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NOTA EXPLICATIVA

Esta dissertacdo € apresentada em formato alternativo, como artigo cientifico para
publicagdo, de acordo com as normas do Programa de Poés-Graduagdo em
Farmacologia da Universidade Federal do Parana. A dissertacdo consta de uma
revisdo bibliogréfica e justificativa do trabalho e um artigo cientifico com os
experimentos realizados, resultados e discussdo, além da concluséo sintetizando os

achados do mesmo.



RESUMO
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A ansiedade € altamente prevalente em individuos com diabetes, sendo que os
tratamentos atuais ndo sé@o totalmente eficazes no alivio dos sintomas de ansiedade
e frequentemente pioram o quadro glicémico. Tem sido sugerido que um aumento
desregulado na producéo de 6xido nitrico (NO) pode contribuir com a fisiopatologia
gue associa ansiedade e diabetes. Portanto, o melhor entendimento desses
mecanismos juntamente com a procura por tratamentos mais eficazes séo
extremamente urgentes. Assim, o presente estudo avaliou o efeito do tratamento
cronico com o Oleo de peixe (OP), uma fonte de acidos graxos poli-insaturados
omega-3 (AGPI-w3) que tem mostrado efeitos benéficos sobre respostas
emocionais, assim como o0 envolvimento da via nitrérgica nas respostas
comportamentais relacionadas com a ansiedade em animais diabéticos. Para este
fim, um tratamento prolongado (4 semanas) e preventivo com OP (0, 1 ou 3 g/kg;
gavagem) foi realizado antes dos animais tornarem-se diabéticos por injecdo de
estreptozotocina (DBT; 60 mg/kg; i.p.) e o tratamento continuou até completar 8
semanas, quando os animais foram submetidos aos seguintes testes de ansiedade —
labirinto em cruz elevado (LCE) e transicdo claro/escuro (TCE). A seguir, uma
imunohistoquimica para oOxido nitrico sintase neuronal (NNOS) foi executada em
regides cerebrais relacionadas a ansiedade, como a amigdala (AMI), hipocampo
(HIP; regido CA3) e substancia cinzenta periaquedutal dorsolateral (dIPAG). Por fim,
para um melhor entendimento do envolvimento da via nitrérgica, animais DBT
tratados com OP receberam antes dos testes de ansiedade uma injecdo do
precursor do NO L-arginina (200 mg/kg, i.p.) ou do inibidor da nNOS 7-NI (10 mg/kg,
i.p.). Como esperado, os animais DBT tratados com veiculo (VEI), quando
comparado aos animais normoglicémicos (NGL) tratados com VEI, mostraram uma
resposta do tipo ansiosa mais pronunciada quando submetidos aos testes de
ansiedade, a qual foi completamente prevenida pelo tratamento crénico com OP (3
g/kg; gavagem). Além disto, o tratamento foi capaz de prevenir o prejuizo da
atividade locomotora e controlar os altos niveis de glicemia dos animais DBT. Em
relacéo aos niveis de nNOS, o tratamento com OP também foi capaz de prevenir a
expressdo elevada de nNOS na AMI, HIP e dIPAG observados nos animais DBT
tratados com VEI. Reforcando o envolvimento do NO no efeito tipo ansiolitico,
ambas as drogas administradas previamente (L-arginina e 7-NI) aboliram o efeito
ansiolitico induzido pelo tratamento com OP. De modo geral, nossos dados
suportam a hipdtese de que uma desregulacdo na producdo de NO em areas
encefadlicas como AMI, HIP e dIPAG pode contribuir com mecanismos
fisiopatoldgicos que associam a ansiedade e diabetes; e a prevencdo da alteracéo
na expressdo de nNOS no encéfalo induzido por um tratamento preventivo
prolongado com OP pode ser um mecanismo importante relacionado ao seu efeito
do tipo ansiolitico.

Palavras-chave: diabetes, ansiedade, 6leo de peixe, 6xido nitrico sintase neuronal,
oxido nitrico.



ABSTRACT

Anxiety is highly prevalent in individuals with diabetes, and current treatments are not
totally effective in relieving anxiety symptoms and often impair the glucose control.
An overproduction of nitric oxide (NO) may contribute with the pathophysiology that
links anxiety and diabetes. Thus, the better understanding of the mechanisms
involved along with the search for more effective treatments are extremely urgent.
The present study evaluated the effect of preventive chronic treatment with fish oil
(FO), a source of omega-3 polyunsaturated fatty acid (PUFA-w3), and the
involvement of nitrergic pathway on behavioral responses related to anxiety in
diabetic animals. For that, prolonged treatment (4 weeks) with FO (0, 1 or 3 g/kg;
gavage) was performed before the animals become streptozotocin-diabetic rats
(DBT; 60 mg/kg; i.p.) and the treatment continued until complete 8 weeks when
animals were submitted to the following anxiety tests — elevated plus maze (EPM)
and light/dark box (LDB). Next, an immunohystochemistry for neuronal NO synthase
(nNOS) was performed in brain areas related to anxiety, lateral amygdala (AMY),
hippocampus (CA3 region; HIP) and dorsolateral periaqueductal gray (dIPAG).
Lastly, to better understand the involvement of the nitrergic pathway, DBT animals
treated with FO received before the anxiety tests an injection of L-arginine (200
mg/kg, i.p.), a NO precursor, or 7-nitroindazole (10 mg/kg, i.p.), @ nNOS inhibitor. As
expected, DBT animals treated with vehicle (VEH), when compared to
normoglycemic (NGL) animals treated with VEH, showed a more pronounced
anxious-like response when tested in the anxiety tests, which was completely
prevented by chronic FO (3g/kg; gavage) treatment. Moreover, this treatment was
able to prevent the impairment on locomotor activity and control the high glycaemia
levels from DBT animals. Interestingly, FO treatment was capable of preventing the
high expression of nNOS in the AMY, HIP and dIPAG observed in VEH-treated DBT
animals. Reinforcing the NO involvement in the anxiolytic-like effect, the previous
treatment with both L-Arginine and 7-NI abolished the anxiolytic-like effect induced by
FO treatment. Altogether, our data support the hypothesis that a dysregulation in the
NO production in brain areas as AMY, HIP and dIPAG may contribute with the
mechanisms that link anxiety and diabetes, and the prevention of changing in the
brain nNOS expression induced by a preventive prolonged treatment with FO may be
an important mechanism related to its anxiolytic-like effect.

Keywords: diabetes, anxiety, fish oil, neuronal nitric oxide synthase, nitric oxide.
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1. INTRODUCAOQ:

1.1. DIABETES
1.1.1. Etiologia e Prevaléncia

O diabetes mellitus (DM) é um disturbio metabdlico heterogéneo, multifatorial e
cronico que surge quando had uma deficiéncia na secrecdo e/ou resisténcia a
insulina, culminando em deficiéncia relativa ou absoluta deste horménio (Brownlee,
et al. 2005). Esses fatores levam a um aumento dos niveis de glicose no sangue,
denominado de hiperglicemia, principal caracteristica da doenca. Sabe-se que a
hiperglicemia decorrente do diabetes induz o desenvolvimento de diversos disturbios
secundarios, como doencas cardiovasculares (Leiter, 2006), amputacdo dos
membros inferiores (Boulton et al., 2005), retinopatia (Kempen et al.,, 2004),
nefropatia (Stanton, 2014), dor neuropatica (Harati, 1996) e transtornos psiquiatricos,
sendo a ansiedade citada em diversos estudos (Grigsby et al., 2002; Engum, 2007;
Smith et al., 2013; Maia et al., 2014).

De acordo com a Federacgéo Internacional do Diabetes (IDF — 2016), estima-se
gue existam cerca de 415 milhdes de individuos portadores de DM no mundo. Além
disto, este niumero pode alcancar 642 milhbes de pessoas até o ano de 2040.
Porém, estima-se que 193 milhdes de pessoas com DM ainda nao foram
diagnosticadas, sendo esta parte da populacdo mais propensa a desenvolver
complicacBes. Estima-se que cerca de 5 milhdes de pessoas morreram em 2015
devido a disturbios secundarios e comorbidades do DM e foram gastos cerca de 728
bilhdes de dolares em cuidados de saude relacionados ao diabetes (IDF atlas,
2016). Estudos mostram que o aumento da prevaléncia desta doenca tem sido
relacionado principalmente com mudancas no estilo de vida das pessoas, como o
aumento do sedentarismo, da obesidade e com 0 aumento da expectativa de vida da
populacdo (Schmidt et al., 2009; Shaw et al., 2010).

1.1.2. Classificacdo, diagnostico e patofisiologia
Atualmente, o IDF (2016), classifica o diabetes em trés principais formas da
doenca: DM tipo 1 (DM1), DM tipo 2 (DM2) e DM gestacional (DMG).
O DMLl é caracterizado pela destruicdo autoimune das células B-pancreaticas,
mediados por linfécitos T CD4/CD8 e macréfagos, levando a deficiéncia na producéo

de insulina (Mathis et al. 2001; Rother, 2007). A autodestruicdo destas células inicia-
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se meses a anos antes do aparecimento dos primeiros sintomas de hiperglicemia, tal
que cerca de 70 a 90% das células B ja foram destruidas nesta fase (Voltarelli et al.
2009). Essa forma de DM possui um forte componente genético, sendo que nas
Ultimas décadas varios loci foram identificados (Atkinson and Eisenbarth, 2001;
Masharani et al. 2007). No entanto, varios estudos tém demonstrado que diversos
fatores ambientais podem desencadear a apoptose das células 3, como infec¢des
virais, fatores alimentares (aditivos alimentares, consumo do leite de vaca, gluten),
poluentes (Hathout et al. 2006), entre outros (Butalia et al., 2016). Estes fatores de
risco ajudariam a explicar o aumento da incidéncia deste tipo de DM nos ultimos
anos (3 a 5% ao ano), excedendo pela primeira vez o numero de meio milhdo de
individuos jovens (0-14 anos) com este distirbio (Chiang et al. 2014; IDF atlas,
2016). Entretanto, o DM1 acomete cerca de 7-12% da populacdo com diabetes e
anteriormente era conhecido como insulinodependente ou diabetes juvenil, por surgir
antes dos 30 anos de idade (Associacdo Americana de Diabetes, 2007; IDF atlas,
2016); porém, individuos de qualquer faixa etaria podem ser acometidos com a
doenca, tal que a maioria dos individuos com DM1 sdo adultos (Vehik et al. 2007,
Barat et al. 2008; Chiang et al. 2014; IDF atlas, 2016).

O DM2 apresenta maior incidéncia entre os pacientes diabéticos, atingindo 90%
dos casos, caracterizado principalmente pela resisténcia a acdo da insulina,
diminuindo a captacao de glicose em tecidos dependentes deste horménio, como o
figado, musculos e adipdcitos. A resisténcia a acao deste horménio é definida como
uma resposta biolégica subnormal a certa concentracdo desta, decorrente de uma
deficiéncia no mecanismo de sinalizacdo da insulina, que visa regular o nivel de
acucar na corrente sanguinea. Diante disso, os tecidos perdem a sensibilidade a
acao da insulina e, consequentemente, a concentracdo de glicose sanguinea
aumenta (Beardsall et al., 2006; Campbell et al., 2011; Karagiannis et al., 2012).
Essa resisténcia leva a uma hiperinsulinemia compensatdria e diminuicdo da
degradacédo de glucose por tecidos periféricos, continuando por meses ou anos,
resultando na disfuncéo e reducdo das células 3 pancreaticas (Mclellan et al., 2007;
Surampudi et al., 2009). Esta forma do DM, que acomete pacientes com idade igual
ou superior a 40 anos, esta relacionada ao excesso de peso concomitante a uma
reducdo na préatica de exercicios fisicos. Atualmente, tem sido cada vez mais
frequente o surgimento de DM2 em criangas e adolescentes devido ao estilo de vida

sedentario e alteragbes na dieta, como 0 aumento do consumo de alimentos ricos



13

em gorduras saturadas e acucares (Zimmermann e Aeberli, 2005; Aeberli et al.,
2009; Wilson, 2013; Ramkumar e Tondon, 2013; Peplies et al., 2016). Cabe ainda
ressaltar que o tratamento com insulina ndo é essencial, mas pode ser necessario
para um melhor controle metabdlico, uma vez que a perda da funcéo das células
ocorre progressivamente (Mathis et al., 2001; Skyler et al., 2009).

O DMG é caracterizado pela diminuicdo da tolerancia a glicose decorrente de
uma deficiéncia na acao da insulina. O diagndstico ocorre pela primeira vez durante
a gestacdo, sendo determinado por um leve aumento nos niveis de glicose no
sangue; diferente do DMG, gestantes com um aumento substancial de glicose no
sangue (COLOCAR GLICEMIA MINIMA) s&o classificadas como portadoras de DM
na gravidez. O DMG tende a ocorrer a partir da 242 semana de gravidez, sendo a
hiperglicemia acompanhada por sede aumentada e urinacdo frequente (IDF atlas,
2016). Uma vez que no periodo poés-gestacional ha reducdo da concentracdo
plasmatica de horménios contrainsulinicos, as necessidades maternas de insulina
diminuem, tal que a glicemia & normalizada. No entanto, as gestantes que
apresentam DMG possuem alto risco de desenvolverem DM2 posteriormente, pois 0
DMG é similar ao DM2: ambos séo associados a resisténcia a insulina assim como a
diminuicdo da funcdo das células B (Lawrence et al. 2008; Schaefer-Graf et al.,
2002; Associacdo Americana de Diabetes, 2007). Além disso, o0 DM gestacional esta
associado com o aumento de morbidade e mortalidade perinatal (Diretrizes SBD,
2009).

