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RESUMO

EFEITO DA DIETA CONTENDO RUTINA SOBRE A INFLAMACAO, APOPTOSE E
A RESPOSTA ANTIOXIDANTE EM JUNDIAS (Rhamdia quelen) INFECTADOS
COM Aeromonas hydrophila

AUTORA: Vanessa Medeiros da Rosa
ORIENTADORA: Prof.2 Dr.2 Maria Amalia Pavanato

As condic¢des de cultivo na piscicultura submetem os peixes, incluindo o jundid (Rhamdia
quelen), a situacdes de estresse, tornando-0s mais suscetiveis a doencas causadas por bactérias,
tais como a Aeromonas hydrophila. A necessidade de melhorias no manejo e no bem-estar dos
peixes é uma preocupacao constante e tem levado a procura por produtos naturais. A adicao de
rutina na dieta pode ser uma alternativa para prevenir as doencgas decorrentes do estresse
inerente ao cultivo, uma vez que possui propriedades antimicrobianas, anti-inflamatérias,
antioxidantes, entre outras. Assim, este trabalho objetivou avaliar o possivel efeito protetor da
dieta contendo rutina sobre o musculo de jundias infectados com A. hydrophila. Para tanto, os
animais foram divididos aleatoriamente em 4 grupos: controle; rutina 0,15%; A. hydrophila; e
rutina 0,15% + A. hydrophila. Apo6s duas semanas de alimentacdo com as dietas experimentais,
0s peixes dos grupos A. hydrophila e rutina 0,15% + A. hydrophila foram infectados
experimentalmente com A. hydrophila e os dos grupos 1 e 2 receberam veiculo (salina 0,9%).
Os animais infectados e nédo infectados foram alimentados com as dietas controle e contendo
rutina por mais uma semana, totalizando 3 semanas experimentais. Depois deste periodo, 0s
jundias foram eutanasiados e 0 musculo foi coletado para a avaliacdo de marcadores de morte
celular, inflamacdo e estresse oxidativo. A adicdo de rutina na dieta diminuiu a hemorragia, a
infiltracdo inflamatoria e a atividade da mieloperoxidase nos peixes infectados. Essa dieta
também reduziu a apoptose induzida por A. hydrophila, ao diminuir a expressdo de Akt
fosforilada e de Bax nesses animais. Além disso, a adicdo de rutina na dieta reduziu os niveis
de oOxido nitrico e de anion superéxido, bem como aumentou a atividade da superdxido
dismutase, os quais estavam alterados nos jundias infectados. Essa dieta ndo foi capaz de
recuperar 0s niveis de glutationa reduzida (GSH) e cisteina, nem a expressdo da subunidade
catalitica da glutamato cisteina ligase nos jundias, diminuidos em decorréncia da infeccéo.
Apesar disso, a adi¢do de rutina na dieta elevou atividade da glutationa redutase e os niveis de
residuos de cisteina em proteinas, bem como reduziu o contetido de dissulfetos mistos, que
estavam modificados nos peixes infectados. Essa dieta também diminuiu os niveis de glutationa
oxidada (GSSG), diminuindo, assim, a razdo GSSG/GSH, a qual estava aumentada nos animais
infectados. Finalmente, a adicdo de rutina na dieta reduziu os niveis de lipoperoxidacéo, elevou
os de &cido ascorbico e a capacidade antioxidante total, que estavam alterados nos peixes
infectados. Portanto, a adi¢do de rutina na dieta protege 0 musculo de jundias frente a uma
situacdo desafiadora, como € o caso da infecgdo por A. hydrophila.

Palavras-chave: Peixes. Bactérias. Produtos naturais. Morte celular. Infiltragdo inflamatoria.
Estresse oxidativo.



ABSTRACT

EFFECT OF THE DIET CONTAINING RUTIN ON INFLAMMATION, APOPTOSIS
AND ANTIOXIDANT RESPONSE IN SILVER CATFISH (Rhamdia quelen)
INFECTED WITH Aeromonas hydrophila

AUTHOR: Vanessa Medeiros da Rosa
ADVISOR: Prof.2 Dr.2 Maria Amalia Pavanato

Fish culture conditions lead fish as silver catfish (Rhamdia quelen) to stressful situations,
making them more susceptible to diseases caused by bacteria, including Aeromonas hydrophila.
Thus, there is a real need to improve the fish handling and welfare, since it represents a constant
concern to fish farming. In this context, natural products appear as interesting options to be
studied. Rutin-added diet can be an alternative to prevent diseases related to the stress inherent
to the culture conditions, since it has been described as having antimicrobial, anti-inflammatory,
antioxidative properties, among others. This work aimed to evaluate the possible protective
effect of rutin-containing diet on muscle of silver catfish infected with A. hydrophila. For this,
silver catfish were randomly divided into 4 groups: control; 0.15% rutin; A. hydrophila; and
0.15% rutin + A. hydrophila. After 2 weeks of feeding with the experimental diets, fish from
groups A. hydrophila and 0.15% rutin + A. hydrophila were experimentally infected with A.
hydrophila and those from groups 1 and 2 received vehicle (0.9% saline). The infected and
uninfected animals were fed the control and rutin diets for a further week, totalizing 3
experimental weeks. After this period, silver catfish were euthanized, and the muscle was
collected for the evaluation of markers of cell death, inflammation and oxidative stress. Rutin-
added diet decreased the hemorrhage, inflammatory infiltration and myeloperoxidase activity
in infected fish. This diet also reduced apoptosis induced by A. hydrophila through decreasing
the expression of phosphorylated Akt and Bax in these animals. In addition, rutin-added diet
reduced the levels of nitric oxide and superoxide anion as well as increased superoxide
dismutase activity, which were altered in infected silver catfish. This diet was not able to
recover neither the levels of reduced glutathione (GSH) and cysteine nor the expression of the
catalytic subunit of glutamate cysteine ligase in silver catfish, decreased as a result of the
infection. Despite this, rutin-added diet elevated the glutathione reductase activity and the levels
of cysteine residues in proteins, as well as reduced the content of mixed disulfides, which were
modified in infected fish. This diet also decreased the levels of oxidized glutathione (GSSG),
thus reducing the GSSG to GSH ratio, which was increased in infected animals. Finally, rutin-
added diet reduced levels of lipid peroxidation, increased ascorbic acid and total antioxidant
capacity, which were altered in infected fish. Therefore, the addition of rutin in the diet protects
the muscle of silver catfish in a challenging situation, as A. hydrophila infection.

Keywords: Fish. Bacteria. Natural products. Cell death. Inflammatory infiltration. Oxidative
stress.
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1 INTRODUCAO

A piscicultura no Brasil tem crescido em importancia econdmica, por isso, para otimizar
a producdo e a rentabilidade, é necessaria atencéo a inumeros fatores relacionados as condicdes
de cultivo como manejo e condi¢bes ambientais, ja que o bem-estar é refletido na habilidade do
animal para lidar com estressores infecciosos e ndo-infecciosos, mantendo assim a homeostase
e boa saude. Enquanto que condicdes de criacdo estressantes e sofrimento prolongado levam a
perda da capacidade de enfrentamento e, contribuindo para uma situacdo de estresse e por
consequéncia, problemas de salde (SEGNER et al., 2012; DENEV et al., 2009).

O jundia (Rhamdia quelen), um peixe nativo da regido sul, € uma das espécies mais
comuns cultivadas nesta regido, bem adaptada ao nosso ambiente, de facil inducéo a desova e
aceitacdo de alimento artificial, com grande potencial para piscicultura (EMBRAPA, 2017;
BALDISSEROTTO; RADUNZ-NETO, 2004; RODRIGUES-GALDINO et al., 2009). Assim
como outras espécies cultivadas, esta sujeito a uma série de problemas como doengas
oportunistas, alteracdes fisiologicas e imunoldgicas, ou seja, situacdes que geram estresse e
podem comprometer a producdo, além de serem condicdes dificeis de controlar (SANTOS et
al., 2009).

Esses problemas podem levar ao estresse oxidativo (EO), que ocorre quando hd um
desequilibrio entre oxidantes e antioxidantes, favorecendo a interrupgéo da sinalizagdo redox e
controle e/ou dano molecular (SIES, 2015). Nessa condicdo, a partir do metabolismo celular
energético, sdo geradas em altas concentracdes as espécies reativas de oxigénio (EROs), que
sdo intermedidrios reativos formados na reducdo parcial do O, e podem ser radicalares ou néo-
radicalares (LUSHCHAK, 2014). Quando h& EO, as especies reativas de nitrogénio (ERN),
como o oxido nitrico (NO) também poderdo ser produzidas em excesso, podendo levar ao
estresse nitrosativo e a formacdo de outras espécies, como o peroxinitrito (ONOO") (KOLIOS
et al., 2004).

A producdo excessiva de EROs/ERN pode desencadear danos as macromoléculas como
proteinas, lipidios e DNA, que podem ser irreversiveis, resultando em morte celular por
apoptose, com a inducdo da liberagdo de fatores pro-apoptéticos, que ativam as caspases,
enzimas proteoliticas com papel central nesse processo. As EROS/ERN também podem agir
como sinalizadoras e mediadoras do processo inflamatorio, estimulando a ativacéo de fatores
de transcricédo celular (BERTOLETTO et al., 2012). Porém, 0s organismos aerdébicos, como 0s
peixes, possuem estratégias celulares contra os processos mediados pelo excesso de EROs, que
incluem defesas antioxidantes enzimaticas e ndo enzimaticas (PAVANATO; LLESUY, 2008).
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Neste contexto, doengas oportunistas como as causadas por bactérias sdo responsaveis
por sérias infecgdes no cultivo intensivo, dentre os patdgenos causadores, estdo Aeromonas
hydrophila, Pseudomonas fluorescens, Vibrio anguillarum e Edwardsiella tarda que fazem
parte da microbiota normal da 4gua ou dos animais aquaticos (BALDISSEROTTO; RADUNZ-
NETO, 2004). A bactéria A. hydrophila é considerada o principal agente patogénico na
aquicultura (AOKI, 1999) e tem sido comumente isolada de peixes e encontrada em tanques de
cultivo. Esta relacionada a sindromes hemorragicas e graves lesdes ulcerativas nos peixes, 0
que reduz a capacidade do sistema imunolégico, leva ao atraso no crescimento, a alta taxa de
mortalidade e a reducdo da produtividade (KREUTZ et al., 2010).

Tendo em vista as reac0es de estresse que podem ser geradas/desencadeadas nos
animais cultivados e a crescente procura por alternativas naturais e mais saudaveis que
melhorem a producdo, e que sejam livres de residuos de antibioticos e agroquimicos,
substancias provenientes de plantas tém sido utilizadas para melhorar o desempenho. Os
flavonoides, como a rutina, que sdo metabodlitos secundarios dos vegetais poderiam ser
utilizados como aditivos na dieta dos peixes, jd que possuem propriedades antioxidantes,
atuando como “scavengers” de radicais de livres (LEE et al., 2013). A rutina é encontrada em
frutas citricas, cebola, trigo sarraceno e uva (HOLIMAN et al., 1996) e possui atividades anti-
inflamatoria (PAN et al., 2014), anticancerigena (WEBSTER et al., 1996), hepatoprotetora
(KHAN et al., 2012), neuroprotetora (AZEVEDO et al., 2013), entre outras.

Sendo assim, este trabalho procurou avaliar a influéncia da adi¢éo da rutina 0,15% na
dieta sobre os biomarcadores de estresse oxidativo e nitrosativo, parametros inflamatérios,

apoptéticos e histolégicos no musculo de jundias desafiados com A. hydrophila.
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2 REVISAO BIBLIOGRAFICA

2.1 Rhamdia quelen

O jundia (espécie Rhamdia quelen, familia Heptapteridae, ordem Siluriformes) é um
peixe com distribuicdo neotropical, que se estende do centro da Argentina até o sul do México
(SILFVERGRIP, 1996). E considerada uma espécie adequada para aquicultura, devido a
caracteristicas como facil manejo, boa eficiéncia alimentar e rapido crescimento em clima
temperado ou subtropical, o que o torna indicado para a produgdo em paises da América do Sul,
como o Brasil (ABREU et al., 2016; PEREIRA et al., 2006; MORON-ALCAIN et al., 2017).
De acordo com a EMBRAPA (2017), o jundia esta entre as espécies mais cultivadas na regido

sul do Brasil.

Figura 1 — Espécime de Jundia (Rhamdia quelen)

Fonte: Fish base, disponivel em: http://www.fishbase.org.

