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RESUMO

O diabetes mellitus tipo 1 (DM1) € uma doenga crdnica relacionada a um processo
inflamatorio persistente. Esse processo patolégico atinge o sistema nervoso central
levando a comorbidades psiquiatricas associadas, como transtornos depressivo e de
ansiedade. Visto que o tratamento dessas comorbidades € um grande desafio devido
as altas taxas de refratariedade, efeitos adversos, bem como prejuizo no controle
glicémico desses pacientes diabéticos, torna-se importante a busca de novos agentes
terapéuticos eficazes no alivio do quadro psiquiatrico associado ao DM1, sem
prejudicar a propria condi¢cao diabética. Considerando o aspecto inflamatério do DM1 e
que mediadores lipidicos pré-resolugéo (MLPr) exercem agdes protetoras em diferentes
tecidos durante os processos inflamatdrios, objetivamos avaliar em um modelo animal
de DM1 o potencial terapéutico de um determinado MLPr, a resolvina D5 (RvD5), em
comportamentos relacionados a depressdo e a ansiedade. Além disso, seus efeitos
sobre o processo neuroinflamatério em duas areas do cérebro que sdo importantes na
mediag¢ao das respostas emocionais, o hipocampo (HIP) e o cortex pré-frontal (CPF).
Apos sete dias de inducao experimental de DM1, os animais foram tratados por 23 dias
com RvD5 (1, 3 e 10 ng/animal), fluoxetina (FLX, 10 mg/kg - antidepressivo usado
como controle positivo), ibuprofeno (IBU, 30 mg/kg - anti-inflamatério ndo esteroidal
utilizado como controle positivo) ou veiculo e submetidos aos seguintes testes
comportamentais: labirinto em cruz elevado, campo aberto e teste de nado forgcado
modificado. Ao final, amostras do HIP e CPF foram processadas para analise dos
niveis da citocina pro-inflamatéria IL-13. Nossos resultados demonstraram que o
tratamento continuo com RvD5 (todas as doses) foi capaz de interromper
significativamente os comportamentos do tipo ansiedade e depressivo mais
pronunciados dos animais com DM1. E importante ressaltar que esse tratamento néo
prejudicou a condigdo diabética em si, pelo contrario, induziu uma melhora no quadro
diabético; além de uma melhora no ganho de peso dos animais. Essas alteracoes
benéficas foram acompanhadas de uma redugdo nos niveis aumentados de IL-1B no
HIP e no CPF desses animais com diabetes induzido experimentalmente,
caracterizando um efeito neuroprotetor. Em conclusdo, nossos dados indicam que o
MLPr RvD5 tem potencial terapéutico para tratar ansiedade e depressao associadas ao
DM1. Esse potencial pode estar relacionado com as caracteristicas desse mediador em
proteger o dano tecidual em regides como o HIP e CPF, bem como na melhora
induzida na condicao diabética em si (peso corporal e glicemia) desses animais com o
DM1 induzido.

Palavras-chave: estreptozotocina; interleucina 18; resolvina D5; diabetes mellitus tipo
1; neuroinflamacéo; ansiedade; depressao; mediadores lipidicos pré-resolucéo.



ABSTRACT

Type-1 diabetes mellitus (T1DM) is a chronic disease related to a persistent
inflammatory process. This pathological process reaches the central nervous system,
leading to associated psychiatric comorbidities such as depression and anxiety. Since
the treatment of these comorbidities is a major challenge due to the high rates of
refractoriness, adverse effects, as well as impaired glycemic control in these diabetic
patients, the search for new therapeutic agents effective in alleviating the psychiatric
condition associated with T1DM, without harming the diabetic condition itself, becomes
important. Considering the inflammatory aspect of T1DM and that specialized pro-
resolution lipid mediators (SPM) exert protective actions in different tissues during
inflammatory processes, we aimed to evaluate in an animal model of T1DM the
therapeutic potential of a specific SPM, the resolvin D5 (RvD5), on behaviors related to
depression and anxiety. Moreover, its effects on the neuroinflammatory process in two
brain areas that are important in the mediation of emotional responses, the
hippocampus (HIP) and prefrontal cortex (PFC). After seven days of experimental
T1DM induction, animals were treated for 23 days with RvD5 (1, 3 e 10 ng/animal),
fluoxetine (FLX, 10 mg/kg — antidepressant used as positive control), Ibuprofen (IBU, 30
mg/kg - the nonsteroidal anti-inflammatory used as positive control) or vehicle and
submitted to the following behavioral tests: elevated plus maze, open field and modified
forced swim tests. At the end, HIP and PFC samples were processed to analyze the
proinflammatory cytokine IL-1B levels. Our findings demonstrated that continuous
treatment with RvD5 (all doses) was able to significantly disrupt the more pronounced
anxious-like and depressive-like behaviors of animals with T1DM experimentally
induced. It is important to emphasize that this treatment did not harm the diabetic
condition itself, on the contrary, it induced an improvement in the diabetic condition;
although this was slight, there was an increase in weight gain and a reduction in blood
sugar levels. Furthermore, the treatment reduced the increased level of pro-
inflammatory cytokine IL-1B in HIP and CPF of these diabetic animals, characterizing a
neuroprotective effect. In conclusion, our data indicate that SPM RvDS has therapeutic
potential to treat anxiety and depression associated with DM1. This potential is related
to the characteristics of this mediator in protecting tissue damage in regions such as
HIP and CPF, as well as not harming body weight or blood glucose in these animals
with induced DM1.

Keywords: streptozotocin; interleukin 1B; resolving D5; type 1 diabetes mellitus;
neuroinflammation; anxiety; depression; specialized pro-resolution lipid mediators.
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1 INTRODUGAO

1.1 DIABETES MELLITUS

O diabetes mellitus (DM) € um disturbio metabdlico crénico que possui como
principal caracteristica a hiperglicemia (IDF, 2019). Existem trés tipos principais de
DM, que sao diferenciados principalmente pelo modo como a hiperglicemia ocorre: o
DM1, em que ha insuficiéncia na producdo de insulina; o DM2, em que ocorre a
resisténcia a insulina e falha em sua acdo; e o DM gestacional, em que ha
hiperglicemia durante a gestagéo (IDF, 2019). Os numeros populacionais de DM no
mundo sdo alarmantes, de acordo com a IDF em 2019 aproximadamente 463
milhdes de pessoas apresentavam a doenca. Na América Latina, este numero
chegou a 32 milhées de pessoas (IDF, 2019).

O DM1, de principal interesse para este estudo, € uma doencga autoimune
com origens genéticas, porém, pode também ser desencadeado por fatores
ambientais e de origem idiopatica. Pelo fato de o DM1 ser mediado por anticorpos,
sugere-se que infecgdes virais possam também originar esta patologia. Por exempilo,
recentemente foi sugerida uma relagao bidirecional entre DM1 e a contaminagao por
SARS-CoV-2 (Ebekozien et al, 2020; Rubino et al., 2020; Sarwani et al., 2021).
Segundo Byrne e colaboradores (2021), o SARS-CoV-2 pode se ligar ao receptor da
enzima conversora de angiotensina 2 (ACE2) dentro do pancreas, potencialmente
levando aos danos das células das ilhotas B e um resultante aumento tanto da
incidéncia ou da gravidade de DM1 de inicio recente relacionado temporalmente a
picos clinicos de infeccdo por COVID-19 (McGlacken-Byrne et al., 2021).
Independente da origem, se autoimune ou por infeccdo, a maioria das células B-
pancreaticas produtoras de insulina s&o destruidas pelo proprio sistema
imunolégico, levando a uma queda drastica na produgdo de insulina e,
consequentemente, a uma condi¢ao de hiperglicemia crénica (Li et al., 2014; Michels
et al., 2015). O DM1 aparece principalmente em criangas, adolescentes e jovens, até
os 20 anos de idade, e possui uma prevaléncia de até 10% dos casos totais do DM
(IDF, 2019). Apesar da prevaléncia menor, quando comparado com o DM2, tanto a
cronicidade e a dificuldade de prevencao colocam este tipo de DM como fator de
atencao a saude global. Em 2019 o IDF estimou que mais de um milhdo de criangas

e adolescentes apresentaram casos de DM1 no mundo, e em um ranking dos paises
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com o0s maiores numeros de casos, o Brasil aparece em terceiro lugar com
aproximadamente 51 mil casos (IDF, 2019). Além disso, o érgdo também estima
altos gastos com o sistema de saude no mundo, que pode chegar a 845 bilhdes de
dolares em 2045 e ja acumulou, até 2019, 760 bilhdes de ddélares de déficit. Tais
fatos alertam para a atenc&o a esta doenca, tal qual o estudo de drogas inovadoras
para o seu tratamento.

Além da hiperglicemia e as alteragdes metabdlicas da doenga, existem
varios sinais e sintomas caracteristicos do DM1 e que afetam a qualidade de vida
dos pacientes, tais como a fome constante e a polifagia (aumento na ingestao de
alimentos), perda de peso, polidipsia (sede excessiva) e boca seca, poliuria
(aumento no volume de urina), visdo embacgada, fadiga e cansago, entre varios
outros (Igbal et al., 2018). As alteragbes metabdlicas do DM1 e a hiperglicemia
também podem levar o paciente a comorbidades importantes que prejudicam ainda
mais a qualidade de vida, como por exemplo doencas cardiovasculares (Dei Cas et
al., 2015; Avila et al.,, 2014), neuropatia diabética (Schreiber et al., 2015),
insuficiéncia renal (Thomas et al., 2015) e as comorbidades psiquiatricas como
transtornos de ansiedade e depressao maior (Siba et al., 2017; Zanoveli et al., 2016;

Gilsanz et al., 2018), ambas sendo de grande interesse para este estudo.

1.2 DEPRESSAO E ANSIEDADE ASSOCIADAS AO DIABETES MELLITUS

Os transtornos depressivos incluem transtorno disruptivo da desregulagéo
do humor, transtorno depressivo maior (incluindo episédio depressivo
maior), transtorno depressivo persistente (distimia), transtorno disférico pré-
menstrual, transtorno depressivo induzido por substancia/medicamento,
transtorno depressivo devido a outra condicdo médica, outro transtorno
depressivo especificado e transtorno depressivo ndo especificado. (DSM-V,
APA, 2014, p. 155)

O transtorno depressivo maior € um dos mais prevalentes na populagao
mundial e altamente incapacitante (OMS, 2021). Este transtorno é caracterizado por
episodios distintos de pelo menos duas semanas de duragédo (embora a maioria dos
episodios dure um tempo consideravelmente maior) envolvendo alteragdes nitidas
no afeto, na cognicdo e em fungdes neurovegetativas, e remissdes interepisodicas.

O diagndstico baseado em um unico episodio é possivel, embora o transtorno seja
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recorrente na maioria dos casos. Caracteristicas comuns aos pacientes com este
disturbio sdo: humor deprimido, diminuicdo acentuado do prazer e interesse em
atividades diarias anteriormente realizadas com apreco, perda ou ganho de peso,
agitacao ou retardo de atividades motoras diariamente, fadiga ou perda de energia
com muita frequéncia, sentimentos de inutilidade ou ou culpa, capacidade diminuida
de concentragao diaria, pensamentos recorrentes de morte ou idealizagdo suicida
(DSM-V, APA, 2014).

