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NOTA EXPLICATIVA

Esta Dissertacdo € apresentada em formato alternativo — artigo para publicacdo —
de acordo com as normas do Programa de Pdés-graduacdo em Farmacologia da
Universidade Federal do Parana, constando de uma revisdo de literatura, objetivos
do trabalho e um artigo cientifico abordando os experimentos realizados, com
resultados e discussao, além da concluséo. O artigo foi formatado de acordo com as

normas propostas por periédicos internacionais.
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RESUMO

A dor neuropética e a depressdo sdo comorbidades muito comuns em pacientes
diabéticos. Como os mecanismos patofisiologicos subjacentes ao diabetes sao
muito complexos e multifatoriais, os tratamentos disponiveis sdo apenas
sintométicos e geralmente comprometem o controle glicémico. Assim, a procura
por tratamentos mais efetivos é extremamente urgente. Neste sentido, avaliamos
o efeito do tratamento crénico com 6leo de peixe (OP), uma fonte de &acidos
graxos poliinstaturados w-3, na alodinia mecénica e no comportamento tipo-
depressivo em ratos diabéticos induzidos quimicamente por estreptozotocina. Foi
observado que os animais diabéticos (DBT), quando comparados aos animais
normoglicémicos (NGL), desenvolveram alodinia mecéanica a partir da segunda
semana apoés a inducdo do quadro diabético, com pico na quarta semana apos a
diabetizacdo, o qual foi prevenido pelo tratamento com OP (doses de 0,5, 1 e 3
g/Kg). Além disso, animais do grupo DBT apresentaram comportamento do tipo-
depressivo caracterizado pelo aumento da frequéncia de imobilidade e reducéo
na frequéncia de natacdo e escalada no teste de nado forcado modificado
(MFST) na segunda semana apdés a inducdo ao diabetes, comportamento que
perdurou até a quarta semana apdés a diabetizacdo. O tratamento com OP
(apenas na dose de 3 g/Kg) reduziu a frequéncia de imobilidade e aumentou a
frequéncia de natacdo, sem afetar a escalada em animais DBT. N&o obstante, foi
observado que animais DBT possuem menores niveis de BDNF tanto no
hipocampo quanto no cortex pré-frontal quando comparados aos animais
controle, diminuigdo que foi prevenida pelo tratamento com OP. Assim, nosso
estudo mostra que o tratamento com OP foi capaz de prevenir o desenvolvimento
de alodinia mecéanica e os comportamentos do tipo-depressivo em ratos
diabéticos, o que pode estar relacionado com sua capacidade de restaurar 0s
niveis de BDNF, visto que o BDNF vem se demonstrando importante na dor e
depressao.

Palavras-chave: Estreptozotocina, dor, depresséo, 6leo de peixe, BDNF.



ABSTRACT

Neuropathic pain and depression are very common comorbidities in diabetic
patients. As the pathophysiological mechanisms are very complex and multifactorial,
current treatments are only symptomatic and often worsen the glucose control. Thus,
the search for more effective treatments are extremely urgent. In this way, we aimed
to investigate the effect of chronic treatment with fish oil (FO), a source of w-3
polyunsaturated fatty acid, on mechanical allodynia and in depressive-like behaviors
in streptozotocin-diabetic rats. It was observed that the diabetic (DBT) animals, when
compared to normoglycemic (NGL) animals, developed a significant mechanical
allodynia since the second week after diabetes induction, peaking at fourth week
which is completlely prevented by FO treatment (0.5, 1 or 3 g/Kg). Moreover, DBT
animals showed an increase of immobility frequency and a decrease of swimming
and climbing frequencies in modified forced swimming test (MFST) since the second
week after diabetes induction, lasting up at the 4™ week. FO treatment (only at dose
of 3 g/Kg) significantly decreased the immobility frequency and increased the
swimming frequency, but did not induce significant changes in the climbing
frequency in DBT rats. Moreover, it was observed that DBT animals had significant
lower levels of BDNF in both hippocampus and pre frontal cortex when compared to
NGL rats, which is completely prevented by FO treatment. In conclusion, our study
demonstrates that FO treatment was able to prevent the mechanical allodynia and
the depressive-like behaviors in DBT rats, which seems to to be related to its

capacity of BDNF levels restoration.

Key words: streptozotocin, pain, depression, fish oil, BDNF.
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1) INTRODUCAO

1.1. DIABETES mellitus: historico, tipos e prevaléncia.

Diabetes mellitus é uma sindrome crbnica complexa, caracterizada pela
deficiéncia da producdo de hormdnio peptidico insulina ou pela resisténcia dos
tecidos periféricos a agdo de tal hormdnio, podendo ainda apresentar-se durante a
gestacéo, caracterizando o diabetes gestacional (IDF, 2015).

As caracteristicas clinicas do diabetes vém sendo observadas ha séculos, das
quais a poliaria (aumento do fluxo urinario) foi a primeira manifestacéo, a qual esta
até os dias atuais sendo reconhecida como caracteristica marcante da doenca. A
palavra “diabetes” foi utilizada pela primeira vez por Aretaeus, da Capaddcia, dois
séculos D.C, o qual descreveu a poliuria, sede e perda de peso. A associacdo do
diabetes com a funcdo pancreatica foi proposta no ano de 1889 por Oskar
Minkowski e Joseph von Mering, os quais observaram que, ao retirar o pancreas de
cachorros, os animais desenvolviam o quadro diabético, caracterizado por poliaria,
sede, hiperglicemia a glicosuria (BILOUS; DONNELLY, 2010). A relacdo diabetes e
o hormonio insulina, no entanto, precede estes achados, com descricdo de
aglomerados de células no pancreas em 1869 por Paul Langerhans. As funcdes
destes aglomerados de células pancreaticas foram definidas em 1893, por Edouard
Laguesse, 0 qual sugeriu que o pancreas se tratava de um tecido enddcrino o qual
era responsavel pela produgdo de hormdnios envolvidos na redugdo da glicose
sérica e denominou esses aglomerados de “llhotas de Langerhans”. Adicionalmente,
em 1921, um grupo de pesquisadores se reuniu e injetou um extrato feito a partir de
pancreas caninos em animais pancreatectomizados, 0S quais apresentaram
posteriormente, controle da glicose sérica (BILOUS; DONNELLY, 2010).
Clinicamente, Leonard Thompson de 14 anos, em 1922, foi o primeiro a receber
insulina. No ano seguinte, a insulina passou a ser amplamente utilizada em toda a
América do Norte e Europa, porém somente em 1955, a estrutura primaria da

mesma foi caracterizada por Frederick Sanger.
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A primeira utilizacdo clinica do termo diabetes foi feita por Himsworth (1936),
sendo sugerida a existéncia de duas formas da doenca: a primeira em que a
insulina era deficiente, ocorrendo principalmente em jovens magros; e a outra forma
apresentada pela resisténcia a acdo da insulina por adultos com excesso de peso.
Atualmente, a Federacdo Internacional do Diabetes sugere a existéncia de trés
principais formas da doencga, o Diabetes Mellitus tipo 1 (DM1), Diabetes Mellitus tipo
2 (DM2) e Diabetes Mellitus gestacional (DMG).

Com relacdo ao DM1, o mesmo inicia-se tipicamente em criancas e jovens,
sendo necesséria a administracdo diaria de insulina para a sobrevivéncia dos
pacientes. Como resultado de ataque do sistema imune, ha morte das células 3
pancreaticas, responsaveis pela producdo e secrecdo de insulina, tornando tal
administracao indispensavel, no entanto os mecanismos envolvidos na geracao de

tal reatividade contra as células 3 ainda nao sao totalmente elucidados (IDF, 2015).

Ja o DM2, costumava ser chamado de diabetes ndo dependente de insulina, é a
forma mais comum da doenca, ocorrendo em cerca de 90% dos casos. E
caracterizado por uma resisténcia ou deficiencia de insulina podendo passar
despercebido durante anos. O DM2 pode estar comumente relacionado a obesidade
e aumento do peso levando a resisténcia a acao da insulina e consequentemente
aumento dos niveis de glicose. Nesses casos a administracdo de insulina pode nao
ser necessaria, a0 menos inicialmente, sendo que a associacdo entre dieta

adequada e exercicios fisicos costuma ser eficaz (IDF, 2015).

