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RESUMO

A Encefalopatia Hepéatica (EH) é uma grave complicacdo neuropsiquiatrica associada a
insuficiéncia hepatica. Essa sindrome afeta severamente a qualidade de vida dos pacientes além
de ser uma ameaca a vida. Os tratamentos usualmente utilizados para EH séo insuficientes,
sendo assim, faz-se necessario o desenvolvimento de estratégias terapéuticas para o tratamento
da EH. O tadalafil apresenta importantes efeitos neuroprotetores em modelos experimentais de
neuroinflamacéo, no entanto os seus mecanismos de acdo permanecem pouco compreendidos.
O objetivo do presente estudo foi investigar a acdo do Tadalafil na neuroinflamacao, ativacéo
de células gliais, neuroprotecdo, aprendizagem e memoria no modelo experimental de EH
induzida por tioacetamida (TAA) em camundongos. Para tanto, camundongos machos
C57BL/6 com 10 semanas de idade e peso entre 25-30g, foram distribuidos em 3 grupos
experimentais (n=15 por grupo): (1) Grupo controle, (2) Grupo TAA 600mg/kg, (3) Grupo
TAA 600mg/kg + tadalafil (15mg/kg). O TAA foi administrado por via intraperitoneal em uma
dose de 200mg/kg por 3 dias consecutivos, atingindo a dose final de 600 mg/kg. Apds 48h de
inducdo da EH, o tratamento com tadalafil 15mg/kg foi realizado por gavagem em um volume
total de 100uL durante 15 dias. Os camundongos foram submetidos a um labirinto de Barnes
para avaliacdo de aprendizagem e memoria. Animais com EH apresentaram diminuic¢do do
aprendizado e memoria espacial no Labirinto de Barnes, apresentaram ativacéo de astrécitos e
microglia e aumento da expressdo dos marcadores neuroinflamatérios como TNF-a, IL-18, IL-
6, p-p38, p-ERK e p-NFkB. Além disso, a via de sinalizacdo PKA / PKG / CREB / BDNF e 0s
niveis de NeuN, sinaptofisina e receptores do glutamato foram alterados pelo TAA. Por sua
vez, o tratamento com tadalafil regulou as vias de sinalizacdo da inflamacdo e cognicéo,
restaurando o aprendizado e memoria espacial. Portanto o tadalafil apresenta potencial
terapéutico na EH, pois reduziu significativamente a neuroinflamacdo, promoveu a
neuroprotecdo, além de regular a plasticidade sinaptica através da modulacéo dos receptores do
glutamato no hipocampo e, consequentemente restaurou a capacidade de aprendizado e

memoria.

Palavras-chave: Encefalopatia hepética. Tadalafil. Neuroinflamac&o. Plasticidade sinéptica.

Aprendizado e memodria.



ABSTRACT

Hepatic Encephalopathy (HE) is a serious neuropsychiatric complication associated with liver
failure. This syndrome severely affects the quality of life of the patients besides being a threat
to life. The treatments usually used for HE are insufficients, thus, it is necessary to develop
therapeutic strategies for the treatment of HE. Tadalafil has important neuroprotective effects
in experimental neuroinflammatory models, however its mechanisms of action remain poorly
understood. The aim of the present study was to investigate the action of Tadalafil on
neuroinflammation, glial cell activation, neuroprotection and learning and memory in the
experimental model of hepatic encephalopathy (HE) induced by thioacetamide (TAA) in mice.
For this purpose, male C57BL/6 male mice weighing between 25 and 30g were distributed in 3
experimental groups (n = 15 per group): (1) Control group, (2) TAA group 600mg/kg, (3) TAA
group 600mg/kg + tadalafil (15mg /g). TAA was administered intraperitoneally at a dose of
200 mg / kg for 3 consecutive days, reaching the final dose of 600 mg /kg. After 48h induction
of HE, treatment with tadalafil 15mg / kg was performed by gavage in a total volume of 100uL
for 15 days. The mice were submitted to a Barnes labyrinth for evaluation of learning and
memory. Neuroinflammatory markers such as TNF-a, IL-1p, IL-6, p-p38, p-ERK, and p-NFkB
were observed in the Barnes Labyrinth and showed increased activation of astrocytes and
microglia. In addition, the signaling pathway PKA / PKG / CREB / BDNF and the levels of
NeuN, synaptophysin and receptors glutamate were altered by TAA. However, treatment with
tadalafil regulated the inflammation and cognition signaling pathways, restoring learning and
spatial memory. Therefore, tadalafil presents therapeutic potential in HE because it significantly
reduced neuroinflammation, promoted neuroprotection, besides regulated synaptic plasticity
through the modulation of glutamate receptors in the hippocampus and consequently restored

learning ability and memory.

Keywords: Hepatic encephalopathy. Tadalafil. Neuroinflammation. Synaptic plasticity.

Learning and memory.
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1 INTRODUCAO

A encefalopatia hepéatica (EH) descreve o conjunto de alterages neuroldgicas que
ocorrem durante insuficiéncia hepatica aguda ou crénica (LIERE; SANDHU; DEMORROW,
2017). Esta patologia abrange uma ampla gama de distdrbios neuropsiquiatricos que vao desde
mudancas minimas na personalidade ou ritmos circadianos alterados (ciclo de vigilia do sono)
a alteracGes na funcéo intelectual, personalidade, consciéncia e coordena¢do neuromuscular.
Além disso, a EH nos casos mais graves pode levar ao coma e a morte (ERCEG et al., 2006).

A EH é uma complicacao frequente na insuficiéncia hepatica ocorrendo em 10-14% dos
cirréticos em geral, 16-21% na cirrose descompensada e 10-50% em pacientes com desvio
portossistémico intra-hepético transjugular (TIPS). A EH ndo observavel ocorre em 20-80%
dos pacientes com cirrose. O risco de um 1° episddio de EH é de 5-25% nos primeiros 5 anos
apos o diagnastico da cirrose, dependendo da presenca de fatores de risco e, apds o primeiro
episddio o risco cumulativo é de 40% de recorréncia em 1 ano. Apds TIPS a incidéncia
cumulativa em 1 ano é de 10-50% (VILSTRUP et al., 2014). A EH tem um impacto
significativo na qualidade de vida do paciente, na habilidade de conduzir veiculos, e,
recentemente, tem sido associado com o aumento de internac6es e morte (PATIDAR; BAJAJ,
2015). O transplante hepéatico muitas vezes é uma das poucas alternativas para esses individuos,
no entanto, a mortalidade desses pacientes em um ano é maior que 50% (DAMIANI et al.,
2013).

A fisiopatologia de EH é multifatorial e envolve agentes como amonia e citocinas
inflamatorias. Embora a patogénese da EH esteja relacionada com multiplos componentes, estes
ndo sdao bem compreendidos, no entanto a aménia € considerada como mecanismo
fisiopatoldgico primario de EH (ELWIR; RAHIMI, 2017) e afeta principalmente o
metabolismo e a funcdo dos astrocitos, levando a perturbacdes das interacdes astrociticas-
neuronais e consequentemente ao desequilibrio da transmissdo neural (ALBRECHT,;
ZIELISKA; NORENBERG, 2010).

H4 evidéncias crescentes de que a inflamacdo coopera com a hiperamonemia na inducao
dessas alteracGes neuroldgicas em pacientes com EH (DADSETAN et al., 2016). Esses relatos
sugerem que a reducdo da inflamacéo melhoraria a funcao cognitiva e motora nestes pacientes.

A via do oxido nitrico - monofosfato ciclico de guanosina (NO-cGMP) desempenha um
papel importante no Sistema Nervoso Central pois a acumulacgéo intracelular de GMPc em
diferentes modelos experimentais reduz a producdo de citocinas pro-inflamatorias, tais como

IFN-y, TNF-o e interleucinas (ILs). Além disso, essa via participa de mecanismos de
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aprendizado e memoria, protege os oligodendrécitos e modula a ativacdo da micréglia. Os
niveis de cGMP sdo regulados por fosfodiesterases (PDEs) especificas, enzimas que
desagregam a ligacdo fosfodiéster de cGMP e cAMP Sendo assim, os inibidores de PDE-5
representam potenciais alvos terapéuticos para doencas neuroldgicas (NUNES et al., 2012;
PEIXOTO, et al., 2015).

Estudos mostraram que tratamento crénico com Tadalafil, um inibidor da PDE-5,
melhora a memdria espacial em um modelo de Doenca de Alzheimer (AD) em ratos e fornece
um maior efeito benéfico do que outros inibidores de PDE-5, em doses comparaveis (como por
exemplo, o sildenafil). Administragdo de tadalafil produz uma concentragdo suficientemente
elevada para inibir significativamente a PDE-5 no Sistema Nervoso Central. Anéalises
multivariadas deste farmaco mostram que a utilizacdo do tadalafil pode reverter rapidamente
deficiéncias cognitivas (GARCIA-OSTA et al, 2012).

Portanto, sabendo-se que os inibidores da PDE-5 sdo potenciais farmacos para o
tratamento de neuroinflamacéo e que dentre esses inibidores o Tadalafil apresenta caracteristica
benéficas e superiores aos demais inibidores de PDE-5, 0 presente estudo se prop6s a avaliar
os efeitos do Tadalafil nos processos neuroinflamatorios e neurodegenerativos, bem como sobre

a capacidade de aprendizado e memaoria em modelo experimental de EH em camundongos.
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1.2 OBJETIVOS

1.2.1 Objetivo geral

Avaliar o efeito e mecanismo da acdo do Tadalafil na neuroinflamacéo e na funcdo cognitiva

em camundongos com Encefalopatia hepatica induzida por Tioacetamida.

1.2.2 Objetivos especificos

- Caracterizar os efeitos do tratamento com Tadalafil sobre as células gliais através dos marcadores
GFAP e Ibal;

- Analisar os efeitos do Tadalafil no estresse oxidativo através de dosagens de 6xido nitrico e também
na neuroinflamacao, através dos mediadores inflamatorios NFKkB, p38 e ERK e das citocinas pro-
inflamatorias TNF-a, IL-1p e IL-6;

- Investigar os efeitos do Tadalafil sobre os neurdnios e na sinapse através dos marcadores NeuN e
sinaptofisina;

- Avaliar o papel do Tadalafil sobre a capacidade de aprendizado e memoria através do labirinto de

Barnes;

- Investigar o mecanismo de acdo do Tadalafil sobre o processo de aprendizagem e memoria através
da via de sinalizacdo PKA/PKG/CREB/BDNF, da proteina GSK3p e dos receptores do glutamato
(NMDA e AMPA).
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2 REVISAO BIBLIOGRAFICA

2.1 ENCEFALOPATIA HEPATICA

A encefalopatia hepética (EH) € um transtorno desenvolvido no Sistema Nervoso Central
(SNC), causado por disfuncdo hepatica. E caracterizada por um largo espectro de manifestacdes
neuropsiquiatricas relacionadas a disfuncdo motora, cogni¢do, perda de memdria e perturbacdo do
ciclo vigilia-sono afetando gravemente a vida dos pacientes e seus cuidadores (BLEI AT, CORDOBA
J 2001; BAJAJ et al. 2009), além de ser uma complicacdo potencialmente fatal observada em
pacientes cirrdticos. Esta sindrome apresenta-se desde sua forma mais branda, a encefalopatia
hepatica minima (EHM) ou EH inobservavel, sem quaisquer sintomas diagnosticados clinicamente,
a forma persistente grave, caracterizada por varios problemas neuropsiquiatricos com o risco de
edema cerebral e morte (BLEI AT, CORDOBA J 2001; POH e CHANG 2012).

As disfuncgdes hepaticas do tipo cronico causadas pela hepatite viral, intoxicacdo por drogas e
alcoolismo sdo prevalentes na populacdo geral e sdo susceptiveis ao desenvolvimento de sintomas da
EH, nas formas moderada e minima nos pacientes. Adicionalmente, foi descrito que os sintomas
evidentes de EH aparecem em 30-50% dos pacientes com cirrose hepatica (AMODIO et al., 2001).

A EH produz um amplo espectro de manifestacbes neuroldgicas e psiquiatricas nado
especificas (FERENCI, 2017). Na sua expressao menos grave, a EH altera testes psicométricos
orientados para a atencdo, memdaria de trabalho, velocidade psicomotora, e capacidade visuoespacial,
bem como medidas cerebrais funcionais e electrofisiol6gicos (AMODIO, 2004). A medida que a EH
progride, mudancas na personalidade, como apatia, a irritabilidade e a desinibicdo séo relatadas e
ocorrem alteracBes na consciéncia e na fungdo motora. Disturbios no ciclo sono-vigilia, excessiva
sonoléncia diurna sdo frequentes e os pacientes podem desenvolver desorientacdo progressiva do
tempo e do espaco, comportamento inadequado, estado confusional agudo com agitacdo ou
sonoléncia, estupor e, finalmente, coma (BAJAJ et al., 2011).

Notavelmente, os sinais mentais (cognitivo ou comportamentais) e motores da EH podem ndo
ser expressos ou ndo progridem em paralelo em cada individuo, produzindo, portanto, dificuldades
no estadiamento da gravidade da EH (BACCARANI, 2010).
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2.2 CLASSIFICACAO

Inicialmente, a EH era classificada como EH aguda e EH crénica. A EH cronica abrange
pacientes com insuficiéncia hepética crénica, encefalopatia portal sistémica e/ou cirrose hepatica
alcodlica e caracteriza-se por comprometimento da funcdo neuroldgica, incluindo mudancgas na
personalidade, humor alterado, capacidade intelectual diminuida e tbnus e tremor muscular anormais.
Enquanto que a EH aguda inclui pacientes com insuficiéncia hepética aguda (IHA), insuficiéncia
hepatica fulminante (IHF) e geralmente ocorre apds necrose hepatica macica devido a hepatite viral
(hepatite B e C), neoplasias hepaticas, causas vasculares ou exposicdo a acetaminofeno e outras
hepatotoxinas. Além de também estd associado a déficit cognitivo, convulsGes e coma
(JAYAKUMAR; RAMA RAO; NORENBERG, 2014).

Até 2014, os critérios de West Haven era a classificacdo mais utilizada para a avaliacdo da
gravidade da EH em estudos clinicos e na prética clinica. Uma vez que a avaliacdo de pacientes com
EH leve dependia fortemente da impressao subjetiva do médico para uma evolugdo da EH para forma
mais grave com necessidade de hospitalizacéo, a classificacdo de West Haven propunha: EH de baixo
grau sem necessidade de internacdo (Grau O-11 West-Haven) e EH de alto grau com internagédo
obrigatéria (Grau I11-1V West-Haven). Os critérios de West Haven distinguiram quatro graus de EH
de acordo com o comprometimento do estado mental, tremores persistente comecando com 0s menos
expressos, conforma demonstrado na Tabela 1 (SAVLAN; LIAKINA; VALANTINAS, 2014).

Tabela 1 - Critérios de West Haven para diagnostico de Encefalopatia Hepética

Estagio Caracteristicas

0 Nenhuma anormalidade detectada

Falta trivial de consciéncia
| Euforia ou ansiedade
Falta de atencdo
Dificuldade em adicdo e subtracao

Letargia ou apatia

1 Desorientacdo pelo tempo
Mudanca de personalidade aparente
Comportamento inadequado

Sonoléncia

Responde a estimulos
11 Confuso

Desorientacdo severa

Comportamento bizarro
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v Coma, incapaz de testar o estado mental

Fonte: Munoz, 2008 (adaptada)
Uma classificagdo mais recente da EH foi proposta pelos membros da Sociedade Internacional

para Encefalopatia Hepética e Metabolismo do Nitrogénio (ISHEN) em 2014 ¢ Este grupo recomenda

que a EH seja classificada principalmente de acordo com:

1. Doencas de base, sendo a EH é subdividida em:
- Tipo A: resultante do IHA (insuficiéncia hepética aguda)
- Tipo B: resultante predominantemente de derivacdo ou desvio portossistémico (DPS)

- Tipo C: resultante de cirrose

As manifestacdes clinicas dos tipos B e C sdo semelhantes, embora apresentem caracteristicas

distintas e possam estar associadas ao aumento da pressao intracraniana e ao risco de hérnia cerebral.

2. Gravidade das manifestagoes:

- Sem comprometimento (sem qualquer sintoma clinico, neurofisiolégico ou mudancas
neuropsicométricas)

- Inobservavel (EH minima e Grau | de acordo com West-Haven)

- Observavel (Grau Il ao IV de acordo com West-Haven)

Para fins clinicos e de pesquisa, existe um esquema de tal subdivisao (Tabela 2).



Tabela 2 - Descricdo clinica da EH
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ISHEN

MH incluindo Descricao Critérios operativos sugeridos Comentario
EHM
Sem comprometimento Sem qualquer encefalopatia, sem histéria | Testado e provado como sendo
de EH normal
Alteracoes psicométricas ou neuropsico- Resultados anormais de testes Nao existern critérios
logicas de testes que exploram as funcbes | psicométricos ou neuropsicolégicos | universais para diagnastico.
Minima de executivas psicomotoras ou alteracbes | estabelecidos sem manifestacdes Necessarias normas e conhe-
neurofisiolégicas sem evidéncia clinicade | clinicas cimentos locais
alteracio mental.
Inobservavel | . Ocasional alteracio da consciéncia Embora orientado no tempo e no Achados clinicos geralmente
« Euforia ou ansiedade espaco (ver abaixo), o doente parece | ndo reprodutiveis
GRADEI « Tempo de atgngéo encurt.ac_lo ter algum decl[nic! cognitivo/com-
« Comprometimento da adi¢io ou sub- portamental relativamente ao seu
tracdo habitual no exame clinico, ou para os
« Ritmo de sono alterado cuidadores
» Letargia ou apatia Desorientado quanto ao tempo (pelo | Achados clinicos varidveis,
« Desorientagao temporal menos trés dos seguintes itens estdo | mas reprodutiveis até certo
GRADE N « Obwvia alteracio da personalidade errados: dia do més, dia da semana, ponto
» Comportamento improprio més, estacao ou ano) £ os outros
sintomas mencionados
Observavel « Sonoléncia a semi-estupor Desorientado também quanto ao es- A,c.hados clinicos reproduti-
« Reage a estimulos pago (pelo menos trés dos seguintes | veis até certo ponto
GRADE I « Confusao itens relatados erradamente: pais,
« Desorientacao profunda estado [ou regido], cidade ou local) +
» Comportamento bizarro 0s outros sintomas mencionados
Coma MNao reage mesmo a estimulos Estado comatoso geralmen-
GRADE IV .
dolorosos te reprodutivel

Fonte: ASSOCIACAO AMERICANA PARA ESTUDO DE DOENGCAS DO FIGADO et al., 2014,

2.3 EPIDEMIOLOGIA

A incidéncia e a prevaléncia de EH estdo relacionadas com a gravidade da insuficiéncia
hepética e do desvio portossistémico (DPS) subjacentes (BAJAJ, 2010 ; RIGGIO, 2011).