A dieta do jundia, é constituida principalmente por peixes, insetos, moluscos e
crustaceos, ja que possui habito alimentar onivoro, com tendéncia piscivora (RINGUELET et
al., 1967). Os jundias sdo bentdnicos, preferem &guas calmas, escondem-se entre pedras e
troncos e preferem os locais mais escuros (GUEDES, 1980; PIAIA, 1996). Com o corpo coberto
de couro, sua coloracdo varia de marrom-avermelhado claro a cinza, o que depende do ambiente
em que se encontra, quando colocados em ambientes claros, sua coloragdo tende a ficar mais
clara e o inverso ocorre quando encontra-se em ambientes escuros. Possui uma variagdo albina,
comercializada como peixe ornamental. Quanto ao crescimento, este aumenta de acordo com a
elevacdo da temperatura e é mais acentuado nos primeiros anos de vida, nos machos a taxa de
crescimento é maior até o terceiro ou quarto ano de vida, quando as fémeas passam a crescer

mais rapido, atingindo comprimento e pesos maiores do que os machos. A maturidade sexual é
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atingida por volta de um ano de idade nos dois sexos e o periodo reprodutivo ocorre de agosto
a fevereiro (CARVALHO GOMES et al., 2000; BALDISSEROTTO, 2009).

De acordo com o 1° Anuério Brasileiro da Pesca e Aquicultura (ACEB, 2014), o jundia
é uma das espécies de peixes nativas, com potencial para utilizacdo na piscicultura, € bem
adaptado as condicdes de cultivo em cativeiro, sua carne é saborosa, possui baixo teor de
gordura e auséncia de espinhos intramusculares, sendo bem aceito no mercado consumidor
(LUCHINI; AVENDANO, 1985; CARNEIRO; MIKOS, 2005). Apesar disso, assim como
ocorre com outras espécies, existem alguns desafios enfrentados na producdo de jundias,
relativos ao estabelecimento de condi¢cdes que fornecam bem-estar aos animais, como
temperatura ideal e a0 manejo que potencialmente pode induzir estresse nos peixes, como
captura, transferéncia de tanques, procedimentos de contagem e pesagem e densidade de
estocagem (BARCELLOS et al., 2004).

As condigdes estressantes as quais 0s peixes sdo submetidos, prejudicam a sua saude,
aumentam a suscetibilidade a doengas e assim, reduzem seu desempenho (SEGNER et al.,
2012). Além disso, essas condi¢des afetam o balanco dos pro-oxidantes/antioxidantes, o que
gera a ocorréncia do estresse oxidativo (MONSERRAT et al., 2007). O ambiente em que 0s
peixes vivem influencia de forma importante a sua salde e bem estar, j& que eles encontram-se
em contato intimo com a agua, dessa forma, € extremamente necessario manter o controle
adequado das caracteristicas quimicas e fisicas para um bom rendimento na criacdo
(BALDISSEROTTO, 2009). Por isso, deve-se, através da associacdo de uma boa qualidade da
agua dos tanques de cultivo, manejo, densidade de estocagem e adequado teor nutricional da
racao, buscar assegurar o bem-estar dos animais. Medidas profilaticas, como suplementacédo ou
adicdo de compostos naturais na dieta vem sendo testadas, a fim de otimizar o desempenho,
melhorar a imunidade, diminuir o estresse e aumentar a resisténcia a enfermidades dos peixes
(SANTOS et al., 2009).

Em um estudo realizado por Awad et al. (2013), em que foram adicionadas trés
concentracOes de extrato de urtiga (quercetina) e 6leo de semente de cominho (Nigella sativa)
a dieta de trutas arco-iris (Oncorhyncus mykiss), durante quatorze dias, observou-se nos grupos
gue receberam as doses mais altas de quercetina (1%) e 6leo de N. sativa (3%) aumentos na
lisozima, proteina total, atividades bactericida e de antiprotease.

Da mesma forma, em um estudo realizado com tilapias do Nilo (Oreochromis niloticus),
a suplementacdo dietética com propolis e Aloe (Aloe barbadensis) por 15 dias, trouxe
beneficios aos peixes, melhorando a imunidade, capacidade antioxidante e sobrevivéncia frente
a bactéria A. hydrophila (DOTTA et al., 2018).
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2.2 ESPECIES REATIVAS DE OXIGENIO E NITROGENIO

Nos organismos vivos, 0 oxigénio exerce papel fundamental para a geracdo de energia
na forma de ATP, via cadeia transportadora de elétrons acoplada a fosforilagdo oxidativa. A
maior parte do oxigénio consumido é reduzido diretamente a 4gua, no entanto, cerca de 10%
sofre reducgdes parciais, levando & producdo das espécies reativas de oxigénio (LUSHCHAK,
2014).

As EROs sdo produzidas, tanto em animais saudaveis quanto em doentes, ou seja, Sao
geradas como parte do metabolismo normal da célula e ndo sdo sempre toxicas, podem atuar
como moléculas sinalizadoras, mediando Vérias respostas biolégicas, como expressdo génica,
proliferacdo celular, imunidade inata, morte celular programada e senescéncia. A principal
fonte in vivo dessas substancias € a mitocondria, mas outras fontes e processos enddgenos
incluindo certas enzimas e auto oxida¢do podem dar origem as EROs (WINTERBOURN, 2015;
EVANS; HALLIWELL, 1999; FRANSEN et al., 2012; HALLIWELL; GUTTERIDGE, 2007).

A conversdo do oxigénio molecular em EROs (Figura 2), pode ocorrer através de uma
série de reacdes redox gerando oxigénio singlete, anion superdxido, peréxido de hidrogénio e
radical hidroxil. Muitas dessas EROs sé&o consideradas radicais livres, que sdo definidos como
qualquer espécie capaz de existir de forma independente e que contém um ou mais elétrons
desemparelhados (HALLIWELL; GUTTERIDGE, 2007; DOWLING; SIMMONS, 2009).

Figura 2 — Reducdo parcial do oxigénio

0, ——> O;— /> H,0,—=—HO" +HO
e |4H"
2H,0= o H ()

g4 — HI

Fonte: Adaptado de Lushchak (2014), p. 2.

O oxigénio singlete (*O2), é uma das formas mais reativas do Oz, geralmente gerado por

reacOes de fotossensibilizacdo. As ligacbes duplas, como em acidos graxos poliinsaturados ou
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guanina em bases de DNA s&o seus alvos preferenciais nas reagdes quimicas (HALLIWELL,;
GUTTERIDGE, 2007; DIPLOCK et al., 1998).

O anion superoxido (O2™) é um produto da reducdo do oxigénio molecular formado
durante a respiracdo normal na mitocondria, que pode também ser produzido pela acdo de varias
oxidases como a nicotinamida adenina dinucleotideo fosfato oxidase, a xantina oxidase, a
ciclooxigenase e pela autoxidagéo de certas biomoléculas, como catecolaminas e hemoglobina
(EVANS; HALLIWELL, 1999, 2001; PISOSCHI; POP, 2015). E menos reativo do que outras
espécies, com baixa permeabilidade a membrana, ndo reage com a maioria das moléculas
bioldgicas em solugdo aquosa, mas pode se combinar com o 6xido nitrico e H20. e formar
espécies mais reativas (JONES, 2016; HALLIWELL; GUTTERIDGE, 2007).

O peroxido de hidrogénio (H202) pode ser produzido pelas mesmas fontes que 0 O2™, ja
que é gerado pela dismutacdo deste radical. Outras fontes de H>O, sdo 0s processos de
degradacdo de metabdlitos peroxissomais, além de oxidases (urato oxidase, glicose oxidase, D-
amino oxidase) que podem gerar esta espécie diretamente através da transferéncia de dois
elétrons para o oxigénio molecular (FRANSEN et al., 2012; PISOSCHI; POP, 2015;
ANTONENKOQV et al., 2010). H202 é pouco reativo com a maioria das moléculas biologicas,
mas reage com selénio, tiol, heme peroxidases ou outros centros metalicos para gerar tanto
espécies radicalares quanto nao-radicalares (WINTERBOURN; HAMPTON, 2008).

O radical hidroxil (OH") € gerado pela reacdo de Fenton, na qual, em sistemas
bioldgicos, é catalisada pelo Fe?* e é considerado uma espécie com alta taxa de reatividade, a
sua vida média é muito curta, assim que é formado, ele reage muito rapidamente com as
moléculas proximas, como DNA, proteinas, lipidios, aminoacidos, acUcares e metais
(HALLIWELL; GUTTERIDGE, 2007; JONES, 2016; PISOSCHI; POP, 2015).

O éxido nitrico (NO) é um radical livre inorganico, que age como sinalizador ou como
fator de relaxamento do endotélio, regulador na adeséo plaquetaria, agregacao de leucdcitos, e
citotoxicidade de macrdéfagos (FANG, 1997; LIAUDET et al., 2000). O NO é sintetizado
através da acdo da enzima Oxido nitrico sintase (NOS) que converte L-arginina e O2 a NO e
citrulina. Essa espécie reativa de nitrogénio também pode ser formada pela reducéo de nitratos

e nitritos, através da a¢do da enzima xantina oxidase (FRANSEN et al., 2012).

2.3 ESTRESSE OXIDATIVO E NITROSATIVO

Os organismos aerobicos, possuem mecanismos para a manutencdo de concentragfes

adequadas de EROs, visto que quantidades elevadas dessas substancias sobrecarregam o
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sistema de defesa e podem causar efeitos deletérios como danos as moléculas bioldgicas e a
componentes celulares como &cidos nucleicos, proteinas, carboidratos e lipidios, levando a
condicdo denominada estresse oxidativo (EO) (SACCOL et al., 2017), que segundo Sies
(2015), e um desequilibrio entre oxidantes e antioxidantes em favor dos oxidantes, levando a
uma ruptura da sinalizacéo e controle redox e/ou dano molecular.

Sies (2018) propde escalas de intensidade para classificar o EO, que variam de estresse
oxidativo fisioldgico (eustresse), quando as EROs estdo em baixas concentracdes nas células e
atingem alvos especificos atuando na sinalizacdo redox; a estresse oxidativo toxico (distresse)
qguando em altas concentragdes de EROs, ocorre a interrupcao da sinalizacdo redox e danos a
alvos ndo especificos.

O EO tem como raz0es, certos fatores como: (i) aumento do nivel de compostos
enddgenos e exdgenos que sofrem auto-oxidacdo aliado a producdo de EROs; (ii) deplecdo de
reservas de antioxidantes de baixo peso molecular; (iii) inativagdo de enzimas antioxidantes;
(iv) diminuicdo na producgdo de enzimas antioxidantes e antioxidantes ndo-enzimaticos; alem
da possibilidade de ocorrer combinacdes de dois ou mais fatores (LUSHCHAK, 2014).

O NO, pode reagir com o radical superdxido e gerar peroxinitrito (ONOQO"), que atua
como oxidante, afetando as fungdes mitocondriais e desencadeando a morte celular por meio
de reacOes de oxidacdo e nitracdo (PACHER et al., 2007; SIES et al., 2017). A producao
exacerbada de ERN é conhecida como estresse nitrosativo, que ocorre quando a geracdo de
ERN excede a habilidade do sistema em neutraliza-las e elimina-las (VILLANUEVA,
GIULIVI, 2010).

Dentre 0s processos que sdo desencadeados a partir deste excesso de EROs e ERN, estéo
a lipoperoxidacédo (LPO), em que séo formados os hidroperdxidos de lipidios, que decompdem
ligacbes duplas de é&cidos graxos, dessa forma, ocorre oxidacdo dos fosfolipidios de
biomembranas, diminuicdo da fluidez e alteracdo da funcdo secretora (HALLIWELL,
GUTTERIDGE, 2007).

Os danos as proteinas podem ocorrer com a formacao de dissulfetos mistos com tiois de
baixo peso molecular como GSH e cisteina, em que os grupos tiois dos residuos de cisteina séo
oxidados levando a mudangas conformacionais e por consequéncia, na sua funcédo
(MARTINEZ-RUIZ; LAMAS, 2004; PRIORA et al., 2010); o DNA sofre ataque das EROs,
com a inducdo de mutacOes, alteracdo da sua funcdo e formacdo de 8-hidroxideoxiguanosina
(HALLIWELL; GUTTERIDGE, 2007).
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2.3.1 Apoptose e inflamacgéo

A producdo excessiva de EROs/ERN, pode levar a morte celular por apoptose, por
modificar a permeabilidade da membrana mitocondrial e induzir a liberacdo de fatores pro-
apoptéticos (HALLIWELL; GUTTERIDGE, 2007; CHENG et al., 2015). A apoptose, também
chamada de morte celular programada é um mecanismo de substituicdo celular, remodelacao
tecidual e remocéo de células danificadas. Pode ser iniciada por varios estimulos como radiagédo
ionizante, agentes quimioterapicos, glicocorticoides e agentes oxidantes (OZBEN, 2007).