De acordo com a Organizagdo Mundial de Saude (2021), a estimativa de
individuos com depressao em todo o mundo é mais de 280 milhdes de pessoas, de
todas as idades (OMS, 2021). A OMS também alerta para casos em que 0s
pacientes cometem suicidio, sendo esta a segunda causa de mortes de pessoas
entre 15 e 29 anos, levando a morte pelo menos 700 mil pessoas por ano no mundo.

Além do transtorno de depressdo maior, os transtornos de ansiedade
também sao altamente incapacitantes. Para o DSM-V, os transtornos de ansiedade
incluem transtornos que compartilham caracteristicas de medo e ansiedade
excessivos e perturbacdes comportamentais relacionados, sendo o transtorno de
ansiedade generalizada, transtorno de de ansiedade social e transtorno de panico,
os mais comuns (DSM-V, APA, 2014). A ansiedade é definida como um estado de
maior vigilancia e responsividade que resulta em uma série de comportamentos
defensivos mensuraveis. Estes comportamentos servem para prevenir ou reduzir
danos ao organismo em face do inesperado e situagdes potencialmente perigosas e,
portanto, a ansiedade € um mecanismo adaptativo e fisiolégico que € essencial para
a sobrevivéncia das espécies. A ruptura desse mecanismo adaptativo (exacerbacgao,
intensidade e frequéncia da ativacao de vias encefalicas) culmina no desdobramento
do quadro patolégico que € acompanhado de sintomas somaticos (Craske et al.,
2017; Graeff et al., 1996, 1997, 2002). Pesquisa feita pela OMS (2017) mostra que o
Brasil € o pais com a maior taxa de pessoas com transtornos de ansiedade no
mundo e o quinto em casos de transtornos de depressdo. Segundo estimativas
divulgadas, 9,3% dos brasileiros tém algum transtorno de ansiedade, e a depressao
afeta 5,8% da populagéo.

A associagao entre essas doencgas psiquiatricas com o DM ocorre por
diversos mecanismos bioldgicos importantes e comuns a essas doencgas, mas
também vale frisar que ha a presencga do fator psicoldgico ligado ao DM, uma vez

que a doenga em si demanda muito do paciente como na rigorosidade do
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autocuidado, o medo constante de uma piora ou dos efeitos da hipoglicemia que
podem ocorrer em pacientes medicados, gerando muito estresse (Boden, 2018).
Quando se fala destas psicopatologias associadas ao DM, é valido ressaltar que
varios estudos relacionam diretamente os transtornos de depresséo e a ansiedade
com o diabetes, apontando, inclusive, uma relac&o bidirecional entre elas (Golden et
al., 2008; Zanoveli et al., 2016; Réus et al., 2017; Craske et al., 2017; Salim et al.,
2012; Rechenberg et al., 2018). Essas doengas apresentam alteragdes
neurobiolégicas comuns como a desregulagao do eixo hipotalamo-pituitaria-adrenal
(HPA) que pode levar a resisténcia a insulina ou a uma piora deste quadro,
desregulacées neuroquimicas como um desbalanco de monoaminas (serotonina —
5-HT, noradrenalina — NA e dopamina — DA) em areas encefalicas importantes para
a mediacdo do comportamento emocional, como hipocampo (HIP) e cortex pré-
frontal (CPF), desregulagdes no sistema imunoldégico levando a quadros
inflamatorios (Petrak et al., 2018), além de outras alteragdes como na producao de
proteinas importantes para a neurogénese e plasticidade sinaptica (Beauquis et al.,
2008; da Silva Dias et al., 2016; Redivo et al., 2016; Hammadi et al., 2018). .

Tendo em vista o quadro inflamatério presente no DM1, bem como a
consequente encefalopatia diabética (Chaves et al.,, 2020, 2021; Zanoveli et al.,
2016) presente no DM1, principalmente em pacientes que ndo fazem o manejo da
glicemia e o autocuidado rigoroso como é recomendado, a neuroinflamacao,
caracterizada pelo aumento de citocinas pré-inflamatérias, levando a inflamacdes
crbnicas, € uma das alteragdes comuns presentes nos transtornos de depressao
e/ou ansiedade associados ou ndo ao DM. Existem estudos na literatura que
relacionam altos niveis de depressao associada ao DM a disfungcdes metabdlicas e
no sistema imunoldégico. Um estudo feito em 2012 por Hood e colaboradores
mostrou que pacientes com depressao associada ao DM apresentaram um aumento
significativo de agentes pro-inflamatérios (Hood et al., 2012), como a lipoproteina A
(LPA), uma lipoproteina capaz de ativar macréfagos e mondcitos € aumentar a
producado de citocinas pro-inflamatérias (Orsé & Schmitz, 2017). Neste mesmo
trabalho, Hood e colaboradores mostraram outros marcadores alterados e
aumentados em pacientes com depressao associada ao DM, como a proteina C
reativa, a proteina amiloide A sérica, apolipoproteina B, entre outros, mostrando

alteracdes metabdlicas e de carater inflamatorio importantes (Hood et al., 2012).
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Entre os individuos diabéticos, estudos mostram que a depressio pode ser
de duas a trés vezes mais recorrentes do que na populagdo em geral (Johnson et
al., 2013; Roy & Lloyd et al., 2012; Boden, 2018).

Em relacdo a ansiedade, cabe ressaltar que o componente inflamatério é
parte importante no desencadeamento destes transtornos, como observado no
estudo clinico de O’Donavan e colaboradores (2010), em que o0s autores
observaram um aumento da interleucina-6 (IL-6), uma citocina pro-inflamatéria, em
pacientes com transtornos de ansiedade em relacdo a individuos n&o-ansiosos
(O’'Donavan et al., 2010). Varios outros estudos, clinicos e pré-clinicos mostraram o
aumento destas moléculas em pacientes ansiosos e em animais com
comportamento tipo ansioso, relatando diretamente a neuroinflamagdo com a
ansiedade (Salim et al., 2012; Simdes et al., 2018). A literatura também traz o
estresse oxidativo como gatilho para a inflamacao crénica que pode desencadear
psicopatologias como a ansiedade, com o aumento de espécies reativas de
oxigénio, citotoxicidade e morte celular (Hovatta et al., 2010). O estresse oxidativo
aumenta a neuroinflamacéo a partir do aumento de citocinas pré-inflamatérias tais
como algumas interleucinas e o fator a de necrose tumoral (TNF-a), como também
pelo aumento de fatores de transcricdo como o fator nuclear k B (NF-kB) (Salim et
al., 2011; Salim et al., 2012; Hou & Baldwin, 2011).

O DM apresenta um quadro inflamatério crénico e de estresse oxidativo,
além de um aumento da ativacdo do NF-kB, um fator de transcricdo e importante
mediador inflamatério. Estudos apontam o aumento de citocinas pro-inflamatérias e
a alta ativagdo do NF-kB com as disfun¢des neuronais promovidas pelo DM, como
por exemplo o grande aumento de morte celular no encéfalo (Muriach et al., 2014;
Cai & Liu, 2012). Alguns trabalhos também relacionam a neuroinflamacdo com as
inflamacdes crénicas consequentes dos disturbios metabdlicos do DM e até mesmo
com doencgas cerebrovasculares causadas pela doenga. Essa neuroinflamacéao
juntamente com um aumento no estresse oxidativo pode levar a morte neuronal e
neurodegeneracdo, e aumenta as chances do aparecimento de transtornos
psiquiatricos como o transtorno de depressao maior (Chen et al., 2016).

Em relagdo a depressao, pesquisas mostraram um aumento nas evidéncias
que relacionam esta doencga a processos inflamatorios (para revisdo, ver Troubat et
al., 2020). Adicionalmente, em um artigo de revisao de 2016, Kohler e colaboradores

elencaram os trés pontos principais que ligam a depressdo a processos
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inflamatorios: 1) inflamagdes cronicas aumentam o risco de desenvolvimento de
transtornos de humor, principalmente a depressdo; 2) pacientes depressivos
apresentam um aumento significativo de marcadores pro-inflamatérios como as
interleucinas pré-inflamatérias e o TNF-a; e 3) agentes proé-inflamatérios podem levar
ao aparecimento de sintomas de depressao, como por exemplo o interferon y (IFN-
y), agente utilizado no tratamento de algumas doencgas estimulando a resposta
inflamatdria do organismo, ja demonstrou efeitos colaterais psiquiatricos causando
sintomas de depressao nos pacientes (Kohler et al., 2016; Wichers et al., 2005).

Outros dados que apontam a inflamagdo como um processo importante na
regulacédo de transtornos de humor sao os que mostram o envolvimento da enzima
glicogénio quinase sintase-3 (GSK-3) na regulagéo da inflamagao e, como a inibi¢ao
dessa enzima pode ser um alvo terapéutico importante em doengcas como a
depressao. A GSK-3 é uma proteina quinase que atua em varias fungdes, inclusive
regulando processos inflamatdrios, e possui dois tipos, a GSK-3a e a GSK-3p, sendo
esta ultima altamente expressa no sistema nervoso central (Li & Jope, 2010). Assim,
a partir do estimulo de receptores tipo Toll (TLR) de células do sistema imunolégico,
como mondcitos, a GSK-3 induz a produgcdo de citocinas proé-inflamatorias
importantes, como a interleucina-13 (IL-18), TNF-a e IFN-y. Em contrapartida, a
inibicdo da GSK-3 tem como consequéncia o aumento da citocina anti-inflamatdria
interleucina-10 (IL-10), além de diminuir a produgdo de citocinas pro-inflamatorias
(Martin et al., 2005; Jope, 2011; Cao et al., 2017). A inibicdo da GSK-3 se da a partir
da fosforilagdo do aminoacido serina N-terminal, no caso do tipo GSK-3a a serina-
21, e no caso do tipo GSK-3f a serina-9.

Varios trabalhos da literatura mostraram que o uso de diferentes drogas
antidepressivas com efeitos ja bem estabelecidos e amplamente utilizados na
clinica, em diferentes protocolos (como tratamentos agudos e crénicos em ratos, em
culturas celulares, in vitro) apresentou um aumento significativo da fosforilagcdo de
serina e, consequentemente, inibicdo da GSK-3 (para revisao, ver Li & Jope, 2010).
Além disso, a inibicdo da GSK-B a partir da fosforilacdo da serina-9 também
aumenta a expressdo do Fator Neurotréfico Derivado do Encéfalo (BDNF),
altamente importante para a plasticidade sinaptica (Ren et al., 2018). A diminuigéo
nos niveis de BDNF no encéfalo, principalmente em areas importantes para a
modulagao de transtornos de humor como o CPF e o HIP, vem sendo estudada

como um possivel marcador para a depressao.
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Curiosamente, estes niveis de BDNF aparecem reduzidos também em
animais com DM1 experimental, sendo uma possivel conexao entre as etiologias de
DM1 e transtornos depressivos (Redivo et al., 2016). Ademais, estudos mostram que
a expressao e a atividade da GSK-3 estdo aumentadas em pacientes diabéticos e a
inibicdo desta enzima a partir da fosforilagdo da serina se mostrou importante
reguladora do metabolismo de glicose e da sensibilidade a insulina (Nadeem et al.,
2015). O estudo de Nadeem e colaboradores (2015) mostrou um aumento nos niveis
de GSK-3B no HIP de animais com DM1 experimental quando comparado ao grupo
controle normoglicémico e, estes mesmos animais mostraram um comportamento
tipo depressivo em testes comportamentais. Os autores discutem o aumento de
GSK-3B na condicao diabética tendo uma possivel relagdo com o comportamento
tipo depressivo dos animais a partir de outros estudos que mostram a inibicao do
GSK-38 como um potencial alvo terapéutico capaz de induzir um do tipo
antidepressivo em animais (Kaidanovich-Beilin et al., 2004; Gould et al., 2004). Este
mesmo trabalho mostrou que um tratamento por duas semanas com Imipramina, um
antidepressivo triciclico que inibe a recaptagao preferencialmente de 5-HT e NA,
consegue normalizar os niveis aumentados de GSK-3B no HIP dos animais com
DM1 induzido (Nadeem et al., 2015).

