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RESUMO 

A encefalopatia hepática é uma disfunção cerebral causada por 
insuficiência hepática que se manifesta através de um amplo espectro de 
anormalidades neurológicas e psiquiátricas, variando de alterações 
subclínicas à coma. Sua base fisiopatológica é complexa, envolvendo 
principalmente o aumento de amônia, glutamato, glutamina, estresse 
oxidativo e alteração no metabolismo cerebral. O nucleosídeo guanosina 
apresenta propriedades neuroprotetoras frente à excitotoxicidade 
glutamatérgica, estresse oxidativo e convulsão, tendo um potencial papel 
neuroprotetor em encefalopatia hepática e hiperamonemia. Nesta tese, 
apresentamos dois modelos experimentais. No primeiro, induzimos 
encefalopatia através da administração de acetato de amônia por via 
intraperitoneal em ratos. O grupo tratamento recebeu guanosina 20 minutos 
antes de receber acetato de amônia. Analisamos alterações hepáticas e 
sistêmicas, letalidade, análises neurológicas (normal, pré-coma, coma e 
morte) e eletroencefalográficas, níveis liquóricos de glutamato, glutamina, 
alanina e amônia, marcadores de estresse oxidativo no sistema nervoso 
central, captação de glutamato cortical, e atividade e imunoconteúdo cortical 
da enzima glutamina sintetase. A guanosina drasticamente reduziu a taxa de 
letalidade (50%) e duração de coma (30%). Outros desfechos foram melhora 
no traçado eletroencefalográfico, normalização de níveis liquóricos de 
glutamato, normalização na captação de glutamato e manutenção dos níveis 
normais de estresse oxidativo no sistema nervoso central. No segundo 
modelo, induzimos encefalopatia hepática em ratos através de hepatectomia 
subtotal (92%). Tivemos como objetivos aprofundar o conhecimento nos 
mecanismos da encefalopatia hepática e consequentes alterações no 
metabolismo cerebral. Avaliamos letalidade cirúrgica, alterações hepáticas e 
sistêmicas, atividade comportamental em teste de campo aberto, análise 
eletroencefalográfica, níveis liquóricos de aminoácidos, imunoconteúdo de 
transportadores glutamatérgicos, marcadores de estresse oxidativo, atividade 
das enzimas do ciclo dos ácidos tricarboxílicos e oxidação de glutamato, 
além de glutamina e glicose no sistema nervoso central. A cirurgia de 
hepatectomia subtotal provocou profundas alterações na análise 
eletroencefalográficas e no perfil comportamental dos animais, que 
apresentaram diminuição da locomoção. Também, houve alterações no 
metabolismo cerebral e em marcadores de estresse oxidativo compatíveis 
com aumento de proteólise cerebral (aumento de glutamina, glutamato e 
aminoácidos de cadeia ramificada), aumento de glicólise, aumento na 
oxidação cerebral de glutamato e diminuição na oxidação de glicose e 
lactato. Com dois modelos complementares, correlacionamos alterações 
neuroquímicas, metabólicas, eletroencefalográficas e comportamentais, 
aprofundando-nos na fisiopatologia da EH. Esta tese traz novas evidências 
para a utilização do nucleosídeo guanosina em tratamento de hiperamonemia 
e encefalopatia hepática. 
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ABSTRACT 

Hepatic encephalopathy is a brain dysfunction caused by liver failure 
that manifests itself through a broad spectrum of neurological and psychiatric 
abnormalities, ranging from subclinical symptoms to coma. Its 
pathophysiological basis is complex, involving mainly the increase of 
ammonia, glutamate, glutamine, oxidative stress and alteration in cerebral 
metabolism. The nucleoside guanosine has neuroprotective properties 
against glutamatergic excitotoxicity, oxidative stress and convulsion, and has 
a potential neuroprotective role in hepatic encephalopathy and 
hyperammonemia. In this thesis, we present two experimental models. In the 
first, we induced encephalopathy through the administration of ammonia 
acetate intraperitoneally in rats. The treatment group received guanosine 20 
minutes before receiving ammonia acetate. We analyzed hepatic and 
systemic changes, lethality, neurological scale (normal, pre-coma, coma and 
death) and electroencephalographic analyzes, cerebrospinal fluid level of 
glutamate, glutamine, alanine and ammonia, oxidative stress markers in the 
central nervous system, cortical glutamate uptake and, finally, activity and 
immunocontent of the enzyme glutamine synthetase. Guanosine dramatically 
reduced lethality rate (50%) and coma duration (30%). Other outcomes were: 
improvement in electroencephalographic tracing, normalization of glutamate 
levels, normalization of glutamate uptake and maintenance of normal levels of 
oxidative stress in the central nervous system. In the second model, we 
induced hepatic encephalopathy in rats through subtotal hepatectomy (92%). 
We aimed to better understand the mechanisms of hepatic encephalopathy 
and consequent alterations in cerebral metabolism. We evaluated surgical 
lethality, hepatic and systemic alterations, behavioralal activity in the open 
field test, electroencephalographic analysis, cerebrospinal fluid levels, 
immunocontent of glutamatergic transporters, oxidative stress markers, 
activity of  tricarboxylic acid cycle enzymes and glutamate, glucose and 
lactate oxidation. Subtotal hepatectomy surgery caused profound alterations 
in the electroencephalographic analysis and in the behavioral profile of the 
animals, which showed a decrease in locomotion. Also, there were alterations 
in cerebral metabolism and markers of oxidative stress compatible with 
increased cerebral proteolysis (increase of glutamine, glutamate and 
branched-chain amino acids), increased glycolysis, increased cerebral 
oxidation of glutamate, and decreased glucose and lactate oxidation . With 
two complementary models, we correlate neurochemical, metabolic, 
electroencephalographic and behavioral changes, beeter comprehensing the 
physiopathology of hepatic encephalopathy. This thesis brings new evidence 
for the use of the nucleoside guanosine in the treatment of hyperammonemia 
and hepatic encephalopathy. 
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Lista de abreviaturas 

Acetil-CoA; acetilcoenzima A 

a-CGDH; ala-cetoglutarato desidrogenase 

ALT; alanina aminotransferase 

AST; aspartato aminotransferase 

ADP; adenosina-5’-difosfato 

AMP; adenosina-5’-monofosfato 

ATP; adenosina-5’-trifosfato�  

BHE; barreira hemato-encefálica 

CAT; ciclo dos ácidos tricarboxílicos 

CPS; ciclos por segundo 

EH; encefalopatia hepática 

EEG; eletroencefalografia 

GABA; ácido gama-aminobutírico�  

GMP; guanosina-5’-monofosfato 

GMPc; guanosina 3’,5’-monofosfato-cíclico�  

GDP; guanosina-5’-difosfato 

GTP; guanosina-5’-trifosfato�  

i.p.; intraperitoneal 

MK-801; (+)-10,11-dihidro-5-metil-5H-dibenzo[a,d]ciclohepteno-5,10 imina  

SNC; sistema nervoso central 

SPS; shunt portossistêmico 

Succinil-CoA; Succinilcoenzima A 
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Introdução 

Encefalopatia hepática, 

“A encefalopatia hepática (EH) é uma disfunção cerebral causada por 

insuficiência hepática e/ou shunt portossistêmico (SPS); a EH se manifesta 

com um abrangente espectro de anormalidades neurológicas ou 

psiquiátricas, variando de alterações subclínicas à coma”. A definição de 

encefalopatia hepática é ligada ao conceito de que encefalopatias são 

“distúrbios difusos da função cerebral”, e que a palavra “hepática” implica 

conexão causal entre insuficiência hepática e/ou shunt vascular periférico e o 

distúrbio cerebral (Vilstrup H, et al, 2014). 

A prevalência de EH no momento do diagnostico de cirrose é de 10-

14% em pacientes estáveis (Saunders JB, et al, 1981) e de 16-21% em 

pacientes descompensados (D`Amico G, et al, 1986). Utilizando EEG, 

estimou-se que aproximadamente 40% dos pacientes cirróticos vão 

apresentar um episódio de EH, com alta chance de recorrência em poucos 

meses (Amodio P, et al, 2001), representando um alto econômico que está 

continuamente a aumentar. Estima-se que aproximadamente 110.000 

hospitalizações de pacientes com EH ocorreram entre 2005-2009 nos EUA. 

(Stepanova M., et al, 2012; Kim WR, et al, 2002).   

Insuficiência hepática aguda é caracterizada por perda da função 

hepática em um paciente sem evidência de doença hepática pré-existente. 

Os critérios diagnósticos para adultos incluem a presença de coagulopatia 

[International normalized ratio (INR) > 1,5], presença de encefalopatia 

hepática e doença hepática com duração menor de 24 semanas (Lee WM, et 
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al, 2008). A incidência de insuficiência hepática aguda em países 

desenvolvidos é entre 1-6 casos por milhão de pessoa por ano (Bower et al., 

2007). A injúria hepática induzida por medicações é a causa mais comum de 

insuficiência hepática aguda nos países desenvolvidos, sendo que, nos EUA, 

ao menos metade dos casos são causados por acetaminofeno (Larson et al., 

2005).   

A classificação da EH pode ser dividida por diversos fatores: 

a. De acordo com a doença de base; 

• Tipo A, resultando de insuficiência hepática aguda; que apresenta 

como característica distinta a presença de aumento de pressão 

intracraniana e risco de herniação cerebral. 

• Tipo B, resultando predominantemente de bypass portossistêmico ou 

shunting 

• Tipo C, resultando de cirrose. 

b. De acordo com a severidade da manifestação: (Vilstrup H, et al, 2014) 

• Mínima: presença de alterações psicométricas ou neuropsicológicas 

em testes que avaliam atividade psicomotora e função executiva ou 

alterações neurofisiológicas sem sinais de alteração mental. 

• Grau I: Diminuição de atenção, euforia ou ansiedade, diminuição da 

capacidade de concentração, prejuízo cálculos matemáticos (adição 

e subtração) e alteração no ciclo sono-vigília. 

• Grau II: Letargia ou apatia, desorientação temporal, alteração de 

personalidade, comportamento inapropriado, dispraxia, asterixis 
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• Grau III: Sonolência ou estupor, ainda responsivo ao estimulo, 

confusão, desorientação grosseira e comportamento bizarro. 

• Grau IV: Coma 

Graus de EH Mínima e Grau I são considerados subclínicas 

(“Covert”). 

c. De acordo com a trajetória temporal; 

• Episódica: referente a episódios isolados; 

• Recorrente: mais de um episódio em menos de 6 meses 

• Persistente: presença de alteração de comportamento persistente, 

muitas vezes subclínica, intercalado por relapsos de novos episódios 

de EH 

d. De acordo com os fatores desencadeantes: 

• Não precipitada por fatores específicos; 

• Precipitada por fatores específicos, como infecções, sangramento 

gastrointestinal, alterações eletrolíticas, constipação e outros 

(Strauss E, da Costa MF, 1998; Vilstrup H, et al, 2014). 

Atualmente, não existe indicação de tratamento para EH subclínica. 