As EROS/ERN oxidam a cardiolipina, um fosfolipidio que compde a membrana
mitocondrial, o que facilita a liberacdo do citocromo c, um fator pré-apoptético. No citosol,
também ocorre a liberacdo do segundo ativador de caspases derivado da mitocondria (SMAC),
que libera a caspase-3 da inibicdo mediada pelo inibidor da apoptose ligado ao X (XIAP). O
citocromo ¢ forma um complexo com Apaf-1 (fator de ativacdo de apoptose 1) para recrutar e
ativar a caspase-9. A caspase-9 ativada, por sua vez, leva a ativagéo e liberacdo da caspase-3,
que provoca a clivagem de uma série de proteinas, levando a apoptose celular (Figura 3)
(IKWEGBUE et al., 2018).

A apoptose pode ser regulada por mecanismos que levam a sua ativacdo ou inativacao,
pela atuacao de proteinas que podem ser pro ou anti-apoptdticas, como as proteinas da familia
Bcl-2, que inclui Bcl-2, que inibe a liberagéo do citocromo ¢, Bax e Bak, que atuam mediando
a permeabilizacdo da membrana externa mitocondrial e BH3-apenas que inibe proteinas anti-
apoptoéticas, entre outras (PENA-BLANCO; GARCIA-SAEZ, 2017). A regulacdo também
pode ocorrer através de proteinas que desempenham um papel na promocao da sobrevivéncia
celular, como a Akt que é capaz de fosforilar diferentes moléculas que contribuem para a
supressdo da apoptose (BRUMATTI et al., 2010).
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Figura 3 — Via intrinseca da apoptose
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Fonte: Adaptado de Ashkenazi et al. (2017), p. 2.

Estudos relataram que as EROS/ERN estdo envolvidas no processo inflamatério, ao
agirem como moléculas sinalizadoras e mediadoras da inflamacéo, estimulando a ativacdo dos
fatores de transcri¢do nuclear, como o NF-«f3, além de citocinas inflamatorias (BISWAS, 2016;
MITTAL et al., 2014).

Durante o processo inflamatério, células fagociticas ativadas como neutréfilos e
macrofagos produzem grandes quantidades de EROs que contribuem para a defesa do
organismo contra agentes patogénicos, como o acido hipocloroso que é produzido a partir de
CI" (ion cloreto) e H202, em uma reacdo catalisada pela mieloperoxidase (MPO), uma enzima
com atividade abundante em neutrofilos ativados e que é um indicador de infiltrado leucocitario
(BISWAS, 2016; POHANKA, 2013).
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2.3.2 Sistema de defesa antioxidante

Diante dos efeitos deletérios que as EROs podem causar, e para manter essas substancias
em niveis fisioldgicos normais, 0s organismos aerébicos possuem um sistema de defesa
antioxidante. Um antioxidante é definido como qualquer substancia que, quando presente em
baixas concentragcbes comparadas as do substrato oxidavel, retarda significativamente ou
previne a oxidacdo daquele substrato (HALLIWELL; GUTTERIDGE, 2007). Essas substancias
podem agir de trés formas: atraves da prevencdo, eliminacdo das EROs formadas e reparo de
moléculas modificadas pelas EROs (SIES, 1997). Os antioxidantes sdo classificados em dois
grupos principais: enzimaticos e ndo-enzimaticos, atuando de forma conjunta para proteger as
células (HALLIWELL; GUTTERIDGE, 2007).

O sistema antioxidante enzimatico que representa a primeira linha de defesa, € composto
pelas enzimas superoxido dismutase (SOD), catalase (CAT), glutationa peroxidase (GPXx),
glutationa redutase (GR) e glutationa S-transferase (GST), estas realizam a remogdo catalitica
do Oz e H203, evitando assim, a formacéo de outras EROs e mantendo a sua concentracao
dentro dos niveis fisiologicos aceitaveis (Figura 5) (LIMON-PACHECO; GONSEBATT,
2009).

Figura 4 — Remocéo das EROs pelas enzimas antioxidantes
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Fonte: Adaptado de Aitken e Roman (2008), p.16.
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A SOD realiza a dismutagdo do O2""em Oz e H20, possui mais de um tipo, pois esta
presente tanto no citosol (CuzZn-SOD) quanto no interior da mitocdndria (Mn-SOD). A CAT é
a enzima responsavel por converter o H2O2 em O e H20, esta localizada principalmente nos
peroxissomos, ao realizar esta conversdo, diminui o risco da formacéo do radical hidroxil, que
é um radical altamente agressivo, responsavel pelo dano oxidativo de muitas biomoléculas
(HALLIWELL; GUTTERIDGE, 2007; PISOSCHI; POP, 2015; LIMON-PACHECO;
GONSEBATT, 2009).

A GPx, é uma enzima que se encontra amplamente distribuida nos tecidos animais,
utilizando a forma reduzida da glutationa (GSH), ela catalisa a reducdo do H>O» (quando em
concentracdes mais baixas) e de hidroperdxidos organicos a agua ou outros produtos menos
reativos) (HALLIWELL; GUTTERIDGE, 2007; PISOSCHI; POP, 2015). A GSSG formada é
reciclada a GSH pela agdo da enzima GR, ao utilizar o poder redutor da molécula nicotinamida
adenina dinucleotideo fosfato reduzido (NADPH) (HERMES-LIMA, 2004). A GST catalisa a
conjugacdo de varios compostos eletrofilicos como radicais livres e xenobidticos pela
conjugacdo com a GSH, facilitando a excrecdo destes compostos toxicos (LUSHCHAK;
BAGNYUKOVA, 2006).

O mecanismo de defesa antioxidante ndo-enzimatico compreende moléculas
hidrossollveis como, a GSH e o acido ascorbico (AA) e moléculas lipossoltveis como o a-
tocoferol (MARTINEZ-ALVAREZ et al., 2005). Esse sistema pode atuar na supressdo da
formacdo, eliminacdo ou desativacdo das EROs (SIES, 1999; HALLIWELL; GUTTERIDGE,
2007; SACCOL et al., 2017).

O balango redox é usado para descrever a proporcao entre as formas reduzida e oxidada
de uma molécula (VULCANO et al., 2013). Pequenas moléculas como GSH e a forma oxidada
GSSG e cisteina e a forma oxidada cistina fazem parte do mecanismo de sinalizacdo redox, que
atua em diversos processos metabdlicos, como na regulacdo celular e no controle do
crescimento (JONES, 2002).

A GSH ¢ considerada o principal antioxidante enddgeno, se oxida facilmente atuando
como um redutor celular. Pode ocorrer em duas formas, a tiol-reduzida (GSH), que é a forma
predominante, representando cerca de 98% do total, e a dissulfeto-oxidada (GSSG) (LU, 2013).
Por possuir grupos sulfidrila em sua estrutura, possui capacidade antioxidante, dessa forma age
na detoxificacdo de EROs e manutencdo do equilibrio redox (AUGUSTO, 2006; SIES, 1999).

O passo limitante na sintese de GSH é a disponibilidade do aminoacido cisteina

(TATEISHI et al., 1974) que ao ligar-se ao glutamato, em uma reacéo catalisada pela enzima
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glutamato-cisteina ligase (GCL) forma y-glutamilcisteina, o segundo passo é catalisado pela
enzima glutationa sintetase que liga glicina a y-glutamilcisteina (Figura 5) (HALLIWELL,;
GUTTERIDGE, 2007).

Figura 5 — Sintese de GSH
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Fonte: Préprio autor.

O a-tocoferol, é considerado o mais importante inibidor da LPO in vivo, é altamente
lipofilico, atua nas membranas e lipoproteinas, agindo como quelante dos oxidantes formados
e formando um derivado de baixa reatividade, o tocoferoxil (DIPLOCK et al., 1998;
HALLLIWELL; GUTTERIDGE, 2007; SACCOL et al., 2017).

O acido ascorbico é um potente antioxidante hidrossoltvel, encontrado em altas
concentra¢fes em varios tecidos, devido a sua propriedade como doador de elétrons, ao
interagir com as EROs é oxidado a dehidroascorbato, que é hidrolisado e convertido a
substancias menos reativas. O acido ascorbico reage com o radical tocoferoxil formado durante
a inibicdo da LPO, regenerando o a-tocoferol, os dois atuam de forma sinérgica (PISOSCHI,
POP, 2015; DIPLOCK et al., 1998; AUGUSTO, 2006).

Os flavonoides séo eficientes compostos antioxidantes, e essa caracteristica se deve ao
namero e a posicdo relativa dos grupos hidroxila ligados a anéis aromaticos na estrutura, que
confere poder redutor a estas substancias (HALLIWELL; GUTTERIDGE, 2007).
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2.4 COMPOSTOS BIOATIVOS NA DIETA DE PEIXES

Os peixes, como 0s animais aquaticos em geral, ttm uma alta suscetibilidade ao ataque
de EROs, visto que seus tecidos possuem uma alta concentracdo de &cidos graxos poli-
insaturados, que quando sofrem oxidacdo provocam efeitos altamente deletérios com danos as
biomembranas e por estarem sujeitos as drasticas mudangas que podem ocorrer no ambiente
aquatico (LI et al., 2003; LIN; SHIAU, 2007; LUSHCHAK, 2016).

Os peixes possuem uma capacidade de se adaptar a diversos estressores ambientais, com
situacdes de alta exposicao as EROs, atraves da atuagdo das defesas antioxidantes. Estudos tém
relatado que o estresse ambiental, como mudancas na salinidade, composicdo i0nica,
temperatura e oxigénio, induz EO em peixes, que possuem um sistema antioxidante que
depende de certos fatores como idade, comportamento alimentar, fatores nutricionais, fatores
ambientais, existéncia de doengas, entre outros (LUSHCHAK, 2016; MARTINEZ-ALVAREZ
et al., 2005; SACCOL et al., 2017).

Um dos fatores que pode ser destacado é o controle da dieta para assegurar a obtencédo
por parte dos animais de quantidades suficientes de nutrientes essenciais para 0S Seus processos
fisiologicos, o que reflete em crescimento adequado, salde e reproducdo. A nutricdo
desempenha importante papel na manutencdo do equilibrio pro-oxidante-antioxidante, diversos
estudos tém relacionado os niveis de vitaminas, aminoacidos e outros antioxidantes na dieta
dos peixes com o seu perfil oxidativo (WELKER et al., 2013; VIJAYAVEL et al., 2006;
TRENZADO et al., 2009; GIRAO et al.,2011; SACCOL et al., 2013).

Em um estudo de Cheng et al. (2018), a suplementacdo com vitamina E por 60 dias na
dieta do peixe Takifugus obscurus, sob estresse induzido por aménia, aumentou os niveis das
enzimas antioxidantes SOD, CAT e GR, além de reduzir os niveis de EROs. A dieta contendo
vitamina C durante 12 semanas, também foi eficiente na protecdo contra o EO, ao aumentar a
atividade das enzimas SOD, CAT e GPx e reduzir a LPO em Pelteobagrus fulvidacro
Richardson (LIANG et al., 2017).

Peixes da espécie Cyprinus carpio alimentados com uma dieta contendo biotina em
diferentes concentracdes (0,010; 0,028; 0,054; 0,151; 0,330; 1,540 e 2,680 mg de biotina/kg de
dieta) durante 63 dias, apresentaram niveis diminuidos de LPO e proteina carbonila no soro,
intestino, hepatopancreas e musculo nas concentragdes de 0,054 e 1,540 mg de biotina/kg de
dieta. Houve também, um aumento na atividade das enzimas antioxidantes CAT, GPx, GST,

GR e no conteido de GSH nos tecidos e no soro em todas as dietas testadas, demonstrando que
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a biotina, aumenta o status antioxidantes desses peixes (FENG et al., 2014). Zhao et al. (2013)
demonstraram que a dieta contendo isoleucina (lle) (4,2; 7,0; 9,0. 11,9; 13,9 e 16,9 g/kg de
dieta) em carpa Jian (C. carpio var. Jian), aumenta a resisténcia a A. hydrophila. Além disso,
essa dieta melhora a resposta imune, a capacidade antioxidante e atividade das enzimas SOD,
CAT, GPx, GR e GST, e diminuiu o contetdo de malondialdeido (MDA), proteina carbonil e
glutationa no rim cefélico.