Na EH Tipo A, ha um rapido aumento dos niveis de aménia no sangue, sendo dificil manter
0 controle a doenca por causa do difuso edema cerebral, além de estar associada a uma alta
mortalidade. Para os pacientes que recebem um transplante, a mortalidade € substancialmente menor.
A taxa de sobrevida € superior a 70% nos primeiros 5 anos apos o transplante, embora apenas um dos
cinco pacientes com insuficiéncia hepatica fulminante receba um transplante (REUBEN, 2016).

Em pacientes com EH e cirrose a mortalidade é de mais de 50% apenas no primeiro ano
(RAKOSKI, 2012). A elegibilidade desses pacientes para o transplante de figado, ndo esta
estabelecida de forma decisiva, embora frequentemente os pacientes morram enguanto estdo na fila
de espera para um transplante. Em pacientes com cirrose, a EH observavel € um evento que define a
fase descompensada da doenga. A EH observavel é também relatada em individuos sem cirrose e com
DPS. A manifestacdo da EH pode néo ser clinicamente 0bvia e existem vérias ferramentas para a sua
deteccdo, 0 que influencia a variacio nas taxas de incidéncia e prevaléncia relatadas (CORDOBA,
2011).

Em 2013, a cirrose foi a sétima mais comum causa de morte nos Estados Unidos, com mais

de 25 mil mortes por ano. Enquanto que o Brasil reportou mais de 29 mil mortes por ano devido a
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cirrose, numero duas vezes maior que o encontrado em 1990 e estimou-se que aproximadamente
3.500 novos casos sejam identificados anualmente (SILVEIRA; ISER; BIANCHINI, 2016;
TORRES; ABRANTES; BRANDAO-MELLO, 2013; LESSA, 1996). No entanto, existem poucos
estudos nacionais no sentido de determinar a prevaléncia de EH. Um estudo realizado em um hospital
em Santa Catarina, avaliou que 19,1% dos pacientes hospitalizados com cirrose apresentaram EH,
identificando que complicag@es como choque séptico, peritonite bacteriana espontanea e ascite foram
indicadores de pior prognostico. Além disso, esse estudo também demonstrou que a presenca de EH
esteve altamente associada com maior mortalidade, apresentando uma prevaléncia 6,04 vezes maior
de Obito em relacdo aos que ndo apresentaram essa complicacdo (SILVEIRA,; ISER; BIANCHINI,
2016). Semelhantemente, uma pesquisa realizada no Ambulatério de Hepatologia no estado do Para
também relatou que 19% dos pacientes cirroticos apresentavam EH e alegou que esta sindrome era a
terceira complicacdo mais observada nos pacientes com cirrose (KELLY; COSTA; BRILHANTE,
2016).

2.4 MECANISMO DA AMONIA NA NEUROTOXICIDADE

A amobnia é produzida a partir do metabolismo das proteinas, aminoacidos, purinas e
piramidinas. Cerca de metade da aménia presente no intestino € sintetizada por bactérias, o restante
é proveniente da dieta e da glutamina. A maior parte da aménia é absorvida pelo intestino, drenado
para o figado pela veia porta e desintoxicado para formar ureia (ATLURI; PRAKASH; MULLEN,
2011).

A disfuncdo hepatica, derivacdo portossistémica ou alteracdes no ciclo da ureia, aumentam os
niveis de amoniaco no sangue e causam EH. A lesdo hepatica, de natureza aguda ou cronica, reduz
sua capacidade de metabolizar a amonia e isso causa aumento do niveis de amdnia nos tecidos extra-
hepéticos, 0 que pode resultar em hiperamonemia até cinco vezes maior do que 0s niveis normais de
amonia no sangue (ALDRIDGE; TRANAH; SHAWCROSS, 2015).

Os mecanismos de reserva de desintoxicacdo de aménia ocorrem nos musculos esqueléticos,
rins e cérebro. Os masculos esqueléticos, contém a enzima glutamina sintetase sendo um local
importante para 0 metabolismo da aménia na cirrose. No entanto, € comum que 0s musculos de
pacientes com cirrose hepética progressiva se tornem atréficos e esse caminho de desintoxicacéo da
amonia falhe com o tempo. Os rins também expressam glutamina sintetase e desempenham um papel
fundamental no metabolismo e excrecdo de amonia. Em niveis elevados, a amodnia atravessa a barreira

hematoencefélica (BHE) e o cérebro atua como uma via alternativa para desintoxicar aamonia através



25

dos astrécitos, as Unicas celulas do Sistema Nervoso Central (SNC) capazes de metabolizar a aménia
(Figura 1) (SAVLAN; LIAKINA; VALANTINAS, 2014; WOLF, 2016).

Figura 1 — Vias de metabolizacdo da amonia
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Vias de metabolizacdo da amdnia em véarios 6rgdos. ConcentracGes elevadas de aménia (NH3) estdo envolvidas com
varios 6rgdos, resultando na passagem da barreira hematoencefélica, contribuindo com a encefalopatia hepética. A via
alternativa também é mostrada no topo, onde o NH3 se liga ao glutamato (GLU), formando glutamina (GLN) apés o
processamento enzimatico usando glutamina sintetase (GS). Fonte: ELWIR; RAHIMI, 2017 (Adaptada)

A amoénia induz um edema astrocitico (NORENBERG et al., 1991), que € a principal causa
de edema cerebral, resultando em aumento da presséo intracraniana e hérnia cerebral, uma sequéncia
de eventos que muitas vezes levam pacientes com EH a ébito (ALBRECHT; ZIELISKA;
NORENBERG, 2010). O edema nos astrocitos como consequéncia da hiperamonemia pode ser um
evento chave no desenvolvimento de EH em pacientes com cirrose (FERENCI, 2017; JOVER, 2006).

A amonia induz multiplos efeitos neurotdxicos, como exemplo, pode alterar o transito de
aminoacidos, &gua e eletrolitos pelos astrécitos e neurdnios. Além de prejudicar o metabolismo de
aminoacidos, afetar a utilizacdo de energia no cérebro e também inibir a geracdo de potenciais pds-
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sindpticos excitatorios e inibitorios (WOLF, 2016). Sendo assim, a amdnia desempenha um papel
fundamental na patogénese da EH.

2.4.1 Mecanismo da tioacetamida em modelo animal de EH

A EH pode ser induzida em modelos animais através de hepatotoxinas e procedimentos
cirtrgicos como o desvio portossisttmico (BUTTERWORTH et al., 2009). A administracdo da
hepatotoxina tioacetamida (TAA) foi inicialmente validada como um modelo de insuficiéncia
hepéatica aguda com EH que causa comprometimento da funcdo hepatica, declinio neuroldgico,
aumento da aménia cerebral e edema cerebral, além de apresentar caracteristicas histoldgicas e
bioquimicas semelhantes a cirrose em humanos (GRANT et al., 2018).

A TAA causa necrose hepatocelular ap6s biotrasformagdo pelo citocromo CYP2EL,
resultando na formacdo do metabolito ativo TAA-S-didxido. A hepatotoxicidade da TAA ocorre
devido a geracao de radicais livres e estresse oxidativo (Figura 2) (ZIMMERMAN et al., 1989). A
cirrose hepatica prejudica a conversdo de aménia em ureia e niveis altos de aménia sdo toxicos para
0 sistema nervoso, além de afetar a disponibilidade de GABA (acido gama-aminobutirico), principal
neurotransmissor inibidor no cérebro; prejudica a neurotransmisséao, e subsequentemente, a funcao
neuroldgica (FITZ, 2002). A administracdo de TAA em camundongos é utilizado como modelo
experimental estabelecido de EH (HONDA et al., 2002; FERNANDEZ-MARTINEZ et al., 2004;
SCHNUR et al., 2004).

Figura 2 - Mecanismo do tioacetamida em modelo experimental da EH.
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A TAA causa necrose hepatocelular apds biotrasformacéo pelo citocromo CYP2E1, resultando na formacéo do metabdlito
ativo TAA-S-diéxido. A hepatotoxicidade da TAA ocorre devido a geragao de radicais livres e estresse oxidativo Fonte :
HEIDATI, 2016

2.5 ASTROCITOS E O SEU PAPEL NA HOMEOSTASE CEREBRAL

Os astrocitos sdo as células mais abundantes do Sistema Nervoso Central e
conceitualmente, sdo responsaveis por praticamente todas as tarefas homeostaticas concebiveis
gue ocorrem no desenvolvimento e funcionamento do SNC. Os astrocitos estdo envolvidos em
numerosas fungdes no cérebro, como a provisao de nutrientes e suporte mecanico para 0s
neurbnios circundantes; regulacdo do transporte de ions, captacdo e liberacdo de diversos
neurotransmissores, tendo um papel critico no metabolismo dos neurotransmissores como 0
glutamato (excitatorio) e GABA (inibitdrio); sdo indispensaveis para o transporte de agua e
para a captura de espécies reativas de oxigénio (EROSs); participacdo na formacdo da barreira
hematoencefalica; secrecdo de fatores neurotréficos essenciais para a sobrevivéncia e
diferenciacdo dos neurbnios e oligodendrdcitos (STIPURSKY, 2010; 2011; 2012;
VOLTERRA; MELDOLESI, 2005; ULRICH, 2010); na sinaptogénese e na maturacdo
sinaptica, sendo as células astrogliais obrigatdrias para a formacdo de pelo menos 50% das
sinapses do SNC. Essas células também controlam as sinapses através da secrecdo de multiplos
fatores (como trombospondinas, colesterol ou neuregulinas). E importante ressaltar que 0s
astrocitos parecem participar ativamente da plasticidade sinaptica (ULLIAN, 2001) e da
formacdo da memdria (HAN, 2013)(ALDRIDGE; TRANAH; SHAWCROSS, 2015; ATLURI;
PRAKASH; MULLEN, 2011).

As capacidades homeostaticas dos astrdcitos sdo de suma importancia para a fungéo do
SNC em condic6es fisioldgicas e, naturalmente, sdo criticas para a resposta do cérebro a insultos
patolégicos de qualquer etiologia. Em condicgdes patologicas, ocorre a astrogliose reativa, que
promove o remodelamento da bioquimica celular, estrutura e funcéo na tentativa de conter o
desenvolvimento patoldgico. A reatividade astroglial tem sido considerada como puramente
patologica e é definida como hipertrofia e proliferacdo astrocitica que acompanha um aumento
de componentes citoesqueléticos, como a proteina &cida fibrilar glial (GFAP), vimentina e
nestina (PEKNY ; NILSSON, 2005; SOFRONIEW, 2009; SOFRONIEW, 2010). O aumento
da expressdo de GFAP é considerado como um marcador especifico para a resposta
astrogliética (VERKHRATSKY; PARPURA, 2016).

Astrécitos reativos tm uma reducdo na sua capacidade de sequestrar espécies reativas
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de oxigénio, devido a diminuicao na liberacdo de enzimas antioxidantes. Como os astécitos sdo
as principais células de defesa antioxidante no tecido nervoso, os niveis de radicais livres e
outros tipos de espécies reativas de oxigénio aumentam significativamente em diversas
patologias com reatividade astrocitaria. Associado a isso, quando reativos, 0S proprios
astrocitos sdo mais vulnerdveis a desbalangcos metabdlicos e mitocondriais, 0 que 0s torna
também produtores de estresse oxidativo. Além disso, a capacidade de regular os niveis de
neurotransmissores como o glutamato na fenda sinaptica pelos astrocitos, também é
prejudicada. (RAO, 2003). A desregulacdo da resposta astroglial as lesdes cerebrais pode
contribuir para o desenvolvimento de doencas neurodegenerativas e para o desfecho de outras
lesGes, como acidente vascular cerebral (AVC) (BURDA, BERNSTEIN, & SOFRONIEW,
2016; CORREALE E FAREZ, 2015; HENEKA ET AL., 2015; LIU & CHOPP, 2016).
Portanto, a gliose reativa é uma resposta complexa que afeta a sobrevivéncia e a regeneracao
neuronal. (ACAZ-FONSECA, 2016; ARBO, 2016);

Portanto, a sinalizacdo entre neurdnios e astrocitos desempenha um papel crucial tanto
no processamento da informacdo que o cérebro realiza, além de ter um papel crucial na
patogénese de doencas neuroinflamatoérias e neurodegenerativas (GUNDERSEN; STORM-
MATHISEN; BERGERSEN, 2015).

2.5.1 Efeito da hiperamonemia sobre o0s astrocitos

Hiperamonemia é o principal fator responsavel pelas alteracdes neuroldgicas na EH

(FELIPO, 2002). A ambnia que se acumula no sangue é capaz de atravessar a barreira

hematoencefalica, onde é metabolizada pelos astrécitos (PAREKH, 2015). Essas células possuem

em seu interior a enzima glutamina sintase a qual converte aménia através da amidagdo do

glutamato, em glutamina (Figura 3) (RACKAYOQOV, 2016; NORENBERG, 1979).



Figura 3:
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A barreira hematoencefalica é permeavel a NH3; (amonia) e os niveis aumentados desse metabdlito causa o aumento do

glutamato extracelular. O glutamato metabolizado nos astrocitos é convertido em glutamina e induz edema nessas células.
Fonte: MCAVOY, 2006 (Adaptada).

Embora a glutamina seja geralmente considerada neuronalmente, as mudancas em sua

concentracdo alteram a sinalizacdo dos astrocitos e também influenciam a acdo do glutamato

(MCAVOY; HAYES, 2007). A hiperamonemia aumenta a producdo e acumulacdo de glutamina

nos astrécitos, induzindo ao aumento da pressdo osmotica, edema de astrocitos e aumento da

disfuncdo astrocitica por estresse oxidativo (Figura 4).

Figura 4: Neurotoxicidade da amdnia no astrécito
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Em um quadro de hiperamonemia os elevados niveis de aménia induz ao edema. Fonte: JACQUE, 2006

(Adaptada)

Este fendbmeno de edema dos astrécitos foi demonstrado no contexto tanto de insuficiéncia
hepética aguda (BLEI et al., 1994) quanto cronica (HAUSSINGER et al., 2000). Astrocitos
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edemaciados, promovem aumento da formacdo de espécies reativas de nitrogénio e oxigénio,
principalmente através da ativagio da NADPH oxidase e da sintase do Oxido nitrico
(CARBONERO-AGUILAR et al, 2011; GORG; SCHLIESS; HAUSSINGER, 2013;
HAUSSINGER; GORG, 2010). Isso pode resultar em edema cerebral e hipertensdo intracraniana
observado especialmente em pacientes com insuficiéncia hepética aguda (ATLURI; PRAKASH,;
MULLEN, 2011), além de reduzir os niveis cerebrais de glutamato, alterar seus mecanismos de
reabsorcdo e regular para baixo os receptores do glutamato nos neurbénios pos-sindpticos
(MCAVOY; HAYES, 2007).

A sobrecarga da via de glutamina sintetase e o desequilibrio do processamento normal de
glutamato-glutamina foram considerados, durante muito tempo, o primario e o0 inico mecanismo
patoldgico de lesdo cerebral induzida por hiperamonemia (BRUSILOWET Al, 2010 ;.
BUTTERWORTH, 2011; RAO, 2014). No entanto, a patogénese molecular é muito mais
complexa, pois a exacerbada exposi¢do a amonia altera a expressao de canais de potassio (K™) e
dos canais de calcio (Ca?") nos astrocitos, comprometendo a homeostase de K* e Ca** no SNC
(OBARA-MICHLEWSKA, 2014; RANGROO THRANE, 2013; HAACK, 2014; LIANG, 2014);
causa elevagdes patoldgicas de sédio (Na*) no citosol astroglial; danifica o transporte de H* nos
astrdcitos, afetando a homeostase do pH (KELLY, 2009 ; KELLY E ROSE, 2010) e desencadeia
a liberacdo patoldgica de glutamato pelos astrocitos (MONTANA et al., 2014). Além disso,
hiperamonemia prejudica a secre¢do astroglial da trombospondina-1, o que pode afeta
negativamente sinaptogénese (JAYAKUMAR, 2014). Ao todo, a hiperamonemia provoca uma
rapida perda da capacidade homeostatica astroglial, que resulta em sintomas neuroldgicos graves,

rapida deterioracdo do SNC e morte.

2.6 ATIVACAO MICROGLIAL E SUA CONTRIBUICAO PARA O DESENVOLVIMENTO
DA EH

As microglias representam as células imunes residentes do cérebro e desempenham um
importante papel na vigilancia imunologica do SNC (GUNDERSEN; STORM-MATHISEN,;
BERGERSEN, 2015).

Além dos mecanismos fisiopatoldgicos responsaveis pelo desenvolvimento de edema
de astrocitos / edema cerebral, estudos tém demonstrado que a ativacdo microglial e a
subsequente sintese e liberacdo de citocinas pro-inflamatdrias estejam envolvidos no
desenvolvimento da EH (RODRIGO, 2010; JIANG, 2009). A microglia pode ser ativada devido
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a um dano cerebral e também por um grande nimero de fatores, incluindo glutamato, citocinas
pro-inflamatorias, lipopolissacarideo (LPS), amonia, bem como por potéssio extracelular
(GARDEN, 2006), e quando é ativada pode produzir uma grande variedade de citocinas. A
ativacdo microglial também foi identificada em modelos experimentais de hiperamonemia
(GORG, 2013), bem como em tecido cerebral obtido na autdpsia de pacientes com insuficiéncia
hepética aguda (IHA) (BUTTERWORTH, 2011). A exacerbada liberagdo de citocinas pela
micrdglia apds exposicdo a amonia, também pode induzir a ativacdo astroglial na EH
(ROMERO-GOMEZ; MONTAGNESE; JALAN, 2015).

