergoing detoxification. Medicine (Baltimore). 99, e19938.
https://doi.org/10.1097/MD.0000000000019938

Xu, H., Liu, D., Chen, J., Li, H., Xu, M., Wen, W., Frank, J.A., Grahame, N.J., Zhu, H.,
Luo, J., 2019. Effects of Chronic Voluntary Alcohol Drinking on Thiamine
Concentrations, Endoplasmic Reticulum Stress, and Oxidative Stress in the Brain of
Crossed High Alcohol Preferring Mice. Neurotox. Res. 36, 777-787.
https://doi.org/10.1007/s12640-019-00032-y

Yamamoto, B.K., Raudensky, J., 2008. The role of oxidative stress, metabolic
compromise, and inflammation in neuronal injury produced by amphetamine-related
drugs of abuse. J. Neuroimmune Pharmacol. https://doi.org/10.1007/s11481-008-
9121-7

Yan, T., Zhao, Y., Zhang, X., 2016. Acetaldehyde Induces Cytotoxicity of SH-SY5Y Cells
via Inhibition of Akt Activation and Induction of Oxidative Stress. Oxid. Med. Cell.
Longev. 2016. https://doi.org/10.1155/2016/4512309

Yedy Israel, Quintanilla, M.E., Ezquer, F., Morales, P., Rivera-Meza, M., Karahanian, E.,
Ezquer, M., Herrera-Marschitz, M., 2019. Gene and cell therapy on the acquisition
and relapse-like binge drinking in a model of alcoholism: translational options. Gene
Ther. 26, 407-417. https://doi.org/10.1038/s41434-019-0064-9

Zimatkin, S.M., Pronko, S.P., Vasiliou, V., Gonzalez, F.J., Deitrich, R.A., 2006.
Enzymatic mechanisms of ethanol oxidation in the brain. Alcohol. Clin. Exp. Res. 30,
1500-1505. https://doi.org/10.1111/j.1530-0277.2006.00181.x

86



4. DISCUSSAO E CONCLUSAO

Tabela 1. Sintese dos resultados para os parametros avaliados considerando os

fendtipos de preferéncia pelo etanol e o tecido em que as alteracdes foram

observadas.
. . ) Reforco
Alteracdes/Fenotipos Leve Pesado Inflexivel .
Negativo
- Branquias Branquias Branquias
Encurtamento de telémeros Figado Cérebro Figado
Cérebro Cérebro
bax/bcl2 - - - Cérebro
- Branquias Branquias Branquias
l FRAP Cérebro Cérebro Figado
Cérebro
- Branquias Figado Branquias
1SOD
Cérebro Cérebro
- - Figado Branquias
T CAT Cérebro Cérebro
T - Cérebro Branquias Figado
GPx .
reduziu
( ) Cérebro
- Cérebro Branquias -
T Mt-DNA
Figado

87



O transtorno do uso do alcool € um grave problema de cunho biologico,
psicoldgico e social, que causa uma série de complicacdes para os individuos e a
sociedade. Demonstramos que o0 uso abusivo do etanol promove alteracdes
funcionais e comportamentais a longo prazo. Muitas pesquisas tém sido feitas com
o0 intuito de descrever a relacdo entre esses mecanismos, no entanto, trata-se de
uma condicdo humana extremamente complexa e que envolve ndo apenas
aspectos biologicos e psicolégicos, mas também a histdria de vida pessoal e o
contexto social no qual o individuo esta inserido. Dessa forma, os modelos de
pesquisa conseguem se aproximar das condices humanas, contudo, apresentam

limitacGes.

Embora essas limitagbes sejam reais, os modelos de pesquisa fornecem
pistas para o entendimento de mecanismos de doencas humanas, e, portanto,
apresentam grande relevancia cientifica. Conforme descrito anteriormente, 0 n0sso
grupo de pesquisa tem trabalhado com a definicdo de fenétipos em relagédo a
preferéncia pelo etanol. Considerando o modelo zebrafish, foi estabelecido o
protocolo de analise de comportamento e avaliacdo dos transcritos de genes
relacionados a adiccdo, em individuos juvenis. Os mesmos parametros foram
identificados em adultos, contribuindo para a consolidagédo desse modelo para o
estudo de fenoétipos de preferéncia pelo etanol. Dentre os fenétipos, destaca-se o
Inflexivel, que corresponde aos individuos com preferéncia pelo etanol nos dois

momentos analisados, sendo este 0 nosso fendtipo de maior interesse.