Estes estudos demonstram que a dieta é um fator de grande importancia na modulagéo
do EO e no aumento da resposta antioxidante em peixes cultivados, a adi¢cdo de substancias
com propriedades antioxidantes como vitaminas ou aminoacidos na dieta pode aumentar a
capacidade de eliminacdo das EROs, inibindo a oxidacdo de lipidios, aléem de estimular a

atividade das enzimas antioxidantes e contetido de antioxidantes ndo enzimaticos.

2.5 Aeromonas hydrophila

As bactérias do género Aeromonas sdo amplamente encontradas em ambientes
aquaticos, como rios, lagos, lagoas, estuarios e lencois freaticos, e sdo consideradas patdgenos
de peixes, anfibios, répteis e mamiferos além de terem sido identificadas em produtos do género
alimenticio como carnes, peixes, vegetais e alimentos processados, podendo afetar a saude
humana, causando infeccBes gastrointestinais, e até septicemia em pacientes
imunocomprometidos (TOMAS, 2012; JANDA; ABBOTT, 2010).

Aeromonas hydrophila pertence a familia Aeromonadaceae, ¢ uma bactéria gram-
negativa, anaerdbia facultativa, que apresenta motilidade através de flagelos, sua temperatura
ideal de crescimento estad em torno de 20°C a 25°C, mas em meios de cultura, também pode
crescer a 37°C (AOKI, 1999). Ndo forma esporos, € capaz de reduzir nitratos a nitritos, de
utilizar véarios carboidratos, como a glicose, em seu metabolismo, e faz parte da microbiota
natural dos organismos aquaticos, em peixes, sendo considerada um dos principais agentes
causadores de graves doengas (TOMAS, 2012; BALDISSEROTTO; RADUNZ-NETO, 2004).

Na piscicultura anualmente, sdo estimadas grandes perdas econdmicas, devido as
complicagdes associadas a A. hydrophila, que é considerada uma bactéria oportunista, pois é
favorecida por condicOes estressantes relacionadas ao cultivo, como mudangas bruscas na
temperatura, pH, alta concentragdo de amonia, manipulacdo ou transporte, baixo teor de
oxigénio, infeccdes por parasitas e outras doencgas que podem estar acometendo 0s peixes, 0
gue aumenta a suscetibilidade a invasdo de outros patégenos (HAMID et al., 2017,
BARCELLOS et al., 2008).
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A viruléncia da A. hydrophila é multifatorial, pois para possibilitar a adesdo e invasao
dos tecidos dos hospedeiros, possui Vvarios fatores de viruléncia, dessa forma, sua patogénese
resulta da producdo e ou secrecdo de citotoxinas, hemolisinas, lipases e proteases, entre outras
e também da presenca de flagelos, estruturas celulares que possibilitam a formacao de biofilme
(JANDA; ABOTT, 2010; BEAZ-HIDALGO; FIGUERAS, 2013).

A infeccdo por A. hydrophila em peixes, € transmitida horizontalmente pelas excretas
ou lesdes da pele (AOKI, 1999) e normalmente pode causar septicemia hemorragica e doenca
ulcerativa, que séo caracterizadas por lesdes superficiais, hemorragia nos opérculos, abscessos,
exoftalmia e distensdo abdominal, além da ocorréncia de acimulo de liquido ascitico, anemia,
danos aos 6rgdos, com presenca de petéquias hemorragicas nas visceras, podendo levar a morte
celular por apoptose (JANDA; ABOTT, 2010; PAVANELLI et al., 2002). Segundo Schlotfeldt
e Alderman (1995), outros sinais clinicos incluem hemorragia nas branquias e lesdes ulcerativas
na pele e musculo.

AlteracOes teciduais tém sido relatadas em estudos com peixes infectados
experimentalmente, como em um trabalho de Boijink e Branddo (2001) que avaliou alteractes
histoldgicas em juvenis de jundias infectados por A. hydrophila, onde foram observadas em
amostras de muasculo necrose, hemorragia e infiltrados inflamatdrios. Segundo Carraschi et al.
(2012) o peixe pacu (Piaractus mesopotamicus) infectado por A. hydrophila apresentou fuséo
lamelar, hemorragia e aumento de células de muco e de cloreto nas branquias. Segundo
Rasmussen-lvey et al. (2016), ap6s serem desafiados por A. hydrophila, foram observadas areas
de hemorragia no musculo, baco e rim cefalico de Ictalurus punctatus.

Infecgdes bacterianas podem induzir resposta ao estresse oxidativo, producdo de
EROS/ERN e causar deplecdo do sistema de defesa antioxidante (ZHANG et al., 2018). Um
estudo com trutas-marrom desafiadas com A. hydrophila, demonstrou reducdo da atividade das
enzimas SOD, CAT, GPx e GR em figado, musculo e coracdo (Salmo trutta trutta)
(TKACHENKO et al., 2014). Pan e colaboradores (2016) verificaram uma deplecdo no
contetdo de GSH, em rim ceféalico, baco e pele de carpas capim (Ctenopharyngodon idella),
desafiadas por A. hydrophila.

As bactérias sdo capazes de ativar proteinas pro-apoptoéticas, como caspases, para
inativar proteinas anti-apoptoticas, como NF-kB ou MAP-quinases, nas células infectadas
(GRASME et al., 2001). Um estudo demonstrou a inducdo de apoptose, através da via
mitocondrial, pela inducdo de Bax e supressdo de Bcl-2, em carpas-capim desafiadas por A.
hydrophila (PAN et al., 2016).
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A ocorréncia de lesfes cutaneas, retardo no crescimento e no ganho de peso dos peixes,
reduz a produtividade e impede 0 seu consumo, 0 que leva os produtores a investirem no uso
difundido e indiscriminado de antimicrobianos para tratar as infecgdes, promover o crescimento
e aumentar o desempenho dos peixes o que pode desencadear resisténcia bacteriana e a presenca
de residuos ilegais na carne (CABELLO, 2006; BOIINK; BRANDAO, 2001).

Neste contexto, tem sido cada vez maior a busca por alternativas naturais, que além de
diminuir os custos, sdo também mais adequadas, do ponto de vista ambiental quando

comparadas aos compostos sintéticos.

2.6 FLAVONOIDES

A busca crescente por alternativas naturais na producdo animal, como na piscicultura,
levou ao estudo das propriedades terapéuticas das plantas, com o isolamento e caracterizagdo
de diversos componentes bioativos dos vegetais, que devido as suas caracteristicas, podem ser
benéficos aos peixes, diminuindo os efeitos adversos, se comparados aos antibioticos, por
exemplo. Um dos componentes naturais que vem sendo explorados, sdo os flavonoides, que sdo
pigmentos hidrossollveis presentes nos vacuolos das células vegetais (RODRIGUEZ-
MATEOS et al., 2014).

Eles fazem parte da classe de metabdlitos secundarios, junto com os terpenoides e
alcaloides, e possuem uma variedade de funcdes, como dar as flores e alimentos tons de
amarelo, laranja e vermelho, agir como filtros UV, como moléculas sinalizadoras, e também
em resposta a infeccdo bacteriana (RODRIGUEZ-MATEOS et al., 2014; KUMAR; PANDEY,
2013; PANCHE et al., 2016; TAKAHASHI; OHNISHI, 2004). Sua estrutura basica é composta
por 15 atomos de carbono, arranjados em dois anéis de benzeno (A e B) ligados através de um
anel (C) pirano ou pirona heterociclico (com uma ligacdo dupla) no meio (Figura 6). Sao
subdivididos de acordo com seus substituintes em flavanois, antocianidinas,
leucoantocianidinas, proantocianidinas, flavonas, flavanas, flavanonas, isoflavonas, chalconas
e neoflavonoides. (RICE-EVANS et al., 1997; MIDDLETON et al., 2000).

Dentre as propriedades dessa classe de substancias, a mais bem descrita €, a capacidade
de atuar como antioxidante, cujos efeitos sdo mediados pelos grupos funcionais hidroxil, sua
configuracdo, substituicdo e numero total determinam sua atuagdo como quelante de ions
metalicos (prevenindo a formagdo de EROs e ERN) e no mecanismo de eliminacéo de radicais
livres. Os flavonoides sdo oxidados pelos radicais, tornando-0s mais estaveis e menos reativos,

dessa forma, estabilizam as espécies reativas de oxigénio, isso ocorre pela capacidade dos
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grupos hidroxil doarem hidrogénios e elétrons para radicais hidroxil, peroxil e peroxinitritos
(KUMAR; PANDEY, 2013; HEIM et al., 2002; PANCHE et al., 2016; POURCEL et al., 2007).

Figura 6 — Estrutura quimica béasica dos flavonoides

Fonte: Adaptado de Pietta (2000), p. 1036.

Os flavonoides sdo encontrados em legumes, nozes, sementes, ervas, especiarias, caules,
flores, vinho tinto, frutas (uva, cereja, maca, groselha), além de serem importantes componentes
das frutas citricas (BARNES et al., 2001). S&o substancias de grande interesse, pelo seu
potencial no desenvolvimento de novos farmacos, inseticidas e herbicidas (RODRIGUEZ-
MATEOS et al., 2014). Estudos vém sendo realizados para entender melhor as atividades
bioldgicas dos flavonoides e suas aplicacBes, e revelam que estes possuem efeitos anti-
inflamat6rios (WIDLANSKY et al., 2005), anticancer (ARAFA et al., 2009), antidiabéticos
(BAHADORAN et al., 2013), antibacterianos (PIMENTEL et al., 2013), antioxidantes (RICE-
EVANS et al., 1996; PIETTA, 2000).

Tendo em vista, os beneficios que podem trazer, em especial, pela sua capacidade de
atuar como antioxidante, flavonoides estdo sendo utilizados como aditivos em formulacGes de
dietas para peixes. Em um estudo realizado por Pés et al. (2016), jundias alimentados com dieta
contendo o flavonoide quercetina nas concentracfes 1.5 g e 3 g/kg de dieta, apresentaram niveis
diminuidos de LPO, em todos os tecidos avaliados, aumento da atividade das enzimas
antioxidantes SOD, CAT, GPx e GST e do conteudo de tiois ndo-proteicos, capacidade
antioxidante total e &cido ascorbico em encéfalo, branquias, figado, rim e masculo. Em um
estudo de Li et al. (2019), foram avaliados os efeitos dos flavonoides do Allium mongolicum

nas concentragdes 10, 20 ou 40 mg/kg na dieta do peixe Chana argus, foi demonstrado que
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houve aumento no crescimento, melhora na resposta antioxidante e imune e maior resisténcia

contra a bactéria A. hydrophila.

2.6.1 Flavonoide Rutina

A rutina (3-ramnoglicosideo da 3,5,7,3°,4” pentahidroxiflavona) € um flavonoide que
pertence a classe dos flavondis, é uma substancia de cor amarelada, e pode ser amplamente
encontrada em vegetais e frutas, como por exemplo, laranja, limédo, lima péssego, maca, cha
verde, semente de uva, e trigo sarraceno, que é considerado uma importante fonte alimentar de
rutina (ATANASSOVA; BAGDASSARIAN, 2009; JANBAZ et al., 2002; YANG et al., 2008).
Seu nome vem da planta Ruta graveolens, que também contém este flavonoide
(GANESHPURKAR; SALUJA, 2017).

Classificada como um glicosideo, pois possui um aglcar na sua estrutura e a molécula
da rutina é derivada do flavonol quercetina (AHERNE; O’BRIEN, 2002). De modo geral,
guimicamente, os flavonois possuem um grupo hidroxila na posicao 3 do anel C, mas no caso
da rutina, ocorre a presenca de um dissacarideo rutinose na posicdo 3 deste anel aromatico
(Figura 7) (PANCHE et al., 2016; MARTINEZ-FLOREZ et al., 2002).

Figura 7 — Estrutura do flavonoide rutina

Fonte: Adaptado de Ghorbani (2017), p. 306.

A rutina é absorvida mais lentamente do que a molécula da qual deriva, a quercetina,
devido a porgdo de agucar contida em sua estrutura, mas ela é totalmente hidrolisada por

enzimas intestinais e bactérias da microflora digestiva em quercetina 3-glicosidica e quercetina
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aglicona, que sdo moléculas menores, melhores absorvidas e metabolizadas (HOLLMAN;
KATAN, 1997; WALLE, 2004; MARCARINI, 2013).