Em 90% das vezes, podemos tratar o episódio de EH apenas com o 

tratamento dos fatores precipitantes (Strauss E, et al, 1992).  Além disso, 

outros tratamentos para EH não foram testados por ensaios clínicos 

randomizados rigorosos, muitas vezes apenas utilizando-se de estudos 

observacionais ou opinião de especialistas. Ainda há um intenso debate 

sobre terapia em EH, que fica claro quando analisamos correspondências 

entre especialistas no assunto (Borkakoty A, Kumar P, Taneja , 2017).  
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Entre os principais tratamentos estabelecidos para EH episódica, 

recorrente e EH crônica, podemos citar: 

• Dissacarídeos não absorvíveis: A lactulose é geralmente utilizada 

como primeira linha de tratamento, embora uma grande meta-análise 

não tenha elucidado completamente seu benefício (Als-Nielsen B, 

Gluud LL, Gluud C, 2004). Essa droga possui dois prováveis 

mecanismos de ação que, em última instância, provocam uma 

diminuição na absorção sistêmica de amônia. O primeiro mecanismo 

é a metabolização da lactulose por bactérias intestinais e 

consequente acidificação do conteúdo fecal, favorecendo a 

conversão de amônia a amônio, o qual é aprisionado no lúmen 

intestinal. O segundo é pelo efeito pró-cinético (aumento da 

movimentação intestinal) da droga, também diminuindo a absorção 

sistêmica de amônia. (Patil, D. H, et al, 1987). 

• Rifaximina: A superioridade de rifaximina frente a outros antibióticos 

é estabelecida por diversos estudos (Patidar KR, Bajaj JS. 2013), 

devendo ser associada à lactulose (Bass NM, et al, 2010). Seu 

provável mecanismo de ação é relacionado a ser um antibiótico de 

baixa-absorção oral (ou seja, fica restrito ao trato gastrointestinal se 

tomado por via oral) com espectro de atividade antibiótica contra 

bactérias entéricas gram+, gram-, aeróbicos e anaeróbicos, 

diminuindo a produção de compostos nitrogenados que são 

subsequentemente absorvidos e causam EH (Flamm SL, 2011). 

• Aminoácidos de cadeia ramificada: A utilização de aminoácidos de 

cadeia ramificada foi estudada em diversos estudos e reavaliada em 
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recente meta-análise, apresentando efeito benéfico em melhora 

clínica de pacientes com EH (Gluud LL, et al 2013, Gluud LL, et al 

2015). 

• Outras terapias também utilizadas são: L-ornitina L-aspartato 

(LOLA), que promove melhora em testes psicométricos e diminuição 

dos níveis de amônia pós-prandiais por aumento de metabolização 

muscular de amônia (Kircheis G, et al, 1997); probióticos, inibidores 

de glutaminase, metronidazole,  flumazenil, e, em alguns casos, 

transplante hepático (Vilstrup H, et al, 2014, Mpabanzi L, Jalan R., 

2012). 

A técnica de eletrofisiologia pode ser utilizada para detectar alterações 

cerebrais presentes em EH, e inclui monitoramento por eletroencefalografia 

(EEG), potenciais evocados e critical flicker frequency testing. O Grau das 

alterações encontradas em pacientes com EH são relacionadas com a 

severidade do episódio. Sumariamente, elas consistem em diminuição 

sincrônica bilateral da frequência de ondas, concomitante a um aumento na 

amplitude e o desaparecimento no padrão normal de onda do ritmo-alpha [8-

12 ciclos por segundo (cps)]. Além disso, análises mais aprofundadas, como 

as encontradas nos trabalhos desta tese, podem identificar o padrão de onda 

predominante, a densidade espectral e realizar a quantificação dessas 

alterações – chamado de left-index (Amodio P, et al 1999, Vogels BA, et al, 

1997; Paniz LG, et al, 2014). 
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Fisiopatologia, 

Focaremos principalmente em alterações no mecanismo 

fisiopatogênico de encefalopatia aguda, a qual mais se relaciona com os 

trabalhos desenvolvidos nessa tese. 

Hiperamonemia, 

  A amônia está classicamente envolvida no desenvolvimento de EH 

(Traeger, H., et al 1954), sendo fator causal de diversas alterações tais como 

excitotoxicidade glutamatérgica, estresse oxidativo, alterações em 

metabolismo energético e metabolismo de aminoácidos (Ott P, Vilstrup H, 

2014; Felipo V. 2013).  Além disso, crescentes níveis de amônia no sistema 

nervoso central correlacionam-se com o a gravidade de alterações 

neurológicas observadas em modelos experimentais (Hermenegildo C, 

Monfort P, Felipo V. 2000) e em humanos (Lockwood AH, et al, 1991). 

  Em modelos experimentais em roedores, nos quais os animais são 

expostos a um rápido aumento no nível plasmático arterial de amônia, 

observa-se um consequente aumento nos níveis cerebrais de amônia (de 0.2 

μmol.g−1 a 1–3 μmol.g−1 ) (Felipo V. 2013). Existem duas principais hipótese 

para um acúmulo de amônia no sistema nervoso central (SNC): a hipótese de 

transporte passivo assume que o pKa da amônia a 37oC é ~8.9, e NH3 

constitui uma parcela de cerca de 3.4% da amônia total do plasma arterial a 

pH de 7.42.  Uma vez que o pH é menor no lado cerebral da BHE, a fração 

de NH3 é mais baixa, dessa forma desvia o equilíbrio da reação para a 

formação de amônio. Para manter o equilíbrio, mais amônia atravessa a 
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BHE, levando a um acúmulo de amônia e amônio no SNC (Ott P, Vilstrup H, 

2014). A segunda hipótese cursa sobre transporte ativo de NH4+, o qual 

ocorre predominantemente após ser atingido equilíbrio, explicado pela 

hipótese de transporte passivo. O transporte ativo de NH4+ é provavelmente 

mediado por canais de potássio (80%) e cotransportadores de sódio, potássio 

e cloreto (Ott and Larsen 2004). 

Excitotoxicidade glutamatérgica, 

  O aumento dos níveis de amônia no SNC leva à ativação de 

receptores NMDA e ao aumento dos níveis de glutamato extracelular. Essas 

alterações podem ser parcial ou completamente prevenidas com a utilização 

de bloqueadores NMDA como memantina ou MK-801, melhorando o 

prognóstico em modelos animais de hiperamonemia. Com o bloqueio de 

receptores NMDA, também se previne a ativação da formação de GMP 

cíclico e óxido nítrico, os quais também estão envolvidos nos mecanismos de 

excitotoxicidade. Dessa forma, sabemos que, inicialmente, a maior ativação 

de receptores NMDA se deve ao aumento da amônia, a qual age diretamente 

despolarizando a membrana neuronal e deslocando moléculas de magnésio 

dos receptores NMDA. Assim, mesmo com concentrações normais de 

glutamato no espaço extracelular, há despolarização neuronal. Outro fator é a 

consequente diminuição dos níveis de ATP com ativação desenfreada de 

receptores NMDA, o que leva à diminuição da captação sináptica de 

glutamato, resultando em excesso de glutamato na fenda sináptica e 

excitotoxicidade glutamatérgica (Vogels BA, et al, 1997; Hermenegildo C, 

Monfort P, Felipo V., 2000).  
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Estresse oxidativo, 

  Além de haver um efeito tóxico direto da amônia sobre as membranas 

neuronais (Butterworth R. F, et al, 1987), o aumento dos níveis de óxido 

nítrico e glutamato extracelular também promovem estresse oxidativo no 

SNC. É provável que o estresse oxidativo induzido por elevados níveis de 

amônia esteja entre os principais mecanismos de EH aguda (Ciećko-

Michalska, et al, 2012). 

Metabolismo energético, 

  É sabido que pacientes com EH apresentam níveis liquóricos de 

lactato elevados. Existem 2 principais teorias contraditórias, que explicam 

essa alteração: 

1) Inibição da enzima alfa-cetoglutarato desidrogenase (a-CGDH) o que leva 

ao aumento de glutamato a partir de alfa-cetoglutarato, diminuindo o número 

de cadeias carbonadas no ciclo do ácido tricarboxílico (CAT). Por conta 

disso, existe uma diminuição na produção de ATP acoplados à oxidação dos 

carbonos da molécula de glicose. Há duas maneiras principais de reposição 

de cadeias carbônicas no CAT: a) Aumento de proteólise, levando ao 

aumento de aspartato e reposição de cadeias carbonadas através do 

aspartato-malato shuttle (Ott P, Clemmesen O, Larsen FS, 2005; Swain M, 

Butterworth RF, Blei AT, 1992); b) Aumento de glicólise, aumentando 

anaplerose (síntese de oxalacetato a partir de piruvato) e também lactato 

(devido ao aumento de metabolismo anaeróbico). 

Embora classicamente aceita, existem estudos que mostraram aumento da 
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atividade do CAT em hiperamonemia, contrariando a hipótese recém 

apresentada (Rama Rao KV, Norenberg MD, et al 2012; Leke et al. 2011a). 

2)Como exposto anteriormente, o aumento da glicólise provavelmente é um 

dos principais mecanismos causadores do aumento de níveis de lactato. É 

sabido que em hiperamonemia há maior ativação de enzimas chave na 

glicólise, como fosfofrutoquinase e aldolase (Ratnakumari and Murthy, 1992, 

1993). Com o aumento da amônia, a captação de glutamato extracelular 

também estimula a glicólise, devido a uma maior ativação da bomba Na/K 

ATPase. Isso leva à formação de lactato intra astrocitário, o qual é transferido 

ao neurônio para ser usado como substrato energético preferencial, o que vai 

ao encontro da teoria lactato shuttle (Ott P, Vilstrup H., 2014; Pellerin and 

Magistretti 2012).  

Metabolismo de aminoácidos, 

  O metabolismo de aminoácidos é extensamente estudado em modelos 

de hiperamonemia e, utilizando o critério de priorizar os mecanismos mais 

ligados a este trabalho, focaremos nossa introdução em glutamato, 

glutamina, alanina e aspartato. 

  O edema astrocítico causado pela glutamina é considerado um dos 

principais causadores das alterações na EH. A enzima glutamina sintetase 

está presente nos astrócitos e sintetiza glutamina a partir de glutamato e 

amônia. Em modelos de hiperamonemia, há aumento da quantidade 

citoplasmática de glutamina, que tem propriedade osmótica e, em altas 

quantidades, provoca edema astrocitário e, consequentemente, edema 
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cerebral. (Felipo, V. 2013, Desjardins P, Du T, Jiang W, Peng L, Butterworth 

RF., 2012). 

  Diversas teorias explicam aumento do glutamato extracelular: 1) 

despolarização neuronal por elevado nível de amônia, aumentando exocitose 

de glutamato; 2) diminuição de transportadores glutamatérgicos astrocitários 

(Lehmann C, Bette S, Engele J., 2009), diminuindo captação de glutamato, 

acumulando glutamato na fenda sináptica; 3) inibição da enzima a-CGDH, 

levando ao acúmulo de alfa-cetoglutarato, o qual serve de substrato para 

formação de glutamato (Ciećko-Michalska I. et al, 2012).  