Outro ponto importante, que também esta relacionado com a fisiopatologia
da depressédo, bem como do DM1 e que envolve o sistema serotoninérgico, € o
envolvimento da enzima indoleamina-2,3-dioxigenase (IDO). A IDO faz parte do
metabolismo extra-hepatico do triptofano, que € um aminoacido essencial utilizado
no organismo para a producao de proteinas e, além disso, também € precursor da 5-
HT. Mais de 95% do triptofano ingerido na dieta € metabolizado no figado pela
enzima triptofano dioxigenase (TDO), sendo pouco utilizado para a sintese de 5-HT.
A oxidacao do triptofano também ocorre de forma extra-hepatica, principalmente
pela enzima IDO. Na presenca de quadros inflamatdrios, importantes citocinas proé-
inflamatorias como o IFN-y e o TNF-a induzem uma maior atividade da IDO. Este
aumento causa um desvio de triptofano para esta via de degradagao, o que pode
alterar a biossintese de 5-HT. Além de diminuir a quantidade de 5-HT produzida, os
metabdlitos da degradacgéo do triptofano podem ter agéo citotdéxica no organismo,
causar estresse oxidativo e lipoperoxidacéo, levando a morte celular e podendo

agravar ainda mais o quadro inflamatorio (Dantzer et al., 2008; Maes & Rief, 2012).
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A IDO aparece em trabalhos da literatura como parte importante do processo
inflamatorio dos transtornos depressivos (Maes et al., 2011; Schiepers et al., 2005;
Wichers et al., 2004; Qin et al., 2018) e, em relagdo ao DM1, um trabalho do nosso
laboratério demonstrou um aumento significativo de IDO no hipocampo de animais
com DM1 experimental (da Silva Dias et al., 2016). Neste mesmo trabalho, da Silva
Dias e colaboradores também observaram um aumento no comportamento tipo
depressivo dos animais quando expostos no Teste de Natacdo Forgcada Modificado
(TNFM) e um aumento nas citocinas pro-inflamatérias TNF-a, IL-18 e IL-6 no HIP
dos animais com o DM1 induzido. Estes parametros estavam aumentados em
relagdo aos animais controle normoglicémicos. Vale ressaltar que a utilizacdo de
drogas que tém acédo anti-inflamatéria, como o Ibuprofeno, bem como drogas que
inibem direta ou indiretamente a acdo da IDO, como a minociclina e 1-metil-
triptofano — 1MT, foram capazes de reduzir a frequéncia do parametro analisado no
TNFM, que indica comportamento tipo depressivo pronunciado (da Silva Dias et al.,
2016).

Em relagdo a ansiedade, a modulagao da neuroinflamacéao, por atuar na via
GSK-3 e IDO, também parece ser importante. Um trabalho de 2016 mostrou que
animais knockout com deplecao total de GSK-3a e GSK-3f mostraram uma
diminuicdo no comportamento tipo ansioso avaliado no teste do Labirinto em Cruz
Elevado (LCE) (Jung et al., 2016). A literatura traz ainda outras evidéncias de que a
inibicdo da GSK-3 pela fosforilagdo da serina diminui comportamentos tipo ansioso.
A exemplo disso, o trabalho de Polter e colaboradores, 2010, em que animais
knockout com deficiéncia na fosforilacdo da serina mostraram comportamento tipo
ansioso mais pronunciado no LCE, comparados aos animais controle (Polter et al.,
2010). Em relagcao a enzima IDO, em um trabalho de 2012 realizado por Salazar e
colaboradores, a utilizacdo do 1-MT para a inibicdo da IDO em animais com
comportamento tipo ansioso induzido pelo modelo de lipopolissacarideo (LPS), que
possui um carater inflamatorio, foi capaz de reduzir este comportamento. Este
resultado sugere que este comportamento também pode estar relacionado com o
aumento de IDO devido a inflamacao (Salazar et al., 2012).

Interessante que todas essas alteracbes supracitadas em sistemas de
neurotransmissores, BDNF, GSK-3 e IDO, estdo associadas com o aumento de
estresse oxidativo e a inflamagéo. Assim, tendo em vista todas a complicagées dos

transtornos de depressdo e ansiedade associadas ao DM1, outro grande desafio
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para os pacientes diabéticos € o tratamento dessas psicopatologias. Geralmente as
drogas de primeira escolha para o tratamento destas comorbidades sdo os
antidepressivos monoaminérgicos, como a fluoxetina e a sertralina (inibidores
seletivos da recaptagao de serotonina — ISRS) (Huang et al., 2013; Zanoveli et al.,
2016). Muitos destes pacientes diabéticos s&o resistentes e/ou refratarios a estes
medicamentos, ou seja, ndo respondem bem ao tratamento. Os antidepressivos
normalmente utilizados também podem precipitar efeitos colaterais indesejaveis,
como alteragbes na pressao sanguinea, alteragdes de peso e disfungdo sexual.
Estes efeitos adversos podem inclusive acarretar a descontinuidade do uso do
medicamento (Roopan & Larsen, 2016). Atrelado a isso, alguns antidepressivos
utilizados podem prejudicar o controle glicémico, além de interagir com drogas
hipoglicemiantes (Ghaeli et al., 2004; Barnard et al., 2013; Gagnon et al., 2018).
Gagnon e colaboradores mostraram os efeitos dos antidepressivos utilizados na
clinica no controle glicémico dos pacientes diabéticos, inclusive alertando para o fato
de que mesmo antidepressivos diferentes dentro da mesma classe, como os ISRS,
podem alterar o controle glicémico de formas distintas (Gagnon et al., 2018). Estas
evidéncias mostram que tanto a pesquisa acerca das alteragdes neurobiologicas dos
transtornos de depressao/ansiedade associados ao DM1, bem como a busca por
tratamentos mais eficazes e que nao alterem a condi¢cédo diabética dos pacientes,
devem ser constantes e sdo de extrema necessidade.

Importante mencionar que o tratamento do diabetes mellitus per se, mais
especificamente do DM1, é feito com Insulina. Dados referentes ao controle do DM1
pelo uso da insulina revelam um papel importante que ela desempenha no sistema
nervoso central (SNC). Além dos efeitos benéficos em diversos tecidos periféricos,
diversos estudos revelaram a existéncia de receptores de insulina no SNC e o
envolvimento desta via de sinalizagdo em processos como a modulacdo da
plasticidade sinaptica dependente de atividade, importante para o aprendizado e a
memoria, bem como a sobrevivéncia das células nervosas, manutencao de sinapses
excitatoérias, neuroprotecao e, inclusive, minimizando a resposta inflamatéria (Arnold
et al., 2018; Pomytkin et al., 2018).

Desta forma, pacientes acometidos com DM1 possuem deficiéncias também
nas atividades do SNC, uma vez que transportadores de glicose dependentes da
insulina sdo encontrados em regides diversas do encéfalo. A glicose é um

monossacarideo indispensavel para o metabolismo celular tal qual o dos neurdnios.
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Assim, estas células contém transportadores desta molécula, sobretudo nas
sinapses. Dentre as familias destas proteinas, sabe-se que o GLUT-3 é muito
abundante no SNC, como no hipocampo e amigdala, e ndo depende da insulina
para desempenhar sua fungdo. Por outro lado, estdo presentes, mas em menor
quantidade, também os transportadores de glicose GLUT-4, que s&o dependentes
do hormdnio. Em roedores, sabe-se da importancia destas proteinas em
comportamentos cognitivos, ja que estas promovem maior influxo de glicose quando
ha hiperatividade metabdlica nos neurbnios, como em momentos de aprendizagem
(Arnold et al., 2018). Logo, pode-se afirmar que a insulina €& importante para
atividades desempenhadas neste tecido e a sua redugao no quadro de DM1 leva a
alteragdes, gerando comorbidades psiquiatricas.

Em um trabalho de nosso laboratério, de Morais e colaboradores (2014)
observaram importantes alteracbes em ratos com DM1 experimental induzido por
estreptozotocina (STZ) resultantes do tratamento com insulina. Além da diminuicéo
da glicose sanguinea e da perda de peso, o comportamento tipo depressivo também
sofreu reducdo. Os autores também demonstraram uma reducdo do estresse
oxidativo no CPF e no HIP, inclusive nos animais normoglicémicos tratados com a
droga. Nesta mesma direcdo, Ho e colaboradores (2011) avaliaram a agado deste
horménio em camundongos com DM1 experimental induzido por STZ. Dentre os
resultados, eles observaram o aumento do BDNF e da proliferacdo de células no
HIP, indicando uma acgao neuroprotetora da insulina no SNC. Em conjunto, estes
dados sugerem a importancia deste horménio para todo o organismo ressaltando a
importancia desta suplementacdo de forma rigorosa no caso do DM1. Aqui, é
importante ressaltar que, infelizmente, muitos pacientes ndo fazem o controle
glicémico da maneira correta apresentando muitos picos de alto nivel de agucar no
sangue em diferentes periodos (Charalampopoulos et al, 2018; Petitti et al., 2009)
levando a todas as alteragdes neurobioldgicas ja supracitadas.

Todavia, mesmo com o tratamento de reposi¢cdo de Insulina, porém, na
grande maioria dos casos, nao feito de maneira controlada ou rigorosa, os pacientes
de DM1 desenvolvem doengas psiquiatricas, justificando o tratamento dessas
comorbidades com drogas antidepressivas. Tendo em vista que o tratamento com
antidepressivo e insulina ainda n&o sao capazes de reverter os aspectos emocionais
negativos apresentados pelos pacientes com DM1, a busca por novas terapias com

maior eficiéncia, maior taxa de adesdao e menos efeitos adversos torna-se
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importante. Nesse sentido, os mediadores lipidicos pré-resolugéo (MLPr) podem ser

uma alternativa.