Por possuir ampla variedade de efeitos biologicos, a rutina vem sendo estudada em
diversas areas. Segundo Ghorbani (2017), a rutina possui propriedades antidiabéticas, por atuar
melhorando o perfil glicémico e lipidico em ratos diabéticos tipo 1, pela administracdo oral de
rutina 50 ou 100 mg/kg, diminuindo significativamente os niveis de glicose em jejum,
possivelmente por inibir enzimas envolvidas na digestao de carboidratos.

De acordo com Orhan et al. (2010), a rutina demonstrou possuir atividades
antibacteriana e antifungica contra cepas padrdo de Pseudomonas aeruginosa, Acinetobacter
baumannii, Staphylococcus aureus e Candida krusei. A rutina também foi capaz de inibir o
crescimento das bactérias Escherichia coli, Proteus vulgaris, Shigella sonnei e Klebsiella sp
(ARARUNA et al., 2012; PIMENTEL et al., 2013).

O efeito neuroprotetor também tem sido investigado, como no estudo de Javed et al.
(2012), no qual em ratos, apds indugdo de inflamagdo com a inje¢do intracerebroventricular de
estreptozotocina, a rutina demonstrou reduzir a neuroinflamacao, através do aumento do status
antioxidante endogeno e inibicao do déficit comportamental, peroxidacéo lipidica e marcadores
inflamatorios.

A fim de investigar seu efeito anti-apoptético, a rutina foi administrada de forma
profilética via oral nas doses de 75 e 150 mg/kg de peso corporal em ratos com inflamacéo renal
induzida por cisplatina. Foi observado um efeito benéfico da rutina, sua acéo foi mediada pela
inibicdo da apoptose de células tubulares mediadas por caspase 3 e das vias do NF-KB e TNF-
a, que estdo envolvidas na ativacéo de citocinas inflamatérias (ARJUMAND et al., 2011).

A rutina extraida de Toona sinensis administrada em camar®es brancos (Litopenaeus
vannamei) nas doses 10, 20 ou 50 mg/g demonstrou aumentar a resisténcia contra o patégeno
Vibrio alginolyticus, ao diminuir os niveis de glicose, lactato e lipidios (HSIEH et al., 2008).
Em um estudo feito em ratos a administracdo de rutina via oral nas doses de 25, 50 ou 100
mg/kg, melhorou pardmetros de imunidade celular e humoral, houve aumento nos niveis de
imunoglobulinas e o funcionamento dos leucécitos foi restaurado (GANESHPURKAR;
SALUJA, 2017).

A maioria dos efeitos biologicos da rutina, € atribuida principalmente a sua potente
atividade antioxidante (GULLON et al., 2017) que se da pela sua agdo como “scavenger” de
radicais livres e como quelante de metais de transigdo, pela sua capacidade de doar elétrons
para radicais livres reativos, convertendo-os em espécies mais estaveis (YANG et al., 2008).

Essa capacidade antioxidante é devida principalmente a presenca de anéis fenolicos e grupos
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hidroxila livres na estrutura quimica, que poderiam doar hidrogénio para evitar mais oxidacdo
(CHUA, 2013).

Nazeri e colaboradores (2017) verificaram aumento das atividades das enzimas SOD e
CAT em trutas arco-iris alimentadas com rutina na dose de 1 mg/kg de dieta e oxitetracicilina
(OTC) na dose 75 mg/kg de peso corporal, quando comparadas ao grupo onde foi adicionado
apenas OTC na ragdo. Em um estudo de Pés et al. (2016), a rutina (1.5 g ou 3 g/kg de dieta) na
dieta de jundias diminuiu a LPO, aumentou a atividade das enzimas SOD, CAT e GST, além
de aumentar os niveis dos antioxidantes ndo-enzimaticos GSH e acido ascérbico. Em
camundongos com lesdo renal aguda induzida por lipopolissacarideo via intraperitoneal (10
mg/kg), a administracdo via oral de rutina (50 ou 200 mg/kg), reduziu niveis séricos de
creatinina e restaurou os niveis renais de MDA e glutationa (GSH), e a atividade da SOD e
CAT, além disso, também houve reducdo significativa das citocinas inflamatorias
(KHAJEVAND-KHAZAEI et al., 2018).
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3 OBJETIVOS

3.1 OBJETIVO GERAL

Avaliar o possivel efeito protetor da dieta contendo rutina no musculo de jundias
infectados com A. hydrophila.

3.2 OBJETIVOS ESPECIFICOS

- Analisar as possiveis alteragdes inflamatorias no masculo de jundias dos grupos
controle, rutina 0,15%, A. hydrophila, rutina 0,15% + A. hydrophila;

- Verificar se ha inducéo de apoptose nos diferentes grupos experimentais;

- Analisar o estado redox da glutationa nos diferentes grupos experimentais;

- Avaliar a possivel formacéo de dissulfetos mistos nos diferentes grupos experimentais;

- Avaliar a sintese de GSH nos diferentes grupos experimentais;

- Determinar a provavel dano oxidativo aos lipidios nos diferentes grupos
experimentais;

- Verificar a possivel alteracdo da resposta antioxidante nos diferentes grupos

experimentais.
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Abstract

This research aimed to assess the influence of dietary addition of rutin on inflammation,
apoptosis and antioxidant responses in muscle of silver catfish (Rhamdia quelen) challenged
with Aeromonas hydrophila (A. hydrophila). For this purpose, fish were split into four groups
as follows (in triplicate, n = 12): control, 0.15% rutin, A. hydrophila, 0.15% rutin + A.
hydrophila. After 2 weeks of feeding with standard or rutin diets, fish were challenged with A.
hydrophila for 1 week or received sterile saline. The animals were then anesthetized with
eugenol and euthanized to collect muscle. The histological analysis reveals that the dietary
addition of rutin abrogates A. hydrophila induced-hemorrhage and inflammatory infiltration.
Accordingly, it also reduces A. hydrophila induced-myeloperoxidase activity. Dietary addition
of rutin decreases A. hydrophila induced-apoptosis through decreasing the ratio of Bax to Bcl-
2 and increasing phospho-Akt to Akt ratio, as showing by Western blotting analysis.
Accordingly, it also diminishes the A. hydrophila induced-rise in nitric oxide and superoxide
anion levels and reestablishes superoxide dismutase activity. Furthermore, although such
treatment is unable to recover the levels of reduced glutathione (GSH), cysteine and glutamate
cysteine ligase, which are depleted as a result of A. hydrophila infection, it diminishes the
oxidized glutathione (GSSG) content, thus decreasing GSSG to GSH ratio, a marker of
oxidative stress. Dietary addition of rutin also increases cysteine residues of proteins and
diminishes those of thiol-protein mixed disulfides, whose levels were changed after A.
hydrophila challenge. Finally, it reduces A. hydrophila induced-lipid peroxidation, measured
as lipid hydroperoxides and thiobarbituric acid reactive substances; markedly elevates ascorbic
acid and also reestablishes total antioxidant capacity, whose levels were decreased after A.
hydrophila challenged. In conclusion, the dietary addition of rutin at 0.15% improves the A.
hydrophila-induced inflammation, inhibits A. hydrophila-induced apoptosis and promotes cell
survival. It also reduces the A. hydrophila-induced oxidative stress and stimulates the
antioxidative responses, thus protecting the lipids against the oxidative damage in muscle of A.
hydrophila-infected silver catfish. Therefore, the dietary addition of rutin might be considered
an important approach to protect the muscle, an important focus of immune reactions, during a
challenging situation in silver catfish, as A. hydrophila infection.

Keywords: rutin, inflammation, apoptosis, antioxidant, Aeromonas hydrophila, silver catfish.
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1 Introduction

Fish often suffer from several stress factors during modern intensive culture, as grading,
transportation and others [1]. Such stressors can compromise their defense mechanisms,
increasing their susceptibility to various pathogens [2], including Aeromonas hydrophila (A.
hydrophila) [3]. A. hydrophila is a ubiquitous, free-living, Gram-negative motile bacilli [3]. It
IS an opportunistic pathogen infecting fish under stressful conditions, resulting in huge losses
in farmed and feral fishes including silver catfish (Rhamdia quelen), which is a fast-growing

species native to South Brazil with great economic importance [4-7].

Gill and skin rot, fatal hemorrhagic septicemia are features of A. hydrophila-induced
infection. Chen and Lu [8] using a green fluorescent protein as a marker, that wounds in these
two tissues, gill and skin, are the main routes of entry for A. hydrophila, which is able to adhere
and proliferate on the body surface of Crucian carp (Carassius auratus gibelio), invading the
muscle. It was shown that A. hydrophila reduces the non-specific immune responses in fish [9—
12], leading to inflammation [13-17], apoptosis [10,11,18] and oxidative damage [9-12], thus

decreasing fish resistance to pathogen infection and their survival rate [9-12].

The traditional application of antibiotics has partial success in the management of this
disease, since it triggers drug resistant strains in such pathogens [3]. It is well known that
nutritional approaches are essential to alleviate disease among farmed fish since they could
stimulate their immune system, thus abrogating their inflammatory responses [19]. It was
shown that the utilization of diets containing antioxidants as reduced glutathione (GSH) [9],
ascorbic acid (AA) [11], a-tocopherol [12], a-lipoic acid [20], quercetin [21,22] and rutin
[23,24] is an emerging trend increasing worldwide, since it produces little side effects, reduces
costs [3].

Indeed, as Hsieh et al. [25], rutin from Toona sinensis stimulates innate non-specific
immune response and enhances the survival rate of Vibrio alginolyticus-challenged white
shrimp (Litopenaeus vannamei). Moreover, rutin from Sesbania grandiflora exhibits
antibacterial properties in fish meat [26]. The flavonoid rutin (quercetin-3-O-rutinoside) is
found in most plant species, including passion flower, buckwheat, tea and apple [27]. Rutin has
been shown to be beneficial to aquatic organisms, since it also improves antioxidant [23,28]
and anti-inflammatory responses in fish [24]. However, it is unknown how rutin acts in response

to a challenging situation in silver catfish, as A. hydrophila infection. Therefore, the main
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purpose of this research is to assess the influence of dietary addition of rutin at 0.15% on
inflammation, apoptosis and antioxidant responses in muscle of silver catfish challenged with
A. hydrophila.

2 Materials and methods

2.1 Fish and culture conditions

Silver catfish (150.6 £ 25.5 g, 22.8 + 2.7 cm) fishes from a local producer were randomly
distributed in 12 polypropylene tanks (250 I), 10 fish per tank, and acclimated for 2 weeks, with
constant aeration, daily watering and siphoning. The water parameters were checked daily
(temperature: 21.1 +0.10°C, dissolved oxygen: 6.87 +0.18 mg I, total ammonia:
2.73 £ 0.3 mg I}, nitrites: 0.81 + 0.08 mg I'}) or weekly (pH: 7.1 + 0.09). Ethics Committee
on the Use of Animals of the Universidade Federal de Santa Maria (UFSM) approved the
experimental protocol (#8135140917).

2.2 Diets

Diets were prepared according to Pés et al. [23]. For this purpose, the ingredients were weighed
and subsequently mixed until complete homogenization. After mixing, the diets were
moistened, pelleted in a meat grinder and taken to a forced air circulation oven for drying for
24 h at 55°C. The composition of the standard diet is showed in Table 1. Rutin at 0.15% was
added in the diets at together with the rice bran. Silver catfish were fed twice daily at 8 a.m. and

7 p.m. for 3 weeks in an amount fixed in 3% of the biomass of each tank.

2.3 Challenge with A. hydrophila

A. hydrophila isolate was obtained from a naturally infected silver catfish. Silver catfish were
inoculated intramuscularly with 0.1 ml of A. hydrophila solution (1.5x10° CFU ml?;
OD600=1.2) on the right lateral-dorsal side. Uninfected fish received the same dose of sterile

saline through the same route. The challenge test was conducted for 1 week.
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2.4 Experimental design

Fish were split into four groups as follows (in triplicate): (1) control, (2) 0.15% rutin, (3) A.
hydrophila, (4) 0.15% rutin + A. hydrophila. After 2 weeks of feeding with standard or 0.15%
rutin diets, fish were infected with A. hydrophila or received sterile. At the end of the
experimental period, fish were anesthetized with 50 mg ml™* eugenol and euthanized to collect
muscle. The samples were kept in sterile plastic tubes, frozen in liquid nitrogen and stored at -
80°C for further analyzes.