O DMG é prevalente em uma a cada 25 mulheres no mundo (IDF, 2015), sendo
caracterizado pela resisténcia a insulina durante o periodo gestacional, em geral
passageiro, mas que aumenta a probabilidade de desenvolvimento de diabetes tipo
2 posteriormente na mde e comprometimento do desenvolvimento fetal (SBD,
2015).

Atualmente, acredita-se que cerca de 387 milhdes de pessoas sejam diabéticas,
das quais 46,3% sejam n&o diagnosticadas (IDF, 2015). Estima-se que a populagéo
diabética serd de aproximadamente 592 milhdes de pessoas em 2035. No Brasil,
cerca de 11 milhdes de pessoas séo portadoras de diabetes, sendo prevalente em

9% da populacéo Brasileira (IDF, 2013).
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Dentre as complicagcbes e comorbidades relacionadas ao diabetes, e de
importancia para nosso estudo, a polineuropatia simétrica distal (PNDS) é a
complicagdo mais prevalente (Tesfaye, Boulton, Dickenson, 2013), sendo a dor
neuropatica diabética sua manifestagcdo mais relatada (Ahroni et al., 1994; Harati et
al.,, 1996). Similarmente, a depressdo é o transtorno de humor que mais se
manifesta em pacientes diabéticos, levando a morbidade severa (Lang; Borgwardt,
2013).

1.2. NEUROPATIA, DOR E DOR NEUROPATICA

As neuropatias, ou situacbes em que h& alteragdo no processamento ou
transmissdo da informacdo nervosa, a nivel central ou periférico, sdo as
complicacbes mais comuns em diabéticos sendo a polineuropatia distal simétrica
(PNSD) a forma mais prevalente. Acomete cerca de 90% dos pacientes,
especialmente pernas e pés e caracterizando-se pela perda progressiva e centripeta
das fibras nervosas motoras e sensoriais (Tesfaye, Boulton, Dickenson, 2013).
Dentre estes pacientes que apresentam PNSD, de 10 a 46%, dependendo do
critério diagnostico, podem apresentar dor em decorréncia do quadro de

polineuropatia (Ahroni et al., 1994; Harati et al., 1996).

A dor, de modo geral, é definida pela Associacéo Internacional para o Estudo da
Dor (IASP) como “uma experiéncia sensorial e emocional desagradavel que é
associada a lesbes reais ou potenciais ou descrita em termos de tais lesdes”.
Considerada como o 5° sinal vital, além de ser um dos motivos mais relevantes para
a busca de auxilio médico (SBED, 2015), a sensacado dolorosa € considerada como
protetora da integridade fisica do individuo, caracterizada por sua duracdo e
intensidade que sao coincidentes com as do estimulo a ser informado (Woolf;
Mannion, 2009)

A sinalizacdo da informag&o nociceptiva inicia-se pela estimulagdo de fibras
nervosas presentes em diferentes tecidos, como pele, visceras e musculos,
chamadas de nociceptores apdés dano ou lesdo tecidual. Estas células sé&o

classificadas como fibras C e Ad de acordo com o didmetro, estrutura e velocidade
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de conducédo da fibra. As fibras C sdo amielinizadas, enquanto as fibras Ad séo
finamente mielinizadas, sendo que ambas sdo denominadas como fibras

nociceptivas (Belmonte, 1996, Handwerker, 1993).

Apés dano ou lesdo tecidual, as fibras Ad sdo responsaveis por uma fase
primaria da sensacdo dolorosa, devido a sua maior velocidade de condugédo, ao
passo que as fibras C sdo responsaveis por uma segunda fase, mais profunda
(Belmonte, 1996, Handwerker, 1993). Na ocorréncia de dano tecidual ha a liberacao
de substancias como substancia P (SP), glutamato e peptideo relacionado ao gene
da calcitonina (CGRP) pelas fibras nervosas que sensibilizam neurénios na matéria
cinzenta, no corno dorsal (Baranauskas; Nistri 1998). Na medula, a matéria cinzenta
é dividida em dez laminas (Besson; Chaouch, 1987), conhecidas como laminas de
Rexed, sendo as laminas I, Il, V e VI envolvidas na transmissdo da informacao

nociceptiva (Molander; Grant, 1986).

As fibras C e Ad conduzem via tratos ascendentes essa informacdo da medula
ao cortex, passando por regides superiores importantes, como o talamo, onde a dor
€ processada e recebe caracteristicas como localizacdo, qualidade e intensidade
(Schestasky; Nascimento, 2009). Diferentemente das demais percepcdes
sensoriais, 0s nociceptores de estimulos dolorosos ndo se adaptam com o passar
do tempo, sendo que mesmo estimulos pouco dolorosos passam a ser entendidos
com maior intensidade e podem persistir por longos periodos (Basbaum; Bushnell,
2009).

Os mecanismos relacionados a génese das alteracdes sensoriais como alodinia
(estimulos geralmente indcuos passam a ser entendidos como dor) e hiperalgesia
(aumento da sensibilidade a estimulos nociceptivos) no diabetes ndo estao
completamente elucidados, porém muitos estudos vém sendo desenvolvidos com
este propdsito. Ha um consenso de que alteracbes em vias metabdlicas, resultantes
da hiperglicemia, parecem contribuir de forma mais relevante para a patogenicidade
da doenca (Calcutt et al., 1996; Lee, McCarty, 1992, 1990; Bertelsmann et al.,
1987). Entretanto, estas alteragbes ndo podem ser apontadas como Unicas
causadoras de tais disfuncdes (alodinia e hiperalgesia), uma vez que a recuperacao

do quadro normoglicémico, por meio da administracdo de insulina, ndo consegue
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reverter completamente a dor crénica em decorrente do diabetes (Pop- Busui et al.,
2009; Alberts et al., 2010). Dentre as alteracdes periféricas observadas na dor
neuropatica diabética podemos citar diminuicdo do calibre axonal e reducdo na
velocidade de conducao das fibras (para revisao veja: Calcutt et al., 1996), alteracéo
na expressao e distribuicdo de canais de sddio e calcio e aumento do fluxo de
glicose. Com relacdo as alteracdes centrais, podemos citar sensibilizacdo central,
mudanca no balanco facilitacdo/inibicdo da via descendente da dor e aumento da
vascularizacéo talamica (Tesfaye; Boulton; Diekenson, 2013).

A dor neuropética é definida como dor causada por uma lesdo ou doenca do
sistema somatosensorial, tendo como caracteristicas a alodinia e a hiperalgesia
(IASP, 2011). A dor neuropatica diabética (DND) é caracterizada por dores
musculares profundas, sensacdo de queimacdo persistente ou sensacdo de
formigamento (Ziegler, 2008). Esta complicacdo esta associada a morbidade
severa, tendo também efeito negativo na qualidade de vida do individuo
(Kulkantrakorn, Lorsuwansiri, 2013), bem como reduc¢éo nas interagdes sociais e no

sono, aumentando assim o indice de mortalidade (Ahroni et al., 1994).

1.3. TRATAMENTO DA DOR NEUROPATICA DIABETICA

Por se tratar de uma doenca multifatorial, o tratamento da DND é
especialmente dificil, devido sua refratariedade a diversas drogas (para revisao veja:
Schreiber et al., 2015). Atualmente, somente as drogas pregabalina, duloxetina e
tapentadol sdo aprovadas pelo FDA (Food and Drug Administration) para o
tratamento da DND, no entanto, drogas pertencentes a diferentes classes, como
antidepressivos triciclicos, antiepiléticos e combinacdes possam ser utilizados (Max
et al.,, 1992) e até analgésicos topicos, como a capsaicina (Peltrier; Goutman;
Callaghan, 2014). De modo geral, os tratamentos acima citados ainda apresentam
baixa adeséo devido aos efeitos adversos e a baixa efetividade (para reviséo veja:
Schreiber et al.,, 2015), sendo que apenas um ter¢co dos pacientes apresentam

melhora com os tratamentos (Ney et al., 2013).
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Dentre o tratamento com antiepiléticos a pregabalina tem mostrado bons
resultados (para revisdo veja: Schreiber et al.,, 2015), embora haja estudos
sugerindo que sua eficacia € menor que a dos antidepressivos (Morello et al., 1999;
Gilron, Max, 2005), outros estudos clinicos sugerem que a pregabalina e a
gabapentina apresentam melhor efeito analgésico ao serem comparadas a
antidepressivos triciclicos e opidides (para revisao veja: Schreiber et al., 2015).