Tendo em vista os resultados apresentados na Tabela 1, identificamos um
significativo encurtamento dos teldomeros nos fenoétipos de preferéncia pelo etanol,
dentre eles o Inflexivel. Os telébmeros apresentam uma importante associagdo com
distarbios de comportamento incluindo o uso abusivo do etanol, de modo que o
estado funcional dos telémeros pode ter efeitos profundos no fenétipo das células
e, por extrapolagédo, nos organismos (RODIER et al., 2005). Evidenciamos nesse
mesmo fendtipo um aumento da atividade de enzimas do sistema antioxidante,
indicando a possibilidade de ocorréncia de estresse oxidativo concomitantemente
com a instabilidade genémica. Além disso, os fendtipos Pesado e Reforgo Negativo
também apresentaram instabilidade genémica e disfun¢des celulares. Esses dois
fendtipos apresentam preferéncia pelo etanol em um dos momentos do teste

(Pesado = no teste Pés-Condicionamento; Reforco Negativo = no teste Apos a
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Retirada). Entretanto, o fendtipo Leve, surpreendentemente, ndo apresentou
alteracdes em nenhum dos parametros analisados (Tabela 1), o que significa que
mesmo tendo sido expostos ao etanol, os individuos desse grupo nao
apresentaram instabilidade gendmica ou disfungdes celulares. Vale ressaltar que
0s animais foram expostos ao etanol, e apds o periodo de 15 dias foram
eutanasiados, ou seja, no momento da coleta dos tecidos o etanol ja ndo estava
mais presente no organismo. Dessa forma, estamos avaliando os efeitos a longo
prazo da exposicdo aguda ao etanol. A caracteristica mais importante aqui, € o
padrao diferencial de regulacdo molecular e celular que foram identificados nos
fendtipos de preferéncia pelo etanol, e que ndo foram evidenciados nos individuos
do fendtipo Leve, demonstrando que as alteracdes nesses processos de regulacao
sdo desencadeadas pelo etanol, mas também estdo relacionados ao fenétipo de

preferéncia.

Considerando os nossos resultados, principalmente no tecido nervoso, 0s
fenétipos de preferéncia pelo etanol apresentaram reducdo do tamanho dos
telomeros e disfuncdes celulares, mesmo que tenham sido expostos uma unica vez
ao etanol e por 20 min. Na maioria das pesquisas realizadas nesse contexto,
utilizou-se o sangue periférico (ou seja, leucécitos), de modo que a originalidade do
nosso trabalho consiste na apresentacdo do processo de encurtamento de
teldomeros em tecidos especificos como o cérebro, figado e branquias, e apés uma
exposicao aguda ao etanol. Esses dois parametros ainda nao tinham sido avaliados
dessa forma. Além disso, 0s nossos resultados referentes as disfun¢des celulares
corroboram com a premissa de que o alcool desencadeia eventos de regulacdo que
se relacionam com o perfil de comportamento individual, sugerindo que as bases
moleculares relacionadas ao comportamento de preferéncia pelo etanol vao além

dos seus efeitos nocivos, apresentando uma forte relacdo com o perfil fenotipico.

89



CERTIFICADO DO COMITE DE ETICA

UNIVERSIDADE FEDERAL DE MINAS GERAIS

) . CEUA
COMISSAO DE ETICA NO USO DE ANIMAIS

CERTIFICADO

Certificamos que o Protocolo n®. 64 / 2016, relativo ao projeto intitulado “ESTUDO FUNCIONAL DO GENE LRRK2 E DE microRNAs
NA REGULACAO E MANUTENCAO DO FENOTIPO DE USO ABUSIVO DE ETANOL NO MODELO DANIO RERIO (ZEBRAFIS",
que tem como responsavel Ana Lucia Brunialti Godard, esta de acordo com os Principios Eticos da Expenrnentagao Animal,
adotados pela Comissio de Etica no Uso de Animais (CEUA/UFMG), tendo sido aprovado na reunido de 24/05/2016. Este
certificado espira-se em 24/05/2021.