2.5 Assays

2.5.1 Histology

Tissue samples were fixed in 10% formaldehyde, processed, embedded in paraffin and stained
with Goldner’s trichromium to detect morphological changes. Tissue sections were observed
through the Axio Scope.Al microscope (Zeiss, Jena, Germany) and photographed using
Axiocam 105 color coupled digital camera (Zeiss, Jena, Germany). A quantitative analysis was
performed for the inflammatory infiltrate; for this purpose, the images were divided into twelve
quadrants of 3500 pm2. On the other hand, for hemorrhage, the analysis was done assigning
scores from 0 to 4, dividing the images into six quadrants of 6350 pm?. ImageJ software was

utilized to analyze both measurements.

2.5.2 Myeloperoxidase

Tissue samples were homogenized with 0.5% hexadecyltrimethylammonium bromide
in 50 mM phosphate buffer pH 6.0 and afterwards submitted to three cycles of freezing and
thawing. They were then incubated at 60°C for 2 h and spin down at 15000 g for 15 min at
room temperature [29]. The supernatants were used in the assay. It was carried out in a plate
through the addition of sample aliquots to 1.6 mM 3,3°,5,5’-tetramethylbenzidine (TMB) and
0.3 mM H20z. The plates were incubated at 37°C for 5 min and the reaction was stopped by the
addition of 0.8 N H>SO4. The absorbance was measured at 450 nm. All spectrophotometric

measurements using plates were made in a plate reader FlexStation 3 Multi-Mode Microplate
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Reader (Molecular Devices, Sunnyvale, USA). The myeloperoxidase activity (MPO) was
calibrated against horseradish peroxidase standards and expressed as mU g tissue™t. One MPO

unit was defined as the amount of the oxidized TMB in one minute [30].

2.5.3 Western blotting

Tissue samples were homogenized with lysis buffer containing 25 mM HEPES buffer
pH 7.4, 75 mM NaCl, 0.75 mM magnesium chloride, 0.5 mM EDTA, 5% glycerol, 0.5%
Nonidet-P40, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride (PMSF) and
centrifuged at 15000 g for 15 min at 4°C. The supernatants were used in the assay. Protein
levels were measured using Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham,
USA). Proteins (30 pg) were separated through electrophoresis using 10, 12 and 14% sodium
dodecyl sulphate-polyacrylamide gels. They were then transferred to nitrocellulose membranes
through a TE77 Semi-Dry Transfer Unity (GE Healthcare, Chicago, USA). The non-specific
protein-binding sites were blocked through the membrane incubation with 5% bovine serum
albumin for 1 h under agitation at room temperature. The membranes were managed for
immunodetection using anti-phospho-Akt (Ser473) (Cell Signaling Technology, Danvers,
USA), anti-Akt (Cell Signaling Technology, Danvers, USA), anti-Bax (Santa Cruz
Biotechnology, Santa Cruz, USA), anti-Bcl-2 (Santa Cruz Biotechnology, Santa Cruz, USA)
and anti-catalytic subunit of glutamate cysteine ligase (GCLc) antibodies (Abcam, Cambridge,
UK). They were revealed through chemiluminescence utilizing Clarity™ Western ECL Botting
Substrates (Biorad, Hercules, USA) using a ChemiDoc™ XRS+ System (Biorad, Hercules,

USA). Ponceau S staining was applied to normalize the results from each membrane.

2.5.4 Superoxide anion

Tissue sections were placed in vials and incubated with a buffer containing 20 mM
HEPES pH 7.4, 119 mM NaCl, 4.6 mM potassium chloride, 1 mM magnesium sulfate, 0.15
mM disodium phosphate, 0.4 mM potassium phosphate, 5 mM sodium bicarbonate, 1.2 mM
calcium chloride, 5.5 mM glucose and also 0.1 mM nitro blue tetrazolium at 37°C for 2 h. The
reaction was stopped by the addition of 0.5 N HCI. The absorbance was measured at 540 nm.

All spectrophotometric measurements using cuvettes were made in a T60 UV-visible
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spectrophotometer (PG Instruments Limited, Leicestershire, UK). The superoxide anion (O2*)

levels were expressed as nmol min? g tissue™? using €=0.072 mM™cm™ [31].

2.5.5 Cysteine

Tissue samples were homogenized with ice-cold 5% 5-sulfosalicylic acid and
centrifuged at 15000 g for 15 min at 4°C [32]. The supernatants were used in the assay. It was
performed through the addition of sample aliquots to tubes containing acetic acid and ninhydrin
reagent in concentrated acetic acid and HCI. The tubes were heated in a boiling-water bath for
10 min. They were then rapidly cooled on ice and the contents of the tubes were diluted with
95% ethanol. The absorbance was measured in cuvettes at 560 nm. The cysteine levels were

calibrated against cysteine hydrochloride standards and expressed as umol g tissue™ [33].

2.5.6 Reduced and oxidized glutathione

Tissue samples were split into two parts. First, one part was homogenized with ice-cold
50 mM Tris buffer pH 8.0, 31 mM N-ethylmaleimide. The homogenates were incubated at for
2 min at room temperature, precipitated adding 6% TCA and centrifuged at 14000 g for 2 min
at room temperature. The supernatants were extracted with three volume of dichloromethane,
incubated for 5 min at room temperature and centrifuged at 14000 g for 30 s. The supernatants
were used for the analysis of oxidized glutathione (GSSG). It was carried out by the addition
of sample aliquots to a cuvette containing 200 mM phosphate buffer pH 7.4, 0.1 mM 5,5’-
dithiobis (2-nitrobenzoic acid) (DTNB), 9.5 uM NADPH, 2.5 U ml* glutathione reductase
(GR). The absorbance was recorded at 412 nm for 1 min. After the initial 1-min reading, 0.1
uM GSSG was added to the cuvette and the absorbance was measured at 412 nm for 1 additional
minute. The GSSG levels were expressed as pmol g tissue™ and calculated as follows: Calculate
S = slope sample — slope blank; Calculate St = (slope sample + GSSG) — slope sample; GSSG
= S X [GSSG¢]/St x 49.5 (sample dilution in the cuvette) x 2 (dilution due to the acidification),
where [GSSG(] is the final concentration of standard GSSG in the cuvette (0.1 uM). Finally,
the other part was homogenized with ice-cold 7.5% trichloroacetic acid (TCA). The
homogenates were incubated at room temperature for 2 min and centrifuged at 14000 g for 2
min at room temperature. The supernatants were used for the determination of total glutathione.

It was performed though the addition of sample aliquots to a cuvette containing 200 mM
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phosphate buffer pH 7.4, 0.1 mM DTNB, 9.5 uM NADPH, 2.5 U mI* GR. The absorbance was
recorded at 412 nm for 1 min. The GSH levels were calibrated against GSH standards. They
were obtained through subtracting the measured amounts of GSSG (multiplied by 2, since in
the recycling method one molecule of GSSG is reduced to two molecules of GSH) from the

levels of total glutathione. Results were expressed as pmol g tissue™ [34].

2.5.7 Cysteine residues of proteins and thiol-protein mixed disulfides

Tissue samples were homogenized with ice-cold 100 mM sodium phosphate buffer pH
7.5, 2.5 mM EDTA. The homogenates were precipitated adding 6% TCA and centrifuged at
7000 g for 4 min at room temperature. The pellets and supernatants were used for the analysis
of thiol-protein mixed disulfides (PSSX) and of cysteine residues of proteins (PSH),
respectively [35]. First, for PSSX analysis, the pellets were washed with 1.5% TCA and
centrifuged at 7000 g for 4 min at room temperature. The samples were resuspended with 200
mM sodium phosphate buffer pH 7.4, 1 mM EDTA and 1 N NaOH was added to bring pH 8.2-
8.4. The samples were incubated for 30 min under agitation at room temperature and
precipitated with 6% TCA. They were centrifuged at 7000 g for 4 min at room temperature.
The supernatants were used in the assay. It was carried out by the addition of sample aliquots
to a cuvette containing 200 mM sodium phosphate buffer pH 7.4 and 0.16 mM DNTB. The
absorbance was measured at 410 nm. The PSSX levels were expressed as umol g tissue™ using
£=13.64 mM™cm™. Finally, for PSH determination, the supernatants were precipitated with 6%
TCA and centrifuged at 7000 g for 4 min at room temperature. The pellets were washed twice
with 1.5% TCA, centrifuged at 7000 g for 2 min at room temperature and resuspended in 200
mM sodium phosphate buffer pH 7.4. 10 mM DNTB was added to the samples that were
incubated for 10 min under agitation at dark at room temperature and afterwards centrifuged at
7000 g for 5 min at room temperature. The supernatant aliquots were then added to a cuvette
containing 100 mM sodium phosphate. The absorbance was recorded at 410 nm. The PSH

levels were expressed as pmol g tissue™ using £=13.64 mM*cm™,

2.5.8 Lipid peroxidation

Lipid peroxidation was assessed using two techniques: lipid hydroperoxides (LOOH)
and thiobarbituric acid reactive substances (TBARS) [36]. First, for LOOH determination,
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tissue sample were homogenized with ice-cold 100% methanol and centrifuged at 1000 g for 5
min at 4°C. The supernatants were used in the assay. It was performed by the addition of sample
aliquots to tubes containing the following reagents, which were added in the subsequent order:
0.25 mM iron sulfate, 0.05 N H2SO4, 0.1 mM xylenol orange and water. The samples were
incubated for 1 h at room temperature. The absorbance was recorded in cuvettes at 580 nm. A
further addition of 8 uM hydrogen peroxide (H202) was then made. The samples were again
incubated for 40 min at room temperature and the absorbance was read at 580 nm. The LOOH
levels were expressed as nmol g tissue™® using the following formula: A580 nm sample/A580
nm 8 nmol H20z) x 8 nmol H20, x 1000/V1 X 6, where V1 is the volume of sample aliquot used
in the assay and the factor “6” presumes a 1:5 (w/v) methanolic homogenate. Finally, for
TBARS determination, tissue samples were homogenized with ice-cold 1.1% phosphoric acid
and centrifuged at 1000 g for 5 min at 4°C. The supernatants were used in the assay. It was
performed by the addition of sample aliquots to tubes containing 1.4% phosphoric acid and
solution composed of 0.4% thiobarbituric acid, 20 mM NaOH and 40 uM butylated
hydroxytoluene. The tubes were heated in a boiling-water bath for 45 min. They were rapidly
cooled on ice and then butanol was added. Finally, the tubes were vortexed and centrifuged at
1000 g for 5 min at room temperature. The organic layer was removed and placed in a cuvette.
The absorbance was measured at 532 nm. The TBARS levels were expressed as nmol g tissue’

! using e=156 mMtcm™,

2.5.9 Ascorbic acid

Tissue samples were homogenized with 4% TCA. The homogenates were incubated for
5 min at room temperature and centrifuged at 1000 g for 5 min at 4°C. The supernatants were
then incubated with acid-washed norit, thoroughly vortexed and filtrated. The filtrates were
used in the assay. It was carried out by the addition of sample aliquots to tubes containing 0.13%
thiourea and 0.2% 2.,4’-dinitrophenylhydrazine. It was incubated for 3 h at 37°C. The tubes
were placed in ice water bath and 32N H>SO4 was slowing added. They were incubated for 30
min at room temperature. The absorbance was measured in cuvettes at 540 nm. The AA levels

were calibrated against AA standards and expressed as umol g tissue™ [37].

2.5.10 Nitric oxide
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Tissue samples were homogenized with ice-cold 50 mM Tris buffer pH 7.5, 2 mM
EDTA, 150 mM NaCl, 0.5% Nonidet-P40 and 1 mM PMSF. The homogenates were
centrifuged at 1000 g for 10 min at 4°C and the supernatants obtained were kept at -80°C until
use. They were used in all analyzes that will be described below. Nitric oxide (NO) levels were
measured as nitrites and nitrates. Nitrites were measured in plates through the addition of
sample aliquots to Griess reagent. The absorbance was recorded at 550 nm. The nitrite levels
were calibrated against sodium nitrite standards. Nitrates were determined as total nitrite (sum
of pre-existing nitrite and nitrite derived from nitrate) through the conversion of nitrate to nitrite
using Aspergillus nitrate reductase (NR). It was performed in plates by the addition of sample
aliquots to a reaction mixture containing 70 mM Tris buffer pH 7.5, 2 uM NADPH, 1 mM
glucose 6-phosphate, 0.3 U ml* glucose 6-phosphate dehydrogenase and 0.1 U ml* NR. The
plates were incubated for 30 min at room temperature. Then, they were incubated with Griess
reagent for 10 min at room temperature. The absorbance was measured at 550 nm. The nitrate
levels were calibrated against sodium nitrate standards. Results were expressed as umol g
tissue? [38].