Estudos recentes indicam que, mesmo apos essas abordagens terapéuticas, um
namero reduzido de pacientes consegue apresentar melhora, sendo que a maioria
deles ndo responde ao tratamento com estes medicamentos (Tesfaye; Boulton;
Dickenson, 2013; Jensen et al., 2006), permanecendo assim um desafio para os
profissionais da saude. A escassez de drogas realmente efetivas para a terapia da
DND pode ser decorrente da complexidade da fisiopatologia do diabetes e os
mecanismos envolvidos com a geracdo da DND, associados aos inumeros efeitos
colaterais apresentados pelo uso dos analgésicos utilizados, inviabilizando seu uso
continuo (para revisao veja: Schreiber et al., 2015). Dessa maneira, torna-se vital
ndo somente o melhor entendimento das vias envolvidas, mas também a busca de

novas alternativas terapéuticas.

1.4. DEPRESSAO

Disturbios metabdlicos e obesidade geralmente séo relacionados a problemas
cardiovasculares, no entanto, a desregulacdo metabdlica e alteracdes nos niveis
séricos de glicose (aumento dos niveis) podem influenciar na funcédo cerebral bem

como pode estar relacionado a depressao (Hendrickx; McEwen; Ouderaa, 2005).

Autores sugerem que a depressdo e o diabetes compartiiham uma relacdo
bidirecional visto que a depressdo € o disturbio de humor mais prevalente em
pacientes diabéticos (Fisher et al.,, 2008; Renn et al. 2011) e comparado a
populacdo em geral, pacientes diabéticos possuem maior prevaléncia quanto ao
desenvolvimento de transtornos do humor (Simon et. al., 1995; De Groot et. al.,
2001), sendo que os sintomas depressivos manifestam-se em cerca de 12-29% dos

homens e 23-30% das mulheres recém diagnosticados com diabetes (Lang;
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Borgwardt, 2013). Em contrapartida, pacientes com sintomas depressivos instalados
apresentam aumento dos niveis de glicose em jejum (Golden et al., 2009) e risco
aumentado de desenvolver diabetes (Golden et al., 2008) em aproximadamente
60% (Nouwen; Lloyd; Pouwer, 2009).

A depressdo, no geral, é um distdrbio psiquiatrico incapacitante que ocorre
independente do género, idade e classe social. O diagnostico da doenca é feito
segundo critérios estabelecidos pela Associacdo Psiquiatrica Americana (APA) na
publicacdo da quinta edicdo do Manual de Diagndstico e Estatistica das Doencas
Mentais (DSM-V, APA, 2013). Baseia-se, portanto, na apresentacao de sintomas
como humor deprimido, perda de prazer em atividades, perda ou ganho de peso
corporal, fadiga ou perda de energia, insbnia ou agitacdo, falta de concentracéo,
baixa autoestima, distirbios do sono e aumento ou diminuicdo do apetite, dentre
outros, geralmente persistentes por pelo menos duas semanas (DSM-V, APA,
2013).

Estas manifestagfes podem se tornar além de crbnicas, recorrentes, levando
em alguns casos a prejuizos importantes na capacidade do individuo de cuidar de
suas responsabilidades diarias. Em alguns casos a depresséo leva ao suicidio, uma
fatalidade associada a perda de cerca de 850.000 vidas a cada ano no mundo todo
(Lang; Borgwardt, 2013). Apesar de sua patologia ndo ser completamente
entendida, sabe-se que existem varios fatores envolvidos como alteracbes na
neurotransmissdo de monoaminas, desregulacdo do eixo hipotalamo-pituitaria-
adrenal (HPA), diminuicdo do Fator Neurotréfico Derivado do Encéfalo (BDNF)
(Duman, 2004; Schmidt et al., 2011), neuroinflamag&o (Schmidt et al., 2011; Miller;
Maletic; Raison, 2009), entre outros (Charney; Manji, 2004). Apesar de sua
prevaléncia, a depressao ainda pode aumentar o risco de desenvolvimento de
inUmeras patologias, entre elas problemas cardiovasculares (Van der Kooy et al.,
2007), doenca de Alzheimer (Green et al., 2003), epilepsia (Hesdorffer et al., 2000),
cancer (Penninx et al., 1998) e diabetes (Nouwen; Lloyd; Pouwer, 2009).

A depressdo em pacientes diabéticos € proposta como sendo o resultado de
alteracdes no estilo de vida (restricdo dietética, tratamento cronico, aumento em

gastos financeiros, aumento em frequéncia de hospitalizacdo) ou pode estar
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relacionada as alteracdes fisiolégicas como cegueira, impoténcia e perda cognitiva
decorrente do diabetes (Wredling et. al., 1992). Tendo em vista os danos causados
pela hiperglicemia, estudos apontam que o sistema nervoso central (SNC) ndo esta
livre dos danos oriundos do diabetes sendo a encefalopatia diabética a principal
envolvida nessa desordem metabdlica (Mijinhount et. al., 2006; para revisdo veja:
Korczak et al., 2011). Neste sentido, estudos do nosso grupo mostram que ha um
aumento de estresse oxidativo (EO) em areas relacionadas com a depressdo, como
o hipocampo e cortex pré-frontal, o que pode estar relacionado com o
comportamento do tipo-depressivo pronunciado em animais diabéticos quando

comparados aos animais normoglicémicos (De Morais et. al., 2014).

Cabe ressaltar que na fisiopatologia da depressao, além do EO, caracterizado
pelo aumento da producdo de espécies reativas de oxigénio ou por reducdo dos
niveis de antioxidantes, outros mecanismos parecem contribuir de forma importante.
Dentre estes mecanismos destacam-se 0 aumento de citocinas proé-inflamatérias
(interleucina 1 (IL-1), interleucina 6 (IL-6) e fator de necrose tumoral a (TNF- a),
neurodegeneracédo, apoptose, reducdo da neurogénese, bem como da plasticidade
neuronal. Embora estes mecanismos possam ser ativados independentemente, ha
um consenso de que haja forte relacao entre eles, e que o EO possa ser o ponto de

ligacdo entre eles (Maes et al., 2012).

1.5. TRATAMENTO DA DEPRESSAO

O tratamento convencional da depressdo com medicamentos antidepressivos
e terapia cognitivo-comportamental mostra-se eficaz em 60-80% dos pacientes. No
entanto, menos de 25% das pessoas afetadas tém acesso a um tratamento eficaz,
além disso, a depressao resistente ao tratamento ocorre em até 40% dos pacientes.
O Uso dos antidepressivos leva a uma gama de efeitos colaterais indesejaveis, tais
como sedacéo, diminuicdo da pressao sanguinea, aumento de peso, indigestdo e
disfuncéo sexual, resultando em baixa adeséo dos pacientes, reaparecimento dos

sintomas oriundos da depressdo bem como aumentando o risco de suicidios nos
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pacientes (Keller et al., 2002). Dentre as drogas utilizadas no tratamento da
depressdo em pacientes diabéticos destaca-se o0 uso de antidepressivos inibidores
da recaptacdo da serotonina, como fluoxetina, escitalopram e sertralina, os quais
sdo importantes nesse contexto por nao interferirem no controle dos niveis de

glicose (para revisao veja: Zanoveli et al., 2015).