E bem documentado que o DM esta associado a muitas complicagdes micro e
macrovasculares, além das comorbidades ja supracitadas. Com o intuito de preveni-
las, a Associacdo Americana de Diabetes modificou em 1997 os critérios para
diagnostico do DM. Posteriormente os critérios foram aceitos pela Organizacéo
Mundial da Saude e pela Sociedade Brasileira de Diabetes. Atualmente séo trés os
critérios aceitos para o diagnéstico de DM:

1. Sintomas de poliaria (aumento do volume urinario), polidipsia (aumento de sede) e
perda ponderal de peso, acrescidos de glicemia casual acima de 200 mg/dL.
Compreende-se por glicemia casual aquela realizada a qualquer hora do dia,
independentemente do horario das refeicoes;

2. Glicemia de jejum > ou = 126 mg/dL. Em caso de pequenas elevacdes da

glicemia, o diagndstico deve ser confirmado pela repeti¢cdo do teste em outro dia;
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3. Glicemia 2 h ap6s sobrecarga oral de 75 g de glicose acima de 200 mg/dL.
(Inzucchi, 2012; Diretrizes SBD, 2009).

Sabe-se que além da doenca em si hd muitas outras condicbes patoldgicas
associadas, muitas delas decorrentes da hiperglicemia persistente nos pacientes
diabéticos. Tem sido sugerido que a hiperglicemia causa danos em diversos tecidos
por meio de varios mecanismos, dentre os quais podemos citar o aumento no fluxo
de glicose e outros agucares em tecidos independentes de insulina, através da
ativacdo da via do poliol, da hiperatividade da via hexosamina, do aumento da
formacédo intracelular de produtos finais e da expressao de receptores de glicacao
avancada (AGEs), e da ativacdo de isoformas da proteina quinase C (PKC) (Koya
and King, 1998; Brownlee, 2001). Diversas evidéncias indicam que todos esses
mecanismos culminam no aumento do estresse oxidativo, como as espécies reativas
de oxigénio (ROS) e de nitrogénio (RNS), que reagem com 0S componentes
celulares, contribuindo para o aumento da morte neuronal através da oxidacéo de
proteinas, danos no DNA e peroxidacédo dos lipideos de membrana (Mastrocola et
al. 2005; Comin et al. 2010). Além de danificar a funcdo destas moléculas, o
estresse oxidativo também pode desencadear uma série de respostas celulares,
incluindo a ativacdo da PKC, do fator nuclear de transcricdo kappa B (NF-kB) e c-
Jun N-terminal quinases (JNK — quinases associadas ao estresse) (Brownlee, 2001).
A ativacdo impropria destas moléculas reguladoras pode ter efeitos deletérios nas
funcdes celulares, podendo contribuir na patogénese de varias complicacdes
vasculares do diabetes, como anormalidades na funcdo das células endoteliais e
vasculares da musculatura lisa, assim como no sistema de coagulacdo (Kashihara et
al. 1992; Suzuki et al. 2001; Gupta et al. 2002). Além da producdo de ROS
aumentada, 0os mecanismos antioxidantes intracelulares (atividade da glutationa
peroxidase) estdo reduzidos. Evidéncias sugerem que a superproducdo continua de
NO e o consequente aumento do seu metabdlito (peroxinitrito) também contribui
para os danos macrovasculares e microvasculares, tal que estudos identificaram a
presenca de peroxinitrito tanto em animais quanto em humanos em tecidos como
rins, vasos sanguineos, retina, coracdo e nervos periféricos, tal como no plasma
(Pacher et al. 2007). Também tem sido sugerido que o peroxinitrito formado pelas
NO sintases em vasos sanguineos de individuos com DM2 pode ser um mediador
dos efeitos citotoxicos da hiperglicemia (Du et al. 2001). Portanto, pode-se inferir que

a persisténcia do estado hiperglicEémico € o fator primario desencadeador de
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complica¢cdes macrovasculares, microvasculares, bem como neuronal no individuo
diabético (Ferreira et al., 2011).

Além do exposto acima, estudos relatam que a hiperglicemia decorrente do
diabetes induz diversos danos neuronais relacionados com encefalopatias diversas,
bem como com o surgimento de doencas neuropsiquiatricas como depressao,
disfungéo cognitiva (devido a atrofia cerebral, principalmente nas areas subcorticais),
aumento na responsividade ao medo e ao estresse, demonstrados por um aumento
na atividade do eixo HPA e transtornos de humor e de ansiedade (DeGroot et al.,
2001; Chan et al., 2003; Lin et al., 2008; Roriz-Filho et al., 2009; Anderson et al.,
2002), sendo esta ultima o principal foco de interesse do presente estudo.

1.1.3. Modelo experimental do diabetes tipo 1 induzido por estreptozotocina

A estreptozotocina (STZ) foi primeiramente isolada a partir de uma bactéria do
solo, denominada Streptomyces achromogenes, sendo um antibiético com atividade
de amplo espectro (Reusser, 1971; Xiang et al., 2010). Dentre os diversos quimicos
disponiveis para induzir o diabetes, a STZ € o modelo de preferéncia quando se
procura mimetizar o DM de humanos em modelos animais, pois as alteracdes
observadas em nivel funcional e bioquimico no modelo do diabetes induzido por STZ
lembra alteracbes que usualmente aparecem no DM em humanos, tal que o modelo
experimental adotado no presente estudo induziu o DM1, foco de nosso estudo.
Portanto, este modelo €& considerado clinicamente relevante no estudo da
patogénese do diabetes e suas comorbidades em modelos animais (Eleazu et al.,
2013). Quimicamente, a STZ € um antibiotico hidrofilico de natureza glicosamina-
nitrosuréia (sendo uma molécula similar a glicose), com meia-vida curta que varia de
5 a 15 minutos (Lenzen, 2008; Lee et al., 2010; Goud et al., 2015). O acumulo da
STZ ocorre preferencialmente nas células [ pancredticas através dos
transportadores de glicose do tipo GLUT2, expressos na superficie das células 3
pancreaticas resultando na citotoxicidade destas e induzindo o estado diabético
experimental, decorrente da diminuicdo da secrecdo de insulina (Karunanayake et
al., 1976; Szkudelski, 2001; Eleazu et al., 2013).

O acumulo intracelular da STZ forma um agente alquilante, diazometano (DAM),
gue causa metilacdo do DNA e provoca uma acao diabetogénica (Lenzen, 2008).

Ainda mais, as alquilacbes de bases nitrogenadas quando reparadas causam
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alteracbes no metabolismo de células B por acarretarem diminuicdo celular de
nicotinamida adenina dinucleotideo (NAD) e consequentemente de adenosina
trifosfato (ATP). Assim, este esgotamento da energia celular resulta, em Ultima
analise, em necrose das células B pancreaticas (Bolzan e Bianchi, 2002; Delfino et
al., 2002). A principal complicagdo decorrente da destruicdo destas células é a
hiperglicemia, que ativa véarios processos, tais como o aumento dos niveis de
NADPH, quer por auto-oxidacao da glicose ou pela producéo de diacilglicerol (DAG),
ativacao da via PKC, fluxo de glicose através da via metabdlica do poliol, acimulo
de produtos de glicagdo avancada e secrecao de citocinas (Gonzalez et al., 2000b;
Giacco e Brownlee, 2010). Todos esses eventos produzem ROS, causando um
desequilibrio entre ROS e a defesa antioxidante enddgena, levando ao estresse
oxidativo, que além de ser uma caracteristica proeminente do diabetes induzido por
STZ, leva as complicacbes do diabetes (Bonnefont-Rousselot, 2002; Ceriello, 1997,
King e Loeken, 2004). Interessante que a administragdo da STZ como modelo de
diabetes induzido experimentalmente se justifica pela alta capacidade de mimetizar
guadros patolégicos observados em pacientes diabéticos como poliuria, polifagia e
hiperglicemia (Ramanadham et al., 1989; Goyary e Sharma, 2010).

De interesse para 0 nosso estudo, varias evidéncias mostram que ratos com o
diabetes induzido por STZ apresentam um comportamento do tipo ansioso mais
pronunciado, quando comparado com animais nao diabéticos (Can et al. 2011; Aksu
et al. 2012; Ates et al. 2014; Gupta et al. 2014; Gambeta et al., 2016). E importante
mencionar que, apesar dos efeitos deletérios que a STZ causa per se em varios
orgaos, os efeitos comportamentais ndo s&do causados diretamente por este
composto, mas sim pelos mecanismos citados acima, devido ao fato de que a
barreira hematoencefalica ndo possui o0 transportador GLUTZ2, impossibilitando a
absorcdo da STZ. A desestabilizacdo da barreira hematoencefalica é causada pelo
processo inflamatério como consequéncia da hiperglicemia, lembrando que a STZ é
degradada bem antes de tal fato acontecer devido ao seu curto tempo de meia-vida
(Kumagai, 1999; Rebolledo-Solleiro et al., 2016).
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1.2. OXIDO NITRICO

O NO foi primeiramente identificado nos anos 80 como um fator de relaxamento
derivado do endotélio no sistema cardiovascular
(http://www.nobel.se/medicine/laureates/1998/press.html), tal que estudos
posteriores demonstraram que o NO também exerce um papel importante no
sistema nervoso central (SNC) sob condicdes fisiologicas (Garthwaite et al., 1988,
Bredt et al., 1990; Shibuki & Okada, 1991) e patoldgicas (Dawson et al., 1991;
Dawson et al., 1992). O NO é um gas soluvel que possui 0 menor peso molecular de
qualquer produto secretado por células de mamiferos (neurdnios, células endoteliais
e macrofagos), e por isto difunde-se livremente pelas membranas plasmaticas, além
de sua expressdo ser desencadeada sob demanda. Por esta razdo, diferente de
outros neurotransmissores, este gas de meia-vida curta ndo € armazenado em
vesiculas sinapticas, nem lancado por processos de exocitose (Yun, 1997; Wei et
al., 2003; Prast e Philippu, 2001). Quanto a importancia do NO, ele age tanto como
um neurotransmissor ou como mensageiro secundario, envolvendo-se em
numerosas funcdes fisiologicas como a regulacdo do sistema cerebrovascular,
plasticidade sinaptica, e agindo como modulador no comportamento agressivo, de
aprendizado e percepc¢ao da dor; sendo assim, pode- se dizer que a especificidade
de suas reacfes € minima (Ceylan et al., 2011; Esplugues, 2002). Sabe-se que o NO
é formado estequiometricamente com a citrulina durante sua conversao enzimatica
da L-arginina por uma familia de enzimas denominadas 6xido nitrico sintases (NOS)
(Gally et al., 1990; Moncada et al., 1991; Guix et al., 2005).

A familia das NOS é composta por trés isoformas, as quais foram nomeadas de
acordo com o tipo celular onde foram primeiramente identificadas e séao
predominantemente expressas: a NOS neuronal (nNOS), a NOS endotelial (eNOS) e
a NOS induzida (iINOS). As duas primeiras sdo expressas constitutivamente nos
neurdnios e células endoteliais, respectivamente, sendo dependentes da ligacéo
com a célcio-calmodulina (Mungrue et al., 2003). Ambas enzimas sdo ativadas em
resposta ao aumento intracelular de calcio. Em contrapartida, a ativacdo da iNOS é
independente da calcio-calmodulina e sua regulacdo depende da sintese de novo

(Ebadi e Sharma, 2003), tal que a expressao desta é desencadeada quando ha
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estimulos imunologicos ou inflamatérios nos macréfagos, astrocitos, microglia e
outra células (ladecola et al., 1995).