1.3 MEDIADORES LIPIDICOS PRO-RESOLUCAO

O processo inflamatério ocorre como uma resposta de protecao a infecgdes
e danos no organismo, e consiste em uma série de acontecimentos complexa. Uma
das fases deste processo é a resolucao da inflamagao, em que ocorre uma cascata
de eventos que levardo ao restabelecimento do equilibrio no local da inflamagao
(Fullerton & Gilroy, 2016). A resolugao da inflamagao ocorre de modo a prevenir que
uma inflamacéo aguda persista a ponto de se tornar crénica, prevenindo também
novos danos ao organismo e excesso de resposta inflamatoria. Este processo de
resolugdo consiste em algumas ag¢des do organismo, como a suspensao da sintese
de mediadores pro-inflamatérios e degradacdo dos mediadores que restaram da
inflamacdo, a limitagdo da producdo da infiltracdo de neutrofilos e a eferocitose
produzida pelos macrofagos, processo de degradagdo e eliminacdo de células
apoptéticas provenientes da inflamagao (Headland & Norling, 2015).

Um outro fator importante para a resolugao da inflamacéao, € a presenca e
acao dos chamados MLPr que auxiliam o organismo neste processo e limitam o
processo inflamatério. Os MLPr foram identificados e classificados em quatro
categorias: as lipoxinas, as resolvinas, as maresinas e as protectinas (Serhan &
Chiang, 2013). A presencga de mediadores pré-inflamatérios como a prostaglandina
E. (PGE,) e de células apoptoticas estimula a produgéo dos MLPr (Bandeira-Melo et
al., 2000). Estes mediadores lipidicos sao derivados principalmente dos acidos
graxos poli-insaturados da familia 6mega-3 (AGPIs n-3), hidrocarbonetos essenciais
aos mamiferos que s6 podem ser obtidos através da alimentagao ou suplementacao,
pois ndao sao produzidos de forma enddgena (Arterburn et al., 2006; Messamore et
al., 2017). Os AGPIs n-3 tém sido extensivamente estudados em varias condicoes, e
demonstraram ter acbes antioxidantes, anti-inflamatérias e antidepressivas
(Naliwaiko et al., 2004; Vines et al., 2012; Wu et al., 2016; Delattre et al., 2017).

Entre os AGPIs n-3, os principais sao o acido docosahexaenoico (DHA) e o
acido eicosapentaenoico (EPA), que sao importantes em varios processos celulares,
inclusive estruturalmente e em mecanismos de transducg&o de sinais (Dyall, 2015;

Calder, 2017). Outra importante fungédo dos AGPIs n-3, € que eles s&o precursores
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dos mediadores lipidicos: resolvinas de série E, derivadas do EPA; resolvinas de
série D (RvD), maresinas e protectinas, derivadas do DHA (Bannenberg & Serhan,
2010). Em contrapartida, a lipoxina é derivada do acido graxo poli-insaturado da
familia &mega-6, acido araquidodnico.

Os MLPr sé&o agonistas de receptores acoplados a proteina G. Uma destas
proteinas ja estudadas é o receptor FPR2/ALX, expresso em uma ampla gama de
leucécitos e leva a efeitos pré e anti-inflamatorios (Chiang & Serhan, 2017).
Lipoxinas como LXA4 e resolvinas, como RvD1 e RvD3, podem efetivamente ativar
a sinalizagao do receptor FPR2/ALX. Outra proteina relacionada aos MLPr é o
GPR32, um receptor 6rfao expresso predominantemente em neutréfilos humanos,
monocitos, tecido adiposo e células endoteliais. RvD1, RvD3 e RvD5 ativam a
resposta celular por meio deste receptor (Park et al., 2020; Han et al., 2021). Apesar
disso, Flack e colaboradores (2020) demonstraram que a administracdo de RvD5
controlou a inflamagéo produzida por E. coli, reduzindo o trafego de neutrdfilos e
aumentando a fagocitose bacteriana. No entanto, animais knock-out para o receptor
GPR101 limitaram significativamente a acdo da molécula na fagocitose bacteriana,
acdes protetoras e pro-resolutivas durante a artrite inflamatéria. Desta forma,
observou-se a importancia de outro receptor 6rfao na agdo da RvD5, ressaltando a
importancia de mais estudos sobre seu mecanismo de agao, ainda pouco conhecido.

Em um trabalho de 2016, Gu e colaboradores demonstraram in vitro que a
presenca de resolvinas e maresinas em monaocitos humanos foi capaz de reduzir
citocinas pro-inflamatérias como a IL-18 e o TNF-a, além de aumentar a produgao
da citocina anti-inflamatdria IL-10. Outro dado importante deste mesmo trabalho, foi
que as resolvinas e maresinas utilizadas também foram capazes de aumentar a
fosforilagao da serina-9, inibindo a GSK-33, resultando também em uma acao anti-
inflamatoria (Gu et al., 2016). Em relagdo ao DM, alguns trabalhos recentes vém
relacionando os MLPR com a manutencdo e resolugdo da inflamacdo que esta
fortemente associada a condicao diabética (Das, 2013; Das, 2017).

Alguns grupos investigaram outras resolvinas de série D em modelos de
depressdo induzida, DM do tipo 1 e 2. Deyama et al (2017) administraram 10
ng/animal de RvD1 e RvD2, pela via intra-cérebro-ventricular, em animais com
depressao induzida por lipopolissacarideo (animais sem diabetes induzido). Além
disso, também fizeram um segundo experimento administrando 0,3 ng/animal destas

moléculas, bilateralmente, no CPF medial e giro denteado do HIP. Ambos os
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resultados mostraram efeito do tipo antidepressivo dos compostos, além de que a
administracdo de antagonistas do receptor FPR2/ALX (RvD1) e GPR18 (RvD2)
reverteram este efeito, demonstrando o envolvimento destas proteinas no
mecanismo de acéo.

Bathiana e colaboradores conduziram dois estudos importantes envolvendo
DM1 (2021) e DM2 (2020). Nestas investigagbes, os pesquisadores administraram
60 ng/animal de RvD1 nos modelos de DM1 induzido por STZ e DM2 induzido por
Nicotinamida-STZ, respectivamente. No primeiro estudo, observou-se que o
mediador lipidico foi administrado no mesmo dia da indu¢gdo do DM e seguiu por 5
dias consecutivos. Eles observaram que a RvD1 diminuiu a gravidade do DM1
induzido por STZ, restaurando os niveis plasmaticos alterados de TNF-a, IL-6 e
BDNF, expressdao dos genes pancreaticos COX-1/COX-2/PPAR-y e proteinas
sinalizadoras de insulina (GSK-3p/Foxo1) e as concentragdes de antioxidantes e
peroxidos lipidicos quase a niveis normais. O tratamento com RvD1 também
restaurou a expressao dos genes Bcl2/Pdx, e outro mediador lipidico, a lipoxina A4
(LXA4) foi aumentado em niveis plasmaticos, bem como os niveis de RvD1. Além
disso, foram aumentados os niveis de BDNF no cérebro, no pancreas, no intestino e
no figado (Bathiana et al., 2021). No segundo estudo, também foram observados o
aumento sérico de LXA4 e BDNF no pancreas, figado e cérebro. Do mesmo modo,
alterou a expressdao de outros marcadores como NF-kB, INOS e Bcl2/Bax,
mostrando a supressido da inflamagado e de vias apoptéticas. O tratamento com
RvD1 aumentou a fosforilagdo de Akt e a subsequente ativagao (fosforilagdo) de
moléculas de sinalizagdo de PI3K e mTOR, indicando que RvD1 atua através do
eixo PIBK/Akt/mTOR, uma via importante nos estudos dos processos inflamatorios.
Estes resultados permitem entender que outros mediadores lipidicos possam
desempenhar fungdes benéficas semelhantes, amenizando danos associados a
condicao diabética e suas comorbidades psiquiatricas.

No presente estudo, o mediador de interesse foi a RvD5, uma resolvina da
série D que aumenta a fagocitose em neutrofilos e macréfagos e reduz a expressao
das moléculas pré-inflamatérias, NF-kB e TNF-a (Serhan & Petasis, 2011; Deng et
al., 2014). Esta molécula foi identificada em humanos no sangue, exsudatos
hemorragicos e liquido sinovial (Perry et al., 2020). Apesar disso, a biossinteses
especifica desta resolvina ndo foi claramente definida, mesmo que estudos apontem

a via envolvendo as enzimas lipoxigenases (LOX), semelhante a biossintese de
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outras resolvinas de série D. Mesmo pouco explorada, € importante ressaltar que
esta molécula ja demonstrou efeitos benéficos em outros tecidos que ndo o nervoso.
Por exemplo, Gobbetti e colaboradores (2017) demonstraram efeitos protetores
deste composto contra colite e inflamacédo induzida por isquemia/reperfusao
intestinal em camundongos (Gobbetti et al., 2017). Outro estudo avaliou a agéo,
desta e de outras resolvinas de série D, na neuropatia periférica induzida por
quimioterapia. Outro resultado interessante, foi encontrado por Lou e colaboradores
(2019), que observaram que a administragdo de 100 ng/animal de RvD5 reduziu a
alodinia mecéanica produzida por paclitaxel apenas em camundongos machos e nao
em fémeas (Lou et al., 2019).

Tendo em vista o potencial terapéutico da RvD5 associado com a auséncia
de estudos com RvD5 em um modelo experimental de DM1, no presente estudo foi
de nosso interesse avaliar em um modelo animal de DM1 induzido
experimentalmente pela STZ o potencial terapéutico deste composto nas respostas
emocionais relacionadas com ansiedade e depressao, bem como sobre a condigcao
diabética em si (peso corporal e glicemia). Mais ainda, considerando o carater
inflamatorio dessas condi¢gbes associadas ao DM1, objetivamos investigar um
possivel efeito neuroprotetor do tratamento sobre os niveis elevados de um

marcador pré-inflamatério, a IL-13, no CPF e HIP de animais com DM1 induzido.
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2 OBJETIVOS

2.1 Objetivo Geral

Avaliar em animais com DM1 induzido experimentalmente o efeito do
tratamento prolongado com a Resolvina D5 (RvD5) sobre comportamentos
relacionados a depressao e a ansiedade nos testes de natagao forcada modificado,
campo aberto e labirinto em cruz elevado, bem como sobre a condi¢ao diabética e

sobre a diminui¢gao do processo de neuroinflamagéo no CPF e HIP.

2.2 Objetivos especificos

- Avaliar o efeito do tratamento prolongado de trés doses (1 ng, 3 ng, € 10 ng; i.p.)
de Resolvina D5 (RvD5) sobre o comportamento do tipo depressivo de animais com

DM1 experimental submetidos ao Teste da Natacdo For¢gada Modificado (TNFM);

- Avaliar o efeito do tratamento prolongado de trés doses (1 ng, 3 ng, € 10 ng; i.p.)
de Resolvina D5 (RvD5) sobre o comportamento do tipo ansioso e sobre a atividade
locomotora/exploratéria de animais com DM1 experimental no Teste do Labirinto em
Cruz Elevado (LCE) e no Teste do Campo Aberto (CA);

- Avaliar o efeito do tratamento prolongado com Resolvina D5 (RvD5) sobre a
diminuicdo da inflamagdo por meio da anadlise dos niveis de IL-1B no cortex pré-

frontal (CPF) e hipocampo (HIP) de animais com DM1 experimental.
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Abstract

Rationale Type-1 diabetes mellitus (T1DM) is a chronic disease related to a
persistent inflammatory process reaching the central nervous system, which leads to
psychiatric comorbidities such as depression and anxiety. Since the treatment of
these comorbidities is a great challenge, the search for new therapeutic agents
effective in alleviating the psychiatric condition associated with T1DM, without
harming the diabetic condition itself, becomes important.