  O aumento dos níveis liquóricos de alanina observado em modelos 

animais de hiperamonemia se deve principalmente a dois mecanismos: 

primeiramente, pelo aumento de transaminação de glutamina e de piruvato 

(enzima glutamina transaminase), formando alanina e alfa-cetoglutarato. O 

segundo mecanismo é a partir do aumento da quantidade de piruvato por 

maior atividade da glicólise (supracitado) e ação da enzima alanina 

aminotransferase (Swain M, Butterworth RF, Blei AT, 1992; Ciećko-Michalska 

I. et al, 2012). 

  Também se especula que o uso de aminoácidos de cadeia ramificada 

se torna importante fonte de carbonos para o CAT, uma vez que a partir de 

sua desaminação, forma-se acetil-CoA e succinil-CoA. Essas moléculas são 

metabolizadas no CAT em etapas prévias e posteriores ao metabolismo de 

alfa-cetoglutarato (Ott et al. 2005; Gluud LL, et al, 2013). 
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  A EH apresenta diversos outros mecanismos fisiopatológicos além dos 

supracitados, que influem em maior ou menor grau do quadro clínico. Fazem 

parte dos mecanismos não abordados nessa revisão: alteração de 

permeabilidade na BHE, edema vasogênico, hipótese dos neuro esteróides, 

acúmulo de toxinas, neuroinflamação, etc. (Vaquero J, Butterworth RF., 2007, 

Ciećko-Michalska I, et al, 2012, Scott TR, et al, 2013) 

Guanosina e o sistema purinérgico, 

  O sistema purinérgico compreende moléculas relacionadas a bases 

purínicas adenina e guanina, seus derivados - ATP, ADP, AMP, adenosina, 

GTP, GDP, GMP e guanosina; seus metabólitos - xantina, hipoxantina, ácido 

úrico e inosina; e seus transportadores e receptores. O sistema purinérgico 

está relacionado a funções como segundo mensageiros e metabolismo 

energético, mas também apresenta efeitos extracelulares, modulando 

atividade glutamatérgica (Schmidt AP, Lara DR, Souza DO. 2007). 

  O sistema purinérgico frente à excitotoxicidade glutamatérgica já vem 

sendo estudado e derivados da guanina, principalmente a guanosina, 

apresentam efeitos anticonvulsivantes (Schmidt et al., 2010). Guanosina 

também preveniu diminuição da captação de glutamato em estudos ex-vivo 

(Vinadé et al., 2005). Além disso, o efeito da guanosina e do sistema 

purinérgico vem sendo estudado em trauma, isquemia, hipóxia e hipoglicemia 

(Schmidt AP, Lara DR, Souza DO. 2007). Recentemente foi publicado por 

nosso grupo um estudo sobre os efeitos neuroprotetores da administração de 

guanosina em um modelo de EH crônica (Paniz LG, et al, 2014) 
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Objetivos desta Tese 

 

Objetivos gerais, 

Estudar o efeito da guanosina em um modelo animal de hiperamonemia 

aguda; 

Padronizar um modelo animal de encefalopatia hepatica induzida por 

hepatectomia subtotal, com objetivo de compreender melhor as alterações no 

metabolismo do SNC devido à EH; 

 

Objetivos específicos,  

Modelo animal de hiperamonemia aguda: estudar os efeitos da guanosina 

sobre letalidade e morbidade, eletrofisiologia, marcadores de estresse 

oxidativo, captação de glutamato, imunoconteúdo e atividade da enzima 

glutamina sintetase, níveis liquóricos de glutamato, glutamina, alanina e 

amônia, 

Modelo animal de EH induzida por hepatectomia subtotal: estudar letalidade 

cirúrgica, alterações comportamentais, eletrofisiologia, marcadores de 

estresse oxidativo, imunoconteúdo de GLAST e GLT-1, quantificação de 

oxidação de glicose, glutamato e lactato no SNC, atividade das enzimas do 

ciclo dos ácidos tricarboxílicos. 
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Abstract The nucleoside guanosine (GUO) increases gluta-
mate uptake by astrocytes and acts as antioxidant, thereby
providing neuroprotect ion against glutamatergic
excitotoxicity, as we have recently demonstrated in an animal
model of chronic hepatic encephalopathy. Here, we investi-
gated the neuroprotective effect of GUO in an acute ammonia
intoxication model. Adult male Wistar rats received an intra-
peritoneal (i.p.) injection of vehicle or GUO 60mg/kg, follow-
ed 20 min later by an i.p. injection of vehicle or 550 mg/kg of
ammonium acetate. Afterwards, animals were observed for
45 min, being evaluated as normal, coma (i.e., absence of
corneal reflex), or death status. In a second cohort of rats,
video-electroencephalogram (EEG) recordings were per-
formed. In a third cohort of rats, the following were measured:
(i) plasma levels of glucose, transaminases, and urea; (ii) ce-
rebrospinal fluid (CSF) levels of ammonia, glutamine, gluta-
mate, and alanine; (iii) glutamate uptake in brain slices; and

(iv) brain redox status and glutamine synthetase activity in
cerebral cortex. GUO drastically reduced the lethality rate
and the duration of coma. Animals treated with GUO had
improved EEG traces, decreased CSF levels of glutamate
and alanine, lowered oxidative stress in the cerebral cortex,
and increased glutamate uptake by astrocytes in brain slices
compared with animals that received vehicle prior to
ammonium acetate administration. This study provides new
evidence on mechanisms of guanine-derived purines in their
potential modulation of glutamatergic system, contributing to
GUO neuroprotective effects in a rodent model of by acute
ammonia intoxication.

Keywords Acute ammonia intoxication . Glutamate
excitotoxicity . Hyperammonemia . Guanosine

Introduction

Encephalopathy is a global disturbance of cerebral function
characterized by an altered mental state also known as deliri-
um. These alterations in mental state range from mild disori-
entation to severe coma [1]. The underlying disease etiologies
are diverse and include metabolic and systemic causes (e.g.,
hepatopathies and nephropathies), brain ischemia, hyperten-
sion, intoxication, traumatic brain injury (TBI), epilepsy, and
infections [2]. Encephalopathy is associated with high mor-
bidity and mortality unless it is promptly treated, and in some
cases, the only option for stabilizing the patient is liver trans-
plantation [3].

Hepatic encephalopathy (HE) is considered one of the main
subtypes of the encephalopathy syndrome, with a characteris-
tic alteration in cerebral function that occurs due to liver fail-
ure (both acute and chronic) or portacaval shunt [4–6]. It is
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known that approximately 40% of cirrhotic patients will pres-
ent with overt HE during their clinical course and that these
patients have a high chance of HE recurrence within months
[7, 8]. Therefore, HE is one of the main reasons for hospital-
ization in patients with liver dysfunction, and its management
represents a high economic burden [9].

It is likely that ammonia plays a central role in episodic
(i.e., acute) HE. The hyperammonemia caused by liver failure
leads to increased levels of ammonia in the brain, with conse-
quent brain edema that induces behavioral changes, coma, and
death [10–12]. High levels of ammonia in the brain lead to
activation of NMDA receptors, thereby triggering the
glutamate-nitric oxide-cGMP pathway [13]. This effect acti-
vates the glutamatergic system excitotoxicity mechanism
through decreased glutamate transporter activity and levels,
as well as increased extracellular glutamate levels, resulting
in hyperactivation of NMDA receptors and consequent brain
oxidative stress damage [14–16].

Previous studies have shown that neuroprotective strategies
against glutamatergic excitotoxicity contribute to decreasing
the deleterious effect of hyperammonemia on the central ner-
vous system (CNS) [17–19]. One such strategy can be
achieved through the use of MK801, which reduces gluta-
matergic activity [18, 19]. Accordingly, the nucleoside guano-
sine exhibits several neuroprotective effects in experimental
models of brain injuries involving glutamatergic excitotoxicity,
such as HE, seizures, brain ischemia, and pain [17, 20–22].

We hypothesize that the intraperitoneal (i.p.) injection
of ammonia at a high concentration induces neurological
alterations followed by brain disorders and that the
nucleoside guanosine could exert a neuroprotective effect
in this situation. To test our hypothesis, we evaluated the
effects of acute ammonium exposure and the neuroprotec-
tive effects of guanosine administration on (i) the mortal-
ity and coma rates, (ii) electrophysiological recordings,
(iii) glutamatergic brain parameters, (iv) brain redox
status, and (v) biochemical parameters in cerebrospinal
fluid (CSF) and serum.

Materials and Methods

Animals

Adult male Wistar rats (90 days old), from the Central Animal
House of the Department of Biochemistry—UFRGS, were
maintained under a standard light/dark cycle (light between
7:00 a.m. and 7:00 p.m.) at room temperature (22±2 °C). The
rats were housed in plastic cages (five rats per cage), with tap
water and commercial food available ad libitum. These con-
ditions were kept constant throughout the experiments.

Drugs

Guanosine, ammonium acetate, and all other chemicals were
from Sigma-Aldrich (St. Louis, MO, USA). L-[3,4-3H]-
Glutamic acid (50 Ci/mmol) was from Perkin Elmer Life
Sciences (Boston, MA, USA).

Ammonium acetate (150–750 mg/ml) was dissolved in
distilled water and administered via i.p. injection.
Concentrations of ammonium acetate solutions were adjusted
to reach the desired dose by injecting 3 mL/kg of body weight,
as previously described [10]. Guanosine was dissolved in
0.1 mM NaOH and used as a pretreatment 20 min before the
ammonium acetate injection. A vehicle solution of 0.1 mM
NaOH was used as a control. Both solutions were adjusted to
pH 7.4. The guanosine solutions and the vehicle solution were
administered by i.p. injection at a dose of 2 mL/kg of body
weight.

Experimental Design

The experiments were divided into three protocols (Fig. 1).

Protocol 1—Neurological Parameters

For evaluation of neurological parameters, the animals were
divided into four groups. Each group received a combination
of pretreatment (i.p. injection of either guanosine or vehicle)
and insult (i.p. injection of either ammonium acetate or dis-
tilled water). The four groups of animals were as follows:
control (vehicle+distilled water), ammonium (vehicle+ am-
monium acetate), guanosine (guanosine + distilled water),
and guanosine + ammonium (guanosine + ammonium ace-
tate). The animals were monitored for 20 min after the pre-
treatment injection and 45 min after the insult injection.

Neurological evaluation was performed every 3 min during
the 45 min after ammonium acetate injection. The time point
at which the animals entered the comatose state (i.e., loss of
corneal reflex), as well as the duration of coma and the time of
death, was recorded.

Dose Curve of Ammonium Acetate and Guanosine
Administration

The established dose of i.p. ammonium acetate was 550 mg/
kg according to a dose response curve (Fig. 2a). The animals
were pretreated using different doses of guanosine 20 min
before the insult to evaluate the effect of guanosine on the
mortality rate (Fig. 2b). The dose of i.p. guanosine 60 mg/kg
was used in the further experiments.
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Protocol 2—Electroencephalographic Analysis

For EEG analysis, the animals were divided into two groups.
The animals received either vehicle or GUO as a pretreatment,
and 20 min later both groups received an ammonium acetate
injection (Fig. 1). Both groups were monitored by recording
the video EEG at 15 min before pretreatment administration
(i.e., baseline EEG), 20 min after guanosine (60 mg/kg) or
vehicle injection, and 60 min after the ammonium acetate
injection. The animals used for the EEG analysis were not
included in the clinical evaluation or the neurochemical
analysis.