Apesar de todas as isoformas de NOS afetarem a sinalizacdo no cérebro, o NO
derivado da nNOS parece ser o maior responsavel sobre a modulacdo dos
processos neuronais (Amitai, 2010; Garthwaite, 2008). Uma vez que a nNOS é
fisicamente ancorada ao receptores NMDA por proteinas pos-sinapticas, 0 aumento
de calcio intracelular pela abertura dos canais NMDA apé6s a ligagdo com o
glutamato é o principal estimulo para a sintese de NO nos neurbnios (Garthwaite,
2008). Enquanto a nNOS esta presente principalmenteno citosol de neurénios, a
eNOS é encontrada abundantemente nas células do endotélio vascular, sendo esta
isoforma um importante vasodilatador endotelial, atuando na regulacdo do fluxo
sanguineo na periferia, tal como no encéfalo. Porém, ambas isoformas constitutuvas
da enzima podem atuar no cérebro como um vasodilatador para o controle da
circulacdo sanguinea, acreditando-se ser importante na preservacdo do fluxo
sangilineo em casos de isquemia cerebral (Molina et al., 2016; Duncan e Heales,
2005). Além disto, vale citar que a insulina (hormbnio em ausente no DM1) exerce
atividade modulatéria sobre a biodisponibilidade do NO, tal que esta promove o
aumento da expressdo de NO no endotélio, promovendo a dilatacdo dos vasos
(Muniyappa et al., 2012; Manrique et al., 2014). A INOS € expressa em locais com
inflamacé&o crénica, sendo primeiro identificada em macréfagos (Sagin et al., 2004;
Molina et al., 2016). O controle da expressdo da iINOS ocorre principalmente em
nivel transcricional e pos-transcricional, através de vias de sinalizacdo que envolvem
a acao dois mediadores: o NF-kB, que esta relacionado com a inducédo da NOS por
lipopolissacarideo bacteriano (LPS), e/ou proteina quinase ativada por mitégeno
(MAPK) (Alderton et al., 2001). Devido ao DM1 ser uma doenca autoimune, o
aumento do fluxo de citocinas pro-inflamatorias ativa a expressao da iNOS (Darville
e Eizirik, 1995; Ciéslak et al., 2015). Estudos reportam também que a
biodisponipilidade do NO est4 diminuida nos vasos sanguineos (sendo assim uma
das causas da ma circulacdo em pacientes diabéticos), mas estd aumentada em
algumas regides encefalicas (Ding, et al. 2000; Yagihashi, et al. 1996; Koo e Vaziri,
2003; Molina et al., 2016). Os efeitos do NO nas funcfes celulares sdo complexos e
parecem ser contraditérios, pois 0 NO pode ser tanto citotoxico quanto proteger as
células de injarias téxicas, podendo ativar ou inibir vias de transducdo de sinais e

transcricao de genes (Pfeilschifter et al., 2003). Devido ao fato do NO ser um agente
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oxidante ou redutor (dependendo do meio em que se encontra), este pode ser
rapidamente destruido pelo oxigénio, resultando em nitrito e nitrato (Kiechele et al.,
1993). Por ser um radical livre, este gas também pode reagir rapidamente com um
superoxido radical para formar uma das espécies mais reativas de todas, o
peroxinitrito, que pode causar estresse oxidativo se este ndo for devidamente
eliminado por mecanismos de defesa antioxidantes, que estdo diminuidos em
condicBes patolégicas (Ceylan et al., 2011; Steinert et al., 2010). Quanto aos efeitos
neurotoxicos causados pelo aumento de ROS, o cérebro é particularmente mais
suscetivel devido a alta demanda de oxigénio deste 6rgédo (Dringen, 2000).

O NO é um dos principais mensageiros inter/intracelular nos neurdnios do
sistema nervoso periférico e central. (Duncan e Heales, 2005). Em modelos de
excitotoxicidade, tem sido proposto que ativacdo excessiva dos receptores NMDA &
um dos mecanismos da morte celular mediada pelo NO (Contestabile, 2000). Isto
ocorre pela produgéo excessiva de NO, este podendo contribuir para um processo
denominado excitotoxicidade glutamatérgica, descrita como uma condicéo resultante
da liberacdo excessiva de glutamato e a consequente entrada de calcio no terminal
pos-sinaptico e ativagcdo da NOS calcio-dependente. Estudos também reportam a
acao modulatoria do NO sobre a liberagdo das monoaminas envolvidas nos
transtornos de ansiedade, diminuindo a concentracdo extracelular da serotonina e
dopamina no hipocampo, além de inibir a triptofano hidroxilase, enzima que participa
da sintese da serotonina. O NO possui afinidade pelos grupos sulfidrila presentes
nesta enzima, usando-os como substrato e induzindo uma nitrosilacdo na molécula;
este processo resulta na inativacao desta (Fossier, et al. 1999; Kuhn e Arthur, 1996;
Wegener, et al. 2000; Harkin, et al. 2003; Dhir, 2011).

A possivel atuacéo de inibidores da NOS constitutivas como neuroprotetores tem
sido amplamente investigada. O 7-NI tem rapido acesso ao cérebro, onde seu
mecanismo de acdo tem sido relacionado a inibicdo da nNOS e da atividade da
MAO-B, de forma reversivel (Royland et al., 1999). No entanto, a inibicdo da nNOS
por este composto é dependente da dose, tal que a inibicdo da nNOS é
inversamente proporcional a dose (Volke et al.,, 1997). Além do 7-NI, outros
inibidores da NOS tém sido investigados, como o Nnitro-L-arginina-metil-éster (L-
NAME) e o N-nitro-L-arginina (L-NOARG). O LNOARG e o L-NAME foram os
primeiros inibidores da NOS; sdo derivados da Larginina e inibem tanto a nNOS

como a eNOS; esta Ultima acao resulta em vasoconstri¢cdo e hipertenséo, o que nao
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ocorre com o 7-NI, pois este ndo inibe a eNOS (Pokk e Vali, 2002). Diferentes
autores tém obtido resultados varidveis no que se refere as doses de inibidores da
NOS necessérias para produzir um mesmo grau de inibicdo da enzima no cérebro.
De acordo com a literatura, as doses de 7-NI e L-NAME necessarias para diminuir
entre 80-90% a atividade da NOS em ratos, sdo de 20 a 100 mg/Kg e de 10 a 100
mg/Kg, respectivamente; porém, Jung e colaboradores (2012) demontraram que o 7-
NI, na dose de 10 mg/kg foi significativamente eficaz na reversdo de comportamento
tipo-ansioso induzido por estresse. JA& com o L-NOARG, verificou-se que para a
diminuicdo de 70-80% na atividade da NOS, s&o necessérias doses de 10 a 50
mg/Kg (Pokk e Vali, 2002).

1.3. ANSIEDADE

A ansiedade é uma resposta emocional normal com valor adaptativo que pode
ser observada em situacbes de perigo real ou imaginario. Porém, quando essa
resposta de ansiedade passa a ser mal adaptativa interferindo com o cotidiano,
passando a ser persistente, excessiva ou desproporcional, este comportamento
adaptativo passa a ser considerado patologico (Cryan e Sweeney, 2011). O limite
entre ansiedade “normal” e “patolégica” nao é facilmente definida por ser variavel
entre a populacdo em funcdo dos tracos de personalidade de cada individuo
(Ganellen et al., 1986; Uhlenhuth et al., 2002; Starcevic et al., 2012).

O estudo da neurobiologia da ansiedade tem englobado a avaliacdo dos
sistemas neuroanatdomico, neuroendocrino e dos neurotransmissores. Alteracdes
nesses sistemas podem decorrer por varios motivos, entre eles estdo as
experiéncias vividas, 0 meio ambiente e a predisposi¢cao genética (Barik et al., 2013;
Martin et al., 2010). Dentre as estruturas encefalicas mais relacionadas ao estudo da
ansiedade estdo o cortex pré-frontal, os nucleos da rafe e as pertencentes ao
sistema limbico, como o hipocampo, amigdala e matéria cinzenta periaquedutal
(Graeff e Zangrossi, 2010; Sokolowski e Corbin, 2012). Os sistemas de transducao
neuronial (neurotransmissores e seus receptores) mais estudados em relacdo a
ansiedade sdo o GABAégico, o glutamatérgico e o0 monoaminérgico, o Ultimo
representando o grupo dos neurotransmissores serotonina, noradrenalina e
dopamina (Barik et al., 2013; Martin et al., 2010; Mosienko, 2012; Mdhler, 2012).

Além dos neurotransmissores classicos, outras substancias que participam da
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sinalizagdo neuronial também tém sido estudadas em relacdo a ansiedade, como 0s
neuropeptideos (ex.: fator liberador de corticotropina, neuropeptideo Y) e o NO, foco
do presente estudo (Magalhaes et al., 2010; Volke et al., 1995; Zhang et al., 2010).

O NO tem sido relacionado com a modulagcdo das monoaminas NA, DA e 5-HT
(Baldwin, et.al., 2005; Nash e Nutt, 2007; Pereira, et al. 2011). Sabe-se que a 5-HT
tem um papel dual na modulacédo da ansiedade, dependendo do tipo de transtorno
de ansiedade. Segundo a teoria do papel dual da serotonina sobre a ansiedade, a
ativacdo de receptores serotoninérgicos na substancia cinzenta periaquedutal
dorsolateral (dIPAG) causaria uma inibicdo da resposta defensiva ao um perigo
receptores serotoninérgicos no coértex pré-frontal e na amigdala facilitaria a resposta
defensiva a uma ameaga distante, relacionada ao aumento da ansiedade (Graeff,
2002; Graeff e Zangrossi, 2010). Ou seja, estudos mostram que um aumento de 5-
HT, em areas encefalicas especificas, pode tanto melhorar como piorar alguns tipos
de transtornos de ansiedade (Miyata, et al. 2007; Zangrossi e Graeff, 2014). A
amigdala basolateral (BLA) € importante para a avaliacdo de individuos, objetos ou
contexto perigosos, sendo que os estimulos transmitidos ao hipocampo e por fim,
processados (LeDoux, 2000; McGaugh et al., 1993). Ambas as estruturas estéo
ligadas por diversas projecdes e sdo importantes na modulacdo de respostas
autondmicas e afetivas relacionadas a dor, agressao, medo e ansiedade (Echeverry
et al., 2004). Estudos reportam a atividade do NO na modulacdo de comportamentos
relacionados a ansiedade. Echeverry e colaboradores (2004) demonstraram que o
estresse de contencdo induziu um aumento de neurdnios reativos para NADPH
diaforese, demonstrando entdo maior expressao de NO na BLA e nas regides CAl e
CA3 do hipocampo. Além disto, o envolvimento do NO na modulacdo dos
comportamentos de esquiva ativa na dIPAG tém sido bem documentado, no qual a
exposicao ao predador assim como ao labirinto em cruz elevado (LCE) ativou maior
guantidade de neurbnios nitrinérgicos nesta area encefalica. A importancia da
atividade nitrinérgica foi confirmada por estudos em que a inibicdo do NO por
manipulacdo farmacoldgica induziu um efeito ansiolitico (Guimarées et al., 1994;
Guimaraes et al., 2005), tal que doadores de NO induziram comportamentos de fuga
(De Oliveira et al. 2000). Quanto aos transtornos de ansiedade, estudos relatam que
a BLA modula o comportamento de esquiva passiva, sendo que 0 mesmo estaria

relacionado com o transtorno de ansiedade generalizada (TAG), enquanto que a
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dIPAG modula a esquiva ativa ou respostas explosivas de luta e fuga, relacionada
ao transtorno de panico (TP) (Graeff et al., 1993; Bueno et al., 2005a e b) .

Ambos os comportamentos citados acima sdo mensurados em diferentes testes
de ansiedade. No presente estudo, foram empregados testes mistos de ansiedade
gue promovem respostas condicionadas e incondicionadas relacionadas com o TP e
0 TAG, como o LCE e o teste de transicdo claro/escuro (TCE). Ambos os testes
incluem elementos de esquiva passiva e ativa ao mesmo tempo. O teste do LCE foi
introduzido por Montgomery (1955) e posteriormente validado por Pellow e
colaboradores (1985). No teste original, Montgomery (1955 a/b) documentou que
ratos exibiram sinais de medo durante exploracdo em caminhos abertos ou
elevados. J4 o teste de LCE e do TCE se baseia na aversdo inata de roedores a
espacos abertos, mesmo com variacdes de iluminacéo.

O TAG esta entre os transtornos de ansiedade mais comumente observados e
atinge uma parcela significativa da populacdo. Este transtorno pode ser debilitante,
comprometendo a vida pessoal e profissional dos pacientes, além de aumentar o
risco para o surgimento de comorbidades, como exemplo, transtornos de humor, uso
abusivo de substancias, alteracdes gastrointestinais, alteracdes cardiovasculares,
dor cronica e enxaqueca (Noyes et al., 1992; Hoen-Saric et al., 2004). Mesmo
existindo opcOes eficazes de tratamento farmacoldgico, acredita-se que muitos
pacientes com transtorno de ansiedade ndo recebam o tratamento adequado ou séo
refratarios aos tratamentos (Andreatini et al., 2001; Cryan e Sweeney, 2011; Koen e
Stein, 2011).

O TP tem sido muito abordado nas areas clinica, cientifica e de saude publica
nos ultimos anos (Associacdo Americana de Psiquiatria, 1980; Klein, 1999) e é
caracterizado por ataques de panico recorrentes, em conjunto com a preocupacao
sobre a possibilidade de ataques futuros, assim como o desenvolvimento de fobias
pode ocorrer (Klein, 1999; Roy-Byrne et al., 2006; Asmundson et al., 2014). Nestes
ataques de ansiedade, o individuo sente intenso medo e terror, desejo de fuga,
sentimento de morte iminente e perda do controle. Estima-se que a ocorréncia de
ataques de panico dura 12 meses para 11,2% dos individuos e 28.3% por toda a
vida (Kessler et al., 2005a/b).

Os medicamentos usualmente indicados para os pacientes com transtornos de
ansiedade séo os benzodiazepinicos, os quais atuam como moduladores alostéricos

positivos no sitio benzodiazepinico do receptor acido gama-aminobutirico tipo A
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(GABA-A) causando aumento da neurotransmissdo inibitéria; antidepressivos,
principalmente os inibidores da recaptacdo de serotonina (5-HT) e buspirona, um
agonista do receptor de serotonina 5-HT1A (Koen e Stein, 2011; Ravindran e Stein,
2010; Rudolph e Knoflach, 2011). Embora demonstrem eficacia, os efeitos colaterais
e muitas vezes a ineficacia destes medicamentos em consideravel parte da
populacdo dificultam a adesdo do paciente ao tratamento (Andreatini et al., 2001,
Ravindran e Stein, 2010; Koen e Stein, 2011).