Objectives Considering the inflammatory aspect of T1DM, we aimed to
evaluate in an animal model of T1DM the therapeutic potential of a specific
specialized pro-resolution lipid mediator (SPM), the resolvin D5 (RvDS), on behaviors
related to depression and anxiety. Moreover, its effects on the neuroinflammatory
process in two brain areas that are important in the mediation of emotional
responses, the hippocampus (HIP) and prefrontal cortex (PFC).

Methods After experimental T1DM induction, animals were treated for 23
days with RvD5 (1, 3 e 10 ng/animal), antidepressant fluoxetine (FLX, 10 mg/kg),
nonsteroidal anti-inflammatory Ibuprofen (IBU, 30 mg/kg), or vehicle and submitted to
the following behavioral tests: elevated plus maze, open field and modified forced
swim tests. In the end, HIP and PFC samples were processed to analyze the pro-
inflammatory cytokine IL-1( levels.

Results RvD5 treatment disrupted the more pronounced anxious-like and
depressive-like behaviors of T1DM animals and improved the diabetic condition, by
increasing the weight gain and reducing the blood sugar levels. Additionally, it
reduced the increased level of pro-inflammatory cytokine IL-1f in the HIP and PFC of
these animals.

Conclusions RvD5 presents the therapeutic potential to treat anxiety and
depression associated with T1DM. This potential may be related to the
characteristics of this mediator in protecting tissue damage, as demonstrated in this

study by its pro-resolutive action on neuroinflammation in the HIP and PFC.

Keywords Streptozotocin, fluoxetine, ibuprofen, elevated plus maze, forced swim

test, inflammation, specialized pro-resolution lipid mediators.
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Introduction

Type-1 diabetes mellitus (T1DM) is defined as a heterogeneous and chronic
metabolic disorder occurring with different prevalence across countries (IDF, 2019),
leading to major damage, failures, and dysfunctions in different tissues of the body,
including the central nervous system (Alan et al., 2014; Zanoveli et al., 2016; IDF,
2019). In this sense, studies conducted in animal models of T1DM demonstrate that
there are several related pathological processes, like increased oxidative stress with
consequent neuroinflammation in brain areas important to the control of emotions,
such as the hippocampus (HIP) and prefrontal cortex (PFC) (Vargas et al., 2012; Ho
et al., 2013; Pamidi and Satheesha 2013; De Morais et al., 2014; da Silva Dias et al.,
2016; Zhao et al., 2016; Pereira et al., 2018). Furthermore, impaired function of the
hypothalamic-pituitary-adrenal axis, neurochemical imbalance, and decrease in the
synthesis of neurotrophic factors, such as the brain-derived neurotrophic factor
(BDNF) are also reported (Beauquis et al., 2008; da Silva Dias et al., 2016; Redivo et
al., 2016; Hammadi et al., 2018). As a result, emotional behaviors are affected, that
is, more pronounced anxious-like and depressive-like behaviors are observed in
T1DM animals. In this context, clinical evidence turns in the same direction
demonstrating a greater prevalence of neuropsychiatric disorders such as major
depressive disorder and anxiety in T1DM patients, when compared to healthy people
(Buchberger et al., 2016; Zanoveli et al., 2016; Nefs et. al., 2019; Nguyen et al.,
2020).

Of particular interest to this study, neuroinflammation is characterized by an
increase in pro-inflammatory cytokines in the central nervous system. This
pathological process leads to chronic inflammation which is present in different
conditions, such as depression, anxiety, and also in the T1DM. It is important to note
that several reports are describing the highest prevalence of depression in diabetic
individuals with immune system dysfunctions (for a review see Badescus et al., 2016;
Herder et al., 2017; Hood et al., 2012). For example, Hood et al (2012) demonstrated
that diabetic patients with depression had a significant increase in pro-inflammatory
markers, such as lipoprotein A, a lipoprotein capable of activating macrophages and
monocytes and also increasing the production of pro-inflammatory cytokines (Orsé
and Schmitz, 2017). This evidence corroborates the relation between metabolic and
inflammatory processes (Hood et al., 2012). It is also known that chronic

inflammation can occur due to a failure to resolve its acute phase. This process is
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performed by specialized lipid pro-resolving mediators (SPM), derived from omega-3
and omega-6 polyunsaturated fatty acids (PUFAs), such as docosahexaenoic acid
(DHA) and eicosapentaenoic acid (EPA).

The PUFAs have been extensively studied under various conditions and there is
no surprise that omega-3 supplementation, which is the precursor of D-series
resolvins, presents antioxidant and anxiolytic/antidepressant actions, as well pro-
resolutive action of inflammation (Vines et al., 2012; Su et al., 2014; Wu et al., 2016;
Redivo et al., 2016; Siba et al., 2017; Delattre et al., 2017; Kim et al., 2020; Wolters
et al., 2021). It is important to point out that D-series Resolvins (RvD) are SPM
synthesized from DHA, the most abundant PUFA in the brain, and comprise a group
of six isomers (Serhan and Levy, 2018; Abdolmalek, 2020; Park et al., 2020). More
specifically, the resolvin D5 (RvD5) is derived from an epoxide of DHA via a reaction
involving lipoxygenases in polymorphonuclear neutrophils and macrophages (Chiang
and Serhan, 2017; Park et al., 2020). Preclinical studies have shown important
beneficial effects with the use of RvD5 in different tissues. Gobetti e coworkers
(2017) demonstrated that RvDS protected mice against experimentally induced
colitis, prevented local and systemic inflammation after intestinal
ischemia/reperfusion, and regulated endothelial-neutrophil interactions. Furthermore,
it was reported that RvD5 promoted antiarthritic actions, by accelerating the
resolution of bacterial infections (Flack et al., 2020), along with a reduction in
formalin-induced spontaneous pain and inhibition of the mechanical allodynia in male
mice (Lou et al., 2019). Despite all this evidence, there is still no study demonstrating
the effects of RvD5 treatment on the brain and emotional behaviors, which highlights
the importance of the present study.

Interestingly, beneficial effects on depressive-like behaviors induced by chronic
stress or lipopolysaccharide have been demonstrated after intracerebroventricular
infusions of two other series-D resolvins, the D1 and D2 (Deyama et al., 2017;
Ishikawa et al., 2017). It is noteworthy that despite few studies, a personalized
therapy with these n-3 PUFAs-derived metabolites in the treatment of psychiatric,
neurodegenerative, and neurological conditions has been recently discussed and it
has shown to be very promising (for a review see Giacobbe et al., 2020). Therefore,
considering the severity of the psychopathologies associated with T1DM, our study
was addressed to investigate the effects of continuous treatment (3 weeks) with

RvD5 on depressive- and anxious-like behaviors in an animal model of T1IDM. In
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addition, we evaluated whether this treatment would be able to suppress the
inflammation process by evaluating the level of the proinflammatory cytokine IL-13 in
the HIP and PFC of these diabetic animals.
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Material and Methods

Animals

Experiments were carried out on male Wistar rats (180-220g) from the animal
facility of Federal University of Parana (UFPR). Animals were maintained in groups of
4 per cage (41 x 32 x 16.5 cm) at constant room temperature (21 +/-2°C) under
standard lighting conditions 12/12 h light/dark cycle (lights on 7 am) with free access
to water and food. All experiments were carried out during the light phase between
07 am - 01 pm. The experiments were performed in the accordance with the
recommendations of the Commission of Ethics in Animal Experimentation of UFPR
(approval certificate #1260), with the consistency of ethical principles of the National
Council for Control of Animal Experimentation (CONCEA). All efforts were made to

minimize the number of animals used and their suffering.

Drugs

Streptozotocin (STZ; Santa Cruz Biotechnology Inc., Santa Cruz, California,
USA), sodium citrate (Merck SA Industrias Farmacéuticas, Sao Paulo, Sdo Paulo,
Brazil), Resolvin D5 (RvD5; Cayman Chemical Company, Michigan, USA). The
antidepressant Fluoxetine (FLX; EMS S/A, Hortolandia, Sdo Paulo, Brazil) and the
nonsteroidal anti-inflammatory Ibuprofen (IBU; SIGMA-ALDRICH, St. Louis, MO,
USA) were used as positive controls. STZ (60 mg/kg) was freshly dissolved in
sodium citrate buffer (10 mM; pH 4.5), while FLX (10 mg/kg; i.p.), IBU (30 mg/kg;
p.o.) and RvD5 (1, 3 or 10 ng/animal; i.p.) was diluted in 200 pL of sterile saline
(0.9% NaCl), which also was administered as a control for induced-T1DM animals
without treatment. All doses were prepared immediately before to administration and
according to previous studies and pilot studies (da Silva Dias et al. 2016; Deyama et
al. 2017).

Type-1 Diabetes mellitus (T1DM) induction
The experimental T1DM was induced in 12 hours-fasted animals by a single
intraperitoneal (i.p.) injection of STZ (60 mg/kg). Normoglycemic (NGL) animals
received a single intraperitoneal (i.p.) injection of its vehicle (VEH), the citrate buffer
(10mM, pH 4.5). The induced-T1DM (STZ) condition was confirmed 72 hours after

the STZ injection using blood samples from the tail vein (5 pL) added to test strips
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impregnated with glucose oxidase (Accu-Check Active™, Roche). The rats with
blood glucose levels equal or superior to 250 mg/dL were considered STZ and were
kept in the study (De Morais et. al. 2014; Da Silva Dias et. al. 2016; Chaves et. al
2021).

Elevated Plus Maze (EPM) Test

The EPM is widely used to evaluate drugs with anxiolytic-like profile (Pellow et al.
1995). The apparatus consisted of two open arms and two enclosed arms in the
perpendicular position with the same dimensions (50 x 10 x 40 cm), elevated 50 cm
above the floor. Both arms were extended from a central platform (10 cm?). After
habituation in the experimental room for at least 1 hour, each animal was gently
placed in the central platform facing a closed arm during 5 min. After each
experimental session, the maze was cleaned with 20% 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). Thus, as anxiety index, we evaluated the spatiotemporal
measurements (open arm time and entries) in percentage: percentage of open arm
entries (%OAE = 100 x open arm entries / total entries) and percentage of time spent
on the open arms (%OAT = 100 x time spent on open arms / [time spent on open
arms + time spent on closed arms]). As index of locomotor activity, the frequency of
entry in the enclosed arms was quantified. The porcentages are in relation to the total
number of entires (open arms entries + enclosed arms entries).