Epidural electrodes were implanted 1 week before the
video-EEG recording. To place the electrodes on the cortical
surface, the animals were anesthetized with i.p. injections of
ketamine (80 mg/kg–0.8 mL/kg) and xylazine (10 mg/kg–
0.5 mL/kg) and placed on a stereotaxic instrument. The three
stainless steel screw electrodes (1.0-mm diameter) were
placed according to the coordinates from Paxinos and
Watson [23]. Two of them were placed LL +/− 2.0 mm, AP
−1.0 mm from bregma; the third (the reference) electrode was
placed on the midline of the occipital bone and kept in contact
with cerebrospinal fluid. The ground (small screw) was placed
over the frontal bone and was used for fixation of the dental
acrylic helmet to the skull [17].

One week after implanting the electrodes, each animal was
individually transferred to an observation cage to perform the
video-EEG recordings. The EEG was recorded with a stan-
dard data acquisition system (Multichannel Plexon
Acquisition Processor System). EEG signals were filtered at

0.01–100 Hz, followed by digitization at 1 kHz for posterior
analysis. All analyses were performed using built-in and
custom-written routines in MATLAB (Mathworks, Inc.).
The power density spectra were obtained to calculate the
EEG left index at baseline, after injection of guanosine or
vehicle, after ammonium acetate injection and at the end of
the video-EEG recording. The EEG left index was calculated
as the logarithm of the ratio between the power of the low
frequency (1–7.4 Hz) and the high frequency (13.5–
26.5 Hz). Normal rats have an EEG left index of approximate-
ly 0.60, and rats in coma have an index of approximately
0.80–0.90 [24].

Protocol 3—Biochemical Analyses

For biochemical analyses, we used the four groups as de-
scribed above for protocol 1 (control, ammonium, guanosine,
and guanosine+ ammonium). At the 40-min time mark, the
animals were euthanized to collect cerebrospinal fluid (CSF)
and blood samples, as well as cerebral cortex tissues.

CSFAnalysis

The animals were anesthetized with inhaled isoflurane and
placed on a stereotaxic apparatus to collect CSF samples
(40–80 μL per rat) by direct puncture of the cisterna magna
with an insulin syringe (27 gauge×1/2-in. length) [25]. The
CSF was centrifuged at 1000×g for 10 min, and the superna-
tant was stored at −80 °C for further evaluation of (i) ammo-
nia, measured using a commercial kit (Sigma-Aldrich, St.

Protocol 1 - Neurological parameters

Protocol 2 - Electroencephalography analysis

Protocol 3 -  Biochemical parameters

Guanosine
or Vehicle

0 20 65 

Guanosine
or Vehicle

0 15 95 

Ammonium 
   Acetate

35 

Time (minutes)

Time (minutes)

0    20 40

   Sample 
Harvesting

EEG
Monitoring

Guanosine
or Vehicle

Ammonium Acetate
 or Distilled Water

Time (minutes)

End of
analysis

End of
analysis

Ammonium Acetate
 or Distilled Water

Fig. 1 Protocol 1 Pretreatment (with guanosine or vehicle) set the time at
0. Ammonium acetate or distilled water was injected 20 min later for
neurological evaluation during a 45-min period. Protocol 2 The EEG
monitoring set the time at 0. Pretreatment (with guanosine or vehicle)
was injected 15 min later of the beginning of recording. Ammonium
acetate was injected 20 min later of pretreatment. EEG was recorded

15 min before pretreatment and 80 min after the first injection
(pretreatment). Protocol 3 Pretreatment (with guanosine or vehicle) set
the time at 0. Ammonium acetate or distilled water was injected 20 min
later. The sample harvesting happened after 40 min after the first injection
(pretreatment)
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Louis, MO, USA) according to the manufacturer’s protocol
and (ii) glutamine, glutamate, and alanine levels, measured by
HPLC [26].

Plasma Biochemical Analysis

Blood samples were drawn into EDTA tubes, followed by
centrifugation at 5000×g for 10 min. Plasma was stored at
−80 °C for further evaluation of alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) activities, as well
as the levels of glucose and urea. These evaluations were
performed using commercial kits (Labtest, MG, Brazil).

Glutamate Uptake

After decapitation, the cortex was immediately dissected on
ice (4 °C). Frontoparietal cortical slices (0.2-mm thickness)
were rapidly obtained using a McIlwain Tissue Chopper and
immersed at 4 °C in HBSS buffer ph 7.2. Frontoparietal cor-
tical slices were preincubated with HBSS at 37 °C for 15 min.
The incubation was started by the addition of 0.33 μCi/mL of
L-[3H] glutamate, and stopped after 7 min with two ice-cold
washes using 1mL of HBSS. After washing, 0.5 NNaOHwas
immediately added to the slices and they were stored over-
night. The Na+-independent uptake of glutamate was mea-
sured. Na+-dependent uptake of glutamate was measured as
the difference between the total uptake and the Na+-indepen-
dent uptake [27].

Glutamine Synthetase Activity

The glutamine synthetase (GS) enzymatic activity assay was
performed as described previously by Quincozes-Santos et al.
[28]. Synthetic γ-glutamylhydroxamate was used as the stan-
dard. GS activity was expressed as micromole per hour per
milligram of protein of formed product.

Redox Parameters

The oxidative stress parameters were evaluated in the cerebral
cortex. The cortices were homogenized in PBS (20 mM, pH
7.4) for analysis of the following redox parameters.

Dichlorodihydrofluorescein Oxidation

The levels of reactive oxygen species were measured as de-
scribed before [17]. A calibration curve was calculated with
standard dichlorodihydrofluorescein DCFH, and the levels of
reactive species were expressed as micromole of DCF formed
per milligram of protein.

Thiobarbituric Acid Reactive Species

To assess the extent of lipoperoxidation, the levels of thiobar-
bituric acid reactive species (TBARS) were measured accord-
ing to Paniz et al. [17]. The results are expressed as nanomole
of TBARS per milligram of protein.
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Fig. 2 Ammonium acetate effect on rates of coma and death (a),
guanosine effect on lethality rate (b), and on coma duration of animals
entering in comatose state and did not die (c). The Spearman correlation
coefficient for coma is r= 1 and for mortality is r= 0.9747 (a). Asterisk
indicates a difference from 0 to 30 mg/kg guanosine groups, p< 0.05,
one-way ANOVA (b). The results are expressed as the median and 5–
95 % range (minutes), Asterisk indicates a difference from the control
group, p< 0.05, Kruskal–Wallis test with Dunn’s multiple comparison
test (c)
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Antioxidant Enzyme Activities

Superoxide dismutase (EC 1.15.1.1) activity was assessed as
described previously [29]. The results were expressed as units
of SOD per milligram of protein. The glutathione peroxidase
(EC 1.11.1.9) [30] (GSH-Px) activity was measured according
to Wendel. One unit of GSH-Px activity was defined as
1 μmol of NADPH consumed per minute, and the specific
activity was expressed as units per milligram of protein.

Western Blotting of Glutamine Synthetase

Cerebral cortex was homogenized in Laemmli sample buffer
(20 μg) and separated by SDS-PAGE on 10 % (w/v) acrylam-
ide and 0.275 % (w/v) bisacrylamide gels. The proteins were
then electrotransferred onto nitrocellulose membranes. The
membranes were incubated for 1 h at 25 °C in Tris/saline
buffer Tween-20 (TSB-T 20 mM Tris-HCl, pH 7.5, 137 mM
NaCl and 0.05 % (v/v) Tween 20) that contained 1 % (w/v)
non-fat milk powder. The membranes were subsequently in-
cubated for 12 h with the appropriate primary antibody (glu-
tamine synthetase, 1:10,000). After washing in TBS-T, the
blots were incubated with HRP-linked anti-immunoglobulin
G (IgG) antibodies for 1.5 h at 25 °C [31]. Chemiluminescent
bands were detected, and a densitometric analysis was per-
formed with ImageJ software (NIH, Bethesda, MD, USA).

Statistical Analysis

Data are expressed as the means ±S.E.M. To compare the
groups, we used the following statistical methods, as appro-
priate: one-way ANOVA followed by Tukey test, chi-square
test, Spearman correlation coefficient, Newman–Keuls post-
test, Kruskal–Wallis test, Dunn’s multiple comparison test,
and Student’s t test, when mentioned, using GraphPad Prism
vs. 5 (La Jolla, CA, USA). The level of significance was
considered to be p<0.05.

Results

Neurological Evaluation

There were no neurological alterations in the control or gua-
nosine groups. However, guanosine had a strong effect on
mortality in the groups that received ammonium acetate. The
lethality rate of the ammonium acetate group was 36%, but 60
and 120 mg/kg guanosine (in the guanosine+ammonium ac-
etate group) decreased this rate to 15 % (n=52) (Fig. 2b,
p<0.05). There was no difference in the percentage of animals
entering in comatose state between the guanosine+ammoni-
um acetate group (n=41) and the ammonium acetate group
(n= 42), 75 and 69 %, respectively. However, guanosine

B

Ammonium Acetate
(minute 30)

Guanosine 
or Vehicle

(minute 10)

Vehicle + Ammonium Acetate

Guanosine + Ammonium Acetate

1: 05-10 min of baseline
2: 10-20 min post Guanosine or Vehicle
3: 10-20 min post Ammonium Acetate
4: 20-30 min post Ammonium Acetate

AFig. 3 EEG analysis: a EEG left
index values for ammonium
acetate group and guanosine +
ammonium acetate group at four
different times. b Representative
EEG traces for each analyzed
period of both groups. Asterisk
Indicates a difference from the
guanosine + ammonium acetate
other group, p< 0.01, Student’s
t test
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significantly reduced the coma duration of animals that sur-
vived in the time evaluated (ammonium acetate group, 29.1
± 1.5 min. vs. guanosine + ammonium acetate group, 22.8
±1.9 min, Fig. 2c, p<0.005, t test). Concerning the mortality
rates of this experimental model, the rats were only evaluated
neurologically for up to 45 min following ammonium acetate
administration, as after this period, no animal died. However,
at this time mark, most of the ammonium group maintained
the same neurological status, which was coma. In contrast, the
guanosine + ammonium group had already begun to show
neurological improvement at 33–35 min by starting to walk
again. Thus, it can be inferred that the reduction of coma
duration (Fig. 2c, p<0.05) that we observed would be even
more pronounced if the rats had been assessed for longer than
45 min.

EEG

Guanosine per se had no effect on the EEG left index (gua-
nosine or vehicle, Fig. 3), which became abnormally
higher in the first 10 min after ammonium administration
(Fig. 3a) in both groups (guanosine + ammonium group,
0.90 + 0.05, n = 9; ammonium group, 0.95 + 0.03, n = 9).

However, during the 20–30-min interval after ammonium
acetate administration, the EEG left index in the ammoni-
um group remained high up to the end of the recording
time (0.93 + 0.05, n= 8; p< 0.005), but guanosine reversed
this ammonium effect because the EEG left index returned
to normal values in the guanosine + ammonium group
(0.69 + 0.05, n= 9). This finding could be related to the fact
that the animals in the guanosine + ammonium group
remained in severe coma for a shorter duration than those
in the ammonium group. One animal in the ammonium
group died before the 20-min time mark after ammonium
acetate administration. Figure 3b shows the representative
EEG traces of both groups.