No caso dos benzodiazepinicos, os principais efeitos colaterais sdo sedacao,
amnésia, abuso, dependéncia, sindrome de abstinéncia e interacdes com outros
depressores do sistema nervoso central (SNC) (Andreatini et al., 2001; Ravindran e
Stein, 2010; Koen e Stein, 2011).

Dentre os antidepressivos, a principal classe indicada é a dos inibidores
seletivos da recaptacdo de serotonina, que embora seja conhecida por causar
menos efeitos colaterais quando comparado a outras classes de antidepressivos,
como os inibidores da monoamina oxidase e os triciclicos, apresenta alta taxa de
abandono do tratamento, que pode ser decorrente da demora em iniciar sua acao
terapéutica e o fato de poder causar disfuncdo sexual e alteracdo de peso
(Andreatini et al., 2001; Ravindran e Stein, 2010; Koen e Stein, 2011).

Além disso, esses medicamentos citados ndo apresentam eficacia na totalidade
de pacientes submetidos ao tratamento. Sendo assim, alguns pacientes acabam
sendo tratados com outros farmacos, como por exemplo, a buspirona que apresenta
baixa satisfacdo dos pacientes, ou o0s antipsicéticos, que podem causar
parkisonismo, dentre outros efeitos colaterais (Andreatini et al., 2001; Ravindran e
Stein, 2010; Koen e Stein, 2011).

Recentemente foi introduzido na pratica clinica a pregabalina, que apresentou
resultados positivos no transtorno de ansiedade generalizada (Boschen, 2011). A
pregabalina liga-se a subunidade alfa2-delta dos canais de célcio voltagem
dependentes, reduzindo a entrada de calcio e consequente liberacdo de
neurotransmissor (Lotarski et al., 2011). Entretanto, 20 a 30% dos pacientes tratados
com pregabalina apresentam sedacao e tontura, podendo ainda acarretar alteracoes

cognitivas (Boschen, 2011).
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1.4. ANSIEDADE NO DIABETES

Estudos clinicos apontam que h& uma alta incidéncia de ansiedade entre
pacientes diabéticos, tal que a prevaléncia de transtornos de ansiedade é 2-3 vezes
maior em pacientes com diabetes quando comparados a normoglicémicos (Grigsby
et al., 2002; Maia et al., 2014). Ainda mais, estudos com individuos portadores de
DM1 demonstrou que a prevaléncia de sintomas de ansiedade entre esses
pacientes atinge a taxa 60%, sendo que o TAG é o mais comum (22,7%), seguido
do TP (8,2%) e fobia social (5,5%) (Maia et al.,, 2014). Esta observacao
desencadeou a hip6tese de que o desenvolvimento da ansiedade € uma
complicacdo do diabetes, aumentando sua morbidade e mortalidade (Anderson et
al., 2001; Grigshy et al., 2002; Gupta et al., 2013; Jia et al., 2014).

Todavia, a neurobiologia da ansiedade relacionada ao diabetes € pouco
entendida. Diversos estudos pré-clinicos reportam que animais diabéticos induzidos
por STZ apresentam um comportamento do tipo ansiogénico mais pronunciado
(Aksu et al., 2012; Ates et al., 2014; Gupta et al., 2014; Gambeta et al., 2016).
Muitas evidéncias apontam que este comportamento estaria associado a uma
desregulacédo area encefalica-dependente de neurotransmissores como serotonina,
dopamina e noradrenalina (Bellush et al., 1989; Ezzeldin et al., 2014; Manjarrez et
al., 2006; Miyata et al., 2004). Essas alteracdes podem estar relacionadas a uma
desregulacédo na sintese e/ou degradacdo de NO, uma vez que estudos mostram
gue o neuromodulador NO também esta desregulado em animais diabéticos (Ding,
et al. 2000; Yagihashi, et al. 1996; Koo e Vaziri, 2003). O envolvimento deste
neurotransmissor na fisiopatologia da diabetes parece ser variavel e complexo, tal
gue o aumento ou diminuicdo da enzima responsavel pela producdo deste
neurotransmissor, a oxido nitrico sintase neuronal (NNOS), tem sido documentado.
Yu e colaboradores (1999) observaram uma diminuicdo no RNA mensageiro da
NNOS no cértex e hipocampo de ratos diabéticos induzidos por STZ; em
contrapartida, a expressdo desta enzima encontra-se aumentada no nucleo
paraventricular hipotalamico, nacleo supradptico e substancia cinzenta periaquedutal
dorsolateral em ratos diabéticos (Jang, 2003; Comin, et al. 2010). Assim, pode-se
dizer que o comportamento ansiogénico mais pronunciado observado em ratos

diabéticos esta potencialmente relacionado com a expressao elevada de nNOS nas
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areas citadas acima, uma vez que o aumento do NO nestas areas esté relacionado
com os transtornos de ansiedade. (Hawkins e Davies, 2001; Comin, et al. 2010).
Baseado no exposto acima, é evidente a necessidade de maior entendimento na
fisiopatologia da ansiedade relacionada ao diabetes. Importante também ressaltar
gue os antidepressivos, que séo as drogas de primeira escolha para o tratamento da
ansiedade associada ao diabetes juntamente com ansioliticos benzodiazepinicos,
nao sao totalmente eficazes em aliviar sintomas de ansiedade nesses pacientes
(Koen e Stein, 2011). Mais ainda, um estudo reporta o diazepam, um agente
ansiolitico amplamente utilizado, demonstrou que este farmaco  reverteu
parcialmento o comportamento tipo-ansioso em camundongos diabéticos, ao ponto
gue em camundongos normoglicémicos, a droga foi mais eficaz na reversao deste
comportamento (Ramanathan et al. 1998; Kamei et al. 2001). Neste sentido, faz-se
urgente estudos focando em novos alvos terapéuticos para o tratamento da
ansiedade associada ao diabetes, sendo a suplementacdo com 6leo de peixe uma

possivel alternativa no tratamento da ansiedade associada ao diabetes.

1.5. ACIDOS GRAXOS

Os acidos graxos (AGs) sédo formados por uma cadeia de atomos de carbono
ligados a atomos de hidrogénio. Quando todos os atomos de carbono (exceto os
dois ultimos na cadeia) encontram-se ligados a atomos de hidrogénio, a gordura é
dita estar saturada. Quando dois atomos de carbono adjacentes na cadeia estédo
ligados a apenas um hidrogénio, uma dupla ligacdo (insaturacdo) ocorre entre 0s
pares de carbono, o0 acido graxo € dito estar insaturado. O nimero de insaturacfes
encontradas na cadeia carbbnica determina se o acido graxo € mono (AGMIs) ou
poliinsaturado (AGPIs). As diferentes posi¢des e quantidade de duplas ligacbes ao
longo da cadeia determinam a familia a qual este acido graxo pertence, bem como
suas diferentes propriedades quimicas, nutricionais e funcionais (Farooqui, 2009).

Os AGs classificados como essenciais sdo aqueles acidos graxos de extrema
importancia para o funcionamento do organismo (ex. participam no desenvolvimento
do cérebro, células sanguineas — eritrdcitos e leucécitos e da pele). As duas familias
de AGs essenciais sdo os pertencentes a familia Gmega 3 (w-3) e 6mega 6 (w-6),
sendo seus precursores, respectivos, o acido linoléico e o a-linolénico. Estes AGs

nao podem ser sintetizados no organismo de mamiferos, pois estes ndo possuem as
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enzimas dessaturases A12 (inser¢cdo de insaturacdo entre carbonos 3-4) e A15
(insercao entre carbonos 6-7), as quais sdo responsaveis pela sintese destes acidos
graxos poliinsaturados e, portanto, devem ser providos pela dieta. Embora né&o
possam ser sintetizados por mamiferos, os AGs essenciais podem sofrer
modificacdes relacionadas a porgdo carboxi-terminal por inser¢cées de insaturacgées,
insercdo de pares de carbonos (no reticulo endoplasmatico) ou retirada de carbonos
da cadeia (no peroxissomo). No entanto, as insaturag0es presentes na porcao metila
do acido graxo permanecem inalteradas (Curi et al., 2002). Neste contexto, acidos
graxos como linoléico (18:2n-6) e a-linolénico (18:3n-3) adquirem novas duplas
ligacbes e sofrem alongamento de cadeia, dando origem a varios outros &cidos
graxos de cadeia longa, entre eles o acido araquidbnico (AA 20:4n-6) proveniente do
acido linoléico, o acido eicosapentaenodico (EPA 20:5n-3) e acido docosahexaendico
(DHA 22:6n-3), provenientes do acido a-linolénico (Ratnayake e Galli, 2009; Wei et
al., 2010).

A dieta é considerada um fator ambiental importante no desenvolvimento de
doencas, principalmente do DM. A sociedade atual apresenta uma dieta com maior
ingestao de acidos graxos saturados, poliinsaturados w-6 e trans. A0 mesmo tempo
0 consumo de acidos graxos w-3 diminuiu consideravelmente, principalmente a dieta
do ocidente, onde a razdo w-6:w-3 esta entre 20 e 30:1. Esta reducéo no consumo
ocorreu devido a reducdo no consumo de peixe e aumento de produtos
industrializados, como carne de animais alimentados a base de graos ricos em AGs
w-6. A medida que a razdo w-6:w-3 aumenta, a incidéncia de DM2 aumenta
proporcionalmente, assim como doencas do coracdo, cancer e outras doencas
inflamatorias e autoimunes (Simopoulos, 2001). Em relacdo ao DM1, estudos
recentes relatam a compensacéao diaria de AGs w-3 iniciada no primeiro ano de vida
pode ter beneficios contra o desenvolvimento do DM1 e da autoimunidade das
ilhotas de Langerhans (Norris et al., 2007; Stene e Joner, 2003). Ainda mais,
estudos epidemiolégicos demonstram baixa incidéncia de diabetes em populacdes
com alto consumo de w-3 (De Caterina et al., 2007).

Com base nestes dados, 0 uso de suplementos alimentares ricos em AGPIs w -3
tém sido encorajados por pesquisadores no mundo todo, como forma de manter ou
melhorar a funcionalidade cerebral, bem como prevenir a deterioracdo do cérebro

frente a patologias (Grossfield et al., 2006).
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1.6. OLEO DE PEIXE, ANSIEDADE e DIABETES

O oleo de peixe (OP) € uma das fontes primérias de AGPIs w-3, como o &cido
EPA e o DHA, dois compostos presentes nos fosfolipideos encefalicos, exercendo
um papel importante na composicdo e fluidez das neuromembranas e
consequentemente possuem efeitos regulatérios em varios sistemas ou sinais de
transducédo de neurotransmissores (Yehuda et al., 2005; Parker et al., 2006). O
contetdo do DHA no cérebro é muito maior do que a quantidade de EPA, sendo o
DHA o principal constituinte dos fosfolipideos de membrana neuronais. Uma vez que
a composicao dos acidos graxos nos fosfolipideos de membrana é importante para a
configuragéo e funcao dos receptores de neurotransmissores, tem sido sugerido que
o DHA exerce um papel importante na fungéo cerebral. Estudos demonstram a
ligacéo direta deste acido graxo com um risco reduzido para a doenca de Alzheimer,
mostrando efeitos positivos sobre a cognicdo (Morris et al.,, 2003). O EPA possui
fungbes importantes como mensageiros secundarios e neuromoduladores, além de
diminuir a liberagdo de DHA a partir dos fosfolipideos de membrana (Willumsen et
al., 1996; Finnen e Lovell, 1991).

Estes compostos w-3 também possuem atividade antioxidante, tal que estudos
relatam que os niveis de NO no encéfalo de ratos diminuiram apds uma dieta com
w-3 por 14 dias (Bas, et al. 2007). Tais mecanismos antioxidantes devem-se a
eficacia do OP em eliminar radicais livres diretamente da membrana plasmatica,
assim como estimular indiretamente enzimas antioxidantes, como inferido por Singh
e colaboradores (2015); neste estudo, o tratamento crénico (90 dias) com 6leo de
peixe foi capaz de reverter danos cerebrais induzidos por estresse oxidativo,
restaurando os niveis de agentes antioxidantes enddgenos, como a superéxido
dismutase (SOD), catalase (CAT) e glutationa peroxidase (GSH), além de diminuir
eficientemente os niveis de LPO. Assim, estudos mostram que a suplementacao
com OP, que é rico nestes &acidos graxos, melhora a neurotransmissao
serotoninérgica no hipocampo e no cortex, induz efeitos antidepressivos e/ou
ansioliticos, além de efeitos neuroprotetores culminando em uma protecdo da perda
de memodria, provavelmente também pelo aumento do fator neurotréfico derivado do
encéfalo (BDNF), este importante na neurogénese e neuroplasticidade do cérebro
(Song et al., 2003; Vines et al., 2012; Pudell et al., 2014; Redivo et al., 2016).
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Além dos efeitos neuroprotetores, o OP demonstrou ser eficaz em inibir a
hiperglicemia em ratos diabéticos induzidos com estreptozocina (Linn, et al. 1989).
Estudos com ratos mostraram que este 6leo pode exercer efeitos benéficos na
fisiopatologia do diabetes, uma vez que este preveniu completametamente o
desenvolvimento da resisténcia a insulina induzido por uma dieta rica em gordura,
efeitos decorrentes da incorporacdo dos AGs w-3 nos fosfolipideos do musculo
esquelético (Storlien et al., 1987). Um estudo recente in vitro demonstrou que o
tratamento com EPA foi eficaz em inibir a peroxidagdo lipidica induzida pela
hiperglicemia, em um modelo de vesiculas lipidicas de membrana. Este efeito
antioxidante é atribuido a habilidade do EPA em bloquear a propagacdo de ROS que
se associam com os lipideos de membrana, consequentemente eliminando-os e
preservando sua estrutura e organizagao (Mason e Jacob, 2015).