A microglia ativada, por sua vez, pode liberar as citocinas pré-inflamatdrias interleucina
1 alfa (IL-1a), interleucina 1 beta (IL-1p) e fator de necrose tumoral alfa (TNF-a), todas as
quais desempenham um papel crucial na neuroinflamacao e demonstraram estar envolvidas nos
mecanismos moleculares subjacentes a cognicdo (Figura 5) (MCAFOOSE; BAUNE, 2009).
Estudos demonstraram que a ativacdo microglial foi observada em cérebros de ratos com IHA
no momento do coma. Além disso, observaram aumento dos niveis de IL-1p, TNF-a e IL-6 no
cérebro desses animais. As citocinas pro-inflamatdrias correlacionaram-se bem com a
progressdo da encefalopatia e o inicio do edema cerebral (JIANG, 2009). Também foi
demonstrado ativagdo microglial em modelos de ratos com EH, induzido por desvio portacaval,
ligadura do ducto biliar (BDL) ou através de dieta com am6nia (AGUSTI et al., 2011; CHEN
RJetal., 2014; HERNANDEZ-RABAZA et al., 2016).

Figura 5: Representagdo da ativacdo microglial.
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citocinas pro-inflamatérias IL-1a, IL-1p e fator de necrose tumoral alfa (TNF-a), todas as quais desempenham um papel

crucial na neuroinflamacéo. Fonte: VIJAY, 2015 (adaptada).
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2.7 NEUROINFLAMACAO

A inflamacdo do sistema nervoso central possui grande importancia para a maioria das
doencas neuroldgicas. Além da hiperamonemia, a inflamacdo e as citocinas sdo considerados 0s
principais componentes no desenvolvimento de EH. A neuroinflamacéo é uma caracteristica comum
a todos os tipos de EH e é modulada pelos astrdcitos e principalmente pela micrdglia (LIERE;
SANDHU; DEMORROW, 2017; MANI; NATESAN; ARUMUGAM, 2017; RODRIGO etaal., 2010)

Estudos mostram que em paciente em estagio avancado de EH na IHA, os astrdcitos produzem
uma serie de citocinas pro-inflamatérias tais como Fator de necrose tumoral o (TNF-a), Interleucina
1 beta (IL-1B) e interleucina 6 (IL-6) (JIANG W, et al., 2009; WRIGHT et al., 2014).
Semelhantemente, em modelos animais com IHA, ocorre ativacdo da microglia e producdo local de
citocinas pré-inflamatérias (IL-1B, IL-6, TNF-a) (ARULKUMARAN et al., 2011), cuja liberacdo de
citocinas e quimiocinas eventualmente causam danos e morte neuronal (SCHWAB; MCGEER,
2008). Bemeur e colaboradores relataram que camundongos com EH e deficientes dos receptores de
TNF-0, IL-1B e IL-6, apresentaram edema cerebral em menor grau quando comparados com
camundongos selvagens (BEMEUR et al., 2010), e que o etanercept, uma molécula neutralizadora de
TNF-a, inibiu os estagios iniciais da EH e o coma (CHASTRE et al., 2012).

As evidéncias sugerem que as toxinas geradas devido a insuficiéncia hepatica (além de
citocinas) também podem desempenhar um papel na patogénese da neuroinflamacdo na EH. Uma
ampla gama de moléculas com potencial para ameacar a integridade funcional do cérebro tém
capacidade para provocar a transformacdo da micréglia no estado de repouso ao estado ativado. Tais
moléculas incluem amonia, lactato, glutamato, manganés e neuroesteroides (ROGER, 2011), cujas
concentracOes encontram-se aumentadas no cérebro durante a insuficiéncia hepética.

Estudos fornecem evidéncias de sinergismo entre amoénia e citocinas no nivel celular /
molecular no cérebro (CHASTRE et al., 2010). A exposi¢do de culturas primarias de astrocitos
corticais de rato a IL-1p e a amonia resultou em aumentos significativos na expressao de genes que
codificam o oxido nitrico induzivel (INOS). Os efeitos da amdnia e da citocina foram sugestivos de
sinergismo e levou ao aumento do estresse oxidativo / nitrosativo no cérebro dos animais com IHA
(BUTTERWORTH, 2011).

Além das citocinas pro-inflamatdrias serem destrutivas para 0s neurdnios, também provocam
alteracdo de proteinas sinapticas como a sinaptofisina. Portanto, a resposta neuroinflamatoria pode
induzir a perda de proteinas sinapticas e assim contribuir para 0 comprometimento cognitivo em

doencgas neurodegenerativas (LIU et al., 2018; RAO et al., 2012). Segundo Odeh e colaboradores
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(2004), a inflamacdo coopera com hiperamonemia na inducdo de alteracfes neurolégicas em
pacientes com EH (ODEH et al, 2004). Esse relato sugere que a reducgéo da inflamag&o melhoraria a
funcdo cognitiva e motora nestes pacientes (RODRIGO et al, 2010). Portanto, um procedimento para
interferir na ativacdo da microglia e reduzir a neuroinflamacgéo seria util para melhorar a fungédo

cognitiva e motora na EH.

2.7.1 Mediadores inflamatdrios na modulacéo e manifestacdo da EH

O Fator nuclear-kB (NFkB) apresenta um papel essencial e benéfico em condicbes
fisioldgicas, no entanto 0 aumento desse fator de transcri¢cdo implica na patogénese de varias doencas,
incluindo as inflamatorias (HEYNINCK, 2003). Varios estudos tém demonstrado que o NFxB
desempenha um papel importante na regulacdo dos genes responsaveis pela geracdo de mediadores
da resposta inflamatoria, tais como TNF-a e IL-1B, desempenhando um papel regulatério no
crescimento, diferenciacdo e ativacao de células imunes (SCHINS et al., 2000).

O NF«xB pode ser ativado por uma variedade de estimulos, tais como infeccdo, citocinas,
estresse genotoxico (OECKINGHAUS et al., 2009) e pela toxicidade da aménia (SINKE et al., 2008).
Estudos mostraram que a hiperamonemia aumenta significativamente a expressao da subunidade p65
nuclear do NF«B no hipocampo (LIU et al., 2018; ZHANG et al., 2015).

O NF«kB reside no citosol sob a forma inativa, como um dimero das subunidades RelA e p50.
Devido a sua ligagdo com a proteina inibitoria IkBa (ou IkB), o NFxB é incapaz de se translocar para
0 nucleo. Na sua via classica de ativacdo, o IkBa é fosforilado e subsequentemente degradado no
proteossomo. Desta forma, o NF«B é translocado para o nucleo, onde ativara a transcri¢do de varios
genes pro-inflamatdrios como o TNF-a, IL-1p e IL-6 (VAN BERLO, 2010).

Estudos relatam que além do NFxB, outros fatores inflamatérios como 6xido nitrico (NO),
NADPH oxidase e a consequente geracdo de espécies reativas de oxigénio e nitrogénio, e proteinas
quinases ativadas por mitogeno (MAPKS) séo ativados pela aménia em cultura de astrocitos e em
modelo animal de EH. Além disso, a inibi¢do desses fatores mostrou reduzir o edema dos astrocitos
induzido pela aménia (JAYAKUMAR et al., 2011, 2009; SINKE et al., 2008).

Jayakumar e colaboradores relatam que a inibi¢ao farmacoldgica do NFxB reduz a produgao
de citocinas, o edema dos astrocitos apds a exposi¢cdo a amonia e destaca o envolvimento critico desse

fator de transcrigdo no mecanismo de edema cerebral (JAYAKUMAR et al., 2011).
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As MAPKs como ERK e p38 também participam da modulacdo da EH. A aménia também
pode induzir a ativa¢ao de NF«kB através da estimulagdo das MAPKs como a ERK e p38, conforme
demostra a Figura 6 (BUBICI et al., 2006; KYRIAKIS; AVRUCH, 2001; SINKE et al., 2008).
Segundo Bobermin, sob exposi¢do da amoénia, um inibidor da ERK reduziu o aumento de citocinas
inflamatorias, como TNF-a, IL-1B ¢ IL-6 (BOBERMIN, 2012). Da mesma forma, a ativacdo do
NFkB ¢ diminuida por antioxidantes e por inibidores de MAPKs, indicando um papel da MAPK na
ativagdo de NFkB induzida por aménia. A ativacdo da via p38 como resultado do estresse oxidativo
também parece mediar 0 edema astrocitico induzido por aménia (JAYAKUMAR, 2006). Por outro
lado, inibidores da p38 reduzem a ativagdo microglial em ratos com EH, inibem o NF«xB
(GOEBELER et al., 2001) e diminuem a producao de marcadores inflamatérios no cérebro (atividade
da ciclooxigenase, PGE2, iNOS, TNF-a ¢ IL-1B) o que contribui para a eliminagdo da
neuroinflamacdo (WILMS et al., 2003). Interessantemente, a reducéo da neuroinflamacéo nestes ratos
tratados com inibidor de p38, foi associada com a restauracdo da capacidade de aprendizagem e
atividade motora (AGUSTI et al., 2011). Estes dados sugerem que a inibicdo de ERK e p38 pode ser

atil para reduzir a neuroinflamacdo e melhorar a funcdo cognitiva e motora em pacientes com EH.

Figura 6 - Cascata de sinalizacdo dos marcadores inflamatérios na EH.
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Fonte: BOBERMIN, 2012 (Adaptada)

Em conjunto, esses achados sugerem fortemente que a aménia é capaz de induzir uma resposta
inflamatdria no cerebro através de varios mediadores inflamatorios e que tais efeitos podem contribuir

para o edema cerebral na IHA.
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2.8 MECANISMO DE SINALIZACAO DO SISTEMA NERVOSO CENTRAL: O SISTEMA
MENSAGEIRO

Os nucleotideos ciclicos monofosfatados, AMP e GMP, sdo importantes mediadores
intracelulares de véarias moléculas de sinalizacdo e regulam inUmeros processos intracelulares, tais
como motilidade do musculo liso, homeostase de eletrélitos, sinais neuroenddcrinos e respostas
inflamatorias (REDER et al., 1995; TANAKA et al., 1997; BALTRONS et al., 2003; UCKERT et
al., 2006; CHUNG, 2006). Tanto o AMPc quanto GMPc, sdo expressos em regides do prosencéfalo
no cérebro, incluindo o cdrtex cerebral e 0 hipocampo, regides conhecidas por estarem envolvidas na
aprendizagem e memaria, bem como nos drgaos periféricos (Stephenson et al. 2009; Van Staveren et
al. 2003). Em sintese, além as vias de sinalizacdo do GMPc e AMPc inibirem a inflamac&o prevenindo
os tecidos contra danos causados por esse processo (ZHU et al., 2001; KHOSHAKHLAQH et al.,
2007), essas vias também desempenham um papel importante no processo de aprendizado e memoria.

O AMPc é sintetizado a partir da adenosina trifosfato (ATP) por uma proteina transmembrana
chamada adenilato ciclase (AC). A ativagdo da AC aumenta a producdo de AMPc, esse aumento
desencadeia a ativacao da proteina quinase dependente de AMPc (PKA) e subsequente fosforilagdo
e ativacdo do fator de transcricdo da proteina de ligacdo ao elemento de resposta AMPc (CREB), que
por sua vez inicia a producdo de outros fatores de crescimento e proteinas citoesqueléticas necessarias
para a estabilizacdo da memoria, sendo um indicador de plasticidade sinaptica (TULLY, 1997; YIN
et al 1996). Similarmente, a ativacdo da oxido nitrico sintase (NOS) aumenta a producéo de NO, que,
por sua vez, ativa a guanilato ciclase sollvel (GCs) e aumenta a producdo de cGMP. Isso leva a
ativacdo da proteina quinase dependente de GMPc (PKG), que também é capaz de fosforilar e ativar
0 CREB (Figura 7) (LUEPTOW; ZHAN; O’DONNELL, 2016). O GMPc também pode ativar a via
do AMPc ativando os receptores intracelulares do AMPc, como a PKA (CORBIN; FRANCIS, 1999).

O GMPc produzido pela enzima GC é degradado por uma ou mais fosfodiesterases (PDES).
Os efeitos fisioldgicos deste nucleotideo ciclico sdo determinados pelas atividades de trés tipos de
receptores intracelulares: proteinas quinases dependentes de GMPc (PKG), canais idnicos regulados
por GMPc e PDEs reguladas por GMPc (LINCOLN e CORNWELL, 1993; CORBIN e FRANCIS,
1999). A PDES5 é encontrada em algumas regides do cérebro e cerebelo e sua inibi¢ao resulta em um

acumulo de GMPc.
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Figura 7 - Via de sinalizacdo GMPc-PKG-PDE.
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Fonte: GARCIA, 2012 (Adaptada)

O GMPc exerce um importante papel como mediador das a¢cdes do NO que é um radical livre
gasoso produzido por diferentes tecidos com acdao em diversos processos fisiologicos, inclusive na
inflamacdo (TOUSOULIS et al., 2012). NO é produzido por diferentes isoformas da enzima éxido
nitrico sintase (NOS), expressas constitutivamente em neurénios e células do endotélio (nNOS e
eNOS, respectivamente) ou produzida pela iINOS quando ativada por agentes danosos
(FORSTERMANN; SESSA, 2011; LINEHAN et al., 2004). Condic¢des que levam ao aumento
excessivo de EROs ou a maior producdo do NO, no entanto, rompem essa homeostase. Pois EROs
guando em niveis elevados, interagem com o 6xido nitrico e reduzem a sua biodisponibilidade. Esta
interacdo vai resultar na producdo de espécies reativas de nitrogénio implicadas nos danos
oxidativos e nitrosativos (HSIEH, 2014).

O estresse oxidativo também tem sido implicado na neurotoxicidade da aménia (Jayakumar,
2006). Um dos efeitos metabdlicos da neurotoxicidade da amonia incluem alteracGes nos niveis de
espécies reativas de oxigénio e nitrogénio (NORENBERG; JAYAKUMAR; RAMA RAO, 2004).
Além da amonia, foi demonstrado que em astrocitos cultivados e em cérebro de ratos, citocinas
inflamatdrias, benzodiazepinas e hiponatremia induzem a répida formacao de espécies reativas de
oxigénio e nitrogénio (GORG et al., 2006; MURTHY et al., 2001). Assim, como exemplo, a citocina
pro-inflamatoria TNF-o, desempenha um papel importante na producéo de EROs e potencializa a
producdo de NO em astrocitos (SHEN, 2006). Em resumo, o estresse oxidativo representa um
componente fundamental na patogénese da EH.

Por outro lado, 0 NO também desempenha um importante papel no aprendizado através da sua
mediagdo pela GCs e aumento de GMPc. Sendo assim, o comprometimento da via
glutamato/NO/GMPc no cérebro de individuos com hiperamonemia e insuficiéncia hepatica podem

contribuir para a comprometimento cognitivo na EH (ERCEG et al., 2006).
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2.9 VIAS DE SINALIZACAO NA MEMORIA E PLASTICIDADE SINAPTICA

Nas ultimas décadas a pesquisa avangou de forma significativa na anélise e compreensdo do
aprendizado e memoria. A memdria pode ser dividida em processos separados como: codificacao,
armazenamento, consolidacdo e evocacdo (KANDEL, 2014). Neste trabalho demos énfase no
armazenamento e consolidacdo da memoria.

A consolidacdo da memdria é o processo pelo qual a informacdo recém-adquirida é
estabilizada e armazenada (KANDEL, 2001). A consolidacdo é uma funcdo cerebral muito
complexa que requer mecanismos moleculares especificos e evolui em dois estagios ao longo do
tempo: uma fase de curto prazo e uma fase de longo prazo, que diferem entre si (SQUIRE;
BARONDES, 1973).

As formas mais bem estudadas de plasticidade sinaptica no SNC sdo a Potenciagéo a longo
prazo (LTP) e Depressao de longo prazo (LTD) da transmissdo sinaptica excitatoria. Os mecanismos
moleculares da LTP e LTD foram extensivamente caracterizados e tém sido propostos como
modelos celulares de aprendizado e memdria (SONG; HUGANIR, 2002).

A Potenciacdo de Longo Prazo (LTP), é um componente da plasticidade sinaptica
relacionado com o fortalecimento das conectividades sinapticas e contribui no aprendizado e
consolidagdo da memoria (BLISS; COLLINGRIDGE, 1993; CABRERA-PASTOR et al., 2016;
KANDEL, 2001). A LTP € dividida em 2 estagios: LTP de fase precoce (E-LTP) e LTP de fase
tardia (L-LTP). Um unico estimulo de alta frequéncia, induz um aumento transitério da eficacia
sinaptica, na chamada E-LTP e promove a modificacao das sinapses preexistentes na fase de curto
prazo. Por outro lado, repetidas estimulacBes de alta frequéncia induz a L-LTP, que promove a
sintese de novas proteinas responsaveis por mudancas estruturais necessarias para a estabilizacao
da memoria (BLISS; COLLINGRIDGE, 1993; BUTTERWORTH, 1997). A LTP precoce e tardia
também envolvem diferentes vias de sinalizagdo. A via NO-GMPc-PKG e a AMPc/PKA
contribuem para a L-LTP e ambas estdo envolvidas diferencialmente nas fases distintas do processo
de consolidagdo da memoria. Por exemplo, na regido CA1 do hipocampo, a L-LTP é induzida pela
PKA, enquanto a E-LTP néo é dependente de PKA (KANDEL, 2001). Ao GMPc foi atribuido um
papel na consolidacdo inicial da memdria, enquanto o0 AMPc esta implicado nos processos de
consolidacdo tardia (Izquierdo et al, 2006; Rutten et al, 2007b). No entanto, ainda ndo esta claro

como esses processos de memoria mediada por nucleotideos ciclicos estdo ligados uns aos outros.
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2.9.1 Modulacao dos receptores do glutamato na plasticidade sindptica

Existem varios mecanismos subjacentes que cooperam para alcancar a plasticidade sinaptica,
incluindo mudancas na quantidade de neurotransmissores liberados em uma sinapse e o quanto
efetivamente as células vao responder aos neurotransmissores. Os receptores do glutamato N-metil-
D-aspartato (NMDA) e a-amino-3-hidroxi-5-metil-4-isoxazol-propionic (AMPA) sdo dois dos
subjacentes mecanismos moleculares envolvidos na plasticidade sindptica (GAIARSA, 2002).