Plasma Biochemical Parameters

The injection of ammonium acetate decreased the plasma
levels of glucose (~30 %, Fig. 4a, p<0.05) and increased
the plasma levels of ALT and AST (~70 %, Fig. 4b; ~70 %,
Fig. 4c, p < 0.05) without affecting plasma urea levels
(Fig. 4d). Pretreatment with guanosine had no effect on the
analyzed parameters. These results indicate that systemic and
hepatic parameters were not affected by guanosine.
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CSF Biochemical Parameters

Ammonia levels in the CSF (μmol/L) (Fig. 5a) increased in
the ammonium group (6.87 ± 1.3) compared to the control
(3.06±0.91) and guanosine (3.53±1.20) groups (p<0.001).
This increase was not affected by guanosine administration
(guanosine + ammonium group 6.17 ± 1.47) (p < 0.001).
Interestingly, the increase in CSF levels of glutamate (4.75
±1.62, n=11) and alanine (26.3±5.4, n=6) observed in the
ammonium group was reversed by pretreatment with guano-
sine. The CSF amino acid levels in the guanosine+ammoni-
um group were 3.37 ± 0.80 and 19.6 ± 2.70, respectively
(n=10) (Fig. 5c and d, p<0.001). CSF glutamine levels were
similar for all groups (Fig. 5b).

Brain Glutamatergic Parameters

Glutamate Uptake

The glutamate uptake activity in cortical slices decreased in
the ammonium group, compared with the control group
(~30 %, Fig. 6a, p<0.05). Guanosine administration partially
reversed this increase.

Glutamine Synthetase Activity and Immunocontent

The GS activity decreased in the ammonium group (Fig. 6b,
p<0.001) when compared with the control group. Guanosine
adminis t ra t ion abol ished this decrease . The GS
immunocontent was similar for all groups (Fig. 6c).

Brain Redox Parameters

Concerning the activity of antioxidant enzymes, in the ammo-
nium group compared with the control group, there was a
decrease in SOD activity and an increase in GSH-Px activity.
Pretreatment with guanosine prevented both of these effects
(Fig. 7a and b, p < 0.05). TBARS (Fig. 7c) and DCFH
(Fig. 7d) levels were similar in all groups. Guanosine per se
had no effect on any parameter investigated, which is in ac-
cordance with previous results from our group [20].

Discussion

We used an effective experimental model of acute ammonia
intoxication [13] that exhibited neurological and EEG pattern
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alterations similar to those in human acute HE [32]. This ex-
perimental model of ammonium acetate injection repro-
duces the increase in CSF ammonia levels, which is likely
the main alteration described in HE pathophysiology [33].
The increase in total brain extracellular glutamate due to
high ammonia levels is well described in HE [34], includ-
ing the rise in brain extracellular glutamate after ammoni-
um acetate administration [13]. Moreover, it has been
shown that preventing the increase in brain extracellular
glutamate using MK-801 [13] or memantine [24] could
diminish the clinical and electrophysiological alterations
f o l l ow i ng ammon i um ac e t a t e a dm in i s t r a t i o n .
Furthermore, Rose and colleagues [15] have suggested that
the pathophysiology of hyperammonemic encephalopathy
in acute hepatic dysfunction could be related to a decrease
in glutamate uptake in the CNS. Because MK-801 and
memantine alter glutamate metabolism routes by decreas-
ing the brain extracellular glutamate pool, it is reasonable
that the use of guanosine, previously shown to exert neu-
roprotective effects against glutamatergic excitotoxicity in
experimental models of brain injury [17, 22, 25–28, 31,
35], could potentially alter the course of ammonium ace-
tate intoxication in vivo.

To our knowledge, this is the first report that indicates the
neu rop ro t e c t i ve e f f e c t s o f guanos ine in acu t e
hyperammonemic encephalopathy. The systemic administra-
tion of guanosine reversed/diminished the following effects of
ammonium administration: mortality rate and coma duration
(protocol 1), alterations in the EEG left index (protocol 2);
increase in alanine CSF levels and alterations in various glu-
tamatergic parameters (increased CSF glutamate levels, de-
creased ex vivo brain glutamate uptake (partially reversed),
decreased brain GS activity) (protocol 3); and alterations in
some brain redox parameters (increased SOD activity and
decreased GSH-Px activity) (protocol 3). These findings rein-
force previous data from our group and others showing that
guanosine exerts neuroprotective effects in various in vivo
animal models of glutamate excitotoxicity, such as seizures,
brain ischemia, glutamatergic nociception, and chronic HE
[17, 22, 26, 35–37]. It is also well known that guanosine has
the ability to increase glutamate uptake by astrocytes, al-
though the specific protein carriers have not yet been
identified.

Some systemic metabolic parameters, such as plasma
levels of glucose, ALT, and AST, were affected by ammo-
nium acetate administration, but guanosine did not reverse
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these alterations. Although it could be postulated that the
decrease in serum glucose levels in groups treated with
ammonium acetate could contribute to the observed mor-
tality rate, this possibility is unlikely because guanosine
administration did not affect the decrease in serum glucose
levels but did decrease the mortality rate by approximately
50 %.

CSF analysis is extensively used in translational research to
identify somemarkers of brain disorders [38–40]. Here, it was
observed that ammonium administration increased the CSF
levels of ammonia as well as of the amino acids glutamate
and alanine. In accord with our results, Therrien and
Butterworth [41] observed the same increase in CSF amino
acids levels (glutamate and alanine) in an experimental model
of portal systemic encephalopathy. Intriguingly, the increase
in ammonia CSF levels here observed in the ammonium
group was not reversed by guanosine administration, while
the increases in CSF levels of the amino acids glutamate and
alanine was reversed.

Ammonia is considered the major toxin responsible for
brain disorder in patients with liver disease. The role of
brain glutamine and amino acids (e.g., glutamate and ala-
nine) and consequently the role of brain transaminases and
of tricarboxylic acid cycle intermediates on ammonia

metabolization (potentially affecting the levels of amino
acids as glutamate and alanine) are controversial [42–44].
Here, guanosine decreased the CSF glutamate and alanine
levels without affecting the ammonia levels, pointing that
guanosine administration affected the amino acid levels
(favoring a neuroprotective effect against glutamatergic
excitotoxicity) probably without affecting brain transami-
nases activity. Therefore, the source (if central or systemic)
of CSF glutamate and alanine and the variation in the
levels of other amino acids in CSF and BBB alterations
to amino acid permeability are, among other issues, under
investigation by our group.

Several studies have shown that EEG is the most adequate
method for detecting and monitoring oscillatory changes of
neural networks in patients with HE [24, 45, 46]. In this study,
the EEG analysis showed intermittent slow activity and an
increased EEG left index in animals receiving the ammonium
acetate injection, indicating a decline in the conscious level
[24, 45]. However, the animals pretreated with guanosine had
a shorter period of EEG abnormalities and presented a subse-
quent normalization of the EEG profile at 20 to 30 min after
ammonium administration. These EEG findings corroborate
with the observation that the animals pretreated with guano-
sine spent less time in the comatose state.
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The involvement of disturbances in the redox and gluta-
matergic brain homeostasis has been demonstrated in acute
HE [6]. Our group and other groups have previously indicat-
ed, using both in vitro and in vivo protocols, that guanosine
has neuroprotective effects against glutamatergic
excitotoxicity and oxidative stress [17, 21, 22, 28, 47].
These roles have been attributed to the action of guanosine:
(i) stimulating glutamate uptake by astrocytes in experimental
in vivo and in vitro models of brain injury [48] and (ii)
exerting antioxidant effects [28, 31]. Our study shows that
ammonium acetate administration decreased the ex vivo glu-
tamate uptake and caused the dysfunction of antioxidant en-
zymes in the CNS, both of which were reversed by guanosine
administration.

In an additional group of animals, we followed the
same experimental protocol as in protocol 3, with the
difference of harvesting the samples at 10 min after the
ammonium acetate injection to evaluate the earlier effect
of guanosine on biochemical parameters. We observed the
same effect of a reduction in glutamate uptake, but we
found no difference in the redox status (data not shown).
It seems that the decrease in glutamate uptake occurs be-
fore the oxidative stress alterations in the pathophysiology
of acute hyperammonemia. In accordance with our re-
sults, Butterworth and colleagues [49, 50] proposed that
the increase of ammonia levels in the brain of patients
with acute HE leads to an inhibition of glutamate removal
by astrocytes, with consequent increases in extracellular
brain glutamate levels and posterior oxidative/nitrosative
stress [49]. We can speculate that the antioxidant effect of
guanosine is a consequence of its ability to enhance glu-
tamate uptake and thereby prevent oxidative/nitrosative
stress.

In conclusion, this study shows the well-known involve-
ment of the glutamatergic system and oxidative stress in
the pathophysiology of acute ammonia intoxication, which
is probably the main factor underlying acute HE. Most
importantly, our data suggest a remarkable neuroprotective
effect of guanosine in acute encephalopathy as shown by
neurological, electrophysiological, and neurochemical pa-
rameters, with a very significant decrease in mortality rate.
Considering that HE still has high morbidity and mortality
rates unless promptly treated, here, we presented valuable
evidence to further understand the pathophysiology of this
condition and the possible use of guanosine as a treatment
for acute encephalopathy.
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Abstract	
	
Concerning the pathophysiology of Hepatic Encephalopathy (HE), ammonia levels 
and glutamatergic system dysfunction seem to be strongly involved in brain function 
impairment. Here, we used an animal model of acute liver failure (ALF) induced via 
subtotal hepatectomy (92%) to evaluate changes in behaviour, electroencephalograms 
(EEGs) and neurochemistry during HE. Hepatectomized rats presented increased 
serum levels of ammonia, ALT, AST, gamma-GT, lactate and bilirubin associated 
with reduced glycaemia, classical features of ALF. EEG abnormalities were observed 
as early as 30 minutes after surgery, mainly characterized by a predominance of delta 
oscillations and increased EEG left index. Although rats maintained nearly normal 
movement abilities after surgery, they presented behavioural changes characterized by 
decreased locomotion in OFTs. The expression of glutamate transporters (GLT-1 and 
GLAST) was diminished in the brain. The levels of 12 of 15 amino acids analysed in 
the CSF were increased. Using an animal model of ALF induced via subtotal 
hepatectomy, this work provides new insights into the pathophysiology of HE, 
demonstrating the involvement of alterations in three important aspects of the disease: 
neurochemistry, behaviour and brain oscillations. Our study strengthens the idea that 
imbalanced amino acids levels and glutamatergic system alterations are involved in 
the pathophysiology of HE.	
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Introduction	
	

Hepatic encephalopathy (HE) is characterized by brain dysfunction directly 
caused by acute or chronic liver insufficiency or portosystemic shunting and exhibits a 
wide spectrum of neurological and psychiatric deficits, ranging from subclinical 

manifestations to coma 1. HE occurs as overt episodes in approximately 40% of 

patients with chronic liver disease 2 and results in a significant reduction in quality of 

life, as well as high costs for patients and medical systems 3,4.	
	