Given that spatiotemporal measurements in the EPM test are sensitive to the
effects of drugs that act through different mechanism of action (Griebel et al. 1997;
Silva and Brandao 2000), and that the inclusion of measures can favor or increase
the sensitivity of the effects of drugs, we evaluated some ethological items, that were:
rearing, risk assessment (RA) and head dipping (HD). These categories were defined
according to previous studies (Cruz et al. 1994; Silva and Brandao 2000) as follows:
rearing — rising on the hind limbs; HD — exploratory movement in open arms, so that
the animal projects the head of the maze toward the floor; and RA — exiting an
enclosed arm with the forepaws and head, and investigating the surroundings (this
behavior was often, but not necessarily, accompanied by body stretching, that is, the
animal stretches to its full length and turns back to the anterior position).The

anxiolytic-like effect is considered when the frequency of the RA decreases and the
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HD frequency increases (Cruz et al. 1994; Silva and Brand&o 2000). The rearing
frequency has been considered as an index more related to the

exploratory/locomotor activities (Cruz et al. 1994).

Modified Forced swimming Test (mFST)

The mFST was used for evaluating the antidepressant-like effects of the
treatments. The apparatus consists of a plastic cylinder (20 cm x 50 cm) that
contained 30 cm of water at 24 + 1 °C. Firstly, the animals were placed within
apparatus for 15 minutes (pre-test session). After 24 hours, the animals were
submitted to a test session (5 minutes) in which the predominant behavior expressed
by the animal for each 5 seconds was quantified as immobility (passive behavior),
swimming or climbing, two active behaviors. Immobility is characterized by the
absence of movement of the animal, except for a few movements to float and keep
the head out of the water. Swimming is characterized by active movements of the
animal in the cylinder with water and climbing is characterized by movements of the
animal's paws towards the cylinder walls, indicating an attempt to escape of the
apparatus. After the pre-test and test sessions, the animals were removed from the
water, dried, and returned to their home cages. The water from the cylinders was
changed at each session to avoid interference between the animals (Porsolt et al.
1978; Detke et al. 1995; Cryan et al. 2002; Chaves et al. 2020).

Open Field (OF) test

The OF test was used for evaluating the locomotory/exploratory activity of the
animals. The apparatus consists of a rectangular arena (40 x 50 x 63 cm) with nine
quadrants on the floor. For the session, the animals were placed kindly at the central
area and the locomotion was counted when the four legs invaded a different
quadrant. Furthermore, the frequency of the entries in the central area and of rearing
behavior (when the rodent explores vertically the arena using two posterior paws)
was quantified. After each experimental session, the apparatus was cleaned with
20% ethanol solution. (de Morais et al. 2014; da Silva Dias et al. 2016; Chaves et al
2020).

Quantification of Proinflammatory Cytokine IL-18 in the hippocampus
(HIP) and prefrontal cortex (PFC) by ELISA
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The animals were sacrificed by decapitation and the HIP and PFC were
dissected and immediately stored at -80 °C. Samples were processed by maceration
in PBS containing protease inhibitor cocktail (Pierce Thermo Fischer), and
centrifuged at 10,000 rpm (10 min) at 4 °C. The supernatant was used to evaluate
the IL-1B levels according to the manufacturer's protocols (#88-6010; Thermo
Fischer/Invitrogen, Waltham, MA, USA). Briefly, 96-well plates were coated with 100
pL/well of antibody against the rat IL-1 B (1:250) and incubated overnight at 4°C.
After washing the plates with PBS/Tween 20 (0.05 % Sigma), the non-specific
binding was blocked for 60 min at room temperature with 200 pyL of ELISA/ELISPOT.
After properly washed, both samples and standards were added on the wells and
incubated for 2 h. After this period, plates were washed again with PBS/Tween and
the plates were incubated with the detection antibody for 60 minutes. Next, plates
were washed again and the avidin-HRP (1:250) was added to each well. After 30-min
incubation, the plates were washed with PBS/Tween and 100 puL of
tetrametylbenzidine substrate solution (TMB) was added. The plates were then
incubated for 15 min at room temperature. The reaction was stopped with 50 uL of
2M H2SO4 and the optical density measured at 450 nm on a spectrophotometer
(Spectra Max 250, Molecular Devices). The results were expressed as picograms/mg

of total protein measured by the Bradford method (da Silva Dias et al. 2016)

Experimental procedures

All experimental sessions were recorded using a Sony® action cam 4 K for
posterior analysis.

The animals were divided into two main groups: normoglycemic (NGL) and
induced-T1DM (STZ). The NGL group was treated only with vehicle and served as a
control group for the induced-T1DM condition. In turn, the STZ animals were divided
into 6 subgroups according to the treatment: vehicle (VEH), Fluoxetine (FLX; 10
mg/kg, i.p.), Ibuprofen (IBU; 30 mg/kg, p.o.) and Resolvin D5 (RvD5; 1, 3 or 10
ng/animal; i.p.). All treatments started on day 07 (after confirmation of T1DM
induction) and continued until the day 30. For the RvD5 treatment, the injections
occurred always on alternate days, and in the drug-free day the animal received
injection from its VEH. The other drugs were administered daily. On the day of the
experimental tests, all treatments were carried out after the tests were completed.

Thus, four weeks after the T1DM confirmation in rats, on the 28" day, the EPM was
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performed. To minimize interference between tests; two days after, the pre-test of
mFST was performed (30" day). Finally, in the following day and immediately after
OF test, the mFST was performed. After these behavioral tests, animals were
euthanized, and the HIP and PFC were collected and stored at freezer (-80 °C). The
blood glucose (BG) and body weight (BW) were measured on days 0 and 31 (see
below in the Figure 1 the schematic representation of experimental procedures). The
weight gain was calculated by subtracting the BW taken on day 31 from the BW
taken on day 0.

-

- o . Continuous treament with VEH, FLX, IBU or RvD5
b r .1
L 1 | 1 1 |
| | | 1 | !
Days -3 0 7 28 30 31
TI1DM /BW EPM test mFST (pre-test]) /OF test and mFST (test)
induction'. BG BW

BEG

PFC and HIP were dissected
for futher ana_l:_,-sis

Fig. 1 — Timeline of experimental procedures. T1DM = Type-1 diabetes
mellitus, BG = Blood glucose; BW = Body weight; VEH = Vehicle; FLX = Fluoxetine;
IBU = lbuprofen; RvD5 = Resolvin D5; mFST = Modified forced swim test; OF =
Open field; EPM = Elevate plus maze; PFC = prefrontal cortex; HIP — hippocampus.

*Created with BioRender.com.

Statistical analysis

Shapiro-Wilk normality test was used for determinate the distribution profile
(Gaussian curvature). As the normality criteria was confirmed, the data are
expressed as mean + standard error of the mean (SEM). It is important to mention
that the number of animals are not identical between all groups because some (few)
losses of animals with induced-T1DM occur. Thus, the final sample n of the groups
for the behavioral tests are: NGL-VEH (n=8), STZ-VEH (n=6), STZ-FLX (n=7), STZ-
IBU (n=7), STZ-RvD5 1 (n=8), STZ-RvD5 3 (n=8), STZ-RvD5 10 (n=8). To perform
ELISA for cytokine dosage, the sample number was 6/group. In all analysis, the t-

student test was used to compare the two groups (NGL and STZ) of animals treated
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with VEH. One-way analysis of variance (ANOVA) was used to compare all treated-
STZ animals, considering as an independent factor the different treatments. When
appropriate, the Newman-Keuls’ post hoc test for multiple comparison analysis was
used. The adopted significance level was 5%. GraphPad Prism 7.0 software for

Windows (San Diego, CA, USA) was used for the data analysis.

Results
Prolonged treatment with RvD5 induced anxiolytic-like effect in induced-T1DM
animals when submitted to EPM test.

The t-Student test revealed a more pronounced anxious-like behavior of STZ
animals compared to NGL (treated with VEH) on the % of time spent in open arms
[t=4.2 df=12; p<0.05; Fig. 2A] and % of frequency of the open arms entries [t=3.73
df=12; p<0.05; Fig. 2B], but not on frequency of the enclosed arms entries [t=1.46
df=12; p>0.05; Fig. 2C]. In relation to the exploratory activity (Fig. 2D-E), t-Student
test showed a reduction in these activities [head dipping - t=5.312 df=12; p<0.05;
rearing - t=3.653 df=12; p<0.05; and risk assessment - t=5.101 df=12; p<0.05],
highlighting this pronounced anxious-like behavior of STZ animals compared to NGL.
Among treated STZ animals, one-way ANOVA revealed difference between groups
when classical parameters were evaluated [% time spent in open arms: F (5, 38) =
5.775; p<0.05; and % frequency of the entries in the open arms: F (5, 38) = 15.12;
p<0.05]. On the other hand, one-way ANOVA did not show any difference when the
frequency of the enclosed arms entries was evaluated [F (5, 38) = 2.465; p>0.05].
About exploratory activity, one-way ANOVA revealed difference between groups
[head dipping: F (5, 38) = 5.806; p<0,05; risk assessment: F (5, 38) = 4.269; p<0.05
and rearing: F (5, 38) = 3.67; p<0,05]. The multiple comparison Newman-Keuls test
revealed anxiolytic-like effect when all treatments were employed (p<0.05) on two
classical parameters (the % of time spent in the open arms and the % of frequency of
entries into them). Also, FLX and RvD5 (3 and 10 ng/animal) treatment induced an
anxiolytic-like effect when head dipping was analyzed (p<0.05). The reduced risk
assessment from STZ animals was also changed after these treatments, including
IBU treatment (p<0.05), i.e. these treatments increased the frequency of this
behavior. Regarding to rearing frequency, only FLX was able to increase this
behavior in the STZ animals (p<0.05).
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Fig. 2 Effect of the prolonged treatment with Resolvin D5 (RvDS5, 1, 3 or 10
ng/animal, i.p.), vehicle (VEH, i.p), ibuprofen (IBU, 30 mg/kg, p.o.) or fluoxetine (FLX,
10 mg/kg, i.p.) on % time spent in the open arms (A), % frequency of open arms
entries (B), number of enclosed arms entries (C) and exploratory activity: head
dipping (D), rearing (E) and risk assessment (F) in induced-T1DM (STZ) or
normoglycemic (NGL) animals submitted to EPM test. Values were expressed as
mean * S.E.M (n=6-8). *p<0.05 when compared to NGL/VEH; #p<0.05 when
compared to STZ/VEH

Prolonged treatment with RvD5 induced antidepressant-like effect in induced-
T1DM animals submitted to the mFST.

The t-Student test revealed a more pronounced depressive-like behavior in STZ
animals treated with VEH, when compared to VEH-treated NGL animals, on the
immobility [t=4.43 df=12; p<0.05; Fig. 3A], swimming [t=2.65 df=12; p<0.05; Fig. 3B]
and climbing [t=3.74 df=12; p<0.05; Fig. 3C] frequencies. The one-way ANOVA also
showed that the treatments among STZ animals were significantly different when
immobility [F (5, 38) = 5.05; p<0.05] and swimming [F (5, 38) = 2.83; p<0.05], but not
climbing [F (5, 38) = 1.97; p>0.05], frequencies were analyzed. The Newman-Keuls
test showed that all treatments were able to attenuate the depressive-like behavior of
these STZ animals by reducing the immobility and increasing the swimming

frequencies (p<0.05), without changing climbing frequency.