Durante a transmissdo sinaptica basal, o glutamato, que é um dos principais
neurotransmissores excitatorios do SNC, € liberado pré-sinapticamente, liga-se predominantemente
a dois subtipos diferentes de receptores de glutamato ionotrépico (iGIuRs), o receptor AMPA e o
receptor NMDA e produzem uma despolarizagdo na membrana pos-sinaptica (WEN;
SCHROETER; KLOCKER, 2013). Embora essas classes de receptores respondam principalmente
ao glutamato, os papéis desempenhados por cada classe de receptor sdo distintos. Os receptores
AMPA e NMDA medeiam a maioria das transmiss@es sindpticas excitatoria, sdo cruciais para a
inducdo de formas especificas de plasticidade sinaptica e desempenham papéis importantes em
varios disturbios neuropsiquiatricos (SONG; HUGANIR, 2002).

O LTP dependente de receptor de NMDA no hipocampo, resulta em aumento de célcio no
neurdnio pos-sinaptico. O calcio liga-se a calmodulina (CaM) e ativa a 6xido nitrico sintase neuronal
(nNOS), aumentando NO, o qual ativa a GCs, aumentando assim o GMPc (Figura 8). A ativagdo
desta via do glutamato-NO-GMPc-PKG no hipocampo é necessaria para inducdo e manutengao
adequada da LTP (MONFORT; FELIPO, 2002).

Figura 8 - Via de sinalizacdo glutamato-NO-GMPc-PKG dependente de receptor NMDA
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A ativacdo dos receptores NMDA leva ao aumento do calcio intracelular que se liga a calmodulina e ativa diferentes
enzimas, incluindo a oxido nitrico sintase neuronal, levando ao aumento da producédo de 6xido nitrico (NO), que ativa
a guanilato ciclase soltvel (GCs), resultando em aumento da formagdo de GMPc. Parte do GMPc formado é liberado
para o fluido extracelular. Fonte: RODRIGO, 2006 (Adaptada).

Por outro lado, alteragbes nessa via sdo responsaveis por algumas das alteragdes
neuroldgicas encontradas na EH, tais como ritmos circadianos alterados ou prejuizo da funcéo
intelectual (MONFORT et al., 2007; MONTOLIU et al., 2010).

Além disso, através da via glutamato/NO/PKG e da AMPc/PKA ocorre a fosforilagdo de um
importante fator de transcri¢cdo relacionado com a plasticidade sinaptica, o0 CREB e a sua
fosforilagdo € um passo fundamental na indugdo da potencializacdo (LU; KANDEL; HAWKINS,
1999). O CREB € um componente chave de diversos processos fisiologicos, incluindo o
desenvolvimento do sistema nervoso e a sobrevivéncia celular, desempenhando um papel essencial
na regulacdo da transcricdo de genes envolvidos na plasticidade sinaptica e desencadeia a LTP
(BENITO; BARCO, 2010). A ativacdo dessa proteina promove a transcri¢do de genes como o fator
neurotrofico derivado do cérebro (BDNF) que possui efeitos neuroprotetores e esta relacionado ao
aprendizado e a memoria e, portanto, promove o armazenamento da memaria de longo prazo (Figura
9) (KIM et al., 2017; PEIXOTO; NUNES; GARCIA-OSTA, 2015)

Figura 9 - Via de sinalizacdo da CREB

Sintese proteica
Plasticidade sinaptica
~———= Consolidacao Inicial Formacao de meméria

~w Consolidacao tardia

A ativacdo de receptores NMDA, provoca o aumento dos niveis de Ca?* nos neurénios pds-sinapticos. O Ca?* se liga a
CaM a qual estimula a NOS a produzir NO. O NO ativa a GC a converter GTP em GMPc, resultando na ativagdo da
PKG (Consolidacéo inicial da memoria). A CaM quando ativada estimula a AC a converter ATP em AMPc, resultando
na ativagdo da PKA (Consolidagdo tardia da memdria). PKG e PKA ativam a CREB, fator de transcri¢éo relacionada
com a plasticidade sinaptica e formacdo de memdria. Fonte: BOLLEN et al., 2014 (Adaptada).
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E importante ressaltar que a desregulagio da cascata de transcricdo da CREB apds uma série
de distarbios neurodegenerativos, provoca alteracdo da viabilidade celular e da fungdo cognitiva
(SAKAMOTO; KARELINA; OBRIETAN, 2011). O comprometimento no aprendizado e na
memoria de individuos com EH pode estar relacionado com a desregulagéo da cascata de transcri¢ao
da CREB, visto que as vias do GMPc/PKG e AMPCc/PKA estéo alteradas em modelo de EH.

Diante disso, estratégias terapéuticas direcionadas no aumento da transcricdo mediada por
CREB, parecem ser benéficas tanto para o aumento da plasticidade sinaptica quanto para a
promocao de neuroprotecdo apds lesdo no SNC e em varias neuropatologias.

Além dos receptores NMDA, os receptores AMPA também séo essenciais na plasticidade
sinaptica. AMPA sdo receptores de glutamato ionotropicos que medeiam a rapida transmissdo
sinaptica no SNC e modulam a funcdo cognitiva e motora (CABRERA-PASTOR et al., 2018a).
Esse receptor é composto por quatro subunidades (GIuAL a GluA4), esta presente no neurénio pds-
sinaptico e é responsavel por regular as transmissfes sinapticas de rapida excitacdo (MAYER,
2005). A plasticidade sinaptica, a qual é essencial para manter a memoria e a aprendizagem também
estd associada com o trafego dos receptores de glutamato AMPA para membrana (SONG;
HUGANIR, 2002)

A funcdo dos receptores AMPA e as consequéncias de sua ativacdo ¢ modulado pela
regulacdo dindmica da expressdo das subunidades dos AMPA na membrana. Essa regulacdo
depende da inducdo da LTP, que aumenta a expressao de receptores AMPA no hipocampo, enquanto
que a depressdo a longo prazo (LTD) reduz a expressdo desses receptores na membrana neuronal,
conforme demonstrado na Figura 10. Essa modulacgdo do receptor AMPA é crucial nas modificacGes
da eficécia sinaptica (SONG e HUGANIR, 2002; DERKACH et al., 2007).

Figura 10 - Regulacédo da expressdo do receptor AMPA
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A sinalizacdo do receptor AMPA modulada pela regulagdo dindmica dos niveis de receptores na superficie sinaptica. O
trafego dos receptores é regulado por muitas proteinas associadas ao receptor de AMPA. A associagdo do receptor com
estas proteinas pode ser dinamicamente regulada pela fosforilagdo. Indugdo de LTP aumenta os niveis de receptores
AMPA sinapticos, enquanto LTD diminui os niveis do receptor AMPA. A regulacdo da densidade dos receptores
AMPA na membrana plasmatica ocorre através da exocitose e endocitose dos receptores. Fonte: SONG, 2002.

A regulacdo da expressdo das subunidades dos receptores AMPA na membrana também
pode ter a sua atividade e distribuicdo sinaptica regulada por modifica¢cGes na LTP dependente de
NMDA (Figura 11). Nesse mecanismo, o glutamato pré-sindptico ativa os receptores NMDA,
ocorre o influxo pés-sinaptico de Ca?*, sequencialmente, a CaM ativada promove a exocitose dos
receptores AMPA dos endossomos para 0os dominios da membrana plasmatica extra-sinaptica. Os
receptores AMPA sinapticos sdo endocitados, destinados a re-suprir 0 endossomo ou para
degradacéo, conforme Figura 11 (WEN; SCHROETER; KLOCKER, 2013).

Figura 11 - Mecanismo de regulagéo dos receptores AMPA dependente dos receptores NMDA
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O glutamato pré-sinaptico ativa os receptore NMDA, o influxo pés-sinaptico de Ca®* induz uma via de transducéo de
sinal envolvendo ativacdo e autofosforilacdo de CaM. A CaM ativada promove a exocitose do receptor AMPA dos
endossomos para dominios da membrana plasmatica extra-sinaptica. Fonte: WEN, 2013.

2.9.2 Via de sinalizacado da GSK3p

Embora a glicogénio sintase quinase-3 (GSK-3) tenha sido originalmente nomeado por sua

capacidade de fosforilar e inativar a sintese de glicogénio e regular metabolismo da glicose 3a
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(MARCAGG1, 2004; MARTINEZ, 2014), esta quinase multifuncional foi posteriormente,
encontrada como um componente critico em inimeras funcdes celulares, incluindo a regulacéo da
sinalizacdo celular (ROSE, 2017), divisdo celular ( BRUSILOW, 2010), diferenciacéo, proliferacao
e crescimento (BUTTERWOTH, 2010; WANIEWSKI, 1992) bem como a apoptose (ROSE, 2005).
Evidéncias recentes sugerem que a via de sinalizacdo GSK-3 desempenham fungdes chave na
regulacdo de diferentes aspectos do desenvolvimento neural, como neurogénese, proliferacdo e
diferenciacédo neural (JO, 2011). Além disso, a GSK-3 também esta envolvida na regulacao do trafego
de receptores e na plasticidade sinaptica.

A GSK-3 apresenta duas isoformas em mamiferos: a GSK-3a e GSK-3p. Essas duas isoformas
de serina/treonina (ser/thr) quinase encontram-se intimamente relacionadas, sdo codificadas por
diferentes genes, e sdo substratos para a fosforilacdo mediada pela proteina quinase Akt (PAPURA,
2011). Estas proteinas, bastante homologas nos seus dominios quinases e diferentes em outras
regides, sdo quinases constitutivamente ativas, cujas atividades s&o inibidas pela fosforilacdo na
Ser2l da GSK-3a e na Ser9 da GSK-3p (MOORE, 2013). A inibicdo da GSK-3 mediada por
fosforilacdo ndo esta limitada a Akt, outras proteinas quinases tais como proteina quinase A (PKA) e
a proteina quinase C (PKC) também fosforilam GSK-3. Além disso, outros reguladores da GSK-3,
como a via alvo da rapamicina em mamiferos (mTOR), a via de sinalizacdo de Wnt e a via da MAPK
também atuam regulando a GSK-3p (Figura 12) (COOK, 1996 ; FRAMEAND, 2001).

Figura 12 - Reguladores da GSK3B no neurdnio
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Fonte : BRADLEY, 2012

A desregulagdo da GSK-3 contribui para a patogénese de muitas desordens, como Varios tipos
de cancer (AZOULAY, 2014), diabetes (GAO, 2012), bem como doencas neuroinflamatérias e
neurodegenerativas (LI, 2013; LEI,2011). Além do mais, a inibicdo da GSK-3p altera a producéo de
citocinas por células nervosas centrais e periféricas (GUMRUAND, 2013; SARAIVAAND, 2010),
diminuindo citocinas pro-inflamatdrias e aumentando as citocinas anti-inflamatérias (LYMAN,
2013), portanto, a GSK3 pode ser considerado como um regulador para controlar o mecanismo de
neuroinflamacao.

O principal mecanismo conhecido da GSK3p ¢ a regulacdo da fungdo cognitiva através da
regulacdo da LTP e LTD. O LTP aumenta a fosforilagao de GSK3f e dessa forma inibe sua atividade.
A superexpressdo de GSK3p prejudica a LTP, o que demonstra que a GSK3p deve ser inativada
(fosforilada) para o estabelecimento ideal da LTP. Logo, a GSK3p ativa em condigdes patologicas
esta associada ao déficit de cognicdo. Em contrapartida, a LTD aumenta a atividade da GSK3p3
enquanto que a inibi¢ao da GSK3p previne a indugdo de LTD. Assim, a inibi¢do da GSK3 facilita a
LTP, mas a atividade da GSK3 é necessaria para a LTD (PEINEAU et al., 2007). Foi demonstrado
que o0 LTP e/ou LTD anormais ap0s o tratamento com inibidores da GSK3, resultou em aumento da
cognicdo em modelos de camundongos com sindrome do X e Sindrome de down. Portanto, a inibicédo
da GSK3 pode melhorar o aprendizado e memoria em algumas condi¢es, regulando a plasticidade
sinaptica do hipocampo (CHOI, 2011; FRANKLIN, 2013; LI, 2012 ; MA, 2010).

Figura 13 - Mecanismos modulados pela GSK3
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Representacéo esquematica da modulagdo da GSK3 em processos que provocam dano cognitivo. Fonte:
BRADLEY, 2012 (adaptada).
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As diferentes isoformas dessa quinase tém funcges especificas na fisiopatologia do
Alzheimer: GSK3a estd envolvida na producdo de placas B amiloide (AP), enquanto GSK3f atua
fosforilando a proteina Tau (BASSO, 2006; BEUREL; GRIECO; JOPE, 2015; KING, 2013). Sabe-
se, que a proteina Tau também é capaz de promover uma interacao entre os filamentos de actina e 0s
neurofilamentos (Filamentos intermediérios), indicando a existéncia de inter-relagdo dos
microtubulos com outros elementos do citoesqueleto. Além disso, existe uma interacdo com a
membrana plasmatica neuronal através dos dominios de projecdo aminoterminal da Tau. Ademais,
menciona-se que ha interacdo da Tau com outras organelas, tais como as mitocéndrias. Para regular
o estado de fosforilagdo da proteina Tau, 0s tecidos cerebrais contam com a a¢do conjunta e, por vezes
coordenada, de varias quinases e fosfatases. A enzima GSK3 é a mais importante das Tau quinases e
apresenta-se distribuida no nucleo, no citosol e na mitocondria. Através da hiperfosforilacdo, a
GSK3p impossibilita a ligacdo das proteinas Tau aos microtabulos, tornando-as dispersas no
citoplasma e passiveis de formar emaranhados neurofibrilares no interior dos neurdnios
(LOVESTONE, 1996). A hiperfosforilagdo da Tau compromete a capacidade desta em estabilizar 0s
microtUbulos. Torna-se afetado, pois, 0 transporte axonal e o dendritico, bem como a arquitetura
celular, essenciais a manutencdo da homeostase neuronal. Contudo, ja se sabe que a desfosforilacao
da proteina Tau hiperfosforilada resulta na recuperacdo do papel biol6gico da Tau (DFTS, 2009).

A superexpressao condicional da GSK3B nos neurdnios corticais e hipocampais de
camundongo resultou em desempenho prejudicado no labirinto aquatico de Morris,
hiperfosforilacdo da tau, astrocitose reativa e microgliose e morte neuronal (LUCAS, 2001;
Hernandez et al., 2002). Além disso, a supressdo da superexpressao da GSK3p reverteu o déficit de
memoria espacial em uma tarefa de reconhecimento do objeto, reduziu a hiperfosforilagéo da tau e
diminuiu a gliose reativa e a morte neuronal (ENGEL, 2006).

Em modelos experimentais da Doenga de Alzheimer (DA), a inativagdo de GSK3p por
inibidores de PDES5 leva a uma diminuicéo da tau hiperfosforilada nas areas do cérebro envolvidas
na aprendizagem e memoria (GARCIA-BARROSO, 2012). A associacdo entre a sinalizagdo NO-
GMPc e a diminuicdo da fosforilacdo de tau por meio da atividade de p-GSK3p, ¢é evidenciado pela
existéncia de uma cascata de sinalizagdo que liga a ativagdo de GMPc com a inibicdo de GSK3p.
Além disso, evidéncias in vitro e in vivo apontam para GSK-3 como uma via de sinalizacdo chave
na promocao da neurodegeneracao em tal medida que a inibicdo da GSK-3f € considerada como uma
abordagem terapéutica promissora da Doenca de Parkinson (GARCIA-OSTA, 2012)
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2.10 ALTERACOES COGNITIVAS NA EH

Além da hiperamonemia ser um dos principais contribuintes para neuroinflamacédo, ela
também contribui para o comprometimento cognitivo na EH (RODRIGO et al, 2010; FELIPO, 2013).
Em um estudo realizado por Marini e Broussard, apés a injecdo de LPS em ratos normais e
hiperamonémicos observou-se que embora a producdo de citocinas tenha aumentado similarmente
em ambos os grupos de animais, os déficits cognitivos foram mais fortes e mais longos em ratos
hiperamonémicos (MARINI; BROUSSARD, 2006).

Os mecanismos pelos quais a funcdo cognitiva esta prejudicada na EH sdo esclarecidos em
modelos  animais. Ratos  com EH reproduzem a  deficiéncia  cognitiva
presente em pacientes com EH e apresentaram memdria e aprendizagem espacial reduzidos
(MONFORT, 2007; HERNANDEZ-RABAZA, 2015). Ratos com hiperamonemia crénica sem
insuficiéncia hepatica também mostram dificuldades de aprendizado espacial (HERNANDEZ-
RABAZA et al, 2016) e reduzida capacidade de aprendizagem no labirinto Y (AGUILAR, 2000;
ERCEG, 2005b). Ratos com EH também exibiram neuroinflamacdo no hipocampo e expressao
alterada dos receptores de glutamato, os quais, sdo responsaveis pelo comprometimento do
aprendizado espacial no labirinto radial (HERNANDEZ-RABAZA, 2016).

A LTP é prejudicada em cultura de células hipocampais expostas a aménia (Mufioz et al.
2000) e também no hipocampo de animais com EH, sendo por sua vez, responsavel pelo
comprometimento de algumas fungdes cognitivas, incluindo aprendizagem e memoria reduzidas no
labirinto aquatico de Morris (MONFORT et al., 2007).