1.6. RELACAO ENTRE DOR NEUROPATICA E DEPRESSAO ASSOCIADAS AO
DIABETES

Estudos reforcam a hipotese de que a dor neuropéatica e a depressao
associadas ao diabetes sdo decorrentes de iniUmeros mecanismos fisiopatologicos
comuns como o aumento do EO, processos inflamatérios (Cammeron; Cotter,
2008), processos neuroimunes (Quan et al., 2007) e processos neurodegenerativos
(Russel et al., 2002, 1999). Nesse sentido autores sugerem que a dor crbnica e a
depressao também compartilham uma relacdo bidirecional visto que pacientes com
dor crénica apresentam aumento na incidéncia de depressdo quando comparado a
populacdo ndo-diabética (Sullivan et al., 1992), em contrapartida as chances de
desenvolver dor cronica sdo aumentadas em pacientes com depresséao (Von Korff;
Simon, 1996). Nesse contexto os acidos graxos poli-insaturados 6mega-3 (AGPI
N3) parecem ser um promissor adjuvante no tratamento da dor neuropética e
depressdo associadas ao diabetes, visto que os AGPI N3 ja apresentam efeitos
benéficos na dor (Kremer, 2000; para revisdo veja: De Caterina et. al., 2007) e

depressao (Ferraz et al., 2011; Carabelli et al., 2014) em animais normoglicémicos.

1.7. ACIDO GRAXO POLI-INSATURADO OMEGA 3

Os acidos graxos sao moléculas organicas formadas por cadeias de

hidrocarbonetos que possuem um radical metil (-CHO) em uma extremidade e um
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radical carboxil (-COOH) na extremidade oposta (CURI, 2002). Dividem-se em
saturados e insaturados, sendo que os ultimos podem ser mono ou poli-insaturados
(para reviséo veja: De Caterina et. al., 2007; Curi, 2002), ou seja, podem apresentar
ou nédo dupla-ligacbes entre os atomos de carbono em suas cadeias alifaticas (Curi,
2002). Os éacidos graxos poli-insaturados 6mega-3 (AGPI-n3) sdo aqueles que
possuem a primeira insaturacao na terceira posicdo a partir da extremidade metil
(Drevon et al., 1993; Curi, 2002; Ko et. al., 2010). Os mesmos derivam do acido a-
linolénico (a-LNA), sendo os &cidos linolénico (C18:3), eicosapentaendico (EPA;
C20:5) e o docosahexaendico (DHA; C22:6), os representantes mais importantes
(para revisdo veja: De Caterina et. al., 2007) sendo considerados nutrientes
essenciais, uma vez que provém exclusivamente da dieta. Esses mediadores
possuem diversas atividades biolégicas, tais como regulacdo da atividade
plaquetéaria, sdo componentes essenciais das membranas bioldgicas, participam da
comunicacdo celular e imunorreacfes, sdo importantes no desenvolvimento do
sistema nervoso central durante a embriogénese e infancia bem como no
funcionamento ideal do mesmo (para revisao veja: De Caterina et. al., 2007; Curi,
2002). Assim, dietas pobres em acidos graxos podem acarretar varias complicacfes
relacionadas com a atividade neuronal, motora e visual (para revisdo veja: De
Caterina et. al., 2007).

Os AGPI-n3 podem ser gerados principalmente pela acdo da fosfolipase-A2, e
posteriormente metabolizados por ciclooxigenases (COX) e lipooxigenases (LOX)
em seus produtos de comunicacdo celular (eicosanoides anti-inflamatorios). A
ingestdo de Oleo de peixe, rico em AGPI-n3, altera a fluidez da membrana gracas a
incorporacao de DHA e EPA nos fosfolipides de membrana, diminuindo a propor¢ao
de acido araquidénico (AA) nela, levando a producédo dos eicosanoides originarios
do EPA e DHA (para revisdo veja: De Caterina et. al., 2007). Essa mudanca
também altera a atividade de proteinas inseridas na bicamada lipidica, além das
interacdes hidrofobicas locais. A sinalizacdo intracelular também pode ser alterada
pela ingestdo de AGPI-n3, por meio da modulacdo da fluidez e composicdo de
trechos especificos da membrana onde ocorre uma combina¢do de proteinas com
glicoesfingolipidios, denominado ‘lipid rafts”, e/ou por producdo de segundos

mensageiros (Lima et al. 2007). Ademais, estudos demonstram que a deficiéncia de
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AGPI n3 altera a distribuicdo de esfingolipidios nas membranas celulares, os quais
participam de forma importante da constituicdo da estrutura dos neurénios e da
bainha de mielina. Portanto, em caso de deficiéncia de &cidos graxos poli-
insaturados (AGPI) a estrutura da bainha de mielina pode ser comprometida (Curi et
al., 2002).

Desta forma, ao integrar maior quantidade de AGPI-n3 na dieta, principalmente
EPA e DHA, podem ocorrer mudancas na composicdo de membrana, a qual tem
uma parte de seus fosfolipides acidos graxos poli-insaturados 6mega-6 (AGPI n6)
parcialmente substituidos por AGPI-n3. Isto implica em mudangas no metabolismo
dos derivados destes acidos, como a reducdo da producdo de leucotrienos e
tromboxanos. Os AGPI-n3 também reduzem a pressdo sanguinea e a reatividade
de plaquetas e leucécitos, diminuem niveis de triglicerideos plasmaticos e reduzem
a aterogénese e trombose (para revisdo veja: De Caterina et al., 2007), eventos

comumente relatados em patologias associadas ao diabetes.

Ademais os mesmos tém sido amplamente descritos como neuroprotetores
(Delattre et al., 2010), utilizados como adjuvantes no tratamento de transtornos de
humor (Nemets et al.,, 2002; Stoll et al., 1999), possivelmente por apresentar
beneficios a saude mental (da Silva et al., 2008; Borsonelo; Galduroz, 2008)
relacionados ao aumento da regulacdo do Fator Neurotréfico Derivado do Encéfalo
(BDNF) (Venna et al., 2009). No diabetes experimental, ratos tratados com 0leo de
peixe apresentaram melhora da velocidade de condugdo nervosa e de parametros
histol6gicos caracteristicos de degeneracdo, tais como desmielinizacdo e
degeneracao axonal (Arnold; Kwai; Krishnan, 2013; Said, 2007; Gerbi et al., 1999).
Muitas dessas propriedades neuroprotetoras tem sido associada a capacidade dos
AGPI-n3 em atenuar os efeitos causados pelo EO (Hashimoto et al., 2002) além do
aumento da regulacédo do BDNF (Venna et al., 2009).

Estudos clinicos e experimentais tém relatado que o aumento da ingestdo de
AGPI-n3 esta associado com a reducao da dor de artrite reumatoide (Kremer, 2000),
dismenorréia (Deutch et al., 2000) e lesdo musculo-esquelética (Joeriksen et al.,
1996). Estudos recentes sugerem um possivel mecanismo de acdo dos AGPI-n3

modulando os niveis de BDNF (para revisdo veja: Khan; Smith, 2015), onde os

26



mesmos revisam extensivamente a existéncia de um tipo especial de receptor
acoplado a proteina G-40 (GPR40), também chamado de receptor para acidos
graxos livres-1 (FFAR1), os quais apos a ligacdo dos AGPI ativam cascatas
intracelulares culminando na ativacdo de elementos de ligagdo a proteinas
responsivas ao AMPc levando ao aumento da transcricdo do gene para BDNF, vale
ressaltar que o GPR40 é altamente expresso no cérebro humano, em regiées como

hipocampo e cortex cerebral (Nakamoto et al., 2011).

O BDNF é uma proteina basica de 12,4 kDa que desempenha um papel
importante na neurogenese e no desenvolvimento e sobrevivéncia dos circuitos
neuronais (Hellard et al., 2004; Lee et al., 2012), sendo proposto que a reducéo do
BDNF em certas areas do cérebro é um marcador biolégico para a depressao
(Duman; Heninger; Nestler, 1997). E importante salientar que, em relacio a
modulacédo da dor, o papel do BDNF na dor inflamatéria parece ser claro , enquanto
a correlacdo entre o BDNF e dor neuropética ainda é desconhecida (Merighi et al.,
2008), possivelmente devido a multiplicidade de etiologias de dor neuropatica.
Autores divergem quanto a relacdo do BDNF com a dor neuropatica diabética, visto
gue estes observaram que altas concentracfes de BDNF parecem ter um efeito
antinociceptivo predominante (Groth; Aanonsen, 2002; Guo et al., 2006), outros
propuseram que doses baixas de BDNF podem suprimir a alodinia mecéanica e as
doses elevadas tém o efeito oposto (Miki et al., 2000; Lee-Klubi; Calcutt, 2014).