CERTIFICATE

We hereby certify that the Protocol n°. 64 / 2016, related to the Project entilted * FUNCTIONAL STUDY OF THE LRRK2 GENE AND
microRNAS IN THE REGULATION AND MAINTENANCE OF ETHANOL ABUSE PHENOTYPE OF THE DANIO rerio MODEL (ZEB”,
under the supervision of Ana Lucia Brunialti Godard, is in agreement with the Ethical Principles in Animal Experimentation, adopted
by the Ethics Committee in Animal Experimentation (CEUA/UFMG), and was approved in 24/05/2016. This certificates expires in
24/05/2021.

Cleuza Maria de Faria Rezende
Coordenador(a) da CEUA/UFMG
Belo Horizonte, 24/05/2016.

Atenciosamente.

Sistema CEUA-UFMG
https://www.ufmg.br/bioetica/ceteal/ceual
Universidade Federal de Minas Gerais
Avenida Antonio Carlos, 6627 — Campus Pampulha
Unidade Administrativa Il —2° Andar, Sala 2005
31270-901 — Belo Horizonte, MG — Brasil
Telefone: (31) 3499-4516 — Fax: (31) 3499-4592
www.ufmg.br/bioetical/cetea - cetea@prpq.ufmg.br

90




ARTIGOS SUBMETIDOS

Pharmacology, Biochemistry and Behavior

Acute ethanol exposure increases antioxidant enzymes activity and
MtDNA copy number in zebrafish preference phenotypes

Manuscript Number:

Article Type:
Keywords:

Corresponding Author:

First Author:

Order of Authors:

Abstract:

--Manuscript Draft--

Research Paper
alcohol abuse; CPP test; Danio rerio; behavior; antioxidants; mtDNA copy number

Ana Lucia Brunialti Godard
UFMG
Belo Horizonte, Minas Gerais Brazil

Izabela Barbosa Moraes
Izabela Barbosa Moraes
Isadora Marques Paiva
Rodrigo Rodrigues Franco
Foued Salmen Espindola
Luis David Solis Murgas
Ana Lucia Brunialti Godard

Ethanol can cause a significant increase in reactive oxygen species and an imbalance
in antioxidants enzymes, which contributes to oxidative stress and behavioral
changes. Mitochondria is susceptible to oxidative stress, to compensate there is an
increase in mitochondrial biogenesis. We aimed to validate the protocol of ethanol
preference phenotypes in adult zebrafish; evaluate the antioxidant enzymes activity
and mtDNA copy number . The ethanol preference was define using the behavioral
Conditioned Place Preference paradigm. To validate the protocol, the transcriptional
regulation of ethanol targets receptors in brain was evaluated (drd1, drd2, grinla,
gria2a, gabbrlb and Irrk2). The total antioxidant potential was measured by FRAP,
SOD, CAT and GPx activities were performed in gills, liver and brain. mtDNA copy
number was measured by qPCR. Four phenotypes were observed: Light, Heavy,
Inflexible and Negative Reinforcement. The transcripts of ethanol target receptors in
brain showed the same regulation described before for juveniles animais. A decrease
in total antioxidant potential was showed in the gills and brain of ethanol preference
phenotypes, as in the liver of Negative Reinforcement. Gills showed increased SOD
and CAT activities while GPx was reduced for the Negative Reinforcement. SOD
activity also increased in gills of the Heavy. In the liver of Inflexible SOD and CAT
increased and the Negative Reinforcement showed increased GPx. In brain there was
increased SOD, CAT and GPx activities in the Negative Reinforcement while in the
Heavy and Inflexible SOD/GPx and SOD/CAT increased, respectively. Was also
evidenced an increased mtDNA copy number in gills and liver of Inflexible, as in brain
of Heavy. Considering these results, we can suggest an association between the
increased antioxidant enzymes activity and ethanol preference phenotypes in adult
zebrafish. Our results also indicate that ethanol exposure may be related to the
increase in mitochondrial biogenesis in Inflexible and Heavy phenotypes.
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