Although the exact mechanism underlying HE remains uncertain, elevated 

serum ammonia levels are considered a trigger 5. In addition to hyperammonaemia, 

glutamatergic system dysfunction plays an important role in the development of HE 
6,7. We have recently shown that experimental hyperammonaemia is accompanied by 

a decrease in glutamatergic uptake by astrocytes and increased cerebrospinal fluid 

(CSF) glutamate levels 8. The increased extracellular levels of glutamate lead to 

intracellular glutamine accumulation, mainly in astrocytes, which seems to be the 

main factor responsible for cell swelling and mitochondrial dysfunction 9,10. 

Accordingly, brain oedema and subsequent brain herniation has been suggested as a 

possible cause of impaired consciousness and death in HE patients 11,12.	
	

Electroencephalograms (EEGs) can provide accurate and sensitive measures of 

CNS dysfunction in neurological and psychiatric diseases, including HE 13-16. In 

addition, they can often be a reliable predictor of the severity and outcome for HE 17. 

Changes in EEGs are characterized by a gradual decrease in frequency and a 
continuous slowing of background activity (theta, theta/delta, and delta activities) and 
episodic transients, such as triphasic waves (TWs) or frontal intermittent rhythmic 

delta activity (FIRDA) 18. TWs are frequently seen in HE 19; however, they are best 

seen in association with deeper levels of brain dysfunction and higher levels of 

ammonia 17,18. EEGs in patients with acute encephalopathy generally reveal a slowing 

of background frequencies with or without the presence of TWs and FIRDA 20,21. 

These patterns are widely believed to reflect an underlying structural or metabolic 

impairment in the brain 18. Therefore, the quantitative analysis of EEG brain 

oscillations is a powerful tool, in conjunction with assessments of clinical 

manifestations, for evaluating the development and severity of HE 13-15,22.	
	

For almost 40 years, the relationship between amino acid imbalances and the onset 

of HE has been studied 23-25. The large neutral amino acid (LNAA) group includes	
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the aromatic amino acids (AAAs; tyrosine, phenylalanine and tryptophan), the 
branched chain amino acids (BCAAs; leucine, isoleucine and valine), methionine, 

threonine and histidine. All LNAAs share a common blood-brain transport system 26, 

and it is known that hyperammonaemia in association with liver disease is responsible 
for alterations in the metabolism and transport of amino acids through the blood-brain 

barrier (BBB) 27,28. The efflux of excess CSF glutamine, which has been 

demonstrated under hyperammonaemic conditions, competes with other LNAAs in 

crossing the BBB through the common LNAA transport system 23 and may result in 

changes in the CSF levels of several other amino acids.		
The surgical resection of the liver is a well-established and extensively studied 

animal model of acute liver failure (ALF) in different species, and it has some 
fundamental features that are useful for studying the consequences of ALF, such as 

HE 29. Subtotal hepatectomy in rats is a reproducible model that induces death from 

liver failure and presents a therapeutic window for assessing treatments 30-32.	
	

The objective of this study was to investigate the pathophysiology of HE by 

evaluating, in an unprecedented integrative manner, the behavioural, 

electroencephalographic and neurochemical abnormalities caused by an experimental 

model of ALF induced via subtotal hepatectomy (92% of the liver removed). 

Accordingly, the following concurrent features of acute HE were evaluated: 1) 

survival rate, 2) behavioural performance, 3) EEG patterns, 4) biochemical parameters 

in the blood, and 5) biochemical parameters in the CSF and cerebral cortex. In this 

work, we provide evidence that strengthens the correlation among the changes in brain 

oscillations, behavioural performance, CSF amino acid levels and the glutamatergic 

system that occur in association with HE.	
	
	
Results	
	
Survival Rate	
	

Only 4 (20%) out of 20 rats submitted to subtotal hepatectomy survived after 

60 hours (Figure 1A), and the mean latency to death after the surgery was 43.9 hours 

(Figure 1B).	
	

All deaths occurred between 30 and 60 hours after the surgery. Rats that died 

within the first 6 hours after surgery were excluded from the study because they likely	
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died from complications of the surgical procedure (e.g., excessive bleeding). No sham 

operated rats died during the experiment.	
	
Serum biochemical parameters	
	

Subtotal hepatectomy altered several serum parameters when compared with the 

parameters in sham rats, similar to previously described results 30,32. Hepatectomized rats 

showed a reduced glycaemia and higher serum levels of AST, ALT, GGT, total bilirubin, 

direct bilirubin, LDH, lactate, and ammonia than sham animals (Table 1).	
	
EEG analysis	
	

EEG data show that hepatectomized rats presented an elevated left index from 

1 hour after subtotal hepatectomy, which persisted for 56 h (Figure 2A). Figure 2B 

shows representative EEG traces of the 3 groups. Hepatectomized rats had significant 

increases in their left index, ranging from 0.700 to 0.900 (0.750±0.004; n=8), whereas 

sham and naive rats presented normal values, ranging from 0.550 to 0.650 

(0.610±0.006, n=3 and 0.600±0.005, n=3, respectively, p<0.0001) (Figure 2C). The 

hepatectomy group also presented a significant increase (p<0.0001) in the percentage 

of the power of delta oscillations in relation to baseline (42%) when compared with 

the sham (36%, n=3) and naïve (33%, n=3) groups (Figure 2D). Furthermore, a 

spectral analysis of power frequencies over time revealed a predominance of delta 

oscillations in the EEGs of the hepatectomized group when compared with the other 

groups (a representative spectrogram of each group shows how the EEGs changed 

over time (Supplementary Figure 1).	
	
Behavioural analysis	
	

In OFTs, all groups showed a decrease in the distance travelled from the first to 

the fourth minute of the session, indicating habituation to the novel environment. 

Regarding locomotor activity, both the sham and hepatectomy surgeries caused a 

decrease in the total distance travelled (Figures 3A and 3D) and an increase in the time 

spent immobile (Figures 3B) when compared with performances before surgery 

(naïve), and these effects were more pronounced in the hepatectomy group than in the 

sham group. Additionally, the hepatectomy group spent significantly less time in the 

centre of the arena (Figure 3C, Supplementary Figure 2A and Supplementary Figure 

2B) than the sham group. No difference was found in the average speed of the animals 

(Supplementary Figure 2C).	
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CSF amino acid profile	
	

Subtotal hepatectomy caused significant increases in most of the amino acids 

analysed. There was an overall increase in CSF amino acid levels of approximately 

70-100%. Glutamine and methionine increased by approximately 200%, and tyrosine 

and phenylalanine showed even larger increases, increasing by 668% and 272%, 

respectively. No alterations were found in aspartic acid, alanine and ornithine levels 

(Table 2).	
	
Glutamate transporter immunocontent	
	

Subtotal hepatectomy reduced the cortical content of the main astrocytic 

glutamate transporters in adult rats, GLAST and GLT-1, compared with the levels in 

the sham group (0.28±0.05 to 0.17±0.01 and 0.36±0.07 to 0.22±0.03, respectively, 

Figure 4) measured 24 hours after the surgeries.	
	
Discussion	
	

Several animal models of HE induced via hepatectomy have been well-described 
30,32,33. Our group recently studied HE using both acute metabolic (hyperammonaemia) 

and chronic models 9,34. Here, we used an experimental model of ALF induced via 

subtotal hepatectomy (92% of the liver removed) to characterize three important aspects 

of HE: i) behavioural performance, ii) biochemical parameters in the blood and CSF and 

iii) brain oscillatory activity. The main findings were (1) a high lethality rate, (2) 

decreased locomotor activity, (3) mild hypoglycaemia associated with increased serum 

levels of ALT, AST, bilirubin, GGT, LDH, lactate and ammonia, (4) an increase in delta 

oscillations and EEG left index, (5) increased levels of amino acids in the CSF, and (6) 

reduced brain cortical content of glutamate transporters, GLAST and GLT-1.	
	

Similar to previous reports 30,32,35, subtotal (92%) hepatectomy resulted in a 

high mortality rate (80%, Figure 1A) over a relatively small time frame (from 30 
hours to 60 hours after hepatectomy, Figure 1B). This is an essential parameter for 
evaluating the efficacy of the ALF model used as the removal of more of the liver 
increases the lethality rates to 100%, whereas removing less than 90% of the liver may 

not result in the adequate development of HE 31.	
	

Here, hepatectomized rats exhibited an increase in serum levels of markers of 

liver damage (ALT, AST and GGT), which is characteristic of rat models of hepatic 

failure. However, the changes were milder when compared to the results presented in	
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previous publications 30,32, likely because ischaemic right lobes were not left inside the 

abdomen, as was done in the previous studies. Furthermore, subtotal hepatectomy caused 

some degree of hypoglycaemia, as previously described in this surgical model 35. In rat 

models of diabetes, links between hypoglycaemia and clinical and electrographic seizures 

have been described 36. However, seizures correlated with reduced glycaemia occurred at 

blood glucose levels of approximately 20 mg/dL. In our study, serum glucose levels in 
hepatectomized rats averaged 39.85 ± 1.19 mg/dL, which was probably not low enough to 

affect behaviour, EEG patterns or the survival rate 36.	
	

EEGs are the examination of choice for establishing a diagnosis of metabolic 
encephalopathy as they can exclude other pathologies. EEG signal frequency, 
amplitude, and distribution patterns may indicate generalized, cortical, subcortical or 
arousal dysfunctions, and the background reactivity provides important information 

about the prognosis in both human and experimental HE 9,13,14,20,34,37,38. In this 

study, HE rats presented higher EEG left index values than naive and sham groups, 
indicating a predominance of slow wave EEG patterns associated with a decrease in 
consciousness levels (Figure 2). The elevated EEG left index found in hepatectomized 
rats is in accordance with previous studies using experimental models of acute and 
chronic HE. It has been reported that animals with chronic HE reach values of 0.7, and 
those with acute encephalopathy reach values of 0.9, corresponding to a comatose 

state 9,34. The power spectrum analysis of EEGs over time showed a predominance of 

delta oscillatory activity in hepatectomized rats (Supplementary Figure 1). This 
supports the gradual decrease in frequency and the continuous slowing of background 

activity observed in association with HE 39. The continuous slowing of background 

activity and episodic transients are best seen with deeper levels of dysfunction and 

higher levels of ammonia 17,20. Accordingly, impairments in the level of 

consciousness in hepatectomized rats were detected as soon as 30 minutes after 
surgery, and these changes persisted throughout the analysis (Figure 2A). The sudden 
increases in EEG left index and delta oscillation values coincide with the sudden onset 

of hyperammonaemia, indicating an encephalopathic state 9,40.	
	