Embora haja muitos estudos relatando melhoras em diferentes parametros
patofisiologicos caracteristicos do diabetes apds a suplementacdo com AGPI-n3,
pouco se tém investigado acerca do efeito dos mesmos sobre a dor neuropatica e a

depressao associadas ao diabetes, o qual € merecedor de maior enfoque e estudos.

2) OBJETIVOS
2.1. Objetivo Geral

- Avaliar o possivel efeito do 6leo de peixe na alodinia mecanica e no
comportamento tipo-depressivo em animais com diabetes experimentalmente

induzido por estreptozotocina.
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2.2. Objetivos especificos

- Avaliar o decurso temporal do estabelecimento da alodinia mecanica em

animais diabéticos;
- Avaliar o comportamento do tipo-depressivo em animais diabéticos;

- Avaliar o possivel efeito antinociceptivo e tipo-antidepressivo do Oleo de peixe

em animais diabéticos;

- Avaliar os niveis de BDNF no hipocampo e no cortex pré-frontal de animais

diabéticos, tratados ou ndo com 6leo de peixe.

3) ARTIGO CIENTIFICO

Effect of omega-3 polyunsaturated fatty acid treatment over mechanical

allodynia and depressive-like behavior associated with experimental diabetes

Daiany D. B. Redivo?, Anne K. Schreiber?, Eliana R. Adami?, Deidiane E. Ribeiro®,
Samia R. L. Joca®, Janaina M. Zanoveli®, Joice M. Cunha®

4 Department of Pharmacology, Federal University of Parana, Curitiba, PR, 81540-
990, Brazil and PDepartment of Pharmacology, College of Pharmaceutical Sciences,
State University of Sdo Paulo, Ribeirdo Preto, SP, 14040-903, Brazil.

3.1 Introduction

Diabetes is a chronic clinical condition [1] that, according to International
Diabetes Federation, affects importantly about 387 million people worldwide, a
number expected to rise to about 590 million people in 2035 [2]. Among the diabetic

complications, the diabetic sensorimotor polyneuropathy is the most common clinical
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form of diabetic neuropathy, affecting around 90% of patients with diabetes [3,4].
Depending on diagnostic criteria, about 10% to 46% of the patients with diabetic
neuropathy develop neuropathic pain along the disease [5,6]. Additionally, it has
been described that diabetic patients have 15 to 20% higher chances to develop
depression when compared to the general population [7,8].

Studies suggest also a bidirectional relationship among diabetes and depression,
being the major depression the most prevalent mood disorder in diabetics [9,10]. On
the other hand, patients with installed depressive symptoms present an increased in
fasting blood glucose levels [11] and an increased risk of develop diabetes [12].
There is also a bidirectional correlation between chronic pain and depression, since
patients with chronic pain have higher incidence of depression when compared with
general population [13]. Similarly, the chances to develop chronic pain is higher in
the presence of depressive symptoms [14].

The search for alternative therapies for the treatment of neuropathic pain [15] and
depression associated with diabetes is recquired, since the conventional therapies
present low adhesion [16], responsiveness [4] and may also alter blood glucose
levels [17,18]. In this way, omega-3 polyunsaturated fatty acids (w-3-PUFA), as
linolenic acid (LNA), eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA),
have been suggested as adjuvant therapy of depression [19-21] and pain [22—24]
and also for mood disorders [25,26], among others [for review see: 27]. Regarding
the possible mechanism of action of w-3-PUFA, especially in regard to its
antidepressant-like effect, it has been associated with a hippocampal brain derived
neurotrophic factor (BDNF) up-regulation [28,29] and also with other biological
functions [for review see: 30].

Although the antinociceptive and the antidepressant effects of w-3-PUFA
have already been observed previously, to our knowledge the effectiveness of this
teatment in depressive-like behaviors or in the neuropathic pain associated with
diabetes has not been tested yet, which was the main goal of this study. More
specifically, our aim was to investigate the effect of fish oil, a natural source of EPA
and DHA, over the mechanical allodynia and depressive-like behaviors in a rat
model of diabetes induced by streptozotocin(STZ), exploring whether alterations in
BDNF levels may be implicated in its mechanism of action.
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3.2 Material and Methods

3.2.1. Animals

Experiments were conducted in male Wistar rats (weighing 160-170 g, with
approximately 42 days of age), provided by Federal University of Parana colony. The
animals were maintained in the vivarium of Department of Pharmacology, under
controlled conditions of temperature and light/dark cycle of 12 hours, with free
access to food and water. The animals were divided into 3 three experimental
groups of 6 to 9 rats each (Normoglycemic vehicle (saline), Diabetic treated with
vehicle (saline) and Diabetic treated with fish oil). Diabetic animals were kept in small
numbers per cage, with shavings changed daily. All experiments were conducted in
accordance with the rules and laws contained by the Ethics Committee for Research
on Animals UFPR (CEUA/BIO-UFPR; #790). All efforts were made to minimize the

number of rats and their suffering.
3.2.2. Drugs

The following drugs were used: fish oil (FO, kindly donate by Laboratério
Herbarium Botanico S/A, Colombo, Parana, Brazil) composed of 12% EPA and 18%
DHA, and streptozotocin (STZ, Santa Cruz Biotechnology Inc., USA). The fish oil
was administered orally (p.o.) at doses of 0.5, 1 or 3 g/Kg during 8 weeks.
Streptozotocin was dissolved in citrate buffer (10 mM, pH 4.5) and administered
intraperitoneally (i.p.) at a dose of 60 mg/Kg. The doses, routes and treatment
schedules were established based on previous studies from our group [31,32] or
other studies [33,34].

3.2.3. Diabetes induction

Type 1 diabetes was induced experimentally by a single intraperitoneal
injection of 60 mg/Kg of streptozotocin (STZ) (Sigma-Aldrich) dissolved in citrate
buffer (10 mM, pH 4.5), i.p, in rats previously fasted for 12 hours. Normoglycemic
group, a control group run in parallel, received only citrate buffer (10 mM, pH 4.5,

equivalent volume). Diabetes was confirmed three days after the injection of STZ
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using samples of about 5 pL of blood from the tail vein added to test strips
impregnated with glucose oxidase (Accu-Check ActiveTM, Roche). The animal was
considered diabetic and kept in the study when glucose was equal or greater than
250 mg/dL. Body weight was determined weekly.

3.2.4. Mechanical allodynia measurement (electronic Von Frey test)

The mechanical allodynia was assessed using an electronic Von Frey
(electronic anesthesiometer, IITC Life Science, CA, USA), as earlier described by
[35]. Briefly, the device presents a disposable polypropylene tip (0.5 mm in
diameter), fixed in a force transducer connected to a digital display, where
is possible to verify the force (g) applied in the medial surface of animal hind
paws. Plexiglass boxes placed in a wire mesh floor (thickness of 5 mm?) were used
to acclimate rats during 15 min, or time enough to cease exploratory behaviors.
Through the mesh spaces was applied linearly growing force until the occurrence of
a withdrawal response and "shake/ licking” of the stimulated paw. The mechanical
threshold of a single paw were calculated by the average value of three similar
withdrawal responses while the average mechanical threshold of an animal were
calculated as the average mechanical threshold of both hind paws. The presence of
mechanical allodynia was obtained by the difference among average mechanical
threshold observed prior to administration of STZ (baseline or zero time) in
comparison of different time poitns after induction of diabetes or after fish oll

administration.

3.2.5. Modified forced swimming test

In this procedure originally described by [36] and modified by [37], the animals
were placed individually in plastic swimming cylinders (20 cm diameter x 50 cm
containing 30 cm of water at a temperature of 24+1°C) for 15 minutes (pre-test).
Twenty-four hours after the pre-test, the animals were submitted to a session of 5-
minute forced swim (test session) which was recorded for subsequent evaluation of
the frequency of immobility (except small movements needed to float), swimming
and climbing every 5 seconds. This behavioral despair test characterize the

depressive-like behavior as a reduction in the frequency responses of active
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(swimming and climbing) and an increase in the frequency response of passive
(immobile). Between an animal and another, clean water was restored after the
cylinder be cleaned properly. After each session (pre-test and test), the animals were
removed and subjected to drying with clean and dry cloths in a separate box before

returning to their home cages.