Os fatos citados acima embasam a hipotese de que a alimentacado pode modular
diversas fungbes no organismo, pois neste caso, a dieta pobre em w-3 tem sido
relacionada com o aumento na incidéncia de doencas como o diabetes e

neuropsiquiatricas (Molendi-Coste et al., 2011).

1.7. JUSTIFICATIVA

Embora existam drogas disponiveis para tratamento de transtornos de
ansiedade para os pacientes diabéticos (p.ex. antidepressivos), muitos pacientes
sdo intolerantes aos efeitos adversos (0 que acarreta diminuicdo da qualidade de
vida ou abandono do tratamento), apresentam resposta insatisfatoria a estes
medicamentos ou apresentam o agravante de que muitas dessas drogas alteram a
glicemia, piorando ainda mais o quadro hiperglicémico. Portanto, a pesquisa de
compostos alternativos para o tratamento da ansiedade associada ao diabetes

adquire grande importancia.
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2. OBJETIVOS:

2.1. Objetivo geral:
Investigar o efeito do tratamento prolongado com 6leo de peixe em animais
diabéticos submetidos a diferentes testes de ansiedade avaliando o possivel

involvimento da via nitrinérgica.

2.2. Objetivos especificos:

e Avaliacdo do efeito do tratamento preventivo com 6leo de peixe (0, 1 e 3g/kg) em
animais com o diabetes induzido pela estreptozotocina (STZ) sobre as respostas
comportamentais relacionadas a ansiedade, nos testes do LCE e TCE.

e Avaliagédo do efeito da expressao de nNOS em areas relacionadas a ansiedade,
como amigdala, hipocampo e dIPAG através de IHQ.

e Avaliacdo do envolvimento da via nitrinérgica no tratamento preventivo do Oleo
de peixe em ratos diabéticos com drogas que diminuem ou aumentam a
expressdo de nNOS (7-NI e L-arginina), sobre as respostas comportamentais

relacionadas a ansiedade.
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Abstract

Anxiety is highly prevalent in individuals with diabetes, and current treatments are not
totally effective in relieving anxiety symptoms and often impair the glucose control.
An overproduction of nitric oxide (NO) may contribute with the mechanism that links
anxiety and diabetes. Thus, the better understanding of the mechanisms involved
along with the search for more effective treatments are extremely urgent. The
present study evaluated the effect of preventive chronic treatment with fish oil (FO), a
source of omega-3 polyunsaturated fatty acid, and the involvement of nitrergic
pathway on behavioral responses related to anxiety in diabetic animals. For that,
prolonged treatment (4 weeks) with FO (0, 1 or 3 g/kg; gavage) was performed
before the animals become streptozotocin-diabetic rats (DBT; 60 mg/kg; i.p.) and the
treatment continued until complete 8 weeks when animals were submitted to the
following anxiety tests — elevated plus maze (EPM) and light/dark box test (LDT).
Next, an immunohystochemistry for neuronal NO synthase (nNOS) was performed in
brain areas related to anxiety, lateral amygdala (AMY), hippocampus (CA3 region;
HIP) and dorsolateral periaqueductal gray (dIPAG). Lastly, to better understand the
involvement of the nitrergic pathway, DBT animals treated with vehicle (VEH) or FO
received before the anxiety tests an injection of L-arginine (L-Arg; 200 mg/kg, i.p.), a
NO precursor, or 7-nitroindazole (7-NI; 10 mg/kg, i.p.), a nNOS inhibitor. As
expected, DBT animals treated with VEH, when compared to normoglycemic (NGL)
animals treated with VEH, showed a more pronounced anxiogenic-like response and
presented high nNOS levels in the AMY, HIP and dIPAG. Moreover, the injection of
7-NI or L-Arg in these VEH-treated DBT animals induced an anxiogenic-like and
anxiolytic-like effect, respectively. The chronic FO treatment (3g/kg; gavage)
prevented the anxiogenic-like effect and the impairment on locomotor activity besides
improving the high glycaemia levels from DBT animals. Interestingly, FO treatment
also prevented the high nNOS levels in the AMY, HIP and dIPAG observed in DBT
animals and the previous treatment with both L-Arg and 7-NI abolished the anxiolytic-
like effect induced by FO treatment. Altogether, our data support the hypothesis that
a dysregulation in the NO production in brain areas as AMY, HIP and dIPAG may
contribute with the mechanisms that link anxiety and diabetes, and the prevention of
changing in the brain nNOS expression induced by a preventive prolonged treatment
with FO may be an important mechanism related to its anxiolytic-like effect.

Keywords: streptozotocin; elevated plus maze; omega-3 polyunsaturated fatty

acids; neuronal nitric oxide synthase; anxiety.
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1. Introduction

Anxiety comorbid with diabetes are rising problems that demand immediate
research attention. Studies point out that the prevalence of anxiety disorders reaches
60% among diabetic individuals, when compared to non-diabetic population (Grigsby
et al. 2002; Maia et al. 2014). Anxiety comorbid with diabetes not only worse the
quality of life but also glycemic control, along with increase in the morbidity and
mortality rates (Huang et al. 2011; Maia et al. 2014).

Studying neurobehavioral consequences such as anxiety in preclinical diabetic
model can help to elucidate the pathophysiology of this comorbidity and to identify
the specific targets for therapy. Streptozotocin is an agent of choice to induce
diabetes in animals. It inhibits insulin secretion by specific necrosis of pancreatic beta
cells resulting insulin dependent diabetes (Lenzen, 2008). Previous reports have
shown that streptozotocin-diabetic (DBT) animals exhibit a more pronounced anxiety-
like behavior when evaluated in different anxiety tests (Aksu et al. 2012; Ates et al.
2014; Gupta et al. 2014; Gambeta et al., 2016). In an attempt to better understand
the pathophysiological mechanisms that link diabetes to anxiety, some hypotheses
have been proposed (Bellush et al. 1989, 1991; Miyata et al. 2004; Manjarrez et al.
2006; Jia et al. 2014; Ezzeldin et al. 2014; da Silva Dias et al. 2016). Of interest for
this study, it has been shown that a dysregulation in the nitric oxide (NO) production
plays an important role in the pathophysiology of anxiety (Spiacci et al. 2008; Krass
et al. 2010; Barik et al. 2013; Mo6hler 2012) as well as in the diabetes development
(Shankar et al. 1998; Reagan and McEwen 2002; Ding et al. 2000; Yagihashi et al.
1996; Koo and Vaziri 2003; Jang et al. 2003; Comin et al. 2010).

The NO is a short-lived gas produced from its precursor, L-arginine, by nitric
oxide synthase (NOS) in response to the influence of excitatory amino acids on
NMDA receptors (Moncada and Higgs 1993; Calabrese et al. 2007; Dhir and Kulkarni
2011). The neuronal NOS (nNOS) isoform is constitutive in the central nervous
system and located in discrete brain regions. Due to its high liposolubility, NO can
diffuse to both pre-and post-synaptic neurons over a considerable distance
(Scheighofer and Ferriol 2000; Esplugues 2002) and acts as a retrograde molecule
that stimulates the glutamate release in a cGMP-dependent manner (Ko et al. 1999;
Choi et al. 2000; Wang et al. 2012) as well the release of other neurotransmitters as

gamma-aminobutyric acid and serotonin in brain areas related to the anxiety such as
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the hippocampus (HIP; Guimaréaes et al. 2005; Wegener et al. 2010). Physiologically,
NO is involved in neural signaling and synaptic plasticity, regulation of autonomic and
osmotic functions and learning and memory (Dawson and Dawson 1998; Da Cunha
et al. 2005; Zinn et al. 2009). However, evidence suggest that sustained NO
overproduction and the consequent increase of its metabolite, the oxygen free radical
peroxynitrite, contributes to inflammation and neural damage observed in several
diseases (Gonzalez-Hernandez et al.,, 2000; Heneka et al. 2013), among them
anxiety (Sestakova et al. 2013, Campos et al. 2013, Vila-Verde et al. 2016).

The role of NO and the regulation of nNOS activity in the pathophysiology of
anxiety associated with diabetes seems to be a variable and complex phenomena.
Preclinical studies show in DBT rats an increase in the expression of nNOS mRNA
and also in the nNOS activity in brain areas such as dorsolateral periaqueductal gray
matter (dIPAG) and hypothalamic nucleus (Jang et al. 2003; Serino et al. 1998;
Wang 1996), brain areas involved in the mediation or modulation of emotional
responses. Also, Comin and collaborators (2010) observed that streptozotocin-
induced DBT rats exhibited an increase in the nicotinamide adenine dinucleotide
phosphate-diaphorase (NADPH-d)-positive neurons, a marker used to visualize NO-
producing neurons, in the dentate gyrus of the HIP, striatum, paraventricular nucleus
of the hypothalamus, supraoptic nucleus and dIPAG. Although some few studies
have investigated the anxiety comorbid with diabetes, no study has been conducted
to investigate if the preventive treatment with fish oil (FO), a compound rich in
omega-3 polyunsaturated fatty acids (w3-PUFAs), would be able to influence the
anxiety responses from DBT animals, and if some interaction would occur with the
nitrergic pathway.

A body of translational evidence has implicated dietary deficiency of w3-PUFAs,
including eicosapenaenoic acid (EPA) and docosahexaenoic acid (DHA), in the
etiology of different psychiatric disorders as anxiety disorders (Messamore and
McNamara 2016). It is known that FO is one of the primary sources of w3-PUFAs
and that EPA and DHA are important compounds present in the encephalic
phospholipids, exerting an important role in the composition and fluidity of
neuromembranes. Consequently, it presents regulatory effects on diverse
neurotransmitter systems (Yehuda et al. 2005; Pudell et al., 2014). In addition,
antioxidant and neuroprotective activities have been reported (Abdel-Wahabet al.

2015; Wu et al. 2016). Therefore, the aim of the current study was (i) to explore if a



34

previous and continuous treatment with FO (8 weeks) would be able to prevent the
pronounced anxiogenic-like behavior due to diabetes induction by streptozotocin, (ii)
to examine the involvement of NO production in the animals treated or not with FO in
brain area such as amygdala, HIP and dIPAG by using immunohystochemistry
technique for nNOS expression analysis, and (iii) a possible implication of the
nitrergic pathway in mediating the likely anxiolytic-like effect induced by preventive
FO treatment in rodent anxious states comorbid with diabetes.

2. Material and Methods

2.1. Animals

All experiments were conducted in adult male Wistar rats (weighing 150-170 Q)
provided by the Federal University of Parana (UFPR) colony. Animals were
maintained in a temperature-controlled room (22 = 2°C) under 12h/12h light/dark
cycle (lights on at 7 a.m.) with food and water available ad libitum. All animals (four
rats/cage) were housed in plastic cages (41 x 32 x 16.5 cm) in which diabetic animals
had the shaving changed daily due to polidipsia and polyuria developed by the
diabetic condition. Behavioral experiments (elevated plus maze and light-dark box
tests) were conducted during the light phase of the cycle (between 9 a.m. and 4
p.m.). All experiments were carried out according to Brazilian Society of
Neuroscience and Behavior guidelines for care and use of Laboratory Animals and
all efforts were made to minimize the number of animals as well as the animal
suffering. All experimental procedures were approved by the local Ethics Committee
for Research on Animals UFPR (CEUA/BIO-UFPR; #845).

2.2. Drugs

The following substances were used: Fish Oil (FO, kindly donate by Laboratorio
Herbarium Botéanico S/A, Colombo, Parana, Brazil), Streptozotocin (STZ, Santa Cruz
Biotechnology Inc., Santa Cruz, California, USA), sodium citrate (Merck S.A.
Indlstrias Farmacéuticas, Brazil), precursor of NO synthesis L-arginine (L-arg;
Sigma-Aldrich, USA) and neuronal NO synthase (nNOS) inhibitor 7-nitroindazole (7-
NI; Sigma-Aldrich, USA). STZ (60 mg/Kg, i.p.) was dissolved immediately before use
in citrate buffer (10 mM, pH 4.5). FO (0, 1 or 3 g/Kg) was administered orally (by
gavage), L-arg (200 mg/kg, i.p.) was dissolved in sterile saline and 7-NI (10 mg/kg,
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i.p.) was dissolved in 10% of tween 80 and sterile saline. The doses were based on
previous studies (Redivo et al. 2016; Dias et al. 2015; Volke et al. 1998; Joung et al.
2012).