2.5.11 Antioxidant enzymes

Total superoxide dismutase (SOD) was assayed through the addition of sample aliquots
to a cuvette containing 50 mM glycine buffer pH 10.2 and 1 mM epinephrine pH 2.0. The
absorbance was recorded at 480 nm at 30°C for 1 min. Its activity was expressed as USOD ¢
tissue using e=4 mM™cm™. One SOD unit was defined as the amount of the enzyme required
for 50% inhibition of the adrenochrome formation [39]. GR assay was performed by the
addition of sample aliquots to a cuvette containing 200 mM sodium phosphate buffer pH 8.0,
10 mM EDTA and also 2.5 mM GSSG and 0.1 mM NADPH. The absorbance was recorded at

340 for 1 min. Its activity was expressed as mmol g tissue™! using e= 6.22 mM*cm™ [40].

2.5.12 Total antioxidant capacity

A solution containing 5 mM 2,2’-azobis (2-amidinopropane) dihydrochloride (AAPH)
and 0.15 mM 2,2’-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) in 20 mM
phosphate buffer pH 7.0 was incubated for 50 min at 45°C. The resulting solution was

afterwards rapidly cooled on ice and kept at 4°C until use. The assay was carried out by the
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addition of sample aliquots to plates containing the ABTS-APPH solution at 22°C. The
absorbance was recorded at 734 nm for 1 min. The total antioxidant capacity assay (TAC) was

calibrated against AA standards and expressed as pmol g tissue™ [41].

2.6 Statistical analysis

The statistical analysis was made using the software Statistica™ (Statsoft, Tulsa, USA).
Levene’s Test was used to evaluate the data homogeneity. The data were compared through
two-way ANOVA followed by Tukey-Kramer Multiple Comparisons Test. Results are reported

as mean * standard error and the differences were considered to be significative at P <0.05.

3 Results

3.1 Inflammation

A. hydrophila triggers a markedly increase in hemorrhage (Fig. 1A and 1B) (P <0.05)
and inflammatory infiltrate levels in muscle of silver catfish (Fig. 1A and 1B) (P <0.05). The
dietary addition of rutin reduces hemorrhage (Fig. 1A and 1B) (P <0.05) and inflammatory
infiltrate contents in muscle of A. hydrophila-infected silver catfish (Fig. 1A and 1B) (P <0.05).
Similar to the histological analysis, the dietary addition of rutin abrogates the A. hydrophila-
induced MPO activity in muscle, a marker of inflammatory infiltrate (Fig. 1C) (P <0.05).
However, although reduced, these MPO values are still higher than those of the control (Fig.
1C) (P <0.05).

3.2 Apoptosis

A. hydrophila increases the content of the proapoptotic protein Bax (Fig. 2A) and
reduces the levels of the anti-apoptotic protein Bcl-2 (Fig. 2A), thus increasing the ratio of Bax
to Bcl-2, an indicator of cell apoptosis (Fig. 2A) (P <0.05). It also reduces phospho-Akt to Akt
ratio in muscle of silver catfish (Fig. 2B) (P <0.05). The dietary addition of rutin decreases Bax
content (Fig. 2A), thus reducing the ratio of Bax to Bcl-2 (Fig. 2A) (P <0.05). It also increases
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phospho-Akt to Akt ratio, a marker of cell survival, in muscle of A. hydrophila-challenged
silver catfish (Fig. 2B) (P <0.05).

3.3 Superoxide anion, superoxide dismutase and nitric oxide

A. hydrophila triggers a rise in NO (Fig. 3A) (P <0.05) and O>*" levels (Fig. 3B) (P
<0.05) and a reduction in SOD activity in muscle of silver catfish (Fig. 3C) (P <0.05). The
dietary addition of rutin decreases NO content (Fig. 3A) (P <0.05) and increases SOD activity
in muscle of A. hydrophila-infected silver catfish (Fig. 3C) (P <0.05).

3.4 Glutathione redox status, glutathione synthesis and thiol-protein mixed disulfides

A. hydrophila induces GSH depletion (Fig. 4A) (P <0.05) and a rise in the levels of its
oxidized form, GSSG (Fig. 4B) (P <0.05), thus increasing the ratio of GSSG to GSH, an
indicative of oxidative stress (Fig. 4C) (P <0.05). It also triggers a decrease in GR activity (Fig.
4D) (P <0.05), a rise in PSSX content (Fig. 4E) (P <0.05) and a reduction in PSH levels (Fig.
4F) (P <0.05). Furthermore, A. hydrophila leads to a decrease in cysteine (Fig. 5A) (P <0.05)
and GCLc contents in muscle of silver catfish (Fig. 5B) (P <0.05). The dietary addition of rutin
does not recover GSH (Fig. 4A) (P <0.05), cysteine (Fig. 5A) (P <0.05) and GCLc levels (Fig.
5B) (P <0.05); however, it markedly augments GR activity to values higher than control (Fig.
4D) (P <0.05). Rutin-added diet diminishes GSSG (Fig. 4B) (P <0.05) and, thus, the ratio of
GSSG to GSH; nevertheless, although decreased, this GSSG to GSH ratio is still higher than
that of the control (Fig. 4C) (P <0.05). It also reduces PSSX content (Fig. 4E) (P <0.05).and
increases PSH levels in muscle of A. hydrophila-challenged silver catfish (Fig. 4F) (P <0.05).

3.5 Lipid peroxidation and non-enzymatic antioxidant responses

A. hydrophila increases lipid peroxidation content, measured as LOOH (Fig. 6A) (P
<0.05) and TBARS (Fig. 6B) (P <0.05). Moreover, it also induces a decrease in AA (Fig. 6C)
(P <0.05) and TAC levels in muscle of silver catfish (Fig. 6D) (P <0.05). The dietary addition
of rutin reduces LOOH (Fig. 6A) (P <0.05) and TBARS content (Fig. 6B) (P <0.05) as well as
markedly elevates AA (Fig. 6C) (P <0.05) and reestablishes TAC levels (Fig. 6D) (P <0.05).

Furthermore, as illustrated in Table 2, it rises AA to TAC ratio in muscle of silver catfish.
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4 Discussion

Previous studies from our research group reported that the dietary addition of flavonoids
as rutin [23] and also quercetin is important for stimulating the antioxidative responses in brain,
gill, liver, kidney and muscle of silver catfish [21]. Our group also exhibited that the dietary
addition of quercetin plays an essential role in protecting muscle against oxytetracycline-
induced oxidative stress, being useful in minimizing the adverse effects in fish requiring
treatment with this antibiotic [22]. Now, the current investigation reveals at the first time that
the dietary addition of rutin at 0.15% improves the inflammation, apoptosis and antioxidative
responses in muscle of silver catfish challenged with A. hydrophila. Furthermore, muscle was
chosen as a target of this research since it was recognized as is an important focus of immune
reactions in fish during pathogen infection. In addition to the classical immune tissues that are
involved in the innate immunity (including head kidney, spleen and skin), muscle, which makes
up more than 50% of total body mass of fish, produces several immune-response factors, as

recently reported by Valenzuela et al. [42].

The histological analysis used in this investigation demonstrated that A. hydrophila
triggers the infiltration of inflammatory cells and hemorrhage in muscle of silver catfish.
Inflammatory infiltration was also observed in gill, liver, head kidney and spleen of channel
catfish (Ictalurus punctatus) [15] and mandarin fish (Siniperca chatsi) infected with A.
hydrophila due to a strong up-regulation of tnf-« and il-8 gene expression [17]. Indeed, it was
shown that pro-inflammatory cytokines are involved in the innate immune responses,
inflammation and apoptosis during A. hydrophila infection in fish [10-12]. Furthermore, areas
of hemorrhage were seen in muscle, head kidney, spleen of channel catfish [14] and liver of A.
hydrophila-challenged grass carp (Ctenopharyngodon idella) [16]. All changes observed in the
present research are abrogated by dietary addition of rutin, suggesting that it exerts an anti-
inflammatory effect. Zheng et al. [24] described that the mechanism by which rutin regulates
the anti-inflammatory response in liver of tilapia (Oreochromis niloticus) involves the
regulation of the innate system through the inhibition of pro-inflammatory genes as tnf-¢;, il-15

and il-8 and also the induction of anti-inflammatory genes including il-10 and ifn-y.

Besides demonstrating the presence of inflammatory infiltrate by histology, the current
research also shows that MPO activity, a marker of inflammatory infiltration, is elevated in

muscle of silver catfish after A. hydrophila challenge. Accordingly, Das et al. [13] exhibited an
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increase in MPO activity and O>* production in A. hydrophila-infected olive barb (Puntius
sarana), being proposed that both changes result from the initial inflammatory response to
protect fish from the bacteria damage. Furthermore, it was reported that the antimicrobial
mechanism of defense of fish relies upon the production of O2* and other bactericidal agents,
as MPO.

In addition to the increase of O»* production, this investigation also noticed that NO
levels are raised in muscle of silver catfish after A. hydrophila challenge. Banerjee et al. [18]
established that NADPH oxidase mediates the O»*" generation during A. hydrophila-induced
apoptosis in head kidney macrophages of walking catfish (Clarias batrachus). It was coupled
with NF-«xB activation. Moreover, these authors described that O2*" modulates inducible nitric
oxide synthase-induced NO production via NF-xB, causing mitochondrial dysfunction, caspase
activation and apoptosis. The present research observed that A. hydrophila challenge also
induces apoptosis in muscle of silver catfish, suggesting that it can be caused through the
formation of O*" (in combination with the decrease in SOD activity), and, consequently, NO.
Such changes are abolished by dietary addition of rutin. Accordingly, Chung et al. [43]
described that polyphenols as caffeic acid and also Trolox protect gills of rainbow trout

(Oncorhynchus mykiss) from NO-induced apoptosis in vitro.

Apoptosis was evidenced in this study through Western blotting analysis. It shows that
Akt phosphorylation is suppressed, Bax is induced and Bcl-2 is inhibited in muscle of silver
catfish after A. hydrophila challenge. Brumatti et al. [44] exhibited that apoptosis is initiated
through direct activation of Bax and neutralization of anti-apoptotic Bcl-2. Such proteins act as
central regulators of apoptosis through promoting or blocking changes in mitochondrial
permeability and the consequent release of pro-apoptotic factors and activation of caspases.
Accordingly, it has been shown that A. hydrophila induces apoptosis in head kidney, spleen and
skin of grass carp via mitochondrial pathway: induction of Bax and suppression of Bcl-2
[10,11]. It was inhibited by the addition of a methionine analogue [10] and AA in the diets [11]

for 8 and 10 weeks, respectively.

The current research also showed that the dietary addition of rutin promotes cell survival
and represses A. hydrophila-induced apoptosis in muscle of silver catfish, since it induces Akt
phosphorylation, inhibits Bax and upregulates Bcl-2. The anti-apoptotic action of rutin was
established through in vivo model of myocardial ischemia-reperfusion-induced apoptosis in rats

[45] and in vitro models of H20-induced apoptosis in HO9C2 [45] and Leydig cells [46], where
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such compound inhibits apoptosis through reducing Bax to Bcl-2 ratio and active caspase-3
expression. Rutin also promotes cell survival, through the activation of the PKB/AKkt signal
pathway, abrogating the decrease in the levels of phospho-Akt induced by H20- in both in vitro
models [45,46]. The PKB/Akt pathway plays an essential role in inhibiting cell apoptosis and
promoting survival. Akt, once activated, is able to phosphorylate different molecules that
contribute to the suppression of apoptosis. It can phosphorylate and inactive Bad (a protein that
binds and inhibits Bcl-2 function) [44].

Apoptosis has been linked to glutathione oxidation [47]. The present investigation
demonstrated that A. hydrophila challenge causes GSH depletion in muscle of silver catfish.
Accordingly, various studies found that the reduction of GSH levels in immune organs is a
concern in A. hydrophila-infected grass carp. However, these authors did not determine either
GSH redox status or GSH production [10-12]. GSH is produced from its constituent amino
acids (glutamate, cysteine and glycine) forming a tripeptide thiol. Such synthesis requires two
steps: the first is catalyzed by GCL and the second is mediated by GSH synthetase. The activity
of GCL, a rate-limiting enzyme, and the availability of cysteine play a key role for GSH
formation [48]. So, for the first time, current research indicated that a reason that can explain
the depletion of GSH levels is the impairment in its synthesis, since it is observed a diminution
in the cysteine levels and an inhibiton in GCLc expression in muscle of A. hydrophila-
challenged silver catfish. Pan et al. [10] just hinted that this might be happening, since they
exhibited that a diet deficient in methionine, a precursor of cysteine, causes GSH depletion in
head kidney and spleen of A. hydrophila-infected grass carp.