Along with the EEG alterations, clear behavioural changes in OFTs were 
observed. Sham and hepatectomy procedures did not affect the habituation to novelty, as 

both groups presented a decrease in exploratory activity from the 1st to the 4th minute 

(Figure 3D) 41. However, the sham and hepatectomy groups exhibited a decrease in both 

locomotor parameters. This finding indicates a direct effect of the surgery on locomotor	
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activity. Compared with the sham group, the hepatectomized animals presented a 

greater decrease in the total travelled distance. This diminished locomotion appeared 

to be due to an increase in time spent immobile because there was no difference in the 

average speed of movement (Supplementary Figure 2C). Additionally, hepatectomized 

rats spent less time in the centre of the arena, indicating a greater degree of anxiety 

(Figure 3C). We acknowledge that it is difficult to make conclusions regarding 

changes in anxiety for two main reason: i) patterns of anxiety are obfuscated in a 

repeated analysis of OFTs since the animals were previously exposed to the arena, and 

ii) the severe reduction in locomotor activity affects observations of exploratory 

patterns. Hence, we conclude that rats with HE had a clear reduction in locomotor 

activity and that this may have caused an anxious-like behaviour, without affecting the 

habituation to novelty 41-43.	
	

In the present study, we observed a wide-ranging increase in the levels of 
glutamine (approximately 200%) and in the levels of most amino acids (Table 2) in 
the CSF. The high glutamine levels in the CSF of hepatectomized animals could have 
altered the concentration of different amino acids in the brain, which may explain the 
increased levels of most amino acids, such as methionine, phenylalanine and tyrosine, 
in the CSF. Several studies have also suggested that a decrease in the BCAA/AAA 

ratio, known as Fischer’s ratio 23, is considered an important pathogenic factor in HE 
44,45. In this study, although the CSF of hepatectomized rats presented an important 

increase in BCAA levels, there was a significant decrease in Fischer’s ratio due to a 
greater increase in AAA levels, mainly tyrosine. The increase in AAA levels is related 
to the false neurotransmitters theory, as AAAs are involved in the synthesis of 

octopamine and tryptamine 46,47. Additionally, high levels of tryptophan are related to 

the excessive synthesis of serotonin, which has been demonstrated in experimental 

models of HE 23,48,49. Thus, it is likely that the pathological increase in extracellular 

levels of glutamine and the related increase in AAA levels play a role in the observed 
alterations in the EEG oscillations and behavioural performance.		

As mentioned before, glutamatergic system dysfunction is also an important 

feature in HE’s development. Supraphysiological increase in CSF levels of cerebral 

extracellular glutamate, which may lead to a condition known as glutamate excitotoxicity, 

is well described in HE 34,50,51. Our group also demonstrated that hyperammonemia 

induces a decrease in astrocytic glutamate uptake and glutamine synthetase activity 9, key 

processes on the metabolism of ammonia and glutamate in the	
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brain. Here, we observed and increase in glutamate CSF levels alongside with a 

reduction in the immunocontent of glial glutamate transporters (GLAST and GLT-1, 

Figure 4). This decrease in glutamate transporter expression together with high CSF 

glutamate and glutamine levels strengthen the relation between glutamatergic system 

dysfunction and HE and are probably related to the neurological changes evaluated on 

behavioural performance and EEG patterns, as well as in the lethality rate.	
	

HE is a multifactorial syndrome 44,52 that includes hyperammonaemia, amino 

acid imbalance, glutamatergic system alterations, changes in energy metabolism, brain 

oedema, and inflammation. Here, a correlation among liver insufficiency and 

neurochemical, behavioural, and EEG pattern alterations is presented, emphasizing the 

important role of amino acid imbalance and glutamatergic system modifications in the 

pathophysiology of HE, which cause the characteristic changes demonstrated in brain 

oscillations.	
	
	
	
Methods	
	
Ethics statement	
	

All experiments were approved by the Ethics Commission (CEUA/UFRGS) 

under project number 29468 and followed the National Institutes of Health “Guide for 

the Care and Use of Laboratory Animals” (NIH publication Nº. 80-23, revised 1996).	
	
Animals	
	

Adult male Wistar rats (90 days old) were acquired from the Central Animal 

House of the Department of Biochemistry, ICBS, UFRGS. The animals were housed 

in plastic cages (5 per cage), maintained under a standard dark/light cycle (lights were 

on between 7:00 a.m. and 7:00 p.m.) at room temperature (22 ± 2°C), with tap water 

and commercial food available ad libitum.	
	

Rats were divided into 3 experimental cohorts to assess the following factors: i) 

survival rate, ii) video-electroencephalogram (video-EEG) recordings, and iii) 

behavioural performance and biochemical measurements.	
	
Subtotal Hepatectomy	
	

Subtotal hepatectomies were performed as described previously 30,35, with 

modifications. Anaesthesia was induced and maintained with 3% isoflurane in oxygen	
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at a flow rate of 1 L/min during the whole procedure. A median laparotomy was 
performed to expose the liver. The pedicle of the left anterior lobe was ligated and 
resected. The same procedure was performed on the right anterior lobe and then on the 
right lobe. After resection, all lobes were removed to prevent inflammatory and 

necrotic processes in the abdominal cavity. Only the omental lobes (8% of liver mass) 

remained functional 32.	
	

After suturing the abdominal wall, 0.5 ml of lidocaine was administered 

intramuscularly in the wound borders. The rats had free access to drinking water 

supplemented with 20% glucose; additionally, 2 ml/kg of the same glucose solution 

was administered i.p. 3 times (0, 6, and 12 hours) after the surgery 35. Before being 

returned to their home cages, the rats were kept in a heated box for 30 minutes after 

the surgery. Sham operations were performed with the exact same protocol, except 

pedicle ligation and liver resection were not performed. The rats were observed every 

6 hours over 96 hours to evaluate the mortality rate following surgery.		
We chose 24 hours after hepatectomy or sham surgery to perform the 

behavioural tests and to harvest blood, CSF and brain samples as all rats were still 

alive at this time.	
	

For EEG recordings, electrodes were implanted 1 week before subtotal 

hepatectomies were performed.	
	
Serum biochemical analysis	
	

Rats were euthanized via decapitation, and blood was immediately collected 

into EDTA tubes, centrifuged at 5000 x g for 10 minutes. Serum was stored at -80°C 

for subsequent measurements of alanine aminotransferase (ALT), aspartate 

aminotransferase (AST), gamma-glutamyl transpeptidase (GGT), lactate 

dehydrogenase, lactate, glucose and ammonia levels 9 using commercial kits (Labtest, 

MG, Brazil).	
	
In Vivo Electrophysiology (EEG)	
	

Electrode implantation: Each animal was anesthetized with ketamine (100 
mg/kg, i.p) and xylazine (10 mg/kg, i.p.) and placed on a stereotaxic apparatus. Five 

stainless steel screw electrodes (1.0 mm diameter) were implanted at the following 

coordinates: LL +/- 2.0 mm, AP -1.0 mm; LL +/- 2.0 mm, AP + 1.0 mm 53, and the 

reference electrode was implanted on the occipital bone and kept in contact with the 
CSF. A small screw was implanted over the frontal bone and was used for fixing the	
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dental acrylic helmet to the skull, as described in previous studies from our group 9,34. 

After surgery, each animal was placed back in their cage and left to recover for one 

week. Video-EEG recording: One week later, each animal was transferred to an 

observation cage to perform the baseline video-EEG recordings for 20 min. Rats were 

then divided into 3 groups: naïve (with no abdominal surgery), sham (with abdominal 

surgery but no pedicle ligation and subtotal liver resection) and hepatectomy (with 

abdominal surgery, pedicle ligation and subtotal liver resection). Immediately after the 

surgical procedures (hepatectomy or sham) and after recovering from the anaesthesia, 

naïve, sham and hepatectomized rats were individually transferred to an observation 

cage for video-EEG recordings for 72 hours or until death, and 56 consecutive hours 

of EEG data were extracted for analysis.		
EEG signals were recorded with a standard data acquisition system (MAP-32, 

Plexon Inc.) and were filtered at 0.01-100 Hz, followed by digitization at 1 kHz for 

posterior analysis. All analyses were performed using built-in and custom-written 

routines in MATLAB (Mathworks, Inc). The power spectra density was obtained, and 

the EEG left index (EEG index of consciousness level) was calculated as the 

logarithm of the ratio between the power of the low frequency (1–7.4 Hz) and high 

frequency (13.5–26.5 Hz) signals. Normal rats have an EEG left index of 

approximately 0.60, and values above 0.70 indicate changes in the consciousness level 

up to a coma (approximately 0.80–0.90)9,22,34.	
	

For the quantitative spectral analysis, the signal was decomposed into four 

frequencies bands: delta (1-4 Hz), theta (4-10 Hz), low gamma (20-50 Hz) and high 

gamma (60-100 Hz). The analysis was performed in two-minute epochs every 30 

minutes of the recording in hepatectomized rats and two-minute epochs every 90 

minutes in the control groups (naïve and sham) while the rats were awake and in a 

resting state.	
	
Open Field Task	
	

The rats’ behavioural performance was evaluated as describe by Almeida, et al. 
41, with minor modifications. Rats were individually placed in a black arena (50 × 50 × 50 

cm, length × width × height, respectively), which they could freely explore for 10 minutes. 

Each animal was submitted to 2 OFT sessions. The first was performed before the surgery 

(naïve group), and the second was performed 24 hours after the surgery (sham operated 

and subtotal hepatectomy groups).	
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The OFT was used to measure the following relevant behavioural parameters: i) 

habituation to a novel environment, ii) locomotor activity, and iii) the behavioural 

response to a natural conflict between the exploration of and the aversion to the central 

area of the arena (an anxiety-related parameter). Habituation to a novel environment was 

considered to be indicated by a significant decrease in the total distance travelled from the 

first to the 4th minute of the session. Locomotor activity was measured by evaluating the 

total distance travelled and the total time spent immobile during the session. 

Measurements of time spent immobile were only started after no detectable movement 

occurred for over 5 seconds. Anxiety was evaluated based on the amount of time the rats 

explored the centre of the arena (5 cm away from the wall).	
	

All sessions were recorded by a video camera positioned above the arena. 

Videotapes were analysed using ANY-Maze® dedicated software as a tracking 

system. The apparatus was cleaned with 70° alcohol and dried after each session.	
	
CSF sampling	
	

Twenty-four hours after hepatectomy or sham surgery, the rats were anesthetized 

with isoflurane and placed on a stereotaxic apparatus to collect CSF samples (100 - 150 

µL per rat) via direct puncture of the cisterna magna 54. CSF samples were centrifuged at 

1000 x g for 10 min, and the supernatant was stored at -80°C for subsequent evaluation of 

amino acids levels via high-performance liquid chromatography (HPLC).	
	