38

eVEH COFLX mIBU =RvD51 vRvD5 3 2 RvD5 10

@Aeo e #

2 ‘: . A
2% . A
540 : s | P2 Fyy A
2 30
3
o 20
g [ ]
g0 | |

0 _5

NGL STZ
=
=
£
E
2
9,
@
c
§ #
| |
c
: &R
STZ

Mean Couns (climbing)

Fig. 3 Effect of the prolonged treatment with Resolvin D5 (RvD5, 1, 3 or 10
ng/animal, i.p.), vehicle (VEH, i.p), ibuprofen (IBU, 30 mg/kg, p.o.) or fluoxetine (FLX,
10 mg/kg, i.p.) on immobility (A), swimming (B) or climbing (C) frequencies in
induced-T1DM (STZ) or normoglycemic (NGL) animals submitted to mFST. Values
were expressed as mean = S.E.M (n=6-8). *p<0.05 when compared to NGL/VEH,;
#p<0.05 when compared to STZ/VEH Prolonged treatment with RvD5 did not alter
locomotor activity of STZ animals but induced anxiolytic-like effect when animals

were evaluated in the OF test.
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Prolonged treatment with RvD5 did not alter locomotor activity of induced-
T1DM animals but induced anxiolytic-like effect when animals were evaluated
in the OF test.

The t-Student test revealed differences between the NGL and STZ animals treated
with  VEH on the number of crossings [t=4.09 df=12; p<0.05; Fig. 4A], and
frequencies in the center area [t=6.04 df=12; p<0.05; ; Fig. 4B] and of rearing [t=4.07
df=12; p<0.05; Fig. 4C]. These results indicate that STZ animals present an anxious-
like behavior (decreased frequency in the central area and of rearing) compared to
NGL animals, as well as a decrease in the locomotor activity (decrease in the number
of crossings). However, in treated-STZ animals, the one-way ANOVA analysis
showed differences on the frequency in the central area [F (5, 38) = 5.618; p<0.05]
and of rearing [F (5, 38) = 6.039; p<0.05], but not on crossings number [F (5, 38) =
3.722; p<0.05]. The Newman-Keuls test revealed that all treatments were able to
increase the frequency in the central (p<0.05) while only the treatment with RvD5
significantly increased the frequency of rearing (p<0.05), indicating an anxiolytic-like
effect. No treatment changed the decreased number of crossings of STZ animals
(p>0.05).
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Fig. 4 Effect of the prolonged treatment with Resolvin D5 (RvD5, 1, 3 or 10
ng/animal, i.p.), vehicle (VEH, i.p), ibuprofen (IBU, 30 mg/kg, p.o.) or fluoxetine (FLX,
10 mg/kg, i.p.) on the number of crossings (A), frequency in the central area (B) and
frequency of rearing (C) in induced-T1DM (STZ) or normoglycemic (NGL) animals
submitted to OF test. Values were expressed as mean + S.E.M (n=6-8). *p<0.05
when compared to NGL/VEH; #p<0.05 when compared to STZ/VEH

Prolonged treatment with RvD5 decreased the inflammatory cytokine IL-18
levels in HIP and PFC measured for ELISA assay

The t-Student test revealed differences between the NGL and VEH groups in the
amount of inflammatory cytokine IL-1B in both HIP [t=2.794 df=10; p<0,05] and PFC
[t=2.727 df=10; p<0.05]. These results shown the pronounced neuroinflammation in
diabetic animals compared to normoglycemic group (p<0.05). For the treatment of
the diabetic animal, one-way ANOVA revealed difference in the amount of
inflammatory cytokine IL-1p3 between groups in both brain structures: HIP [F (5, 30) =
3.079; p<0,05] and PFC [F (5, 30) = 7.228; p<0.05]. The Newman-Keuls test showed
that all treatments were able to decrease the neuroinflammation in the HIP and PFC
when the IL-1B, an important cytokine present in inflammatory processes, was
quantified (p<0.05). Statistically it was shown that the higher dose of RvD5
administered (10 ng/animal) was able to induce a more expressive reduction of the
amount of IL-1B in the PFC when compared to the anti-inflammatory IBU and the
antidepressant FLX (p<0.05).
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Fig. 5 Effect of the prolonged treatment with Resolvin D5 (RvD5, 1, 3 or 10
ng/animal, i.p.), vehicle (VEH, i.p), ibuprofen (IBU, 30 mg/kg, p.o.) or fluoxetine (FLX,
10 mg/kg, i.p.) on inflammatory cytokine IL-1B levels in the hippocampus and
prefrontal cortex from induced-T1DM (STZ) or normoglycemic (NGL) animals. Values
were expressed as mean + S.E.M (n=6). *p<0.05 when compared to NGL/VEH,;
#p<0.05 when compared to STZ/VEH; $ p<0.05 when compared to FLX and IBU

groups

Prolonged treatment with RvDS5 increased the weight gain and reduced the high
levels of glycemia of diabetic animals
The t-Student test revealed differences between the NGL and STZ groups
treated with VEH on the weight gain [t=5.498 df=12; p<0.05] and glycemia [t=29.14;
df=12; p<0.05], showing increased blood glucose and reduced weight gain in STZ
animals. The one-way ANOVA showed differences of the treatments on weight gain
[F (5, 38) = 4.386; p<0.05] and glycemia [F (5, 38) = 4.44; p<0.05]. The Newman-
Keuls post hoc test showed that only the treatment with the highest dose of RvD5
presented significant results in improving both parameters (p<0.05), i.e., reducing

glycemia and increasing the weight gain from STZ animals.
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Table 1 Effect of the prolonged treatment with Resolvin D5 (RvD5, 1, 3 or 10
ng/animal, i.p.), vehicle (VEH, i.p), ibuprofen (IBU, 30 mg/kg, p.o.) or fluoxetine (FLX,

10 mg/kg, i.p.) on the parameters of glycemia and weight gain in normoglycemic
(NGL) or induced-T1DM (STZ) animals

Treatments Glycemia (mg/dL) Weight gain (g)
NGL/VEH 98.9+1.1 140.9 £ 18.6
STZ/VEH 542.8 £ 17.7* -5.6 £ 10.9*
STZ/FLX 491 +20.4 8.2+9.2
STZ/IBU 565.9 + 11.7 10.5+£ 101

STZ/RvD5 1 504.4 + 23.7 38+7.0

STZ/RvD5 3 529.8 £ 23.2 47.2+6.7

STZ/RvD5 10 4473 £ 17.7* 61.6 +17.0%

Values were expressed as mean + SEM of 6-8 animals/experimental group.
*p < 0.05 when compared to NGL/VEH; # p < 0.05 when compared to

STZ/VEH.
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Discussion

The major findings of the present study are that continuous treatment with RvD5
(all doses) disrupts the anxious-like and depressive-like behaviors in rats with
induced-T1DM (STZ animals). These beneficial effects may be related to its
pronounced protective action once that RvD5 was able to induce a neuroprotective
effect in the HIP and PFC of this TIDM by reducing the increased IL-1B levels in
these brain areas. This is the first study demonstrating the therapeutic potential of
this D5-series resolvin for the treatment of psychiatric comorbidities associated with
T1DM. Importantly, this treatment did not impair the overall diabetic condition, on the
contrary, it minimized by improving the reduced weight gain and decreasing the
increased glycemic levels of these animals, with hight dose.

Our data related to anxiety-like behaviors obtained after the spatiotemporal
analysis in the EPM and OF test are in accordance with previous findings (Ates et al.
2014; Damian et al. 2014; Gambeta et al. 2015; Siba et al. 2017; Pereira et al. 2018),
showing that STZ animals present a more pronounced anxious-like behavior by
reducing the percentual of the time spent and the number of entries in the open arms
(EPM test) and decreasing rearing and central area frequencies (OF test).
Interestingly, the prolonged treatment with RvD5 disrupts the anxious-like behavior of
these STZ animals evaluated in these anxiety-related tests. It seems this treatment
restored the behavior to a level comparable to that of NGL animals.

Regarding ethological measures obtained from the EPM test, the most concise
data were with the behavior of HD. Thus, untreated-STZ animals showed a reduction
in this behavior, consistent with a more anxious-like behavior (Cruz et al. 1994; Silva
and Brandao 2000). In this situation, the animal tends to avoid potentially dangerous
situations such as the exploration of the open and elevated space of the EPM. As
expected, treatment with FLX and with RvD5 (all doses) induced a clear increase in
this behavior, indicating an anxiolytic-like effect. Concerning Risk Assessment (RA)
behavior, studies indicate that RA is a behavior that is very present in potentially
dangerous situations (Blanchard et al. 1993). Moreover, this behavior is considered
by some researchers a valuable tool to measure more precisely emotional reactivity
in rodents (Roy and Chapillon 2004, for a review see Carobrez and Bertoglio 2005).
The fact is that there are several apparently contradictory data suggesting that this
measure in addition to other ethological measures are sensitive to changes that

depend on the drug class, including its mechanism of action, and the animal's stress
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level (Cole and Rodgers 1993; Rodgers and Cole 1993; Griebel et al. 1997). In this
sense, our data show a decrease in the frequency of RA in T1IDM rats. Interestingly,
FLX and RvD5 treatments induced an opposite effect. This apparently contradictory
result observed in T1DM animals may be due to the diabetic condition of the animal,
once studies demonstrate these STZ animals present a dysregulation of the
neurotransmitter dopamine, an important neurotransmitter in mediating motivational
and rewarding behaviors (Lin et al. 2018; Pérez-Taboada et al. 2020). Consequently,
this imbalance can precipitate a decrease in the motivation of these animals, altering
exploratory activities, including locomotion.

Another important point is that our analysis of RA encompassed several other
behaviors that in many studies are assessed separately and named RA. That is, we
consider RA when the animal is in the closed arm and explores the surroundings,
and we do not discriminate between body stretching (stretched-attend posture) and
when the animal stretches to its full length and cautiously moves forward (flat-back
approach). So, a more discriminative analysis could have given us a different result.
However, it is noteworthy that in our most complete analysis of RA, the treatments
were able to induce an opposite effect to that observed in untreated-STZ rats,
indicating that the treatments induced some effect, which according to all other
analyses, may be associated to the anxiolytic-like effect.

Concerning the rearing frequency, this is one of the ethological measures that
are less sensitive in the analysis of anxiety behavior itself, as well as in the effect of
drugs, especially anxiolytic drugs (Griebel et al. 1997; Silva and Brandao 2000). This
analysis has been considered more related to exploratory and/or locomotor activity
(Cruz et al. 1994). Considering the low sensitivity of this measure in detecting
anxiolytic-like effects in the EPM test (Griebel et al. 1997; Silva and Brandao 2000),
our data after the RvD5 treatment corroborate it. However, after continuous treatment
with FLX, our data showed an increase in rearing in STZ animals, a result different
from that obtained in the study conducted by Silva and Brandao (2000) who did not
observe any alteration in the rearing of animals submitted to the EPM test (non-
diabetics) after prolonged treatment with FLX. Interestingly, in the OF, there is a
reduction in the rearing frequency and in the number of crossings in the OF test,
which may reflect more the animal's emotional state than a locomotor change, since
the number of entries in the closed arms of the EPM was not changed. Interestingly,

in the OF test, the results were the opposite, that is, the treatment with RvD5
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increased the rearing and FLX did not change this measure. Some possible
explanations for these different results, in addition to the low sensitivity of this
measure to assess anxiety, is that the animal's condition factor - whether or not they
are induced-T1DM - may have influenced. Moreover, these differences in the tests —
EPM and OF - may have occurred due to differences between the aversiveness of
each apparatus, which may therefore change the sensitivity of the analysis (Carobrez
et al. 2005). Here, it is important to mention that treatments with control drugs for the
depressive and inflammatory condition, FLX and IBU, respectively, also induced
anxiolytic-like effects. Thus, from these observations, we cannot infer that treatment
with RvD5 would have some advantage over its controls. However, it is important to
point out that this is the first study to demonstrate the anxiolytic-like effects of
prolonged treatment with RvD5 in an animal model of T1DM.