Em um recente estudo, animais com hiperamonemia, apresentaram reducéo da expressao da
subunidade GIuA2 dos receptores AMPA e aumento da expressdo da subunidade GluAl. Desta
forma, a expressdo alterada das subunidades GIluA2 e GIuAl dos receptores AMPA na
hiperamonemia resultaria em transducdo de sinal alterada, o que contribui para as alteragdes
cognitivas e motoras da encefalopatia hepatica (CABRERA-PASTOR et al., 2018b). Ademais, a
quantidade de ambos os receptores AMPA e NMDA foi reduzida em modelo animal de EH. Uma
possivel explicacdo para essa reducdo € a diminuicdo no numero de conexdes sindpticas nesses
animais. (MONFORT ET AL., 2000, 2007; RATNAKUMARI ET AL., 1995; LLANSOLA ET AL.,
2007). Tem sido demonstrado que os receptores AMPA e NMDA modulam a via glutamato-NO-
GMPc (CABRERA-PASTOR et al., 2012). Corroborando com esses dados, estudos que avaliaram
mecanismos envolvidos no comprometimento da funcédo intelectual na EH, mostram que a via NO-

GMPc é prejudicada em cérebro de ratos com EH e também em pacientes com EH que foram a 6bito
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(CAULI et al., 2007; ERCEG et al., 2005a, 2005b). Assim, a hiperamonemia altera a expresséo dos
receptores do glutamato, prejudica a via glutamato-NO-GMP e consequentemente induz o déficit
cognitivo.

Em um modelo de hiperamonemia sem dano hepatico, o tratamento crénico com um inibidor
de PDE-5 e 6, 0 zaprinast, normalizou a fungdo da via glutamato-NO-cGMP no cérebro e restaurou
a capacidade de aprendizado nesses animais (ERCEG et al., 2005a). Posteriormente, 0S mesmos
autores observaram gue a capacidade de aprendizado no labirinto em Y foi prejudicada em ratos cujo
modelo animal de EH foi o desvio portossistémico, procedimento cirtrgico que causa hiperamonemia
e mimetiza a EH. Esses animais apresentaram uma funcéo prejudicada da via glutamato-NO-cGMP
no cerebelo. Por outro lado, a capacidade de aprendizado foi restaurada em ratos submetidos ao desvio
portossitémico através do tratamento com um outro inibidor da PDE-5, o sildenafil, o qual restaurou
a funcdo desta via e a capacidade de aprendizado (ERCEG et al., 2005b). O tratamento com
ibuprofeno, um anti-inflamatério, reduziu a neuroinflamag&o, mas ndo a hiperamonemia, e também
restaurou a funcdo da via glutamato-NO-cGMP e a capacidade de aprendizado nesses animais
(CAULL, 2007).

Em resumo, esses resultados sugerem que a hiperamonemia e a neuroinflamacéo
comprometem a via do glutamato-NO-cGMP e prejudicam a capacidade de aprendizado pelo mesmo

mecanismo.

2.11 TRATAMENTOS

Atualmente, as abordagens terapéuticas para a melhoria da EH tém efeitos limitados e riscos
associados ao seu uso. O gerenciamento de EH € dirigido principalmente para evitar fatores
precipitantes e administracdo de agentes que aumentam a absor¢do de amdnia hepatica (por exemplo,
L-ornitina, L-aspartato) ou diminuir a producéo de amonia pela flora intestinal utilizando antibioticos
(MLADENOVIC et al., 2014). No entanto, essas terapias tém efeitos adversos significativos e ndo
demonstram efeitos benéficos na cognicdo, portanto novas estratégias terapéuticas sdo necessarias

para melhoria da qualidade de vida dos pacientes com EH.

2.11.1 Inibidores de fosfodiesterase-5

A fosfodiesterase 5 (PDE-5), um membro da grande familia de enzimas hidroliticas de
nucleotideos ciclicos, é especifico para a GMPc. A acdo inibitdria da PDE-5, resulta no aumento dos

niveis de GMPc. Esse aumento do GMPc reduz citocinas pro-inflamatérias e também modula
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processos cerebrais importantes como a LTP e consequentemente melhora o aprendizado e memoria
(MONFORT et al., 2002a, b) . As evidéncias acumuladas nos Ultimos anos indicam que PDE-5 é
expressa em populacdes neuronais e gliais no cérebro dos mamiferos (BENDER e BEAVO, 2004;
GARCIA-BARROSO et al, 2013; PRADO et al., 2010) e que a PDE-5 exerce a¢les neuroprotetoras
em modelos de roedores de doencas neuroldgicas através de diferentes mecanismos.

Inibidores seletivos de PDE-5, como sildenafil, tadalafil e wvardenafil, s&o drogas
vasodilatadoras orais extensivamente usadas em seres humanos para o tratamento da disfuncao erétil
e para hipertensdo pulmonar e Sindrome de Reynaud. Na ultima década, acumulou-se evidéncias que
sugerem efeitos benéficos dos inibidores da PDE-5 na cognicdo, tanto em condi¢es fisioldgicas
como patoldgicas (GARCIA-OSTA et al., 2012). Além disso, recentes estudos mostraram que
tratamento crénico com tadalafil melhora a memaria espacial em um modelo de DA em rato e fornece
um maior efeito benéfico do que observada com doses comparaveis com outros inibidores de PDE-5
(como por exemplo, o sildenafil). Administracdo de tadalafil produz uma concentracdo
suficientemente elevada para inibir significativamente a PDE-5 no SNC. Anélises multivariadas deste
farmaco mostram que a utilizacdo do tadalafil pode reverter rapidamente deficiéncias cognitivas
(GARCIA-OSTA et al, 2012).

O tadalafil é rapidamente absorvido no trato gastrointestinal e tem uma meia-vida de 17,5 horas
no sangue (KULKARNI e PATIL, 2004; FORGUE et al., 2006), logo, requer administragdo menos
frequente do que outros inibidores da PDE-5. Este farmaco apresenta uma seguranga comprovada
guando administrado cronicamente durante o tratamento de disfuncéo erétil e hipertensdo pulmonar
(FORGUE et al., 2006 ; KULKAMI et al., 2004). Além disso, a farmacocinética do tadalafil ndo é
afetada por alimentos, idade, presenca de diabetes ou insuficiéncia hepatica (VILA-PETROFF et al.,
1999; ROSEN e KOSTIS, 2003). Além de manter um excelente nivel de seguranca e perfil de
tolerabilidade, o tadalafil também parece fornecer um potencial beneficio prolongado para varias
outras doengas, como por exemplo, desordens relacionadas ao SNC, porém poucos dados sobre esses
efeitos existem na literatura.

Até o presente momento, ndo ha trabalhos que investigue o papel do tadalafil na EH interligando
0 processo neuroinflamatdrio com a plasticidade sinaptica através das moléculas sinalizadoras como
a CREB e GSK3p. Portanto, este trabalho contribui para a compreensdo do efeito do tadalafil na
neuroinflamacéo e no comprometimento cognitivo através das principais moléculas participantes da

plasticidade sinaptica.
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3 CONCLUSAO

No presente estudo, a administracdo tadalafil levou a uma redugéo dos niveis de citocinas pro-
inflamatdria como TNF-a, IL-1p e IL-6 superexpressas na EH, além de reduzir a intensidade da
imunoexpressdo da Iba-1, indicando prevencao da ativacdo microglial.

A ativagdo de MAPKSs contribui para via de sinalizagdo do NF-kB levando a uma regulagio
ascendente da iNOS e um aumento na liberacdo de NO; este ltimo representa um fator importante
na o mecanismo do edema de astrocitos induzido por amonia. Nesse sentido, o tadalafil reduziu os
niveis de NO e de NF-kB via inibigdo de p-ERK e p-p38. O efeito inibitdrio do tadalafil na via de
sinalizagdo ERK / p38 / NF-kB demonstra seu efeito protetor contra a neuroinflamagéo induzida por
tioacetamida.

O tratamento com tadalafil restaurou a capacidade de aprendizado. Os animais com EH levaram
mais tempo para encontrar a caixa-alvo no Labirinto de Barnes, enquanto animais tratados com
tadalafil encontraram o alvo caixa em menos tempo quando comparado a animais ndo tratados. Além
disso, os animais tratados com tadalafil apresentaram melhor desempenho no nono dia, demonstrando
que a aprendizagem foi adquirida e a memdria espacial foi consolidada.

Na EH, a expressdo de p-CREB, NeuN, BDNF e synaptofisina foram reduzidos, em
contrapartida o tratamento com tadalafil promoveu a fosforilagdo do CREB via PKG e PKA,
aumentou a expressdao do fator neurotréfico e do marcador sinaptico, promovendo assim
neuroprotecao e plasticidade sinaptica.

O Tadalafil foi capaz de aumentar a fosforilacdo de GSK3p, inibindo sua atividade. O fato de
GSK3 ser inibido esta relacionado ao excelente desempenho dos animais deste grupo no Labirinto
de Barnes pois a inativagdo de GSK3p por fosforilagdo induz a uma melhora no aprendizado e
memoria.

Sendo assim, os resultados relatados neste estudo demonstraram que o tratamento com tadalafil
reduz os niveis de neuroinflamacdo e neurodegeneracdo diminuindo marcadores inflamatorios e
ativacdo glial no cortex e hipocampo. Além disso, o Tadalafil também promove e plasticidade
sinaptica aumentando a PKA / PKG / CREB / BDNF / NeuN / sinafofisina, e normaliza a expressao
de receptores de glutamato no hipocampo, restaurando capacidade de aprendizagem espacial e
memoria. Portanto, esses dados apontam para um efeito neuroprotetor do Tadalafil que pode ser Util

para melhorar a funcdo cognitiva em pacientes com encefalopatia hepatica.
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Background and aim: Tadalafil displays important neuroprotective effects in experimental models of neurode-
generative diseases, however its mechanisms of action remain poorly understood. The aim of the present study
was to investigate the action of Tadalafil on learning and memory, neuroinflammation, glial cell activation and
neuroprotection in the experimental model of hepatic encephalopathy (HE) induced by Thioacetamide (TAA) in
mice.

Methods: Mice received intraperitoneal injections of TAA, for 3 consecutive days, reaching the final dose of
600 mg/kg. Tadalafil 15mg/kg body weight was administered by gavage during 15 days after TAA induction.
Mice underwent a Barnes maze for learning and memory evaluation.

Results: Animals with hepatic encephalopathy showed reduced learning and spatial memory in the Barnes Maze,
presented astrocyte and microglia activation and increased neuroinflammatory markers such as TNF-a, IL-1, IL-
6, p-p38, p-ERK and p-NF-kB. In addition, the signaling pathway PKA/PKG/CREB/BDNF/NeuN/synaptophysin
and glutamate receptors were deregulated by TAA. Tadalafil treatment regulated the inflammation signaling
pathways restoring learning and spatial memory.

Conclusion: Tadalafil significantly reduced neuroinflammation, promoted neuroprotection and plasticity, regu-
lated the expression of hippocampal glutamate receptor and restored spatial learning ability and memory.

1. Introduction

Hepatic encephalopathy (HE) is a serious neuropsychiatric syn-
drome that occur during acute liver failure or chronic liver injury (Liere
et al., 2017). HE covers a wide range of neuropsychiatric disturbances
with altered cognitive funcion, motor activity, spatial memory dys-
function besides affecting health-related quality of life (Erceg et al.,
2006; McMillin et al., 2014).

The elevated blood and brain ammonia levels have been implicated
in the pathogenesis of the acute and chronic liver failure (Jayakumar
et al., 2014). In addition, activation of intracellular signaling systems,
including c-Fos, mitogen-activated protein kinases, neurotrophic fac-
tors, and transcription of Nuclear Factor-kappa B (NF-kB) have been
associated to the mechanism of ammonia neurotoxicity, particularly in

neuroinflammation (McMillin et al., 2014). Indeed, the number of ac-
tivated microglia, TNF-q, IL-1 and IL-6 levels are increased in rodents
models of acute liver failure (Bémeur et al., 2010) and in patients with
acute liver failure (Wright and Jalan, 2007), supporting the importance
of neuroinflammatory components in HE.

The ammonia potentially acts in concert with neuroinflammation to
induce cognitive impairment in HE (Luo et al., 2015) and this is related
with altered neurotransmission (Hernandez-Rabaza et al., 2015; Moore
et al., 2009). Spatial learning and memory are modulated in the hip-
pocampus (Moser et al., 1995) through the AMPA and NMDA receptors
(Keifer and Zheng, 2010). The change in this modulation during the
hyperammonemia and HE are associated with impaired Long-term
potentiation (LTP) in the hippocampus (Monfort et al., 2009). LTP is a
form of synaptic plasticity leading to sustained increase of synaptic
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Fig. 1. Experimental design.

efficiency and is considered the basis for some forms of learning and
memory (Bliss and Collingridge, 1993; Monfort et al., 2009). Induction
of LTP in the hippocampus requires modulation of the AMPA and
NMDA receptors and consequently activation glutamate/NO/cGMP/
PKG pathway (Montoliu etal., 2010). However, hippocampal activation
of this pathway is decreased in the rat model of hyperammonemia,
resulting in LTP impairment (Dadsetan et al., 2016; Monfort et al.,
2009).

In addition, the NO/cGMP/PKG cascade also participates in a me-
chanism that promotes the survival of neural cells. NO/cGMP/PKG are
activated through the cAMP-responsive element binding protein
(CREB), a transcription factor that plays an important role in devel-
opment of memory through modulation of synaptic plasticity and
growth factors (Nagai-Kusuhara et al., 2007). As far as we know, there
are no studies on the modulation of PDES inhibitors on the CREB/
BDNF/NeuN/ synaptophysin pathway in HE experimental model.

No specific treatments for cognitive alterations of patients with HE
are available. As neuroinflammation contributes to the deficiency of
cognition and memory, a possible mechanism to reduce those altera-
tions can be done by treatment with anti-inflammatory drugs
(Hernandez-rabaza et al., 2016). According to Agusti et al. (2011) and
Cauli et al. (2007), the reduction of neuroinflammation with Ibuprofen
or with inhibitors of MAP kinase p38 improves cognitive function in
rats with HE (Agusti et al.,, 2011; Cauli et al., 2007). In addition, in-
creased ¢cGMP reduces proinflammatory cytokines and also modulates
important brain processes such as LTP and consequently improves
learning and memory (Monfort and Felipo, 2002). Thus, anti-in-
flammatory drugs or blocking the degradation of cGMP by phospho-
diesterase 5 inhibitors could be a therapeutic approach to improve
learning and memory in HE (Erceg et al., 2005; Peixoto et al., 2015).
However, recent studies have shown that treatment with Tadalafil, a
PDE-5 inhibitor with longer half-life (~18 h), improves spatial memory
in a mice model of Alzheimer's disease (AD) and provides a greater
beneficial effect than observed with other PDE-5 inhibitors (Garcia-
Barroso et al., 2013). According to the author’s knowledge, there are no
studies investigating the role of tadalafil in HE by interlinking the
neuroinflammatory process with synaptic plasticity through molecules
such as CREB, BDNF, NeuN, synaptophysin and GSK3p. Therefore, the
present study demonstrates that the administration of tadalafil restored
spatial learning, memory deficits in thioacetamide (TAA)-induced HE
by attenuation of hippocampal neuroinflammation.

2. Methods
2.1. Animals and experimental design

Male 10-week-old C57BL/6 mice were randomly assigned into three
groups of 15 animals. All the experiments in the present study were
approved by the Animal Studies Ethics Committee of the Oswaldo Cruz
Institute under protocol number 86/2015. The animals were kept in a
light-dark cycle (natural light) and stored in plastic cages (40 x 32 cm),
at a temperature of 23 = 2°C, with free access to water and fed
(commercial diet). They were distributed into three experimental
groups: 1. Control, II. TAA 600 mg/Kg, IIl. TAA 600 mg/Kg + Tadalafil
15mg/Kg. All animals were anesthetized and euthanized on the 19th
day. Three different experiments were performed in order to confirm

the results, totalizing 45 animals.
2.2. Induction of hepatic failure

The experimental model of hepatic encephalopathy using
Thioacetamide (TAA) in mice was previously validated (Honda et al.,
2002; Ninez et al., 2004; Schnur, 2004) and was induced at a dose of
200mg/kg, injected intraperitoneally for 3 consecutive days, reaching
the final dose of 600 mg/kg (Avraham et al., 2009; De Miranda, 2010).
TAA was obtained from Sigma-Aldrich in powder form and was dis-
solved in sterile saline solution. Twenty-four hours after each TAA in-
jection, 0.5ml of a solution containing 0.45% NaCl, 5% dextrose and
0.2% KCl was injected subcutaneously into all animals (including
control) in order to avoid hypovolemia, hypokalemia and hypogly-
caemia (Panikashvili et al., 2001).

2.3. Treatment with Tadalafil

After 24 h of TAA induction, the animals of the treated group re-
ceived solutions composed of distilled water and Tadalafil at a con-
centration of 15mg/kg, standardized daily according to the animals'
weight (Garcia-Osta et al., 2012). Daily administration of Tadalafil
solution was performed by gavage (stomach cannula), in total volume
of 100l, for 15 days. The animals in the control groups received only
100l of distilled water via the same route of administration. On the
final week of treatment (11-18th days), the mice were subjected to a
Barnes maze to evaluate the cognitive function (Fig. 1).

2.4. Barnes circular

To evaluate spatial memory performance and learning in the last
week of the experiment the animals were submitted to the Barnes la-
byrinth (Jolivalt et al., 2010, 2008). It consists of a circular illuminated
platform with 20 holes equidistant. One of the holes has a target dark
box and is marked by a visual clue, while the others are closed. In the
adaptation period, the mouse was put into a black cylindrical tube in
the center of the labyrinth for ten seconds and then led to the target
box. In the learning phase, the mouse was placed in a black cylindrical
tube in the center of the labyrinth for ten seconds and then allowed to
explore the labyrinth for 5min. The session ended when the mouse
found the box or after five minutes had elapsed. The animals that did
not find the target box after the 5min were driven by the tail to the
target box site and remained there for one minute. In this learning
phase, the animals were trained to find the exit for four consecutive
days and afterwards they had three days without training. On the
eighteenth day, the animals were submitted to the memory test as de-
scribed above, except for the conduction of animals by the tail to the
target box, as described previously (Jolivalt et al., 2010).