2.3. Chronic preventive treatment with fish oil and induction of diabetes

The preventive and continuous treatment with FO (8 weeks) consisted on daily
single administration of this substance via gavage, between 10 a.m. and 12 a.m.; this
routine lasted for 59 days, wherein in the day 28 the animals were submitted to
induction of the type 1 diabetes by a single intraperitoneal (i.p.) injection of STZ (60
mg/Kg, 1.p.), freshly dissolved in citrate buffer (10 mM, ph 4.5) in overnight fasten
rats. The normoglycemic group, a control group run in parallel, received only citrate
buffer (10 mM, pH 4.5, equivalent volume). The diabetic condition was confirmed 72
h after the STZ treatment using a drop of blood from the tail vein added to test strips
impregnated with glucose oxidase (Accu-Check Active™, Roche). Only rats with
blood glucose levels = 250 mg/dL were considered diabetic and kept in the study.

2.4. Elevated plus-maze (EPM) test

The EPM test was originally validated by Pellow et al. (1985). The apparatus
consisted of two open arms (50 x 10 cm) and two enclosed arms with the same
dimensions in the perpendicular position. The both arms were extended from a
central platform (a square of 10 cm?) and the maze was elevated 50 cm above the
floor. After habituation in the experimental room, each animal was gently placed in
the central platform with the nose directed to one of the enclosed arms, and during a
5 min test, the spent time in the open arms and the number of entries in the enclosed
arms of the EPM was recorded by a video camera. After each experimental session,
the maze was cleaned with 5% ethanol solution. Rodents naturally avoid the open
arms of the EPM, and anxiolytic compounds typically increase the exploration in
these arms without changing the number of enclosed arm entries (Pellow et al.
1985).

2.5. The Light-Dark box test (LDT)
The LDT is another anxiety test based on the innate aversion of rodents to
brightly illuminated areas and the conflicting tendency of rodents to explore novel

environments (Crawley and Goodwin, 1980). The apparatus consisted a box made of
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wood with two chambers of equal dimensions (24 x 24 x 27 cm) divided by a barrier
possessing a doorway (10 x 10 cm) through which rats could cross into the two
chambers: one painted black, not illuminated, and one painted white and illuminated
with a 50 lux light source. The test was conducted according to Vicente and
Zangrossi (2014). Briefly, the rats were placed on the light compartment, with the
face turned to the door that separates both compartments; after the first transition to
the dark compartment, the behavior of the animal was recorded for five minutes by a
video camera. During this period, the total time spent in the lit compartment and the
number of transitions between the two compartments was measured. Rodents
naturally avoid the illuminated areas, and anxiolytic compounds typically increase the
exploration in these areas without changing the number of transitions between the
compartments. After each experimental session, the box was cleaned with 5%

ethanol solution.

2.6. Sample collection

Two hours after the last behavioral experiment (LDT), rats were deeply
anesthetized with thiopental (100 mg/kg, Sigma—Aldrich, USA) and rapidly perfused
transcardially with 300 ml of cold 0.9% saline solution. Animals were then
immediately perfused with a volume of 300-500 ml of 4% paraformaldehyde (pH 7.4;
Sigma—Aldrich, USA). Brains were immediately removed, post-fixed in 4%
paraformaldehyde for 2 h and cryoprotected in 30% sucrose solution. Brains were
snap frozen in isopentane (-40 °C, Sigma—Aldrich, USA) and stored at -80 °C until

histological processing.

2.7. Tissue processing

A 30 um coronal section was processed (in mm from bregma; Paxinos and
Watson 2009) using cryostat (LeicaR, model CM1850) throughout the rostrocaudal
extent of the amygdala (-2.76 mm), hippocampus (-2,56 mm) and dorsolateral
periaqueductal gray (dIPAG, -5.8 mm, -7.64 mm). The tissue were collected with an

antifreeze solution and stored at -20° until the immunohistochemistry be performed.
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2.8. Determination of neuronal nitric oxide synthase Ilevels by
immunohistochemistry

Immunohistochemistry was performed to label the neuronal nitric oxide synthase
(nNOS), a specific marker of nitrergic neurons (Bortolanza et al. 2015). Antigen
recovery was performed by heating sections for 30 min in a water-bath at 60 °Cin a
0.1 M citrate buffer solution at pH 6.0. Next, sections were allowed to cool to room
temperature for one hour. Inactivation of endogenous peroxidase activity was
performed by treating the sections for 30 min with 0.5% H2O2 in 0.1 M phosphate-
buffered saline containing 0.15% Triton X-100. Non-specific binding sites were
blocked using 2% bovine serum albumin (BSA, Jackson Immuno Research, U.S.A.)
containing 5% normal rabbit serum for 1 h at room temperature. Following these
procedures, free-floating sections were incubated overnight with a 1:15,000 dilution
of a sheep anti-nNOS antibody (kindly donated by Prof. Dr. Piers C. Emson,
Babraham Institute, Cambridge, U.K.). To detect primary antibodies, the following
biotinylated secondary antibodies were applied for 90 min: rabbit anti-sheep for
NnNOS. All biotinylated secondary antibodies were used at a dilution of 1:400 and
were obtained from Vector Laboratories (Burlingame, California, U.S.A.). Sections
were incubated in avidin-biotin-peroxidase complex for 120 min (Vector Laboratories)
and 3,3'-diaminobenzidine for 5 min (Sigma).

The quantification of nNOS-ir was performed on one side of the brain by an
experimentally blind investigator. Three slices of each region were examined within
the AMY (lateral quadrant) and HIP (CAS3 region), while the dIPAG were analyzed
along the rostrocaudal axis. Images were acquired through a 20x objective and
digitized with a video camera (Leica DFC420), captured real magnification in gray
scale and evaluated with ImageJ (http://rsb.info.nih.gov). For this procedure, a mean
gray value of the stain was expressed in arbitrary gray scale units where the scale
ranges from 0 to 255 (0 representing the darkest, most intense labeling) to form one
density measurement performed in the sections. After this, integrated optical density
was calculated by multiplying the selected area with the mean gray value. Sampled
areas consisted of regions of interest measuring 0.25 mm?. The average gray value
from an unstained area was subtracted from each section to correct for background

immunoreactivity.


http://topics.sciencedirect.com/topics/page/Immunohistochemistry
http://topics.sciencedirect.com/topics/page/Nitric_oxide
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bortolanza%20M%5BAuthor%5D&amp;cauthor=true&amp;cauthor_uid=25447229
http://topics.sciencedirect.com/topics/page/Citrates
http://topics.sciencedirect.com/topics/page/Endogeny
http://topics.sciencedirect.com/topics/page/Peroxidase
http://topics.sciencedirect.com/topics/page/Phosphate_buffered_saline
http://topics.sciencedirect.com/topics/page/Phosphate_buffered_saline
http://topics.sciencedirect.com/topics/page/Serum_albumin
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2.9. Statistical analysis

The Kolmogorov-Smirnov test was employed to ensure that the data satisfied the
criteria for carrying out parametric analysis. When criteria were satisfied the results
are reported as mean * standard error mean (SEM). The data obtained from
behavioral tests (EPM and LDT) were analyzed by unpaired Student t test (to
compare normoglycemic and diabetic animals treated with vehicle) and one-way
analysis of variance (ANOVA; to compare all different treatments performed in
diabetic animals). All immunohistochemistry data were analyzed using one-way
ANOVA. When appropriated, Newman-Keuls tests were used for post-hoc analyses.
Differences were considered statistically significant when p<0.05.

2.10 Experimental procedure

2.10.1. Evaluation of the preventive treatment with fish oil in diabetic animals
submitted to the anxiety tests and its effect over expression of nNOS in the

amygdala, hippocampus and dIPAG.

To evaluate the potential anxiolytic-like effect of fish oil (FO), rats were
distributed randomly into 2 groups: normoglycemic (NGL) and diabetic (DBT)
animals. The group NGL received vehicle (water), whereas the DBT group was
subdivided into the following treatments: vehicle (water) and FO (1 or 3 g/kg). All the
treatments were administered orally by gavage, and started four week before the
STZ administration, being maintained for additional four weeks after the diabetes
induction. On day 58, the rats were subjected to EPM and in the day 59, the animals
were submitted to LDT. In these days of behavioral test the FO or VEH treatment
occurred after the test. The body weight was evaluated weekly, whereas the blood
glucose levels were assessed 3 days after the diabetes induction (day 31) and
immediately before the euthanasia (to confirm the maintenance of diabetes and to
evaluate the effect of chronic treatment with FO in glucose levels). Two hours after,
the animals were euthanized and the brains collected as described previously. The
samples were processed and analyzed to the determination of NnNOS expression in
the amygdala, hippocampus and dIPAG by Immunohistochemistry. For more detail,

see Timeline of the experiments (Figure 1).
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Figure 1 — Timeline of the experiment. Diabetic rats induced by streptozotocin (STZ) were submitted to
the preventive and continuous treatment with Fish oil (1 or 3 g/kg) or vehicle (VEH). The elevated plus
maze (EPM) was conducted on the 58th day. The light-dark box test (LDT) was conducted in the next
day, 59th. Body weight was evaluated weekly and blood glucose levels (BG) were measured on the
31th day and immediately after the behavioural tests (59th day). Two hours after, brains were
collected to be further processed to the determination of neuronal nitric oxide synthase levels in brain
areas.

2.10.2 Evaluation of the nitrinergic pathway involvement in treated diabetic
animals with fish oil on anxiety responses.

The same experimental protocol used to the behavioral experiments was applied
in this experiment (see Figure 1), except that the DBT animals treated with vehicle or
FO were submitted to an injection (i.p.) of L-arg, 7-NI or saline, 30 (7-NI, Saline) or 60
(L-arg) minutes prior to the behavioral experiments. Again, in the days of behavioral
test the FO or VEH treatment occurred after the test. The NGL and DBT groups also

received an injection of saline (control groups).

3. Results

3.1. Effect of previous fish oil treatment in diabetic animals submitted to the
EPM and LDT.

Unpaired Student t test showed that DBT animals treated with vehicle presented
a decrease in the time on open arms, an anxiogenic-like effect, when compared to
NGL animals [t(12)=4.21; p<0.05; Fig. 2A]; regarding the locomotor activity, Fig. 2B
shows a reduction in the number of enclosed arms entries of DBT/VEH group
[t(12)=3.02; p=<0.05; Fig. 2B]. One-way ANOVA showed that the FO treatment (Fig.
2A) altered the anxiety-like response [F(2,18)=68.57; p<0.05]. Newman-Keuls post
hoc test showed a significant anxiolytic-like effect when animals were treated with the
dose of 1 and 3 g/kg (p<0.05) being the more expressive effect when animals were
treated with the highest dose of FO. Also, one-way ANOVA showed that FO

treatment altered the number of enclosed arms entries [F(2,18)=13.94; p<0.05; Fig.
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2B], i.e. while FO (1g/Kg) decreased the number of enclosed arms entries (p<0.05),
indicative of an impairment of the locomotor activity; the highest dose of FO (3g/Kg)
prevented the impairment of locomotor activity (p<0.05).

As shown in the Fig.2C the time in the lit compartment was reduced in DBT
animals treated with vehicle when compared to NGL animals [t(12)=5.84; p<0.05]
and the number of transitions was also reduced in these DBT animals, indicative of
locomotor activity impairment [t(12)=3.33; p<0.05; Fig. 2D].

One-way ANOVA showed a significant difference between the DBT groups
regarding the time spent on lit compartment ([F(2,18)=5.24; p<0.01]; Fig. 2, panel C)
as the number of transitions between these compartments ([F(2,18)=9.18; p<0.001];
Fig. 2, panel D). Newman-Keuls post hoc test showed that the treatment with doses
of 1 or 3 g/Kg with FO significantly increased the time on lit compartment when
compared with DBT/VEH group, an anxiolytic-like effect (p<0.05; Fig. 2, panel C). As
can be seen in the Fig. 2 (panel D) the treatment with FO (1 g/kg) wasn’t able to alter
the number of transitions from DBT animals (p>0.05); however the highest dose was,

indicating an improvement on locomotor activity performance (p<0.05).



41

A EPM test LIGHT/DARK BOX test

801 100-

#

*

_|

60+

o
o
e

40

S
o
i

% open arms time/total

204

Time lit compartiment (s)
)
=)

*

NGL-VEH DBT/VEH DBT/FO 1 DBT/FO 3 NGL-VEH DBT/VEH DBT/FO 1 DBT/FO 3

o

104

*

Enclosed arms entries (n°)
£
H
Number of transitions

o

NGL-VEH DBT/VEH DBT/FO 1 DBT/FO 3 NGL-VEH DBT/VEH DBT/FO 1 DBT/FO 3

Figure 2 — Effect of preventive fish oil (FO; 1 or 3 g/kg; v.0.) or its respective vehicle (VEH) treatments
in diabetic (DBT) rats submitted to the EPM and LDT. The animals were evaluated in the EPM test —
spent time (%) in the open arms (panel A) and number of enclosed arms entries (panel B) and in the
LDT — spent time in the lit compartment (panel C) and number of transitions (panel D). Values were
expressed as mean + SEM of 6-8 animals/experimental group.” indicates p<0.05 compared to NGL
animals treated with VEH and # indicates p<0.05 compared to DBT animals treated with VEH.

3.2. Effect of the condition (normoglycemic or diabetic) and/or treatments

on blood glucose levels and weight gain.