Unlike what was observed after RvD5 treatment on anxiety parameters, the
treatments (all treatments) were able to attenuate, but not restore, the more
pronounced depressive-like behavior of TIDM animals when submitted to the mFST.
Here, it is important to highlight some differences between the tests. While the EPM
uses the fear of these animals for open and elevated spaces as a source of danger,
generating a conflict in these animals between exploring potentially dangerous
spaces (open arms) or not (closed arms), the mFST uses prior stress, that is, the
animals are pre-exposed to a forced swim for 15 minutes before the test, which
generates a behavioral despair condition. The correlated emotions are anxiety (EPM)
and depression (mFST). Interestingly, it is known that patients with major depression
respond later to treatments compared to those affected by anxiety disorders. Thus,
as these are different conditions, the treatment time may not have been enough to
reverse the depressive-like behavior. Although the effect observed after treatment
with RvD5 in attenuating the depressive-like behavior of STZ animals is similar to the
effect observed after treatment with FLX or IBU, these data were the first to
demonstrate this antidepressant profile of RvD5 in this animal model of T1DM.
Interestingly, the treatments (IBU, FLX, and RvD5) induced an antidepressant-like
effect by decreasing the frequency of immobility and increasing the frequency of
swimming, but without changing the frequency of climbing. These results are not
surprising since previous studies conducted in this animal model of T1IDM have
already demonstrated that IBU, FLX, and PUFAs compounds act directly or indirectly

by preferentially facilitating the serotonergic system (da Silva Dias et al. 2016; Redivo
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et al. 2016; Kim et al. 2020). And, given that increased swimming frequency is
related to increased serotonergic neurotransmission (for a review see Cryan et al.
2002; Slattery and Cryan 2012), we can suggest that the SPM RvD5 also acts
preferentially favoring serotonergic system. It is worth mentioning that an
antidepressant-like effect has already been demonstrated in studies conducted with
other two resolvins of D-series, the resolvins D1 and D2 (Ishikawa et al. 2017;
Deyama et al. 2017). In these studies, conducted in non-STZ animals, the animals
received a single intracerebroventricular infusion of resolvin D1 or D2 that was
adequate in attenuating the lipopolysaccharide-induced depression-like behaviors or
induced by chronic unpredictable stress when mice were submitted to two tests, the
tail suspension test and forced swim test. Important to mention that Deyama and
coworkers (2017) also demonstrated this antidepressant-like effect when resolvin D1
or D2 was administered bilaterally into the PFC or the HIP, indicating the involvement
of these brain areas in the beneficial effect induced by these resolvins.

It is noteworthy that, in the present study, the prolonged treatment with RvD5 was
carried out every other day and this does not seem to be a factor that has interfered
with its beneficial action. It is known that the half-life of these lipidic mediators is quite
short, ranging from seconds to minutes; however, they generally act locally in an
autocrine or paracrine manner by binding to receptors on responsive cell types. For
example, Gundala and colleagues (2017) showed that lipoxin A4 intraperitoneally
injected enhanced plasma levels of lipoxin A4 until the end of the study’s period of 30
days (they injected only for the first 5 days of the study’s period). Thus, the authors
implied that these bioactive lipids may have the ability to enhance their synthesis in
an autocrine fashion (see also Bathina et al. 2020, 2021). Based on this premise, it is
likely that even in the present study plasma and brain levels of another D-series
resolvin, the RvD5 may have been enhanced in an autocrine fashion. But this needs
to be confirmed in future studies.

Here, it is important to emphasize that many of the T1DM comorbidities, including
psychiatric disorders, may be related to an increase in inflammatory processes both
at the systemic and central levels (Basu et al. 2005; Hood et al. 2012; da Silva Dias
et al. 2016; Ors6 & Schmitz 2017; Muriach et al. 2014; Oliveira et al. 2016;
Pugazhenti et al. 2017; Diaz-Gerevini et. al. 2019). In this way, our group has already
demonstrated an increase in pro-inflammatory cytokines in the 4th week after T1DM

induction (da Silva Dias et al. 2016), along with a decrease in the BDNF levels



47

(Redivo et. al. 2016) and an increase of oxidative stress in the HIP and PFC of these
STZ animals (de Morais et al. 2014; Pereira et al. 2018). Thus, the suppression of
pro-inflammatory cytokines, for example, could improve or decrease the severity of
T1DM and psycho-comorbidities. This was the rationale for the next experiment, also
based on the demonstration that the anti-inflammatory metabolites of PUFAs, such
as D-series resolvins, have already demonstrated properties of inflammation pro-
resolution inducing neuroprotective actions (Das 2013; Krishnamoorthy et al. 2010;
Serhan et al. 2008). Likewise, our data suggest the neuroprotective action of the
prolonged treatment of a D-serie resolvin. However, in the present study, this action
was evaluated for the first time after the treatment with a D5-serie resolvin (in all
doses) in T1DM animals by demonstrating a significant reduction in IL-1B levels in
the HIP and PFC. The highest dose of RvD5 was able to restore levels to baseline
compared to NGL animals. Interestingly, this neuroprotective action of the RvD5
treatment (at the highest dose) was superior in the PFC to that observed after
treatment with the FLX and even IBU.

Given that increased pro-inflammatory cytokines occurs from the fourth week of
T1DM induction (da Silva Dias et al. 2016), we could infer that having RvD5
treatment started on the seventh day after T1DM induction, this treatment could have
a preventive role, somewhat, since a mild biological effect was observed on the
diabetic condition itself by reducing the glycemia and improving the impaired weigh
gain of these animals. Thus, unlike controls IBU and FLX, the highest dose of RvD5
was able to reduce glycemia and improve the reduced weight gain of these STZ
animals. Although no studies demonstrated the involvement of RvD5 in alleviating
the damage caused by the persistent encephalopathy related to T1DM, other studies
were conducted with other different lipid mediators. For example, Bathina and
collaborators (2020, 2021) conducted two recent studies with RvD1 involving type-2
DM and T1DM. These studies showed that the treatment with RvD1 (60 ng/animal,
injected for 5 consecutive days i.p.), in an animal model of type-2 DM, induced a
neuroprotective action by modulating the PI3K/Akt/mTOR pathway, which is involved
in inflammatory processes. Also, in the same animal model of T1DM used in the
present study, the group demonstrated that RvD1 treatment (60 ng/animal, injected
for 5 consecutive days from day 1 along with STZ for five consecutive days, i.p.),
improved several parameters when animals were evaluated in the 4th week after

diabetes induction, i.e., reduced the severity of T1DM by restoring plasma levels of
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pro-inflammatory markers and improving other important markers for psychiatric
comorbidities associated with T1DM, such as BDNF and oxidative stress, for
example.

Interestingly, as we observed after treatment with RvD5 (highest dose), the
authors demonstrated that the treatment with RvD1 induced a gradual and sustained
decrease in plasma glucose levels in treated-T1DM animals from the end of the 2nd
week to the end of the study (4th week). Reinforcing this suggestion of protective
action on pancreatic B-cells, Bathina et al (2021) also observed an increase in insulin
secretion in addition to a decrease in resistance to insulin action. Moreover, this
cytoprotective action on pancreatic (3-cells has already been demonstrated in several
studies in which the treatment was done with PUFAs (Suresh and Das 2003; Siba et
al. 2017; Naveen et al. 2017) and at least, in part, this action seems to be mediated
by the anti-inflammatory metabolites of PUFAs. Thus, taken together, it can be
suggested that these D1 and D5 resolvins induce a gradual regeneration of
pancreatic [-cells. However, it is noteworthy that systemic administration of
compounds, as performed in our study, may have altered a series of peripheral
inflammatory parameters, preventing the establishment of an intense inflammatory
process, including in the CNS. Although RvD5 is a highly fat-soluble compound and
can act directly on the CNS, its systemic pro-resolving action may also have
contributed to the beneficial action on behavioral parameters and reduction of IL-13
in the HIP and PFC. Evidence of this are the results observed after IBU treatment.
The non-selective inhibition of the cyclooxygenase enzyme blocks the production of
prostaglandins and, consequently, prevents the natural pro-resolution and healing
process, exerting a peripheral anti-inflammatory effect. Thus, the central IL-13 rates
observed after treatment with IBU can be explained by its peripheral action, which
also prevented or ameliorated the neuroinflammatory process.

Finally, it is important to note that our data seem to be not related to the potential
impairment of locomotor activity. Although in the OF test the STZ animals presented
a decrease in the number of crossings, the number of entries into the closed arms of
the EPM, also used as an index of locomotor activity, was not changed. Most
importantly, all treatments did not alter this locomotor activity index when STZ
animals were evaluated in the EPM and OF tests. In contrast, the treatments were
capable to increase exploratory activities assessed in the EPM and OF tests, as well

as active behaviors assessed in the mFST.
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To conclude, because of the increasingly common use of fish oil capsules
containing as the main PUFAs different concentrations of EPA and DHA, our data
draw attention to the importance of using, for example, specific precursors
(Arachidonic Acid, EPA, or DHA) depending on the individual’s health condition and
of the purpose of using it, bearing in mind that D-series resolvins are metabolites
from DHA. This may also lead to developing strategies that would metabolize the

precursor to form its specific potent anti-diabetic product in the body.
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4. CONCLUSAO

Os resultados do presente estudo demonstraram o potencial terapéutico da
RvD5 no tratamento da depresséao e da ansiedade associadas ao DM1 experimental.
Importante ressaltar que este efeito foi mais expressivo sobre a ansiedade, uma vez
que nossos dados demonstraram uma restauragao dos parametros relacionados ao
comportamento do tipo ansioso, enquanto na depresséao foi observado apenas uma
melhora sobre os parametris relacionados ao comportamento do tipo depressivo.
Adicionalmente, foi demonstrado que o tratamento prolongado restaurou os niveis
de II-1B no HIP e CPF, caracterizando sua agao pro-resolutiva. Vale também
ressaltar que o tratamento ndo prejudicou o controle glicémico, pelo contrario, foi
capaz de demonstrar uma melhora da condi¢do diabética pois reduziu a glicemia
sérica e aumentou o0 ganho de peso desses animais.

Em conjunto, e tendo em vista o uso populacional bastante comum de
suplementes ricos em AGPI da familia émega-3, contendo EPA e DHA, como o éleo
de peixe, pode-se inferir que o metabdlito de DHA, a RvD5, apresenta um potencial

terapéutico sobre respostas de ansiedade e depressao associadas ao DM1.
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