2.5. Immunohistochemistry

The animals were anesthetized and the transcardiac perfusion was
then performed with physiological saline (20 ml) followed by paraf-
ormaldehyde (PFA) 4% (40ml) in 0.1M phosphate buffered saline
(PBS), pH7.2. Brains were post-fixed overnight in the same fixative
solution. The material was then processed into paraffin, as routinely
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and coronal sections (5 um) were obtained by microtome. For antigenic
retrieving, sections were rehydrated and treated with 20 mM citrate
buffer, pH6.0 at 100 °C for 30 min. After, they were incubated in 1%
BSA / 1h and 3% H,0,/30min in order to block peroxidase. Next,
sections were incubated with the following primary antibodies: anti-
GFAP (NB300-141, Novus biological), anti-Ibal (019-19,741, Wako),
anti-NeuN (ab104225, Abcam) and anti-IL-1 (18-732-292,194,
Genway) overnight at 4°C and for 1h in biotin-conjugated secondary
IgG antibody. The immunohistochemical reaction was amplified by
using the Kit Dako LSAB + System-HRP, revealed with 3'-3-diamino-
benzidine (DAB) and counterstained with Harris Hematoxylin. The
frontal cortex and hippocampus region were evaluated by comparing
the intensity of the label between the groups with the program GIMP
2.6.2.

2.6. Immunofluorescence

The material was processed into paraffin, as described above. For
antigenic retrieving, sections (5pm) were rehydrated and treated with
20mM citrate buffer, pH6.0 at 100 °C for 30 min. After, they were
permeabilized with 0.5% Triton X-100 and incubated for 1h with
blocking solution (3% BSA plus 0.2% Tween 20 in Tris buffered saline).
Subsequently, the sections were incubated with antibodies: anti-BDNF
(ANT-010, Alomone) and anti-Synaptophysin (MAB5258-I, Millipore).
The primary antibodies were incubated overnight and then incubated
with polyclonal fluor 488- conjugated secondary antibody (Alexa)
against rabbit immunoglobulin for 1h and then treated with 4,6-
Diamidino-2-phenylindole (DAPI) for 5min. The slices were washed
and mounted in fluorescent Prolong Gold Antifade medium (Life
Technologies, catalog number: P36930) for observation under an in-
verted fluorescence microscope (Leica) equipped with a camera. The
evaluation was made by comparing the intensity of the marking be-
tween the groups with the program GIMP 2.6.2.

2.7. Quantification of labeling of i hi
immunofiuorescence

hemi ry and

The GIMP2.8 software (GNU Image Manipulation Program soft-
ware, CNET Networks, Inc. Australia) was used for analysis of reaction
intensity. The labeling reaction was quantified in five arbitrarily se-
lected pictures per animal. The results are expressed as mean + SD of
three mice per group.

2.8. Western blot

The hippocampi were rapidly dissected and homogenized in an
extraction cocktail containing protease inhibitors (10 mM EDTA, 2 mM
PMSF, 100mM NaF, 10mM sodium pyrophosphate, 10mM NaVO4,
10mg aprotinin / ml and 100 mM Tris, pH 7.4). A pool of 5 animals by
each group was homogenized and centrifuged at 3000 x g for 10 min
and the supernatant stored at —70 °C. Proteins (30 mg) were separated
on sodium dodecyl sulfate polyacrylamide gels by electrophoresis and
transferred onto a nitrocellulose membrane (BioRad, CA, USA). After
blocking (5% skim milk in TBS-T - 0.1% Tris buffered saline added with
Tween20, pH7.4), the membranes were incubated overnight with the
anti-TNF-a (ab34674, Abcam), anti-IL-6 (ab6672, Abcam), anti-p-NF-
kB (ab97726, Abcam), anti-NF-xB (ab31418, Abcam), anti-p-p38
(92118, cell signaling), anti-p38 (92128, cell signaling), anti-p-ERK (sc-
16,982, Santa Cruz), anti-ERK (sc-292,838, Santa Cruz), anti-p-GSK3p
(9323, cell signaling), anti-GSK3[ (124568, cell signaling), anti-PKA
(ab59253, Abcam), anti-PRKG1 (LS-C26472, Lifespan), anti-p-CREB
(9198, cell signaling), anti-CREB (9197, cell signaling), anti-NR2 (AGC-
001, Alomone), anti-GluR1 (AGC-004, Alomone) and anti-GluR2 (AGC-
005, Alomone) with secondary IgG antibody, conjugated with horse-
radish peroxidase (HRP) (1: 3000 or 1: 8000, Sigma) for 2 h at RT. The
protein bands were visualized by a chemiluminescent agent and
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revealed by the ChemiDoc (Bio-rad) scanner. For quantification, den-
sitometry values were obtained by measuring the pixel density of each
band using Image J program 1.38. The results were confirmed by three
different experiments for each investigated protein. The immunoblot
was performed for B-actin (1:1000; A228, Sigma) as control of the ex-
pression of the studied proteins.

2.9. Determination of nitric oxide

Griess' colorimetric reaction was used to measure nitric oxide. In
duplicate, the serum was added to a 96-well ELISA plate, followed by
the same volume of Griess reagent. A solution of sodium nitrite at an
initial concentration of 100 M was serially diluted to prepare the
standard curve. After 10min incubation in a dark room, spectro-
photometric measurements were taken at 490nm. The absorbance of
the different samples was compared to the standard curve and the re-
sults were expressed as mean * standard deviation using GraphPad
Prism V6.0.

2.10. Statistical analysis

The groups were compared by the one-way variance test (ANOVA-
one way) followed by Tukey's post-test for multiple comparisons by
using the GraphPad Prism program (San Diego, CA, USA). Differences
with p < .05 will be considered significant. Data will be presented as
the mean * standard deviation.

3. Results
3.1. Learning and memory are restored by Tadalafil

The learing ability of the different groups was tested with the
Barnes maze to evaluate the cognitive performance of HE animals. The
animals were trained (learning) for four consecutive days in the second
week after induction of HE, once a day. The latency to find the target
box was recorded. On the first day, all animals of the three groups spent
a similar time in the labyrinth to find the exit. On the ninth day, the
animals of the control group had significantly reduced the time to find
the target box (p < .05) compared to the second day, indicating
learning and memory acquisition. In contrast, the TAA group did not
have significantly reduced the time to find the target box on the ninth
day. These animals needed more time to find the exit than the control
group and the TAA + Tadalafil group, suggesting learning and memory
damage. On the other hand, animals from the TAA + Tadalafil group
had significantly reduced time to find the target box on the fourth day
compared to the second day (p < .05), indicating an improved
learning. Also the TAA + Tadalafil group had significantly reduced
time on the eighteenth day when compared to the twelfth day
(p < .001) (Fig. 2), demonstrating that besides improving learning, the
spatial memory was consolidated. The control group exhibited a mean
time of 56.3 s to find target box whereas the HE group showed a mean
time of 88.5s. In contrast, the TAA + Tadalafil group had decreased
time to find the target box to 53.5s.

3.2. Tadalafil reduces astrocyte and microglia activation in the cortex area
and in the hippocampus

An important mechanism that leads to neuroinflammation is the
activation of microglia, which releases inflammatory factors. Regions of
cortex and CA1 of hipocampus were analized for Iba-1 expression. In
control animals, immunohistochemistry for Iba-1 revealed microglia
with typically branched and fine filaments, typical of latent state
(Fig. 3A and 4A). On the other hand, in the group exposed to TAA, there
was a greater intensity for Iba-1 labeling in the cortex (p < .0001) and
hippocampus (p < .001), with numerous microglial cells exhibiting
phagocytic phenotype, showing amoeboid appearance and thicker
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Fig. 2. Effects of Tadalafil on learning and memory. Analysis of the time in
seconds to find the target box. Values are the mean + S.D. of 10 mice per
group, using analysis of variance (2 way ANOVA) followed by Tukey post-hoc
test. *p < .05 when compared the ninth day with the second day of the control
group, *p < .05 when compared the second day with fourth day of
TAA + TAD group, ***p < .001 when compared the second day with ninth
day of TAA + TAD group.

filaments (Fig. 3B and 4B). In contrast, administration of Tadalafil led
to a reduction in the intensity of Iba-1 immunostaining in the cortex
(p < .0001) and hippocampus (p < .01) and microglia presented fine
filaments similar to the latent state phenotype, indicating reduction of
microglial proliferation and activation (Fig. 3C and 4C).

Glial fibrillary acidic protein (GFAP), an astrocyte activation marker
(reactive gliosis) was evaluated in the CA1 region of the hippocampus
and in the cortex by immunohistochemistry. Immunoexpression of
GFAP was physiological in the brain of control animals (Fig. 3E and 4E),
while after exposure to TAA, there was a significant increase in the
immunoexpression of this protein in the cerebral cortex and hippo-
campus (p < .05) (Fig. 3F and 4F). On the other hand, treatment with
Tadalafil reduced astrocyte activation in the cortex and hippocampus,
improving the astrogliosis when compared to the TAA group (p < .05)
(Fig. 3G and 4G). Moreover, the immunostaining of GFAP in the
TAA + TAD group was not significantly different from control group.

Control

Iba-1

Cortex

GFAP
Cortex
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3.3. Tadalafil inhibits neuroinflammation markers

In the brain, activated microglial cells and astrocytes produce cy-
tokines in response to injury or inflammation. One of the first cytokines
to be released is tumor necrosis factor (TNF-a), which is involved in the
induction of IL-1 and IL-6 (Fong et al., 1989). The TNF-a content of the
hippocampus, analyzed by western blot analysis, revealed basal ex-
pression in the control group. After exposure to TAA, there was a sig-
nificant increase in TNF-a expression (p < .01), while treatment with
tadalafil reduced the expression of this cytokine compared to the TAA
group (p < .05) (Fig. 6A). Similar results were observed for IL-13 and
IL-6 analyses. In the group of animals with HE, there was a significant
increase in the expression of these interleukins when compared to the
control group (p < .05), indicating the presence of cortical and hip-
pocampal neuroinflammation in these animals, while tadalafil treat-
ment significantly prevented the hyperammonemia-induced upregula-
tion of these pro-inflammatory cytokines (p < .05) evaluated by
immunohistochemical (Fig. 5G) and western blotting (Fig. 6B). Besides,
there were no significant differences in IL-1f, IL-6, and TNF-a expres-
sion between the control and tadalafil groups.

As the expression of TNF-a, IL-1f3 and IL-6 is modulated by the NF-
kB, a transcription factor that plays crucial roles in neuroinflammation,
we evaluated whether tadalafil could diminish the expression of these
cytokines acting through NF-kB. The NF-kB expression was significantly
higher in the TAA group than in the control group (p < .01), while
there was a significant reduction in the expression of this transcription
factor after tadalafil treatment (p < .05) (Fig. 6C). These results sug-
gest that tadalafil prevents HE-induced activation of NF-kB.

The iNOS/NO system takes part in the pathogenesis of neuroin-
flammatory diseases, and NO levels are greatly increased in the CNS
during inflammatory processes in both patient and animal models
(Danilov et al., 2003; Lieb et al., 2003). The serum NO dosage of the
animals of control group presented a basal expression of NO. In con-
trast, NO levels were dramatically increased in animals with HE com-
pared to control (p < .01). Treatment with tadalafil was able to re-
verse this process and significantly reduced NO levels in animals
exposed to TAA (p < .01) (Fig. 6D).

TAA+TAD

T T

Iba-1 Quantification (pixels)

‘GFAP Quantification (pixels.
- -

Fig. 3. Effects of Tadalafil on microglial and astrocyte activation in the cerebral cortex. Immunohistochemistry for Iba-1 and GFAP. Magnification of 400 x. (a, e)
Control, (b, f) TAA 600, (c, g) TAA + TAD. Quantification of pixels (five areas arbitrarily selected per animal) was performed using GIMP 2.8 image analysis
software. The results are expressed as mean + SD of three mice per group. d) Quantification of Iba-1, ****p < .0001 when compared to the control group and
TAA + TAD group, h) Quantification of GFAP, *p < .05 when compared to the control group and TAA + TAD group. Data represent the mean + S.D., using

Analysis of variance (ANOVA) and Tukey post-hoc test.
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Control TAA TAA+TAD

Iba-1
Hipocampus

Fig. 4. Effects of Tadalafil on microglial and astrocyte activation in the hippocampus. Immunohistochemistry (IHQ) for Iba-1 and GFAP. Magnification of 400 x . (a,
e) Control, (b, f) TAA 600, (¢, g) TAA + TAD. Quantification of pixels (five areas arbitrarily selected per animal) was performed using GIMP 2.8 image analysis
software. The results are expressed as mean * SD of three mice per group. d) Quantification of Iba-1, ***p < .001 when compared to the control group and
“*p < .01 when compared to the TAA + TAD group, h) Quantification of GFAP, *p < .05 when compared to the control group and TAA + TAD group. Data
represent the mean * S.D. using analysis of variance (ANOVA) and Tukey post-hoc test.

Control TAA+Tadalafil

=%

NouN Quantification (pixels)

Fig. 5. Tadalafil reduces i tivity of IL-1B and the 1 injury. histochemistry for NeuN and IL-1p. Magnification of 400x. (a, e)
Control, (b, f) TAA 600, (c, g) TAA + TAD. Quantification of pixels (five areas arbitrarily selected per animal) was performed using GIMP 2.8 image analysis
software. The results are expressed as mean + SD of three mice per group. d) Quantification of NeuN, **p < .01 when compared to the control group and
TAA + TAD group h) Quantification of IL-1f, *p < .05 when compared to the control group and TAA + TAD group. Data represent the mean + S.D. using analysis
of variance (ANOVA) and Tukey post-hoc test.

3.4. Tadaldfil reduces MAPK activation Tadalafil group (p < .05) (Fig. 7B).

As MAPKs are proteins known to activate NF-xB (SINKE et al., 3.5. Assessment of the effect of Tadalafil on synaptic plasticity

2008), we examined whether Tadalafil inhibits MAPK activation, and

therefore, consequently decrease the activation of NF-xB induced by Since neuroinflammation and microglial activation are responsible
TAA. It was possible to observe that in the control group there was basal for the cognitive changes induced by hyperammonemia, the anti-in-
expression of p-ERK. The TAA group showed a significant increase in  flammatory action of tadalafil could restore the cognitive function in
ERK phosphorylation, whereas tadalafil treatment significantly in- mice with HE.

hibited the phosphorylation of this protein compared to the TAA group Microglia, as well as astrocytes, play a fundamental role in neu-
(p < .05) (Fig. 7A). Similarly, TAA group exhibited an increased ex-  roinflammation, and play an important role in the cellular and mole-
pression of p-p38 when compared to control (p < .05) and TAA 600+  cular mechanisms of learning, memory and cognitive processes. IL-6,
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IL-1B and TNF-a are important for synapses plasticity, long-term po-
tentiation, neurogenesis and memory consolidation and, therefore,
variations in the levels of these cytokines can disrupt these processes
(McAfoose and Baune, 2009). Hyperammonemia and inflammation
cooperate in the induction of neurological changes in HE. We in-
vestigated whether treatment with tadalafil restores signaling pathways
of synaptic plasticity in mice with HE.

PKG and also PKA are involved in the CREB phosphorylation, which
is involved with LTP induction through the transcription of genes in-
volved with synaptic plasticity. In the control group, PRKG1, PKA and
p-CREB were expressed at physiologic levels. The TAA group displayed
a significant decrease in the expression of PKA and p-CREB when
compared to control groups (p < .05). In contrast, the TAA + Tadalafil
group had increased expression of PRKG1 (p < .05), PKA (p < .001)
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Fig. 6. Effects of Tadalafil on neuroinflammation. a)
Immunoblot for TNF-a, **p < .01 when compared
to the control group, *p < .05 when compared to
the TAA + TAD group, b) Immunoblot for IL-6,
*p < .05 when compared to the control group and
TAA + TAD group, ¢) Immunoblot for NF-kB,
**p < .01 when compared to the control group,
*p < .05 when compared to the TAA + TAD group.
Data represent the mean *+ S.D. using analysis of
variance (ANOVA) and Tukey post-hoc test. d)
Quantification of NO (mean + S.D) using analysis
variance (ANOVA) and Tukey post-hoc test.
**p < .01 when compared to the control group and
TAA + TAD group.

and p-CREB (p < .05), to levels similar to the control group, con-
firming the restoration of the synaptic plasticity (Fig. 8 A, B and C).

GSK3p is a key signaling pathway in promoting neurodegeneration
since it regulates Tau phosporylation. Expression of p-GSK3p was as-
sessed by western blotting. In the control group, high expression of p-
GSK3[ was observed (Fig. 8D). After TAA exposure, it was possible to
observe a reduction in the expression of this enzyme (p < .05),
whereas the treatment with tadalafil increased p-GSK3[ expression
compared to the TAA groups (p < .01).

The expression of the GluR1 and GluR2 subunit of AMPA receptors
were reduced in hippocampus of mice with HE (p < .05) (Fig. 9A and
B). However, Tadalafil normalized the expression of both GluR1 and
GluR2 subunit when compared to the TAA (p < .05), not differing
from control mice. Regarding NMDA receptor, the expression of the

Fig. 7. Tadalafil treatment reduces MAPK expres-
sion. a) Immunoblot for p-ERK, **p < .01 when
compared to the control group, *p < .05 when
compared to the TAA + TAD group. b) Immunoblot
for p-p38, *p < .05 when compared to the control
group and TAA + TAD group. Data represent the
mean *+ S.D. using analysis of variance (ANOVA)
and Tukey post-hoc test.
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NR2A subunit was also reduced in TAA group. In contrast, the ex-
pression of NR2 was normalized in TAA600 + tadalafil group
(p < .05) (Fig. 9C).