3.2.6. Open field test

In order to assess the locomotor activity induced by the different treatments,
the open field test was performed as describe to [38] in all groups. For this, the
animals were placed in a rectangular arena and their behavior was filmed for later
counting of the number of crossing exerted during 5 minutes, considered a measure
of the locomotor activity. Then the animals returned to their cages and the apparatus
was cleaned with alcohol 20% prior to testing in other animal. The data obtained
after different treatments were compared with the respective controls (NGL or DBT

treated with vehicle only).

3.2.7. Tissue collection and sample preparation to BDNF analyses

Animals on fourth week after experimental diabetes were euthanized and pre-
frontal cortex and hippocampus was dissected on ice and immediately stored at -
80°C. Seven days after, the samples was mechanically homogenized in
microcentrifuge tubes in lysis buffer (20 mM tris HCI, 137 mM NacCl, 10% glycerol
and 0.05 mM Na3Vo4) containing a cocktail of protease inhibitors (Sigma-Aldrich,
P2714, USA). Following homogenization, samples was centrifuged at 10,000 rpm for

15 minutes at 4°C. The supernatant was collected and stored at -80°C until use.

3.2.8. Quantification of BDNF levels

Quantitation of BDNF protein was performed by ELISA (enzyme-linked
immunosorbent assay) using a specific kit (Pro mega BDNF Emaxs Immunoassay
System, G7610) containing 96 wells, following the manufacturer's instructions.
Briefly, wells were coated with primary monoclonal antibody to BDNF overnight at
4°C. After blocking with a BSA solution the samples were added, followed by the

secondary polyclonal antibody. After incubation with tertiary antibody conjugated to
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HRP, colorimetric detection of peroxidase activity was obtained by addition of
tetramethylbenzidine (TMB One). The enzymatic reaction was stoped with 1M
hydrochloric acid and intensity of staining in each well was measured at 450 nm
using a plate reader. A standard curve was generated using the values of the dilution
series of a standard recombinant human BDNF and was used for determining the
BDNF concentrations in the samples. The value in each sample was normalized by

the total protein content which was determined by the Bradford method [39].

3.2.9. Experimental protocol

The experimental procedures are summarized in figure 1. Briefly, the animals were
kept for two days in the laboratory vivarium for ambiance before starting the
experimental proceedings. The treatment (vehicle or fish oil - 0.5, 1 or 3 g/Kg, p.0)
started four weeks before the diabetes induction, and were maintained for additional
four weeks after STZ administration, totaling 8 weeks of treatment. When pertinent,
daily treatment with fish oil was performed after the behavioral tests to rule out the
possibility of additional effects caused by acute treatment. The mechanical allodynia
and body weight were evaluated weekly. The depressive-like behaviors and the
locomotor performance in the open field test, in turn, were evaluated on the second
and again in the fourth week after experimental diabetes induction by STZ
administration. Blood glucose levels was evaluated after the Von Frey basal
measurements (0 day), 3 days after STZ injection (to confirm the diabetes induction)
and again before the animal euthanasia (to confirm the maintenance of diabetes and

to study the effect of chronic treatment with fish oil in glucose levels).

3.2.10. Statistical Analysis

All data are represented as mean + standard error of mean (SEM) for 5-9
animals/group. One or two-way analysis of variance (ANOVA) with or without
repeated measures was executed. When appropriated, the post-hoc analysis by
Bonferroni or Newman-Keuls test was performed. The independent factors used
were the experimental groups and/or time. The level of significance was set as
p<0.05. All the tests were carried out using the GraphPad Prism program (version 5,
San Diego, CA, USA).
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3.3 RESULTS

3.3.1. Effect of the treatment with fish oil on the mechanical allodyniain

STZ-diabetic animals

As shown in the Figure 2 (panel A), two-way ANOVA with repeated measures
showed effects on experimental groups [F(4,128)=46.64; p<0.05] and time (weeks)
[F(4,128)=31.74; p<0.05] factors, besides an interaction between these two factors
[F(16,128)=31.36; p<0.05]. Post-hoc of Bonferroni showed that, when compared to
normoglycemic group, control diabetic animals (vehicle-treated) presented a
significant decrease in mechanical threshold on second, third and fourth week after
diabetes induction (p<0.05). Moreover, the treatment with FO (at all tested doses)
was able to induce a significant antinociceptive effect in STZ-diabetic rats. More
specifically, a significant antinociceptive effect was observed only in the fourth week
for the dose of 0.5 g/Kg (p<0.05) and in the second, third and fourth week after the
treatment with the dosis of 1 or 3 g/Kg; p<0.05).

The figure 2 (panel B) shows the area under curve (AUC) values for each group
from one to four week after STZ injection. One-way ANOVA showed effect of the
experimental groups [F(4,36)=37.65; p<0.05] factor. The post-hoc test of Newman-
Keuls showed that diabetic animals treated with vehicle presented a significant
reduction in the AUC when compared with normoglycemic treated with vehicle
(p<0.05). All doses of FO were able to increase the AUC when compared to control

diabetic group (p<0.05).

3.3.2. Effect of the treatment with fish oil on the blood glucose and body

mass in STZ-diabetic animals

Control diabetic animals (treated with vehicle) presented an increase on blood
glucose levels and a decrease on the body mass when compared to normoglycemic
animals. The treatment with FO (at all tested doses) did not cause a significant
changes on blood glucose (Table 1) levels neither on body mass gain (Table 2) in
STZ-DBT rats when compared to DBT animals treated with VEH (p>0.05).
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3.3.3. Effect of the treatment with fish oil on the depressive-like behaviors

in STZ-diabetic animals

The figure 3 shows the effects of the FO treatment on frequency of active
(swimming and climbing, panels B and C, respectively) and passive (immobility,
panel A) responses in STZ-diabetic animals evaluated in the MFST.

Regarding to frequency of immobility (figure 3, panel A), two-way ANOVA
showed effect on experimental groups [F(4,31)=51.65; p<0.05] and time (weeks)
[F(1,31)=11.33; p<0.05] factors, besides interaction between these two factors
[F(4,31)=7.65; p<0.05]. The Bonferroni test showed that the control diabetic animals
(treated with vehicle) exhibited a significant increase in the immobility frequency
when compared to normoglycemic group since the second week after STZ injection,
remaining significantly increased at the fourth week (p<0.05). A significant decrease
in the frequency of immobility was observed only in diabetic animals treated with the
highest dose of FO (3 g/Kg; p<0.05).

In the analysis of the frequency of swimming (figure 3, panel B), two-way ANOVA
showed a significant effect on the experimental groups [F(4,31)=27.83; p<0.05]
factor, but not a significant effect on the factor time (weeks) [F(1,31)=0.05; p>0.05],
neither interaction between the factors [F(4,31)=1.53; p>0.05]. The post-hoc
analysis showed a significant difference between control diabetic animals and
normoglycemic animals at both time points evaluated (second and fourth week;
p<0.05). A significant increase in the frequency of swimming was observed only in
diabetic animals treated with the highest tested dose of FO (3g/Kg; p<0.05).

For the frequency of climbing analysis (figure 3, panel C), two-way ANOVA
showed a significant effect on experimental groups [F(4,31)=19.37; p<0.05] and time
(weeks) [F(1,31)=6.33; p<0.05] factors, but not a significant effect on interaction
between the factors [F(4,31)=1.48; p>0.05]. The Bonferroni post-hoc analysis
showed a significant difference between control diabetic animals and normoglycemic
animals at both second and fourth weeks after STZ (p<0.05), but no significant
changes in the climbing frequency in diabetic animals treated with any of the tested
doses of FO (p>0.05).
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3.3.4. Effect of the treatment with fish oil on the locomotor activity in

STZ-diabetic animals

The table 3 demonstrates the number of crossing of normoglycemic and
diabetic rats in the open field test. Two-way ANOVA showed a significant effect on
the experimental groups [F(4,33)= 7.51;p<0.05] factor, but not a significant effect on
the factor time (weeks) [F(1,33)= 0.09;p>0.05], neither interaction between the
factors [F(4,33)= 0.06;p>0.05]. The post-hoc of Bonferroni showed a significant
difference between control diabetic animals and normoglycemic animals at both time
points evaluated (second and fourth week; p< 0.05). A significant decrease in the
number of crossings was observed in all diabetic animals, vehicle or FO-treated,
independently of the tested doses (p< 0.05).