For the first time as well, the present study reported that the other reason for GSH
depletion during A. hydrophila challenge is the oxidation of GSH to GSSG, increasing the ratio
of GSSG to GSH in muscle of silver catfish, leading to oxidative stress, which is well known
for limiting immune responses in fish [10-12]. As Sies et al. [47], the augmented GSSG to
GSH ratio also reflects changes in redox signaling. Accordingly, Lu [48] described that during
oxidative stress, cysteine residues in proteins can be oxidized to sulfenic acid and react with
GSH to form protein mixed disulfides including S-glutathionylation. This reversible post-
translational modification has a great importance in redox regulation and can activate or
inactivate protein function [35,49]. The present investigation, using a spectrophotometric
technique, evidenced for the first time that A. hydrophila diminishes the concentration of
cysteine residues of proteins, which can be oxidized and are found engaged in thiol-protein

mixed disulfides, whose levels are raised in the muscle of silver catfish. Mixed disulfides act



47

as a biological redox switch in the regulation of signal transduction and metabolic pathways
[50]. It was shown, for example, that S-glutathionylation leads to endothelial nitric oxide
synthetase uncoupling, induces oxidative stress and O°*" anion production, promoting a pro-
oxidant response in aortic rings from rats [51]. Therefore, we consider that in a future work will
be important to recognize the protein targets that suffer this post-translational modification to

assess the impact of this change during A. hydrophila infection.

Besides GSH, other non-enzymatic antioxidants include polyphenols, uric acid, o-
tocopherol and AA [47]. TAC is a method that permits to estimate the power of total non-
enzymatic antioxidants to counteract oxidative stress-induced cell damage [52]. a-Tocopherol
is a chain-breaking antioxidant in lipid peroxidation, generating o-tocopheroxyl [47]. The
reconversion of such radical to a-tocopherol forms dehydroascorbic acid, the oxidized form of
AA, which is reduced through the action of GSH [49]. The current research revealed that in
addition to GSH depletion, A. hydrophila also triggers a decrease in AA levels and,
consequently, TAC indexes in muscle of silver catfish. It also induces oxidative damage to
lipids, which is evidenced through increased levels of LOOH and TBARS, initial and final
products of lipid peroxidation, respectively. Accordingly, lipid peroxidation and GSH depletion
were also detected in liver and immune tissues of A. hydrophila-challenged grass carp fed with
diets deficient in GSH [9], AA [11] and a-tocopherol [12].

The present study reported that the dietary addition of rutin diminishes oxidative stress,
since it decreases GSSG to GSH ratio and mixed disulfides formation through decreasing GSSG
accumulation via GR activity in muscle of A. hydrophila-infected silver catfish. GR, an enzyme
that recycles GSSG to GSH, is found elevated in muscle of A. hydrophila-challenged silver
catfish fed with rutin-added diet; however, it does not seem to be enough to enhance GSH
levels. A mechanism that can explain such effect is that the dietary addition of rutin does not
stimulate GSH synthesis, which remains impaired in muscle of A. hydrophila-challenged silver
catfish. Nevertheless, the current investigation showed that the dietary addition of rutin impedes
lipid peroxidation and AA loss in muscle of A. hydrophila-infected silver catfish, attributing
the reestablishment of membrane integrity and also the restoration of TAC indexes to the rise
of the AA levels, as seen through the increase in the AA to TAC ratio. Xu et al. [11] described
the central role of AA for antioxidant, anti-inflammatory and anti-apoptotic responses in fish.
These authors showed that an AA-added diet avoids oxidative stress, inflammation and

apoptosis in immune tissues of A. hydrophila-challenged grass carp. Furthermore, a research
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from our group demonstrated that dietary addition of rutin for 3 weeks diminishes lipid
peroxidation and elevates AA content in brain, gill, liver, kidney and muscle of silver catfish
by about 100%, thus enhancing TAC [23]. The interaction between rutin and AA was described
in previous studies. For example, as Clemetson and Andersen et al. [53], rutin and quercetin
possess potent antioxidant potential towards AA, decreasing its oxidation in vitro. Furthermore,
it was shown that rutin potentiates the antilipoperoxidant effect of AA in human erythrocytes
[54] and channel catfish fillet [28].

Therefore, in conclusion, the dietary addition of rutin at 0.15% improves the A.
hydrophila-induced inflammation trough reducing hemorrhage and inflammatory infiltrate
levels. It also inhibits A. hydrophila-induced apoptosis by decreasing NO and O2*" levels, the
species that trigger this process; activating PKB/Akt pathway; and diminishing Bax to Bcl-2
ratio, so promoting cell survival. Finally, it reduces the A. hydrophila-induced oxidative stress,
since it decreases the GSSG to GSH ratio and mixed disulfides formation. It also stimulates the
antioxidative responses, increasing AA levels, and, subsequently, TAC, thus reducing the
oxidative damage to the lipids of the muscle of A. hydrophila-challenged silver catfish.
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Figure legends

Fig 1. Effects of rutin on inflammation in muscle of A. hydrophila infected-silver catfish.
Representative images of Goldner’s trichromium histological staining in muscle sections of A.
hydrophila infected-silver catfish fed with rutin-added diet. Hemorrhage (arrow) and inflammatory
infiltrate (asterisk) are shown in A. hydrophila-infected silver catfish (A). Quantitative analysis of
hemorrhage and inflammatory infiltrate found in muscle sections of fish belonging to the different
experimental groups. The number of fishes per group was 4 (B). MPO activity in muscle homogenates
of fish belonging to the different experimental groups The number of fishes per group was 12 (C).
Results are expressed as mean = standard error. The statistical difference is indicated as follows: 2P
<0.05 versus control, P <0.05 versus A. hydrophila, °P <0.05 versus rutin. Abbreviations: MPO,

myeloperoxidase.

Fig 2. Effects of rutin on apoptosis in muscle of A. hydrophila infected-silver catfish. Representative
images of Western blotting of Bax and Bcl-2 and densitometry analysis of Bax to Bcl-2 ratio (A)
phospho-Akt(Ser436) and Akt and densitometry analysis of the ratio of phospho-Akt(Ser436) to Akt
(B) in muscle homogenates of A. hydrophila infected-silver catfish fed with rutin-added diet. Ponceau
S staining was used as loading control. The number of fishes per group was 4. Results are expressed as
mean + standard error. The statistical difference is indicated as follows: 2P <0.05 versus control, °P

<0.05 versus A. hydrophila, °P <0.05 versus rutin.

Fig 3. Effects of rutin on apoptotic triggers in muscle of A. hydrophila infected-silver catfish. NO
(A), Ox levels (B) and SOD activity (C) in muscle homogenates of A. hydrophila infected-silver catfish
fed with rutin-added diet. The number of fishes per group was 12. Results are expressed as mean =+
standard error. The statistical difference is indicated as follows: 2P <0.05 versus control, °P <0.05 versus

A. hydrophila. Abbreviations: NO, nitric oxide; O,", superoxide anion; SOD, superoxide dismutase.

Fig 4. Effects of rutin on glutathione redox status and thiol-protein mixed disulfide in muscle of
A. hydrophila infected-silver catfish. GSH (A), GSSG levels (B), GSSG/GSH*1000 ratio (C), GR (D),
PSSX (E) and PSH levels (F) in muscle homogenates of A. hydrophila infected-silver catfish fed with
rutin-added diet. The number of fishes per group was 12. Results are expressed as mean =+ standard error.

The statistical difference is indicated as follows: 2P <0.05 versus control, °P <0.05 versus A. hydrophila;
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°P <0.05 versus rutin. Abbreviations: GSH, reduced glutathione; GSSG, oxidized glutathione; GR,

glutathione reductase; PSSX, thiol-protein mixed disulfides; PSH, cysteine residues of proteins.

Fig 5. Effects of rutin on glutathione synthesis in muscle of A. hydrophila infected-silver catfish.
Cysteine levels in muscle homogenates of A. hydrophila infected-silver catfish fed with rutin-added diet.
The number of fishes per group was 12 (A). Representative images of Western blotting of GCLc and its
densitometry analysis in muscle homogenates of fish belonging to the different experimental groups.
Ponceau S staining was used as loading control. The number of fishes per group was 4 (B). Results are
expressed as mean + standard error. The statistical difference is indicated as follows: 2P <0.05 versus
control, °P <0.05 versus A. hydrophila, °P <0.05 versus rutin. Abbreviations: GCLc, catalytic subunit of

glutamate cysteine ligase.

Fig 6. Effects of rutin on lipid peroxidation and non-enzymatic antioxidant responses in muscle of
A. hydrophila infected-silver catfish. LOOH (A), TBARS (B), AA (C) and TAC levels (D) in muscle
homogenates of A. hydrophila infected-silver catfish fed with rutin-added diet. The number of fishes per
group was 12. Results are expressed as mean =+ standard error. The statistical difference is indicated as
follows: 2P <0.05 versus control, "P <0.05 versus A. hydrophila; °P <0.05 versus rutin. Abbreviations:
LOOH, lipid hydroperoxides; TBARS, thiobarbituric acid reactive substances; AA, ascorbic acid; TAC,
total antioxidant capacity.
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Highlights

¢ Rutin improves A. hydrophila-induced inflammation in muscle of silver catfish.
¢ Rutin reduces A. hydrophila-induced apoptosis, promoting cell survival.

e Rutin decreases oxidized to reduced glutathione ratio in infected fish.

¢ Rutin is unable to recover glutathione synthesis in infected fish.

¢ Rutin improves A. hydrophila-induced damage and antioxidant responses.



64

Table 1. Formulation (%) of the experimental standard diet.

Ingredients (%)
Meat and bone meal 35
Soybean meal 30
Corn 15
Rice bran 12
Canola oil 3
Salt 1
Phosphate dicalcium 1
Vitamins and minerals (premix)* 3

*Vitamin and mineral mixture (security levels per kilogram of product) — folic acid: 250 mg,
pantothenic acid: 5000 mg, antioxidant: 600 mg, biotin: 125 mg, cobalt: 25 mg, copper: 2000
mg, iron: 820 mg, iodine: 100 mg, manganese: 3750 mg, niacin: 5000 mg, selenium: 75 mg,
vitamin A: 1000000 Ul, vitamin B1: 1250 mg, vitamin B12: 3750 mcg, vitamin B2: 2500 mg,
vitamin B6: 2485 mg, vitamin C: 28000 mg, vitamin D3: 500000 Ul, vitamin E: 20000 Ul,
vitamin K: 500 mg; zinc: 17500 mg.
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Table 2. Effects of rutin on TAC index in muscle of 4. hydrophila infected-silver catfish: its
relationship with GSH and AA levels.

Control Rutin A. hydrophila  Rutin+ A. hydrophila
GSH to TAC ratio 0.005 0.005 0.001 0.001
AA to TAC ratio 0.094 0.092 0.041 0.075
Abbreviations: GSH, reduced glutathione; AA, ascorbic acid; TAC, total antioxidant capacity.
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5 CONCLUSOES

A adicdo de rutina na dieta protegeu o musculo de jundias infectados com A. hydrophila,
uma vez que reduziu a inflamacéo e a apoptose. Além disso, embora esta dieta ndo tenha sido
capaz de aumentar a sintese de GSH, ela atenuou o estresse oxidativo induzido por A.
hydrophila, visto que diminuiu a razdo GSSG/GSH e a formagéo de dissulfetos mistos, e
estimulou a resposta antioxidante, reduzindo, assim, o dano oxidativo aos lipidios. Portanto, a
adicdo da rutina na dieta dos peixes € uma opc¢do economicamente viavel e pode ser interessante
a fim de preservar o musculo, um importante foco de rea¢Ges imunes, durante situaces
desafiadoras. Visto que certas praticas comuns na aquicultura podem ocasionar o surgimento
de doencas, as quais poderiam ser disseminadas para humanos através do consumo de filé de

jundia contaminado.
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ANEXO A - ESQUEMA DO PROTOCOLO EXPERIMENTAL

h=12

Controle

Rutina

A. hydrophila

Rutina + A.

hydrophila

—

14 dias:
inoculacao

21 dias:
eutanasia
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ANEXO B - NIVEIS DE HEMORRAGIA
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