3.6. Tadalafil exerts neuroprotective effect

The NeuN protein has been used as a universal mature neuron-
specific marker (Gusel'nikova and Korzhevskiy, 2015). The staining
intensity of NeuN did not differ between the control group and the
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Fig. 8. a) Immunoblot for PRKG1, *p < .05 when
compared to the control and TAA + TAD groups. b)
Immunoblot for PKA, *p < .05 when compared to
the control group, “**p < .001 when compared to
the TAA + TAD group. ¢) Immunoblot for p-CREB,
*p < .05 when compared to the control and
TAA + TAD groups. d) Immunoblot for p-GSK3p,
*p < .05 when compared to the control group,
*p < .01 when compared to the TAA + TAD
group. Data represent the mean * S.D. using ana-
lysis of variance (ANOVA) and Tukey post-hoc test.
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Tadalafil treated group. The NeuN labeling of the neurons in the HE
group was significantly lower (p < .01) than the control (Fig. SE and
F). When the HE animals were treated with tadalafil, NeuN expression
significantly increased in comparison with the TAA groups (p < .01)
(Fig. 5G). BDNF is neurotrophin crucial for the regulation of neuronal
maintenance, differentiation, and survival. Its dysregulation has been
implicated in enhanced susceptibility to neurodegenerative diseases
(Shen etal.,, 2018). Studies show that the increased expression of genes,
such as BDNF, are indicators of neuroprotection (Esenaliev et al., 2018).

Fig. 9. Tadalafil restores gl re-
ceptors expression. a) Immunoblot for GluR1 pro-
tein, “p < .05 when compared to the control and
TAA + TAD groups. b) Immunoblot for GluR2,
“p < .05 when compared to the control and
TAA + TAD groups. ¢) Immunoblot for NR2A,
“p < .05 when compared to the TAA + TAD group.
Data represent the mean + S.D. using analysis of
T variance (ANOVA) and Tukey post-hoc test.
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Fig. 10. BDNF immunoexpression in cerebral cortex of Tadalafil-treated mice. Magnification of 400 x. (a, d, g) Control, (b, e, h) TAA 600, (c, f, i) TAA + TAD, j)
Quantification of BDNF (five areas arbitrarily selected per animal) was performed using GIMP 2.8 image analysis software. The results are expressed as mean + SD
of three mice per group, ***p < .001 when compared to the control and TAA + TAD groups. Data represent the mean + S.D. using analysis of variance (ANOVA)

and Tukey post-hoc test.

In order to determine the effect of Tadalafil on the expression of neu-
rotrophic factors, we analyzed BDNF immunoexpression by immuno-
fluorescence. BDNF immunoexpression was downregulated in cortical
neurons in mice with HE when compared with the control group
(p < .001). However, there was an increased of BDNF im-
munoexpression in mice treated with Tadalafil when compared with the
TAA groups (p < .001) (Fig. 10 A-J). To further determine whether
Tadalafil has the preventive effects on synaptic degeneration, im-
munostaining with an anti-synaptophysin antibody was performed to
detect presynaptic buttons. In the control animals, synaptophysin im-
munostaining was observed in a punctate distribution, consistent with

localization of presynaptic buttons and showed basal synaptophysin
immunoreactivity. In the exposed TAA mice, the intensities of sy-
naptophysin staining were reduced when compared with the control
group at the corresponding area in the cortex, indicating synaptic de-
generation (p < .001). In contrast, Tadalafil treatment increased in-
tensity of synaptophysin staining (p < .0001) (Fig. 11 A-J). The results
indicated that Tadalafil treatment prevented synaptic degeneration in
the cortex area.
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Fig. 11. Effects of Tadalafil on Synaptophysin immunoexpression in cerebral cortex. Magnification of 400 x. (a, d, g) Control, (b, e, h) TAA 600, (¢, f, i) TAA + TAD,

j) Quantification of Synaptophysin (five areas arbitra
mean *+ SD of three mice per group, *p < .05 and *
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ly selected per animal) was performed using GIMP 2.8 image analysis software. The results are expressed as
p < .001 when compared to the control group, ****p < .0001 when compared to TAA + TAD group. Data

represent the mean + S.D. using analysis of variance (ANOVA) and Tukey post-hoc test.

4. Discussion

The etiology of HE is multifactorial, but blood levels of ammonia are
a key component of its pathogenesis (Butterworth, 2011a, b). In healthy
individuals, ammonia is largely metabolized by the liver and to a lesser
extent by the muscle. In healthy liver, ammonia is metabolized in urea
by periportal hepatocytes through the urea cycle (Wright et al., 2011).
Patients with cirrhosis show increased ammonia production and ab-
sorption besides reduced elimination of ammonia, and these factors
contribute to arterial hyperammonemia (Misel et al., 2013).

Recent studies show that the NO-cGMP signaling is impaired in the
brain of rats with hyperammonemia or chronic liver failure and in
patients who died of hepatic encephalopathy. This deficiency leads to a
reduction in the extracellular concentration of ¢cGMP in the brain and
cerebellum and is associated with neuroinflammation and decreased
learning ability in these animal models (Montoliu et al, 2010). In-
flammation, together with hyperammonemia, plays an important role
in the pathogenesis of HE. Ammonia activates microglia through

initiation of inflammatory cascade and neuroinflammation. The con-
sequences of this inflammatory response (synthesis and release of in-
flammatory mediators of activated microglia and endothelial cells),
together with hyperammonemia, lead to astrocytic swelling / cerebral
edema in hepatic encephalopathy. In the present study, the adminis-
tration of tadalafil led to a reduction in the intensity of Iba-1 im-
munoexpression, indicating prevention of microglial activation.

IL-6, IL-13 and TNF-a take part in the cellular and molecular me-
chanisms of learning, memory and cognitive processes and are im-
portant for the plasticity of synapses, long-term potentiation and neu-
rogenesis (McAfoose and Baune, 2009). However, proinflammatory
cytokines levels of TNF-a, IL-1 and IL-6 are increased by ammonia and
several studies show that these cytokines are overexpressed in HE

(Bobermin et al., 2012; Butterworth, 2011a, b). These cytokines play an
important role in the activation cascade of other cytokines in the in-
flammatory response (Tanabe et al., 2010). Primary rat and human

neuronal cultures presented elevated expression of IL-13 and TNF-a
and may induced neuronal death and apoptosis in vitro (Ye et al.,
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2013). In addition, IL-1B and TNF-a as well as NF-kB activation leads to
a decrease of the functional activity and expression of glial excitatory
amino acid transporters (EAATS), which are responsible for the gluta-
mate removal from the synaptic cleft. Moreover, neuroinflammation
may also impair the glutamate-glutamine cycle, contributing also for
glutamate accumulation and, ultimately, excitotoxicity (Haroon and
Miller, 2012). In this sense, we observed that tadalafil was able to
prevent the increase of cytokines in animals with HE and also reverted
the cognitive impairment possibly by reducing the neuronal excessive
glutamate transmission and excitotoxicity.

The ERK pathway has been implicated in the regulation of glial
inflammatory responses after an insult (Fernandes et al., 2007). Ac-
cording to Bobermin et al., 2012, under exposure to ammonia, MEK/
ERK inhibitor reduced the increase of inflammatory cytokines such as
TNF-a, IL-1f and IL-6 (Bobermin et al., 2012). Ammonia can induce
NF-xB activation through the activation of MAPKs (Bubici et al., 2006;
Kyriakis and Avruch, 2001; Sinke et al., 2008). Antioxidants and MAPK
inhibitors reduce NF-kB activation, reducing ammonia-induced astro-
cyte edema, demonstrating a role of MAPK in the activation of am-
monia-induced NF-kB. Besides, the blockade of NF-xB activation is as-
sociated with a reduction in iNOS protein expression and NO
production (Sinke et al., 2008). Thus, MAPKs activation contributes to
NF-xB signaling pathways leading to an upward regulation of iNOS and
an increase in NO release; the latter represents an important factor in
the mechanism of ammonia-induced astrocyte edema. In the present
study we demonstrated that Tadalafil reduced NO levels, confirmimg its
anti-inflammatory effects.

Results from other studies have shown that inhibition of p38
phosphorylation inhibits microglial activation, thereby reducing neu-
roinflammation (Wilms et al., 2003). Many companies developed in-
hibitors of p38 for treatment of different inflammatory diseases
(Goldstein and Gabriel, 2005; Lee and Dominguez, 2005). Hiper-
ammonic rat showed increased p38 phosphorylation in the cerebellum
and cortex. The hyperammonaemia may contribute to the increased
activation of p38 in the brains because this activation is implicated in
astrocyte swelling (Norenberg et al., 2007). The inhibitor of p38 re-
duces microglial activation in HE rats, reduces inflammatory markers in
brain (cyclooxygenase activity, PGE2, iNOS, TNF-a and IL-1p) and in-
creases anti-inflammatory substances, indicating the elimination of
neuroinflammation in hiperammonemics rats. The reduction in neu-
roinflammation in these rats treated with inhibitor of p38 was asso-
ciated with the restoration of learning ability and of motor activity and
coordination (Agusti et al., 2011). These data suggest that inhibition of
ERK and p38 may be useful to improve cognitive and motor function in
patients with minimal or clinical HE. In the present study, tadalafil
reduced the activation of NF-xB via inhibition of p-ERK and p-p38 and
consequently reduced production of pro-inflammatory cytokines. The
inhibitory effect of Tadalafil on ERK/p38/NF-xB signaling pathway
demonstrates its protective effect against thioacetamide-induced neu-
roinflammation.

Neuroinflammation is also involved with cognitive impairment in
HE. Studies using models of HE mice suggested that neuroinflamma-
tion, partly induced by mild chronic alterations of hyperammonemia
(Shawcross et al., 2004), leads to changes in different aspects of neu-
rotransmission (Felipo et al., 2008). In HE, the impairtment of hippo-
campal LTP contributes to the reduction in the learning ability and
memory in the Morris water maze (Monfort et al., 2007). In the present
work, we evaluated if treatment with tadalafil restores learning ability.
Animals with HE has taken longer to find a target box in the Barnes
Maze labyrinth, while animals treated with tadalafil found the target
box in less time when compared to untreated animals. Moreover, ani-
mals treated with tadalafil showed a better performance on the ninth
day, demonstrating that learning was acquired and spatial memory was
consolidated.

c¢GMP and cAMP signaling exert an important role in the in-
flammation and also participate in learning process and memory
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consolidation (Garcia-Osta et al., 2012; Zhu et al., 2001). PDE5 in-
hibitors regulate signaling pathways, elevates ¢cGMP, which conse-
quently elevates the cAMP levels. Elevated cGMP and cAMP levels then
activates PKG and PKA, respectively, and promotes CREB phosphor-
ylation (Lu et al., 1999; Zhang et al., 2013). CREB plays an essential
role in regulating the transcription of genes involved in synaptic plas-
ticity and trigger LTP (Benito and Barco, 2010). In this work, the ex-
pression of p-CREB was decreased in HE mice, while treatment with
tadalafil promoted CREB phosphorylation by PKG and PKA.

The activation of CREB promotes the transcription of genes, such as
BDNF, which has been proposed to contribute to neuroprotective effects
(Peixoto et al., 2015). BDNF is a neurotrophic factor that is related to
learning and memory and, therefore, promotes persistence of long-term
memory storage (Kim et al., 2017). All levels of cell generation, such as
proliferation, survival, and differentiation in the hippocampus are af-
fected by BDNF (Lee et al., 2002). Studies demonstrated a decrease in
BDNF levels in brain diseases, such as schizophrenia (Ahmed et al.,
2015), Alzheimer’s disease (Budni et al., 2015) and depression (Lee and
Kim, 2010). In rats treated with urease, the ammonia reduced the BDNF
content in the hippocampus (Galland et al., 2017), thus a reduction in
BDNF content could indicate alterations in BDNF production/secretion
by neurons. In the same way, this reduction in BDNF secretion may
contribute to the impairment in memory function observed in HE pa-
tients. The deficiency of BDNF may result in accelerated cell damage
and enhanced vulnerability to neurodegenerative diseases. Besides, this
neurotrophin has been shown to be required for synaptogenesis and
synaptic function (Barrientos et al., 2010; Ding et al., 2017). Synapto-
physin is a pre-synaptic protein and is related to synapse formation and
long-term potentiation (Janz et al, 1999; Tarsa and Goda, 2002).
Furthermore, memory performance was improved through restoration
of synaptophysin levels (Frick and Fernandez, 2003; Imbimbo et al.,
2010). In our study, mice exposed in the TAA presented a reduction of
BDNF and synaptophysin, while animals treated with Tadalafil in-
cresead the expression of neurotrophic factor and synaptic markers that
explains the memory improvement observed in these mice. The results
reported demonstrated that tadalafil has the ability to modulate the
synaptic plasticity and neuroprotection.

In experimental models of Alzeimer's disease (AD), inactivation of
c¢GMP-dependent GSK3[ by PDES5 inhibitors leads to a decrease in hy-
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treated with Tadalfil counteracted this effect, suggesting an important
role of Tadalafil in neuroprotection. Besides, this result may be related
to decreased levels of IL-} and increased BDNF levels observed after
Tadalafil treatment.

The mechanism by which neurotransmission in hippocampus was
altered by neuroinflammation involves pro-inflammatory cytokines,
such as IL-1B and TNF-a, which alter the expression of AMPA and
NMDA receptors (Dadsetan et al., 2016). LTP is a form of synaptic
plasticity that constitutes the bases for some forms of learning and
memory and it is modulated by AMPA and NMDA receptors (Cauli
et al., 2009; Montoliu et al., 2010; Morris and Frey, 1997). An altered
LTP in the hippocampus as a consequence of the altered expression of
AMPA, NMDA, and GABA receptors is related with glial activation,
neuroinflammation and impaired spatial learning (Hernandez-rabaza
etal., 2016). According to previous studies, the Infliximab, an inhibitor
the TNF-a, reduced neuroinflamation and restored membrane expres-
sion of AMPA receptors and spatial learning (Dadsetan et al., 2016). In
the present study, HE mice reduced the expression of the GluR1 and
GluR2 (subunits of AMPA receptors) and GluN2 (subunit of NMDA re-
ceptor), which are related to increased pro-inflammatory cytokines. On
the other hand, treatment with tadalafil modulated the expression of
both glutamate receptors and inflammatory cytokines.

In conclusion, the results reported here demonstrated that treatment
with tadalafil reduces neuroinflammation and neurodegeneration levels
by decreasing inflammatory markers and glial activation in the cortex
and hippocampus. Besides, Tadalafil also promotes and synaptic plas-
ticity by increasing PKA/PKG/CREB/BDNF/NeuN/synaptophysin, and
normalizes the expression of hippocampal glutamate receptors, re-
storing spatial learning ability and memory (Fig. 12). Therefore, our
data point to a neuroprotective effect of Tadalafil that could be useful to
improve cognitive funcion in patients with hepatic encephalopaty.
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Hepatic encephalopathy (HE) is a complex neuropsychiatric syndrome that results from liver failure and is
characterized by a wide range of symptoms such as alteration in the sleep-waking cycle, neuromuscular co-
ordination, mood, and cognition. The deregulation of nitric oxide (NO)/cyclic guanosine monophosphate
(cGMP)/protein kinase G (PKG) signaling pathway is thought to play an important role in the etiology and
progression of neurod i and several studies pointed that the ¢cGMP signaling is impaired in
patients with HE and experimental models of chronic hyperammonemia. This review aimed to briefly present the
current knowledge of the cGMP signaling pathways in neuroinflammation, neurogenesis, and memory in hepatic
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encephalopathy and its potential therapeutic role.

1. Introduction

Hepatic encephalopathy (HE) is a multifactorial neuropsychiatry
syndrome associated with severe acute and chronic liver disease, which
exhibits a wide range of neuropsychiatric symptoms such as alteration
in the sleep-waking cycle, neuromuscular coordination, mood and
cognition. Although HE can be reversible, in some worse cases it can
lead to coma and death [1].

The liver failure is responsible for impairment of the detoxification
leading to an accumulation of ammonia and other toxic substances in
the blood, which in turn reach the central nervous system and alter its
function, however, the precise mechanism underlying the neurotoxicity
of HE is still unknown. Although hyperammonemia has been con-
sideredthe main factor responsible for neurological changes, more re-
cently other factors have been proposed to contribute to neurotoxicity
such as inflammation, oxidative stress and increased levels of bile acids
levels and lactate. These factors induce blood-brain barrier (BBB)
breakdown and the entry of neurotoxic substances into brain extra-
cellular space, leading to brain edema. Astrocytes constitute a key
component of the BBB and play a crucial role in the pathogenesis of
brain edema and HE. Hyperammonemia leads to an excess of glutamine
in astrocytes that cause hypertonicity, cytotoxic astrocyte swelling, and
brain edema. These astrocytic functional changes impair the glutamate-
glutamine metabolism leading to excitotoxicity and neuronal dysfunc-
tion. Additionally, damage to the astrocyte-neuronal communication as

well as the impairment of the glutamatergic and GABAergic neuro-
transmission are directly associated with neurological deficits of HE
[1,2].