As shown in the table 1, regarding to glycaemia and weight gain analysis, the
unpaired Student t test showed difference among NGL and DBT groups treated
with vehicle [t(12)=29.94; p<0.05; t(12)=11.98; p<0.05, respectively]. While one-
way ANOVA showed a change in the glycaemia levels [F(2,18)=7.85; p<0.05], any
difference was observed between the treated FO DBT animals on Weight Gain |
F(2,18)=1.02; p>0.05]. Post hoc Newman Keuls test showed a decrease in the
glycaemia levels in the DBT/FO 3 animals group compared to DBT/VEH animals

group (p<0.05).
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Table 1 - Effect of condition (normoglycemic-NGL or diabetic-DBT) and/or treatment (fish oil-FO—1
or 3 g/Kg — or vehicle-VEH) on glycaemia and weight gain.
Condition/Treatment Glycaemia (mg/dL) Weight Gain (g)

NGL/VEH 104+3.6 161+ 4.3
DBT/VEH 575+ 15.2% 65+ 6.6*
DBT/FO 1 542 £20.6 76 + 4.1
DBT/FO 3 a8 +3Ls 75+ 5.0

Results are expressed as mean + SEM; n = 6-8, *p<0.05 when compared to
NGL/VEH; #p<0.05 when compared to DBT/VEH.

3.3. Effect of previous fish oil treatment on the nNOS expression in the
lateral amygdala.

One-way ANOVA showed a significant difference between the groups regarding
the nitrinergic cells in the lateral amygdala ([F(2,13)=12.44; p<0.05]; Fig. 3).
Newman-Keuls post-hoc test demonstrated that DBT/VEH group presented an
increase in the NNOS expression compared to NGL-VEH and FO treatment was

able to prevent this increase (p<0.05; Fig. 3) on nNOS expression.
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Figure 3. Effect of preventive fish oil (FO; 3 g/kg; v.0.) or vehicle (VEH) treatment on nNOS
expression in the lateral amygdala (region marked) of different groups. The values were expressed as
the mean + SEM of 5-6 animals/experimental group. *indicates p < 0.05 compared with
normoglycemic (NGL) animals treated with VEH and # indicates p<0.05 compared to DBT animals
treated with VEH. ceAm — Amygdala central; BLA — basolateral amygdala; LA — lateral amygdala.

3.4. Effect of previous fish oil treatment on the nNOS expression in the

hippocampus CA3region.

As shown in the Fig. 4, one-way ANOVA showed a significant difference in the
NNOS expression in the hippocampus CA3 region [F(2,13)=7.76; p<0.05].
Newman-Keuls post-hoc test demonstrated that nNOS expression was elevated in
the DBT/VEH group compared to NGL/VEH (p<0.05) and this increase was
prevented by FO treatment (p<0.05).
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Figure 4. Effect of preventive fish oil (FO; 3 g/kg; v.0.) or vehicle (VEH) treatment on nNOS
expression in the hippocampus (CA3 region) of different groups. The values were expressed as the
mean = SEM of 5-6 animals/experimental group. *indicates p < 0.05 compared with normoglycemic
(NGL) animals treated with VEH and diabetic (DBT) animals treated with FO VEH and # indicates
p<0.05 compared to DBT animals treated with VEH.

3.5. Effect of previous fish oil treatment on the nNOS expression in the
rostral dIPAG.

As can be seen in the Fig. 5, one-way ANOVA showed a significant difference
between the groups when imunorreactivity for nNOS was evaluated in the rostral
dIPAG ([F(2,14)=6.37; p<0.05]; Fig. 5). Newman-Keuls post-hoc test demonstrated
that the expression of nNOS was increased in DBT/VEH group when compared to
NGL/VEH (p=<0.05) and that FO treatment prevented this increase on nNOS
expression (p<0.05).
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Figure 5. Effect of preventive fish oil (FO; 3 g/kg; v.0.) or vehicle (VEH) treatment on nNOS
expression in the dIPAG rostral of different groups. The values were expressed as the mean + SEM of
5-6 animals/experimental group. *indicates p < 0.05 compared with normoglycemic (NGL) animals
treated with VEH and diabetic (DBT) animals treated with FO VEH and # indicates p<0.05 compared
to DBT animals treated with VEH.

3.6. Effect of previous fish oil treatment on the nNOS expression in the
medial dIPAG.
One-way ANOVA did not show statistical difference in the medial portion of the
dIPAG between the groups (F(2,14)=0.88; p>0.05).
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Figure 6. Effect of preventive fish oil (FO; 3 g/kg; v.0.) or vehicle (VEH) treatment on nNOS
expression in the dIPAG medial of different groups. The values were expressed as the mean £ SEM of
5-6 animals/experimental group.

3.7. Effect of treatment with nNOS inhibitor (7-NI) or NO precursor (L-arg)
in VEH-treated diabetic animals submitted to the EPM and LDT.

As can be seen in the Fig. 7A, unpaired Student t test showed that DBT animals
treated with vehicle presented an anxiogenic-like effect when compared to NGL
ones, i.e. they spent less time in the open arms of EPM [t(13)=8.34; p<0.05; Fig. 7
panel A]. Also, a decrease in the number of enclosed arms entries was observed
[t(13)=2.64; p<0.05; Fig. 7B].

One-way ANOVA showed difference between the treatments in DBT animals
when spent time in open arms was evaluated ([F(2,14)=50.15; p<0.05]; Fig. 7 panel
A) and no difference was observed between the groups on number of entries in
enclosed arms ([F(2,14)=1.82; p>0.05]; Fig. 7, panel B). Newman-Keuls post hoc test
demonstrated that DBT animals treated with VEH and that received 7-NI presented
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an anxiolytic-like effect (p<0.05; panel A) while animals that received L-arg presented
an anxiogenic-like effect (p<0.05; panel A), when compared to DBT animals treated
with VEH/SAL.

As shown in the Fig. 7C, the time in the lit compartment was reduced in DBT
animals treated with vehicle when compared to NGL animals [t(13)=6.38; p<0.05]
and the number of transitions was also reduced in these DBT animals, indicative of
locomotor activity s impairment [t(13)=3.74; p<0.05; Fig. 7D].

One-way ANOVA showed difference between the diabetic groups when time on
lit compartment ([F(2,14)=64.44; p<0.05]; Fig. 7 panel C) was evaluated, but there
was no difference in the number of transitions ([F(2,14)=2.02; p>0.05]; Fig. 7, panel
D). Newman-Keuls post hoc test demonstrated that DBT animals treated with VEH
and that received 7-NI presented an anxiolytic-like effect (p<0.05; panel C) while
animals that received L-arg presented an anxiogenic-like effect (p<0.05; panel C),
when compared to DBT animals treated with VEH/SAL.
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Figure 7. Effect of treatment with L-arg (200 mg/kg; i.p.), 7-NI (10 mg/kg; i.p.) or saline (SAL) in
diabetic (DBT) animals treated with vehicle (VEH) on the time spent in open arms (panel A) and
number of enclosed arms entries (panel B) during the EPM test and the spent time in the lit
compartment (panel C) and number of transitions (panel D) during the LDT. The values were
expressed as the mean + SEM of 5-8 animals/experimental group. * indicates p<0.05 compared to
normoglycemic (NGL) animals treated with VEH/SAL, # indicates p<0.05 compared to DBT animals
treated with VEH/SAL.

3.8. Effect of treatment with nNOS inhibitor (7-NI) or NO precursor (L-arg)
in FO-treated diabetic animals submitted to the EPM and LDT.

As can be seen in the Fig. 8A, unpaired Student t test showed that DBT animals
treated with vehicle presented an anxiogenic-like effect when compared to NGL
ones, i.e. they spent less time in the open arms of EPM [t(18)=6,12; p<0.05; Fig. 8
panel A]. Also, a decrease in the number of enclosed arms entries was observed
[t(18)=3.07; p=<0.05; Fig. 8B]. One-way ANOVA showed difference between the
treatments in DBT animals groups when time in open arms ([F(3,32)=29.00; p<0.05];
Fig. 8 panel A) or number of entries in enclosed arms ([F(3,32)=3.69; p<0.05]; Fig. 8,
panel B) were evaluated. Newman-Keuls post hoc test demonstrated that when

compared to DBT/VEH group treated with saline, the DBT/FO group treated with
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saline presented a pronounced anxiolytic-like effect (p<0.05). The injection of 7-NI or
L-arg in DBT/FO group induced an anxiogenic-like effect when compared to DBT/FO
group treated with saline (p<0.05; Fig. 8, panel A). Newman-Keuls post hoc test also
demonstrated in the DBT/FO group treated with saline prevented the impairment on
locomotor activity (p<0.05; Fig 8, panel B).

As shown in the Fig. 8C the time in the lit compartment was reduced in DBT
animals treated with vehicle when compared to NGL animals [t(17)=8.25; p<0.05]
and the number of transitions was also reduced in these DBT animals, indicative of
locomotor activity’'s impairment [t(17)=3.90; p<0.05; Fig. 8D]. One-way ANOVA
showed difference between the diabetic groups when time on lit compartment
([F(3,31)=37.66; p<0.05]; Fig. 8 panel C) or number of transitions ([F(3,31)=5.01,
p<0.05]; Fig. 8, panel D) were evaluated. Newman-Keuls post hoc test demonstrated
that DBT/FO group treated with saline presented an anxiolytic-like effect when
compared to DBT/VEH group treated with saline (p<0.05). 7-NI or L-arginine injection
in the DBT/FO animals group blocked this anxiolytic-like effect (p<0.05; Fig. 8, panel
C). Newman Keuls post hoc test demonstrated an increase in the number of
transitions when DBT-FO animals treated with saline were compared to DBT-VEH
animals treated with saline, indicative of an improvement on locomotor activity
(p=<0.05; panel D).
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Figure 8. Effect of treatment with L-arg (200 mg/kg; i.p.), 7-NI (10 mg/kg; i.p.) or saline (SAL) in
diabetic (DBT) animals treated with fish oil (FO; 3 g/kg; v.0.) on the time spent in open arms (panel A)
and number of enclosed arms entries (panel B) during the EPM test and the spent time in the lit
compartment (panel C) and number of transitions (panel D) during the LDT. The values were
expressed as the mean + SEM of 7-9 animals/experimental group. * indicates p<0.05 compared to
normoglycemic (NGL) animals treated with vehicle (VEH), # indicates p<0.05 compared to DBT
animals treated with VEH/SAL and & indicates p<0.05 compared to DBT animals treated with FO/SAL.

4. Discussion

The present study demonstrates for the first time that a prolonged FO treatment
is effective in preventing anxiety-like behavior associated with diabetes in
streptozotocin-induced DBT rats, and that nitrergic pathway may be involved in the
mechanism related to its anxiolytic-like effect. Chronic diabetic state during 4 weeks
developed a more pronounced anxiety-like responses as indicated by enhanced
aversion to elevated and open arms and to brightly illuminated light area in EPM and
LDT, respectively. On the other hand, the preventive chronic and continuous
treatment with FO reversed the anxiety-like behavior anomaly as a consequence of
diabetes. Moreover, this treatment prevented the elevated nNOS expression in brain
areas related to anxiety and had its anxiolytic-like effect blocked by the NO precursor

injection.
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Using the animal model of type 1 diabetes by streptozotocin injection studies has
demonstrated that these hyperglycemic rodents exhibit increased anxiety-like
behaviors in different paradigms, such as the social interaction test, the OFT,
elevated T maze, contextual conditioned fear and the EPM tests (Can et al. 2011;
Aksu et al. 2012; Ates et al. 2014; Gupta et al. 2014; Gambeta et al. 2016).
Corroborating previous findings from our laboratory (Gambeta et al. 2016), the
present study showed that DBT rats treated with VEH, when compared to
normoglycemic rats, exhibited a more pronounced anxiogenic-like behaviors. In
addition and according to previous studies (Can et al. 2011; Aksu et al. 2012; Ates et
al. 2014; Gupta et al. 2014; de Morais et al. 2014; Gambeta et al. 2016; Redivo et al.
2016), DBT animals presented hyperglycemia and reduced weigh gain. The
prolonged FO treatment was able to prevent the anxious states related to diabetes
when FO-treated DBT animals were evaluated in the EPM and LDT, being the result
more evident when the highest dose (3 g/kg) was applied. Moreover, in the current
study showed a significant impairment in the locomotor activity which was prevented
only after the FO treatment in the highest dose. Thus, in all subsequent experiments
only the highest dose was applied. It is important to mention that both employed
anxiety tests evoke ethological responses to different forms of external threats (open
arms raised off the floor and bright light), which generate an inherent conflict between
their exploratory drive and their avoidance of threats (Pellow et al. 1985). The
anxiolytic-like effect of FO has already been demonstrated previously in non-DBT
animals (Ferraz et al. 2011; Pudell et al. 2014; Mizunoya et al. 2013).