3.3.5. Effect of the treatment with fish oil on BDNF levels in

hippocampus and in pre frontal cortex of diabetic animals.

Figure 4 shows the BDNF levels on hippocampus (panel A) and prefrontal
cortex (panel B) in diabetic and normoglycemic animals. One-way ANOVA analyses
showed a relative difference between groups on hippocampus [F(2,29)= 9.21;
p<0.05] and on prefrontal cortex [F(2,17)= 8.44; p<0.05]. The Newman-Keuls post-
hoc analysis demonstrated that diabetic animals presented a significant decrease of
BDNF levels in both hippocampus and pre frontal cortex when compared to
normoglycemic group (p<0.05), which is significantly prevented by the treatment with
the effective dose of FO (3 g/Kg; p<0.05).

3.4. DISCUSSION

This study demonstrates that fish oil treatment was able to prevent the
mechanical allodynia and the depressive-like behaviors in streptozotocin (STZ2)-
induced DBT rats. These effects seems to be related to its capacity of increasing the
BDNF levels in hippocampus and pre-frontal cortex, important areas to pain

modulation and depression.
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The treatment with STZ has been extensively used as a model for induction
of diabetes in animals. In this way, it is reported that STZ-treated animals exhibit
broad metabolic changes, including an increase in plasma levels of glucose and
reduction of body mass, as observed in this study. Importantly to this study, beyond
these metabolic changes, STZ-treated animals exhibit sensory abnormalities
described as neuropathic pain [31,40,41] and depressive-like behaviors [32,42]. In
the present study, DBT rats presented a decrease of mechanical threshold,
configuring mechanical allodynia and, concomitantly, an increase in the frequency of
passive (immobility) and decrease in the frequency of active (swimming and
climbing) behaviors during the modified forced swimming test.

Regarding locomotor activity, our results showed that at both time points (2™
and 4" week after STZ injection) DBT animals showed a reduction in the number of
crossings in the open field test. Previous studies have already observed that on the
second week after the STZ treatment, DBT rats presented a decrease in the
locomotor activity [43]. However, in later time points (3 to 6 weeks), some studies
also show that DBT rats have a reduction of the performance in the open field [44—
46]. Interestingly, the reduction of number of crossing in DBT animals has been
associated to a decrease of dopamine in the substantia nigra pars compact, leading
a failure in voluntary motor control [46]. The fish oil treatment did not alter the
number of crossing in the open field test exhibited by DBT rats, suggesting that both
antinociceptive and antidepressant-like effect of this treatment is not associated to
any locomotor effect.

Regarding to the mechanical allodynia, our data corroborate previous studies
showing that nociceptive responses have already been distinguished two weeks
after diabetes induction, peaking at 4™ week [31,40]. Considering the depressive-like
behaviors, previous studies from our research group [32] and others [47,48] have
already observed an increase of the immobility time during the forced swim test in
DBT rats. However, studies are contradictory regarding the time after injection of
STZ necessary for the development of depressive-like behaviors, i.e. while some
authors point out the third week as the limit [49], others observed changes in these
behaviors only at 4™ week after STZ [32,47,48]. This apparently incongruity may be
explained by the fact that in the present study, instead of the evaluation of time spent
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in immobility during the FST, we quantified the frequency of depressive-like
behaviors as proposed by [50]. These authors and others [37,51] validated this
modified forced swim test (MFST) as an interesting test to establish correlations
between behaviors and neurotransmitter systems. Thus, it was observed that while
the immobility behavior is inhibited by nonspecific antidepressant drug treatment, the
active behaviors are modulated differently by specific class of antidepressants drugs.
For example, it was observed that the swimming behavior is increased by
antidepressant drugs that selectively increase serotonin levels and drugs that
selectively inhibit the reuptake of noradrenaline cause an increase only on the
climbing behavior. Remarkably, a non-selective drug for these neurotransmitters is
able to increase both active responses swimming and climbing. Hence and
considering such an analogy, we can establish that diabetic animals seem to have a
commitment of both neurotransmitters noradrenaline and serotonin. This fact is
partially corroborated by a study from our research group [52] showing that the levels
of serotonin are reduced in the hippocampus of STZ-DBT rats.

Since the treatment of both neuropathic pain and depression associated to
diabetes represent a clinical challenge, the search for alternative pharmacotherapy is
urgent. In this way, in the present study it was investigated the potential
antinociceptive and antidepressant effects of fish oil, a source of w-3
polyunsaturated fatty acids (w3-PUFA), including linolenic acid (LNA) and mainly,
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) [33]. The w3-PUFA
are considered essential nutrients, since it exclusively comes from the diet [for
review see: 33], and has biological activities such as platelet stabilization [53] and
are essential for cortical maturation, synaptogenesis and myelination [54].

The treatment with fish oil (at all tested doses) significantly prevented the
mechanical allodynia development in DBT rats. The antinociceptive effect of fish oll
or DHA/EPA metabolites has already been observed previously in animal models of
inflammatory pain [22] and other classical pain models as acetic acid-induced
writhing test [23,24], formalin test, hot plate and Hargreaves tests [24] when
administrated acutely by different routes of administration, such as orally [23],
intratecally [22] or systemically [23]. Interestingly, [55] reported that patients with
various types of neuropathic pain, subjected to daily treatment with fish oil had
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reduction in the clinical score of pain, without significative adverse effects. This
antinociceptive effect of fish oil seems not to be related to any improvement of blood
glucose levels neither a general health improvement, indirectly measured by body
mass evaluation (as observed in table 1 and 2).

Regarding to the antidepressant-like effect, it was observed that the fish oil
treatment, only at the highest tested dose (3 g/Kg), induced a significant effect on
depressive-like behaviors in DBT rats, i.e. a decrease of immobility and an increase
of the swimming frequencies, without changes in the climbing frequency. This
antidepressant-like effect of w3-PUFA has already been demonstrated previously in
NGL rats [33,34,56,57] but in our knowledge, this is the first time in DBT rats.
Similarly, as observed regarding the antinociceptive effect of fish oil, this
antidepressant-like effect does not seem to be associated with improvement in blood
glucose levels or body mass of DBT animals, leading us to explore other possible
mechanisms of action. Previous studies have demonstrated that fish oil may induce
an increase of serotonin and its metabolite in the hippocampus and pre frontal cortex
and also regulate the serotonergic receptors in these brain areas [29]. In this way, a
recent study [21] suggested that the antidepressant-like effect of fish oil in NGL rats
is associated with an increase in the serotonin levels in addition to an increase in the
responsiviness of the 5HT ;4 receptors, since it was observed that the combination of
fish oil with the 5HT14 agonist receptors 8-OH-DPAT potentiated the antidepressant-
like effect of fish oil. This fish oil mechanism of action seems plausible even for the
DBT rats since as mentioned before, the DBT rats exhibited a reduction of serotonin
levels in hippocampus [52] and the fish oil restored the swimming frequency in this
experimental group, a behavior associated to serotonin levels (figure 3, panel B).

Therefore, it was also investigated whether the FO treatment can induce a
significative change in brain derived neurotrophic factor (BDNF) levels in
hippocampus and pre frontal cortex, brain areas related to depression [29] and also
pain modulation [58,59]. The BDNF is a 12.4 KDa basic protein which plays an
important role in the neurogenesis and in neuronal circuits development and survival
[60—62]. Importantly for this study, it has been proposed that the reduction of BDNF
in certain brain areas is a biological marker for depression [63]. It is important to

point out that regarding to pain modulation, the role of BDNF in inflammatory pain
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seems to be clear, while the correlation between BDNF and neuropathic pain is still
unkown [64], possible due to the multiplicity of neuropathic pain ethiologies.
Furthermore, neuropathic pain preclinical outcomes, including diabetic neuropathic
pain studies, are contradictory, i.e. while authors observed that high concentrations
of BDNF seem to have a predominant antinociceptive effect [65,66], others proposed
that low doses of BDNF can suppress mechanical allodynia and the high doses have
the opposite effect [67,68]. In this way, our study attempted to provide additional
data for understanding the role of BDNF in neuropathic pain of diabetic origin.