Interestingly, although hyperammonemia is always present in HE
patients, the ammonia levels varies widely and seems to not correlate
with the clinical severity (West Haven grade II-1V) [3]. More recently,
some studies have shown that hyperammonemia, inflammation and
oxidative stress have synergistic effects, which contribute to the pa-
thogenesis of HE [4]. There is a positive correlation between the se-
verity of HE and the serum inflammatory cytokine levels (TNF-q, IL-1f,
IL-2R, IL-6, IL-8) [5], as well as their reduction after treatment with
lactulose [6]. Analyses by western blot of postmortem cortical brain
tissue from patients with liver cirrhosis and HE showed a significant
expression of microglial activation marker Iba-1, that was not asso-
ciated with an up-regulation of inflammatory cytokines [7]. Interest-
ingly, these results were confirmed by a microarray approach that
showed an up-regulation of genes associated with microglia activation,
in spite of unchanged pro-inflammatory cytokine messenger RNA pro-
files in the brains of patients with liver cirrhosis. In contrast, many
genes related to counteracting inflammatory pathways and anti-in-
flammatory cytokine expression were up-regulated in these patients
[8]. The HE pathogenesis is complex and one must avoid drawing
simplistic conclusions based on conflicting reports that in fact could
reflect the chronic stage of disease development, when negative feed-
back pathways signaling are upregulated.
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The oxidative stress is another important factor in HE pathogenesis.
Post mortem cortical brain tissue samples from patients with cirrhosis
with HE showed significantly elevated levels of tyrosine-nitrated pro-
teins, heat shock protein-27, and 8-hydroxyguanosine as a marker for
RNA, whereas glutamine synthetase (GS) activity was significantly de-
creased. According to the authors, the high levels of protein tyrosine
nitration and RNA oxidation suggest a crucial role of oxidative/ni-
trosative in the pathogenesis of HE in patients with cirrhosis [9]. An-
other clinical study showed that minimal hepatic encephalopathy
(MHE) patients show elevated serum 3-nitro-tyrosine levels, confirming
that nitrosative stress is a feature of HE [10].

Cirrhotic patients without any evident symptom of neurological
alterations have “minimal hepatic encephalopathy” (MHE) with mild
impaired cognition, which includes psychomotor slowing and impaired
ability to sustained attention, deficits of memory and visual perception.
Hyperammonemia per se leads to an enhancement of inhibitory
GABAergic neurotransmission. Besides, the synergic effects between
hyperammonemia and neuroinflammation contribute to cognitive and
motor alterations [11,12].

Peripheral inflammation in the portocaval shunt (PCS) rats induced
activation of microglia (microgliosis) and astrocytes (astrogliosis) in the
cerebellum and increased TNFa and IL-1f. These pro-inflammatory
cytokines promoted an increased membrane expression of GABA
transporter GAT-3 in astrocytes, as well as increased extracellular GABA
in the cerebellum, which led to motor incoordination and a reduced
ability to learn the Y-maze task (review in Cabrera-Pastor et al., 2019)
[2:3]:

Clinical and experimental shreds of evidence indicated that the NO-
c¢GMP-PKG signaling pathway interconnects neuroinflammation, neu-
rodegeneration, and cognitive disorders. The accumulation of ¢cGMP
inhibits neuroinflammation and improves synaptic plasticity and
memory resulting in an increased pharmaceutical interest in
Phosphodiesterase type 5 inhibitors (PDESIs) as promising therapeutic
targets for neuropsychiatric diseases[14,15]. In the present article, we
review the literature regarding ¢cGMP in the development of HE and
also discuss the potentials of the use of PDESIs in the context of HE.

2. The role of NO-cGMP signaling pathway in hepatic

encephalopathy neuroinfl ion

4

Cyclic adenosine monophosphate (cAMP) and cyclic guanosine
monophosphate (cGMP) exert many neuroimmunological roles such as
immunomodulation, synaptic transmission, neuroplasticity, neuronal
survival consolidation of memory [16-20]. Both cAMP and ¢GMP can
alter cell function by activating or inactivating proteins by phosphor-
ylation by their main signal transducers, the cAMP-dependent protein
kinase A (PKA) and the cGMP-dependent protein kinase G (PKG).
Phosphodiesterases are responsible for the breakdown of cAMP and
¢GMP in their inactive forms, 5AMP and 5GMP, respectively. Some
phosphodiesterases hydrolyzec GMP and cAMP (PDE1, PDE2, PDE3,
PDE10, and PDE11), whereas others cleave preferentially cAMP (PDE4,
PDE7, and PDE 8) or cGMP (PDES5, PDE6, and PDE9) [21]. Interestingly
some brain areas are enriched in PDES such as cerebellum, hippo-
campus, caudate, Substantia nigra, and cerebellum [22,23]. The de-
regulation of nitric oxide (NO)/cGMP/PKG signaling pathway is
thought to play an important role in the etiology and progression of
neurodegenerative diseases, such as Alzheimer’s disease(AD), Parkin-
son’s disease (PD), multiple sclerosis (MS) (reviewed in [21]) and
Huntingtons disease (HD) [23].

The inflammatory response involves a well-coordinated expression
of inflammatory mediators. The transcription factor Nuclear Factor-
kappaB (NF-xB) plays a crucial role in the gene expression of several
pro-inflammatory and immune mediators. The NO-cGMP pathway can
directly or indirectly inhibit vascular NF-«xB inflammatory activity,
limiting local inflammation [24].

The NO/cGMP/PKG pathway appears to play an important crucial
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Fig. 1. Schematic illustration of the effects of PDE5Is in learning and memory.
The increase in ¢cGMP promotes an improvement in the synaptic plasticity by
increasing the GSK3f phosphorylation and activating the signaling cascade of
PKA, PKG, ERK, CREB, BDNF, NeuN and synaptophysin, which normalizes the
expression of hippocampal glutamate receptors, restoring spatial learning
ability and memory.

role as an antiapoptotic/prosurvival factor[25]. Takuma et al (2001)
demonstrated that cGMP analog can inhibit apoptosis in cultured as-
trocytes exposed to H,O, by inhibiting the release of cytochrome ¢
[26].

NO/cGMP/PKG antiapoptotic cascade is activated through the
cAMP-responsive element binding protein (CREB) [27], the transcrip-
tion factor with essential functions for neurogenesis, neuronal survival,
synaptic plasticity, and memory consolidation [28,29]. CREB activates
the transcription of several survival genes, such as B cell leukemia/
lymphoma-2 (Bcl2) and Myeloid cell leukemia 1 (Mcl1), as well as bdnf
gene to promote cell survival [30,31]. The brain-derived neurotrophic
factor (BDNF) is one of the major gene products of CREB-mediated
transcription and has an important role in the differentiation and sur-
vival of neurons of the CNS and in long-term potentiation (LTP) [32].
Thus, the NO/cGMP/PKG/CREB/BDNF pathway has a critical role in
neurogenesis and synaptic plasticity.

Recently, Duarte-Silva et al (2018) demonstrated that treatment
with sildenafil, a PDES inhibitor, ameliorated EAE by decreasing
apoptosis in the spinal cord of C57BL/6 mice. Sildenafil modulated the
expression of pro- and antiapoptotic proteins of extrinsic (Caspase-8, -3,
TNF-a, FADD) and intrinsic (Caspase-9, Bax and Cytochrome C) path-
ways, as well as diminished the expression of non-caspasemediators (p-
IkBa and p-MAPK-p38) and promoted remyelination in the spinal cord,
indicating neuroprotective effects of the NO/cGMP/PKG pathway [33].

The inflammation plays an important role in the pathology of HE
[34]and several evidence show that cGMP can play a role in modulating
the inflammatory response such as reduction of oxidative stress and the
production of proinflammatory cytokines such as interleukins (ILs) and
TNF-a [35].

Another study reported that rats with minimal hepatic encephalo-
pathy (MHE) due to PCS, showed microglia activation in the hippo-
campus evidenced by a cellular reduced perimeter. In contrast, treat-
ment with the inhibitor of phosphodiesterase 5, sildenafil, restored the
microglial morphology as well as the cellular perimeter. Moreover,
MHE animals showed an increased expression of IL-1 and TNF-a in the
hippocampus, whereas treatment with sildenafil reduced the expression
of these proinflammatory cytokines. This work reported that sildenafil
reduces neuroinflammation through an increased cGMP and activation
of cGMP-dependent protein kinase (PKG) [36].

Another study investigated another brain area to elucidate whether
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sildenafil regulates the neuroinflammation in the cerebellum of MHE
rats. MHE rats exhibited an increased extracellular GABA concentration
in the cerebellum, resulting in increased gabaergic tone and impaired
motor coordination. Besides, these animals showed an activation of
microglia and astrocytes associated with increased levels of IL-1f and
TNF-a. In contrast, Sildenafil treatment increased cGMP levels and re-
duce all these neuroinflammation parameters. Sildenafil also normal-
ized membrane expression of GABA receptor and transporters as well as
restored motor coordination. Thus, this work showed that MHE rats
present reduced cGMP associated with neuroinflammation in the cer-
ebellum and that sildenafil treatment acted as an anti-inflammatory
[371.

Recently, Cabrera-Pastor et al demonstrated that rats with hyper-
ammonemia induced by 20% of ammonium acetate in the diet, pre-
sented astrocytes and microglia activated in the cerebellum, effects that
were counteracted by cGMP. Microgliosis and astrogliosis reflected by
an increase of Iba-1 and GFAP levels respectively were normalized by
treatment with cGMP. Besides, the nuclear content of the p50 subunit of
NF-xB was increased in hyperammomic rats, but normalized after
treatment with ¢cGMP. Thus, these authors demonstrated that extra-
cellular ¢cGMP reduces neuroinflammation in the cerebellum in HE
model [38].

A study conducted by Chung et al., (2001) showed that rats treated
with the nonsteroidal anti-inflammatory drug, indomethacin, after
portocaval anastomosis, prevented the development of brain edema
[39]. Similarly, Cauli et al demonstrated that treatment with the anti-
inflammatory ibuprofen reduced the activity of inflammatory markers
such as iNOS and COX in the cerebral cortex of rats with PCS. More-
over, ibuprofen restored the ability to learning in the Y-maze task by
normalizing the function of the glutamate-NO-cGMP pathway [40].
Besides, these authors also showed that both rats with hyper-
ammonemia without hepatic insufficiency induced by feeding an am-
monium-containing diet, and rats with hyperammonemia and hepatic
damage induced by ligation of the bile duct, exhibited alteration in the
glutamate-NO-cGMP pathway, microglial activation and neuroin-
flammation in the cerebellum. On the other hand, treatment with
Ibuprofen reduced microglial activation and restored motor and cog-
nitive function in both hyperammonemic models. These studies have
demonstrated that high levels of ammonia can directly induce

neuroinflammation and cognitive impairment in hepatic encephalo-
pathy that can be counteracted by the glutamate-NO-cGMP pathway.

3. The role of NO-cGMP signaling pathway in hepatic
encephalopathy cognition

Hippocampal cAMP/PKA and ¢GMP/PKG signaling are a crucial
event that contributes to synaptic plasticity and memory acquisition
and consolidation through CREB-mediated gene transcription (Bollen
et al., 2014; Rutten et al., 2007). LTP is a form of synaptic plasticity that
is required in the hippocampus for certain forms of learning and
memory [42]. Activation of the glutamate-NO-cGMP pathway is ne-
cessary for adequate induction and maintenance of NMDA receptor-
dependent LTP [43].The late protein synthesis-dependent phase of LTP
(L-LTP) is dependent on genes transcription via CREB phosphorylation,
which is mediated by PKA and PKG [18,41]. Thus, targeting and en-
hancing components of NO/cGMP/CREB pathway represent a ther-
apeutic opportunity to treat cognitive dysfunction in neurodegenerative
diseases [44].

According to Monfort et al. (2007), in hyperammonemia and he-
patic altered glutamatergic neurotransmission deregulates LTP indu-
cing the cognitive deficits in patients with liver diseases. They de-
monstrated that hippocampal LTP impairment observed in liver failure
is caused by reduced activation of AMPA and NMDA receptors. Also,
rats with MHE showed reduced expression of the GluR1 and GluR2
subunits of the AMPA receptor and NR1, NR2A and NR2B subunits of
the NMDA receptor in the hippocampus. Interestingly, these animals
presented low levels of hippocampal cGMP and learning impairment in
the Morris water maze task. As activation of the glutamate-NO-cGMP
pathway is required for proper induction and maintenance of NMDA
receptor-dependent LTP, this study reports a link between altered cGMP
metabolism and LTP, which contribute to a learning deficit in hepatic
failure [45,46].

Other studies showed that impairment of the learning ability of
hyperammonemic rats is completely reversed after intracerebral ad-
ministration of zaprinast, a phosphodiesterase 5-6 inhibitor (PDE5-61),
evaluated by Y maze test. This result demonstrates that increasing
cGMP through inhibition of its degradation restores learning capacity in
hyperammonemic rats induced by ammonia diet. The possible
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explanation for the beneficial effects of PDE5-61 administration evolves
the NMDA/nNOS/soluble guanylate cyclase/cGMP  signaling.
Activation of NMDA receptors leads to increased calcium in the post-
synaptic neuron, which by its turn, binds to calmodulin, activating the
nitric oxide synthase resulting in increased NO. Thus, NO activates the
soluble guanylate cyclase, increasing the cGMP content, that plays an
important role in learning and memory [47]. Later these authors
studying rats with PCS and hyperammonemic rats without hepatic
failure confirmed an alteration of the glutamate-NO-cGMP pathway.
Besides, they observed that these animals had a reduction in the levels
of cGMP in cerebellar extracellular fluid and impairment of learning
ability when performing Y-Maze test. Conversely, the chronic treatment
with sildenafil increased the extracellular cGMP content, normalizing
the glutamate-NO-cGMP pathway and the learning ability [48]. It has
been reported that increased alpha-aminobutyric acid “(GABAergic
tone)” implies in the pathogenesis of hepatic encephalopathy. Cauli
et al demonstrated that rats with chronic hyperammonemia showed
increased “GABAergic tone” in the cerebellum. When the “GABAergic
tone” is increased, it means that there is increased activation of GABA
receptors, which interfere with the glutamate-NO-cGMP pathway in the
cerebellum [49] and in the cerebral cortex [50] resulting in the re-
duction of ¢cGMP. It is known that the reduced function of the gluta-
mate-NO-cGMP pathway in the cerebellum is responsible for impaired
learning in hyperammonemic rats. Chronic treatment with a GABAA
receptor blocker, bicuculline, was able to restore glutamate-NO-cGMP
pathway, increase extracellular ¢cGMP levels in the cerebellum, and
improve learning ability task in Y-maze. On the other hand, blockade of
GABAA receptors in the cerebral cortex did not affect extracellular
c¢GMP levels in hyperammonemic rats. Thus, hyperammonemia may
differentially affect the modulation of the NO-cGMP pathway in the
cerebellum and cortex. In fact, this study supports that the increase of
the GABA receptors contributes to the reduction of the glutamate-NO-
c¢GMP pathway while that the inhibition of GABA receptor can restore
the function of this pathway and improves learning capacity in HE [51].

Hernandez-Rabaza et al. demonstrated that the expression of the
alpha 1 subunit of GABA A receptors was increased in PCS rats [36].
Differently from the results obtained by Monfortet al (2007), they
showed that expression of the NR1 and NR2A (subunits of NMDA) and
GluR1 (subunit of AMPA) receptors were reduced, while the expression
of the GluR2 subunit (subunit of AMPA) was strongly increased in rats
with MHE [46]. However, treatment with sildenafil normalized the
expression of all glutamatergic subunits in these animals. In addition,
rats with MHE showed reduced learning ability in Morris water maze,
which was restored by sildenafil treatment. Thus, according to these
authors, hippocampal neuroinflammation induces alteration in GA-
BAergic and glutamatergic neurotransmission and consequently causes
impairment of spatial learning in MHE model. On another hand,
treatment with sildenafil was able to reduce the levels of proin-
flammatory cytokines, normalize expression of GABA, AMPA and
NMDA receptor and restore spatial learning ability [36]. These data
suggest that modulation of ¢cGMP levels through phosphodiesterase
inhibitors is sufficient to restore learning ability.

A recent study of Cabrera-Pastor et al. (2019) demonstrated that
chronic hyperammonemia alters extracellular glutamate, glutamine,
GABA and GABA transporters in rat cerebellum. According to these
authors, hyperammonemic rats showed increased membrane expres-
sion of the astrocytic glutamine transporter SNAT3 and reduced
membrane expression of the neuronal transporter SNAT1; (b) reduced
membrane expression of the neuronal GABA transporter GAT1 and in-
creased membrane expression of the astrocytic GAT3 transporter; (c)
reduced membrane expression of the astrocytic glutamate transporters
GLAST and GLT-1 and of the neuronal transporter EAACI. Intracerebral
administration of cGMP counteracted these effects and normalized the
levels of glutamate, glutamine and GABA and GABA transporters [52].

Results obtained in our lab demonstrated that the PDES inhibitor,
tadalafil, reduced the microgliosis and astrogliosis in the cortex and
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hippocampus as well as reduced inflammatory markers such as TNF-a,
IL-1P and IL-6 in mice with thioacetamide-induced HE. Tadalafil was
also able to normalize the expression of glutamate receptors (AMPA and
NMDA) in the hippocampus, restoring spatial learning capacity and
memory of hyperammonemic animals in Barnes maze test. In addition,
tadalafil also promoted neurogenesis and synaptic plasticity, increasing
the levels of PKA/PKG/CREB /BDNF/NeuN/synaptophysin. Moreover,
mice with HE showed a reduction of p-GSK3p, whereas Tadalafil po-
tentiated the phosphorylation of this protein, inhibiting its activity,
which may also be related to the improvement in the performance of
the animals in Barnes maze [53]. Many studies have shown that GSK3f
contributes to several neurological diseases, such as Alzheimer's disease
[54] and the activation of GSK3p under pathological conditions is as-
sociated with cognition deficit [55]. In sum, this study demonstrated a
neuroprotective effect of PDES inhibitorand highlighted its pharmaco-
logical potential to improve cognitive function in patients with hepatic
encephalopathy [53] (Fig. 1).

4. Conclusion

Inrecent years, knowledge about cGMP/PKG signaling has emerged
as a promising target for neuroinflammation and cognitive disorders
such as hepatic encephalopathy. The mechanisms of action of cGMP
possibly involve signaling pathways of modulation of neuroinflamma-
tion, oxidative stress, apoptosis and synaptic plasticity and cognition
(Fig. 2). Several clinical and preclinical studies have shown that PDESIs
appear to be safe and effective in treating neurological disorders. Cer-
tainly, knowledge of this subject will provide a conceptual framework
for the use of PDESIs and/or for the design and delivery of novel se-
lective agents.
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