Concerning the activity locomotor performance of DBT animals, different results
have been shown by our and different groups (de Morais et al. 2014; da Silva Dias
et al. 2016; Gambeta et al. 2016; Redivo et al. 2016; Comin et al. 2010; Bagatini et
al. 2014; Gupta et al. 2014). While in some studies no significant difference has been
observed (de Morais et al. 2014; Gupta et al. 2014; da Silva Dias et al. 2016;
Gambeta et al. 2016), in others (Comin et al. 2010; Bagatini et al. 2014; Redivo et al.
2016) as in the current study it was observed. Thereby, the present results showed
that DBT animals treated with VEH, when compared to normoglycemic ones,
presented a reduction in the number of enclosed arms entries and in the number of
transitions between light/dark compartments when evaluated in the EPM and LDT,
respectively. These apparently discrepant results may be the result of differences

among experimental procedure, species used, type of treatments, if it is acute or


http://www.ncbi.nlm.nih.gov/pubmed/?term=Mizunoya%20W%5BAuthor%5D&amp;cauthor=true&amp;cauthor_uid=23667814
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chronic, and even the drug administration route chosen. However, it is important to
highlight that the highest dose of FO (3 g/kg) was able to prevent the locomotion
impairment of these animals and to induce a significant decrease in the high levels of
glycemia from these animals, in spite of not changing the reduced weight gain.

Previous data conducted by our group have shown that a severe glycemic control
with insulin may be important to improve comorbid anxiety and DBT condition per se,
but it is not essential to improve anxiety responses induced by diabetes since
ineffective doses of insulin for glycemic control was also able to improve anxiety-
related responses in DBT animals (Gambeta et al. 2016). Morais et al. (2014) also
showed that prolonged treatment with the antioxidant vitamin E in DBT animals as
well as the antidepressant imipramine improved depression-related behavior and
some evaluated parameters of oxidative stress, but these treatments were not able to
induce a reduction in the hyperglycemia. Thus, a severe control of hyperglycemia or
even an improvement in its high levels seems not to be essential for reversing or
preventing anxious states comorbid with diabetes, which lead us to explore other
possible mechanisms involved, such as the involvement of nitrergic pathway.

In that sense, in the next set of experiment we were interested in investigating if
nitrergic system would be changed in brain areas related to anxiety - AMY, HIP and
dIPAG; moreover if the preventive FO treatment would be able to interact with the NO
pathway. These brain areas were selected because they express NO-producing
neurons and are primarily involved in the hormonal, cognitive and emotional
functions which are affected by diabetes (Vincent et al. 1992; Yu et al. 1999; Jang et
al. 2003; Comin et al. 2010; Rebolledo-Solleiro et al. 2016). Thus, we demonstrated
a higher imunorreactivity of cells containing nNOS in VEH-treated DBT animals in the
lateral AMY, hippocampal CA3 region and in the dIPAG rostral. It is known that AMY
is a brain area presenting a central role in the neuroanatomical circuits that
coordinate different defensive responses (Graeff et al. 1993; Guimaraes et al. 2005)
and that plays a central role in the acquisition of learned-fear behaviors (LeDoux
1990; Fanselow and LeDoux 1999; Bauer et al. 2000; Blair et al. 2001) and also in
the expression of innate anxiety-like behaviors (McHugh, et al. 2004; McCool, et al.
2014). Besides AMY, the HIP has also been associated with anxiety (McNaughton
and Gray 2000), including CA3 portion (Zhu et al. 2011; Zarrabian et al. 2016;
Weeden et al. 2015), along with the dIPAG, a mesencephalic structure that

modulates different anxiety responses which are related with different stimulus -
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unconditioned and conditioned (Chiavegatto et al. 1998; Carvalho-Netto et al. 2009;
Zanoveli et al., 2003; Beijamini and Guimarédes 2006). Regarding to dIPAG, it has
been suggested that the rostral and caudal portions of dIPAG mediate differently
behavioral responses, i.e. while rostral dIPAG seems to mediate preferentially
unconditioned defensive behaviors which are more active and explosive behaviors;
the caudal dIPAG seems to mediate conditioned defensive behaviors, that involves a
more elaborated and cautious behaviors (Souza and Carobrez 2016). Thus, since
our data showed an increased nNOS expression in the dIPAG rostral portion, but not
in the medial portion, we should observe in these DBT animals a more explosive
behavioral response, such as flight and/or fight responses. However, our data did not
show that kind of responses, maybe because the mixed nature of the anxiety tests
used in the current study. Both the anxiety tests mix two types of aversive stimuli, i.e.,
one is the unconditioned stimulus by exposure the rodent to open, high and/or light
spaces; and the other is the conditioned stimulus because the animal learns to
avoidance of this unconditioned stimulus.

Studies conducted in non-DBT animals showed an increase in the density of
neurons expressing NNOS in the AMY and in the hippocampal CA3 region in animals
submitted to an acute restraint stress (Echeverry et al. 2004), and an increase in the
NO production in the dIPAG during active defensive responses and stressful
conditions, like predator exposure (Chiavegatto et al. 1998; Carvalho-Netto et al.
2009). Interestingly, anxiolytic-like effects have been observed after inhibition of NO
formation in the dIPAG (Oliveira and Guimardes 1999; Echeverry et al. 2004;
Beijamini and Guimardes 2006). Regarding to DBT animals, there are few studies
investigating mechanisms related to NO pathway. Among these and according to our
data (Jang et al. 2003), it has been reported in the same animal model of diabetes an
enhanced nNOS expression in the dIPAG and cerebral cortex as well (Jang et al.
2003), paraventricular and supraoptic nuclei (Serino et al., 1998), while it was
reduced in the cerebellum (Yu et al. 2000). Although nNOS is a constitutive enzyme,
its expression can be increased by several stimuli. For example, it was observed that
an unilateral injury of the cerebral cortex or HIP induced a bilateral appearance of
NADPH-d in some pyramidal neuronal and in glial cells of both structures (Regidor et
al. 1993). Wu (1993) showed an increased expression of NOS in injured spinal cord
neurons. Ishida et al. (2001) found an increased number of NOS neurons in the brain

of hypoxic—ischemic neonatal rats. It seems that a non-physiological increase in  the
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NO production is related to the pathological conditions as observed in the present
study with DBT animals.

In that sense, evidence has shown that a NO overproduction contributes to
inflammation and neural damage (Heneka et al. 2013; Campos et al. 2013; Vila-
Verde et al. 2016). It is known that the increase of neuroinflammation releases
proinflammatory cytokines, which activate the indoleamine 2,3-dioxygenase, an
enzyme that participates of the tryptophan metabolism leading to a decrease of
serotonin levels and an increase of the neurotoxic kynurenine metabolites formation
including quinolinic acid, an agonist of NMDA receptors (Dantzer et al. 2008; Maes
et al. 2011; Dobos et al. 2012). The activation of NMDA receptor, that opens the CA*?
channels, leads to the production of NO. Consequently, higher NO concentrations
are produced further aggravating the neural damage (Heneka et al. 2013; Campos et
al. 2013; Vila-Verde et al. 2016). Indeed, previous data from our laboratory showed
the involvement of oxidative stress on behavioral responses, i.e. DBT animals
presented elevated lipid peroxidation product and reduced gluthatione levels together
with elevated catalase and superoxide dismutase activities in the prefrontal cortex
and HIP, two brain areas involved in the mediation of the emotions (de Morais et al.
2014). Furthermore, it was shown that DBT rats exhibited a significant increase of
proinflammatory cytokines levels, indoleamine 2,3-dioxygenase expression and a
decrease of serotonin levels in HIP from these DBT animals, indirectly suggesting
that there was an increase in the formation of neurotoxic kynurenine metabolites
including quinolinic acid (da Silva Dias et al. 2016). All these data along with the
present data showing an increased nNOS expression in AMY, HIP and dIPAG lead
us to suggest that an increased NO production is taking place in these brain regions
and that all of these mechanisms appear to be related. However, the functional
consequences of such increase needs to be better clarified. Importantly, the FO
treatment (3g/kg) was effective in preventing the elevated density of neurons
expressing NNOS in the AMY, HIP and dIPAG from DBT rats. That protective effect
on NO levels in the HIP of animals treated with w3-PUFAs had already been noticed
using another disease model, cerebral ischemia model (Bas et al. 2007).

Given that DBT animals presented an increase in the nNOS expression in brain
areas involved in the pathophysiology of anxiety, in the next set of experiments we
evaluated the effect of the NO precursor L-Arg and nNOS inhibitor 7-NI injections in

DBT animals treated with VEH to study the involvement of nitrergic pathway on the



55

anxiogenic-like response observed in these DBT animals. As expected, our data
showed that L-Arg (200 mg/kg, ip) was capable of worsen the anxiety-like state of
these animals, while 7-NI blocked the anxiogenic-like effect induced by the DBT
condition. Our next concern was to determine whether there would be some kind of
synergism on the anxiolytic-like effect by association of treatments, FO with the
inhibitor of NNOS. Further, if the NO precursor would reverse the anxiolytic-like effect
induced by preventive treatment at FO. As expected, our data showed that L-Arg
(200 mg/kg, ip) was capable of abolishing the anxiolytic-like effect of FO. On the
other hand, 7-NI did not potentiate the anxiolytic-like effect of FO, as expected, but
also abolished the anxiolytic-like effect of FO treatment. Here, it is important to
remember that FO treatment was able to prevent the increased nNOS expression in
the brain. Thus, we hypothesized that 7-NI (10 mg/kg) induced an under
physiological inhibition of nNOS in FO-treated DBT animals once these animals
already had nNOS expression in its basal levels. In addition, a large number of other
studies conducted in non-DBT animals have already documented anxiolytic-like
effects induced by NOS inhibitors such as L-NAME (Oliveira, et al. 2000; Morato, et
al. 2004; Del Bel, et al. 2005) and anxiogenic-like effects after NO precursor injection
by systemic or central route (Kurt et al. 2004; Roohbakhsh et al. 2007).

However, some in vivo studies on the role of NO in the pathophysiology of
epilepsy have revealed contradictory results. The effects of nNOS inhibition varies
from anticonvulsive to proconvulsive (Del-Bel et al. 1997, Itoh and Watanabe 2009)
or from neuroprotective to toxic (Silverman 2009, Calabrese et al. 2007). The
opposite actions of NNOS inhibition might not only be related to the model, dosage,
specificity and application protocol but also to other systemic effects of the nNOS
inhibitor in vivo. Furthermore, NO has been proposed to significantly modulate motor
and emotional behavior (Araki et al. 2001, West et al. 2002, Del Bel et al. 2005,
Volke et al. 2003, Miguel and Nunes-de-Souza 2008). However, molecular
mechanisms of these actions are not well understood.

Traditional behavioral tests, such as the OF test measure an animal’s
responsiveness to a novel environment. The behavior in the OF is complex and may
include components of arousal, novelty seeking, fear response and stereotypy (Kas
et al. 2008). Administration of 7-NI at the dose of 25 mg/kg i.p. suppressed
locomotion, exploratory rearing and grooming behavior 30 min after drug

administration. In the test performed at 240 min the drug failed to reveal a similar



56

effect, suggesting that 7-NI suppressed transiently the OF behavior. Our data are in
agreement with a previous study showing that 7-NI (10 mg/kg) induced decrease in
locomotion in adult rats when tested 40 min after the administration (Volke et al.
1997). Similarilly, in mice 7-NI at the dose of 120 mg/kg reduced motor activity 1 h
following administration, but faded away 3 h later (Dzoljic et al. 1997a). Finally, 7-NI
suppressed time spent in the center part of the arena as well as rearing and
grooming behavior at both intervals indicating an increase in anxiety/fear
emotionality. It is conceivable that the suppression of behavioral profile actually
indicate a rather an anxiogenic-like effect. In this respect our results are in
contradiction with studies indicating that 7-NI possesses an anxiolytic-like effect in
both rats and mice (Dunn et al. 1998, Volke et al. 2003, Yildiz et al. 2000). Decrease
in all behavioral parameters, except grooming was observed in control animals, but
not in 7-NI treated animals, which might indicate inability of the 7-NI treated animals
to adapt to novel environment with repeated exposure to OF.

Taken together, our data support the hypothesis that a dysregulation in the NO
production in brain areas such as AMY, HIP and dIPAG may contribute with the
mechanisms that link anxiety and diabetes, and the prevention induced by a
prolonged treatment with FO in changing nNOS expression in the brain may be an

important mechanism related to its anxiolytic-like effect.
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4. CONSIDERACOES FINAIS

Em conjunto, nossos dados demonstram que o tratamento prolongado com OP na
dose mais alta (3 g/kg) induziu um efeito tipo ansiolitico nos animais diabéticos. Tal
efeito pode ser decorrente da capacidade que o OP apresentou em normalizar os
parametros basais de nNOS no encéfalo, uma vez que a expressao desta enzima
estava consideravelmente aumentada na AMI, HIP e dIPAG rostral no encéfalo de
ratos diabéticos tratados com veiculo, areas relacionadas com a neurobiologia da
ansiedade associada ao diabetes. E importante ressaltar que o bloqueio da acio
ansiolitica do OP pelo tratamento prévio com L-arginina confirmou a interacao do OP
com a nNOS. No entanto, a expressdao de NO influencia a expressédo de diversos
neurotransmissores, indicando que a o aumento de NO parece néo ser o Unico fator
envolvido na fisiopatologia da ansiedade associada ao diabetes. Assim, mais
estudos sdo necessarios para compreender melhor os mecanismos fisiopatologicos
gue relacionam a ansiedade ao diabetes, tal como para elucidar o mecanismo de

acao do efeito ansiolitico do 6leo de peixe.
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