Interestingly, when compared to NGL group, our results the DBT rats have
reduction of BDNF levels in both hippocampus and pre frontal cortex, which is
prevented by the fish oil treatment (at effective dose for both mechanical allodynia
and depressive-lile behaviors). The capacity of fish oil to alter the BDNF levels in
these brain areas has already been demonstrated in NGL rats by [29]. A possible
mechanism by which w-3 PUFA can modulate BDNF levels has been extensively
reviewed recently by [69]. According to these authors, there is a special type of G-
protein coupled receptor 40 (GPR40), also called free fatty acid receptor 1 (FFAL)
which after binding to PUFASs, activates intracellular cascades that culminate in
cAMP response element-binding protein (CREB) activation with consequent increase
of BDNF gene transcription. Curiously, the GPR40 has been described as highly
expressed in human brain, including hippocampus and cerebral cortex [23].
Corroborating to our findings, previous studies have already established a direct
correlation between w-3 PUFA consumption and BDNF levels in the serum [70] and
in brain [71] while the w-3 PUFA deprivation in rats has been associated to changes
in BDNF expression in frontal cortex [72]. Thus, it is plausible to hypothetize that the
both antinociceptive and antidepressant-like effect of fish oil treatment may be
associated to the restablisment of hippocampus and pre frontal cortex levels of
BDNF.

Taken together, our data suggested that fish oil may represent a therapeutic
alternative to complications and comorbities associated to diabetes, mainly
neuropathic pain and depression, which are among the most debilitating of diabetes

and are responsible for severe morbidity. These effects seem to be related to a
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reestablishment of control levels of BDNF levels in the hippocampus and prefrontal

cortex of these animals.
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3.8 FIGURE LEGENDS

Figure 1. Timeline of experimental protocol. DBT: Diabetes; VF: Eletronic Von
Frey; MFS: Modified Forced Swimming test; OF: Open Field test; BG: Blood
Glucose.

Figure 2. Effect of the treatment with fish oil (FO; 0.5, 1 g/kg or 3 g/kg) on the
mechanical threshold in STZ-diabetic rats. Values were expressed with mean +
SEM of 6-9 animals/ experimental group (panel A) or values of area under curve
(AUC, in arbitrary units-AU, panel B) from 1 to 4 weeks after STZ injection. *p<0.05
when compared to normoglycemic (NGL) control group treated with vehicle (VEH).
#p<0.05 when compared to diabetic (DBT) control group treated with VEH.

Figure 3. Effect of the treatment with fish oil (FO; 0.5, 1 g/kg or 3 g/kg) on
frequency of immobility (panel A), swimming (panel B) or climbing (panel C) in
STZ-diabetic rats. Values were expressed with mean + SEM of 5-9
animals/experimental group. *p<0.05 when compared to normoglycemic (NGL)
control group treated with vehicle (VEH). #p<0.05 when compared to diabetic (DBT)
control group treated with VEH.

Figure 4. Effect of the treatment with fish oil (FO; 3 g/kg) on the BDNF levels in
hippocampus (panel A) or pre frontal cortex (panel B) of STZ-diabetic rats.
Values were expressed with mean + SEM of 4-10 animals/ experimental group
(panel A). *p<0.05 when compared to normoglycemic (NGL) control group treated
with vehicle (VEH). #p<0.05 when compared to diabetic (DBT) control group treated
with VEH.
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3.9 FIGURES

Figure 1
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Figure 3
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Figure 4
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3.10 TABLES

Table 1. Effect of the treatment with fish oil (FO; 0.5, 1 or 3 g/Kg) on blood
glucose levels in streptozotocin (STZ)-diabetic (DBT) rats.

Blood glucose (mg/dL)

Experimental Groups Before STZ | 3 days after STZ | 28 days after STZ
NGL+ VEH 1977+ 2.1 200.2+1.6 201.8+1.2
DBT+ VEH 1954+29 557.5 + 13.6* 550.2 + 20.2*
DBT + FO (0.5 g/Kg) 196.5 + 2.9 541.8 + 19.2* 552.2 + 11.2*
DBT + FO (1 g/Kg) 201.8+1.3 516.1 + 26.1* 524.2 + 29.1*
DBT + FO (3 g/Kg) 202.2+1.1 501.4 + 30.8* 550.2 + 28.1*

Values were expressed as mean + SEM of 5-9 animals/experimental group. *p<0.05
when compared to normoglycemic (NGL) control group treated with vehicle (VEH).
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Table 2: Effect of the treatment with fish oil (FO; 0.5, 1 or 3 g/Kg) on body mass
(in grams) in streptozotocin (STZ)- diabetic (DBT) rats.

Experimental

Period of Vehicle or Fish oil treatment (weeks)

Groups
Before STZ treatment After STZ treatment

1'week | 2" week | 39week | 4"week | 5" week | 6"week | 7"week | 8" week

NGL + VEH |172.6+2.8|182.5+2.8|239.2+3.6(273.1+5.1| 319.5+ 6.5 | 330.8+ 7.0 | 340.1+ 7.3 | 340.2+ 5.6
DBT + VEH |172.4+2.8(186.2 + 3.4|241.6+ 3.0|268.7+ 1.0 | 248.3+ 4.4* | 243.1+ 5.1* | 248.8+ 5.3* | 239.1+ 3.9*
DBT + FO . . . .
05 g/Kg) 171.4+ 3.9| 191.5+ 3.7 | 231.7+ 1.7 | 273.4+ 6.5 | 251.8+ 2.7* | 239.4+ 7.0* | 238.1+ 7.0* [ 232.1+ 6.5
DBT + FO . . . .
(1 g/Kg) 170.1+ 4.4| 197.2+ 4.8 | 233.6+ 3.4 | 254.6+ 3.5 | 247.4+ 5.6* | 249.2+ 6.9% | 248.2+ 7.2* | 250.2+ 7.2
DBT+FO . . . .
(3 g/Ka) 169.4+ 3.5| 190.5+ 3.8 | 233.2+ 2.3 |273.1+ 2.3 | 251.4+ 3.7* | 237.5+ 4.2* | 238.8+ 6.8* | 228.4+ 6.3

Values were expressed as mean = SEM of 5-9 animals/experimental group. *p<0.05
when compared to normoglycemic (NGL) control group treated with vehicle (VEH).
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Table 3: Effect of the treatment with fish oil (FO; 0.5, 1 or 3 g/kg) on locomotor
activity in streptozotocin (STZ)-diabetic (DBT) rats.

Experimental Number of crossings
groups 2" Week 4™ Week
NGL+ VEH 50.8+2.3 51.5+4.6
DBT+ VEH 36.1£1.9* 355+£1.7*
DBT+ FO (0.5 g/kg) 34.7 + 1.4* 35.2 +3.8*
DBT+ FO (1 g/kg) 39.6 + 0.7* 40:6 £ 2.9
DBT+ FO (3 g/kg) 35.5 + 2.9* 37.2+ 2.6

Values were expressed as mean + SEM of 5-9 animals/experimental group. *p<0.05
when compared normoglycemic (NGL) control group treated with vehicle (VEH).

3.11 HIGHLIGHTS

- Fish oil prevents the mechanical allodynia in diabetic rats.
- Fish oil exerts an antidepressant-like effect in diabetic rats.

- Fish oil restores the BDNF levels in the hippocampus and cortex of diabetic rats.

4) CONSIDERACOES FINAIS

A partir dos dados obtidos em nosso estudo, pode-se concluir que:

Os animais diabéticos apresentaram diminuicdo do limiar mecéanico a partir da
2° a qual se manteve até a 4° semana apés STZ, bem como apresentaram
comportamento do tipo-depressivo nha 2° e 4° semanas ap0s STZ,
concomitantemente, apresentaram diminuicdo da atividade locomotora e diminuicéo
dos niveis de BDNF.

O tratamento com 06leo de peixe foi capaz de prevenir a instalacdo da alodinia

mecéanica bem como do comportamento do tipo-depressivo em animais diabéticos,
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demonstrando seu efeito antinociceptivo e do tipo-antidepressivo, 0s quais podem
estar relacionados ao reestabelecimento dos niveis de BDNF no hipocampo e cortex

pré-frontal.
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