HPLC analysis	
	

The concentrations of free amino acids in CSF samples were determined via HPLC 

as described previously 55. Aliquots of cell-free CSF supernatant were used to quantify 

amino acid (aspartate, glutamate, alanine, tyrosine, tryptophan, methionine, valine, 

phenylalanine, isoleucine, leucine, ornithine, glycine, serine and lysine) and glutamine 

levels. Analyses were performed using a reverse phase column (Supelcosil LC-18, 250 

mm × 4.6 mm × 5 µm, Supelco) in a Shimadzu Instruments liquid chromatograph (50 µL 

loop valve injection, injection volume 40 µL) with fluorescence detection after pre-

column derivatization with 100.5 µL of an O-Phthaldialdehyde (OPA) solution (5.4 mg 

OPA in 1 mL 0.2 M sodium borate, pH 9.5, plus 10 µL of mercaptoethanol), 25.5 µL of 

4% mercaptoethanol and 20 µL of sample. The mobile phase flowed at a rate of 1.4 

mL/min, and column temperature was 24 °C. Buffer A was a 0.04 mol/L sodium 

dihydrogen phosphate monohydrate buffer (pH 5.5) containing 80% methanol, and buffer 

B was a 0.01 mol/L sodium dihydrogen phosphate	
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monohydrate buffer (pH 5.5) containing 20% methanol. The gradient profile was 

modified according to the content of buffer B in the mobile phase as follows: 100% at 

0.10 min, 90% at 15 min, 48% at 10 min, and 100% at 60 min. Absorbance was read 

at excitation and emission wavelengths of 360 nm and 455 nm, respectively, in a 

Shimadzu fluorescence detector. Derivatized samples were used, and concentrations 

are expressed in µM (as the mean±SEM). Amino acids were identified based on their 

retention time and were quantified based on their chromatographic peak area. An 

amino acid standard mixture was used for calibration.	
	
The BCAA/AAA ratio (Fischer’s ratio) was calculated as the sum of BCAAs (leucine, 

isoleucine and valine) divided by the sum of the AAAs (phenylalanine, tyrosine and 

tryptophan) 23.	
	
Western Blotting analysis	
	

Twenty-four hours after hepatectomy or sham surgery, cortical brain tissues 

samples were obtained immediately after euthanasia via decapitation for protein 

immunocontent evaluation. Total proteins were extracted following cellular lysis in 

ice-cold lysis buffer (4% SDS, 2 mM EDTA, 50 mM Tris-HCl (pH 6.8)) and were 

standardized in SDS-PAGE sample buffer (62.5 mM Tris-HCl (pH 6.8), 2% (w/v) 

SDS, 5% β-mercaptoethanol, 10% (v/v) glycerol, 0.002% (w/v) bromophenol blue). 

Samples were boiled at 95 ºC for 5 min before loading. Proteins (10 µg protein/well) 

were separated in a 10% acrylamide running gel and a 4% acrylamide stacking gel 

using an electrophoresis unit (Bio-Rad). Proteins were then transferred to a 

nitrocellulose membrane (GE Healthcare). Membranes were blocked with 5% (w/v) 

skimmed milk overnight and then incubated with primary polyclonal rabbit antibodies 

overnight at 4 ºC [polyclonal rabbit anti-rat GLAST1 (#GLAST11-A, 1:5000 dilution, 

Alpha Diagnostics), polyclonal rabbit anti-rat GLT-1 (#GLT11-A, 1:5000 dilution, 

Alpha Diagnostics) and polyclonal rabbit anti-rat GAPDH (#sc-9104, 1:5000 dilution, 

Santa Cruz Biotechnology)] followed by incubation with horseradish peroxidase-

conjugated donkey anti-rabbit IgG (NA934V, 1:5000 dilution, GE Healthcare, UK) 

secondary antibodies for 2 h. Finally, 3 chemiluminescent bands were detected in an 

ImageQuant LAS4000 system (GE Healthcare) using an ImmobilonTM Western 

chemiluminescence kit (#P90720, Millipore). Both types of labelling were quantified 

with ImageQuant TL software (Version 8.1, GE Healthcare).	
	
Statistical analysis	
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Data are expressed as the means±S.E.M. A Student’s t test, ANOVA followed 

by Newman–Keuls post-test or a Kruskal Wallis test followed by Dunn’s Multiple 

Comparison Test were performed using GraphPad Prism v 5 (La Jolla, CA, USA). 

Differences were considered significant at p<0.05.	
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Figures	
	
	

	
	
	
	
	
	
	
	
	
	
	

	
Figure 1: Survival rate. (A) Survival rate (in percentage) of rats submitted to subtotal 
hepatectomy. (B) Mean latency to death ± S.E.M. n: 20 
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Figure 2: EEG left index and delta oscillations. (A) EEG left index for naïve, sham and 
hepatectomized animals measured every hour during a 56-h recording. The dashed line 
represents the normal left index value. (B) Representative EEG traces. (C) Plots of the mean 
± SEM of EEG left index values (**p<0.0001, one-way ANOVA followed by Tukey’s post-
hoc test) (D) Percentage of delta waves (**p<0.0001, one- way ANOVA followed by 
Tukey’s post-hoc test). n: Naïve=3, Sham=3, Hepatectomy=8	
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Figure 3: Open Field Task (A) Total distance travelled, (B) time immobile, (C) group heat 
map of animal position, and (D) distance travelled per minute. Values are the mean		
± SEM. * (p < 0.05) and ** (p<0.001) indicate a significant difference from all other 
groups. # Indicates a difference between the 1st and 4th min within the same group (one-
way ANOVA). n: Naïve=28, Sham=9, Hepatectomy=12		
Distances travelled (in metres): Naïve: 30.20, Sham: 18.64, and Hepatectomy: 6.75; 
time immobile (in seconds): Naïve: 102, Sham: 256, and Hepatectomy: 451; and 
distance travelled in the 1st and 4th minutes (in metres): Naive 4.34 and 3.22, Sham 3.67 
and 2.15, and Hepatectomy 2.06 and 0.54, respectively. 
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Figure 4: Cortical GLAST (A) and GLT-1 (B) immunocontent. Results are 
expressed as the mean ± SEM of the GLAST/GAPDH and GLT-1/GAPDH ratios. * 
Indicates a significant difference between groups (p < 0.05, t-student). n: Sham=5, 
Hepatectomy=5	
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Table 1. Serum Biochemical Parameters	

	
	
	
		 Sham	 Hepatectomy	 Result	
		 	 	 	 	
	 AST (U/L)	 29.26	± 1.90	 54.85 ± 3.41	 ** é 87% 	
	 ALT (U/L)	 37.42	± 2.38	 63.26 ± 3.43	 ** é 69% 	

	 GGT (U/L)	 26.21	± 2.02	 51.85 ± 3.38	 ** é 98% 	

	 Total Bilirubin (mg/dL)	 0.05 ± 0.01	 1.66	± 0.08	 ** é 3200% 	

	 Direct Bilirubin (mg/dL)	 0.03 ± 0.00	 0.58	± 0.14	 ** é 1833% 	

	 LDH (U/L)	 371.70	± 16.12	 649.6	± 35.71	 ** é 75% 	

	 Lactate (nmol/L)	 1.67 ± 0.23	 5.54	± 0.42	 ** é 232% 	

	 Glucose (mg/dL)	 52.47	± 1.38	 39.85 ± 1.19	 ** ê 232%	

	 Ammonia (μmol/L)	 24.79	± 1.73	 49.79 ± 3.41	 ** é 101% 	
		 	 	 	 	 	
	
	

The results are expressed in U/L (AST, ALT, GGT e LDH), mg/dL (glucose, total and indirect 

bilirubin), μmol/L (ammonia) and nmol/L (lactate. Values are expressed as the mean ± S.E.M. 

** Indicates a significant difference between the groups (p < 0.0001, t-student). N: Sham = 19 

and Hepatectomy = 34.	
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Table 2. CSF amino acids	
	
	
	
	 Amino Acid (μM)	 Sham	 Hepatectomy	 Result	
		 	 	 	
	 Aspartic acid	 0.42 ± 0.02	 0.46 ± ± 0.03	 -	
	 Glutamic acid	 1.27 ± 0.13	 2.46 ± 0.29	 * é 93% 	

	 Serine	 63.45 ± 1.28	 85.79	± 2.64	 ** é 35% 	

	 Histidine/Glutamine	 351.50 ± 17.65	 1158.00 ± 99.06	 ** é 230% 	

	 Glycine	 58.07 ± 4.16	 117.60 ± 6.08	 ** é 103% 	

	 Alanine	 61.40 ± 3.11	 75.59	± 5.84	 -	

	 Tyrosine	 8.85 ± 0.48	 68.01	± 6.92	 ** é 668% 	

	 Tryptophan	 2.30 ± 0.07	 3.82 ± 0.28	 * é 66% 	

	 Valine	 8.44 ± 0.56	 14.96	± 1.13	 * é 77%	

	 Methionine	 5.81 ± 0.12	 16.46	± 0.79	 ** é 183% 	

	 Isoleucine	 1.78 ± 0.05	 3.26 ± 0.19	 ** é 83% 	

	 Leucine	 2.57 ± 0.11	 4.66 ± 0.32	 * é 81% 	

	 Phenylalanine	 4.67 ± 0.21	 17.37	± 1.17	 ** é 272% 	

	 Ornitine	 2.18 ± 0.19	 2.44 ± 0.16	 -	

	 Lysine	 81.22 ± 3.45	 156.00	± 15.89	 * é 92% 	
		 	 	 	 	
	
	

The results are expressed in μM. All values expressed as mean ± S.E.M. * (p < 0.05) and ** (p 

< 0.001) indicate significant diferences between groups (t-student’s test). N: Sham = 6 and 

Hepatectomy = 8.	
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Supplementary Figure 1: Hepatectomized animals exhibit a predominance of delta 
oscillations on EEGs. (A-C) Representative spectrograms at baseline (1) and 48 h after 
surgery (2) for all groups. n: Naïve=3, Sham=3, Hepatectomy=8 
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Supplementary Figure 2: Open Field Task. (A) Representative trajectory tracking of 
animals during the 10-minute OFT. (B) Time spent in the central zone and (C) average 
speed. Values are the mean ± SEM. ** Indicates a significant difference from the Naïve 
group (p < 0.001), and # indicates a significant difference from the sham group 
(p=0.05), (one-way ANOVA). n: Naïve=28, Sham=9, Hepatectomy=12		
Time in central zone (in seconds): Naive 92, Sham 43, and Hepatectomy 9; and average 
speed (in metres/seconds): Naïve: 0.06, Sham 0.06, and Hepatectomy: 0.05.	
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Abstract 

Liver disease is an important cause of morbidity and mortality 

associated with an important reduction in quality of life and significant 

economic burden for patients and medical systems. Hepatic encephalopathy 

(HE) is a major complication of both acute and chronic liver failure, which 

presents symptoms of attention, psychomotor and psychiatric alterations and 

in severe cases leads to brain edema, coma and death. It is known that 

ammonia is the main agent involved in HE’s physiopathology. Recent studies 

have suggested that several brain alterations such as astrocytic dysfunction 

and energy metabolism impairment may synergistically interact and play a 

role in the development of the disease. Hyperammonemia is associated with 

higher glycolysis rates and increased brain lactate levels despite adequate 

oxygen supply. However, the direct effect of liver failure on brain 

bioenergetics is still controversial. 

The purpose of the presenting study is to study brain energy 

metabolism in cerebral cortex of rats with hepatic encephalopathy induced via 

an experimental model of acute liver failure.  
We used adult male Wistar rats, which were submitted either to 

subtotal hepatectomy (92% of liver mass) or sham operation (SO). Twenty-

four hours after the surgery, the animals were euthanized and the cerebral 

cortex was immediately collected for analysis of the following parameters: 

redox status, TCA enzyme activity and substrate oxidation. 
Subtotal hepatectomy also induced an increase in the levels of reactive 

oxygen species (ROS) while diminishing the activity of the enzymes 

superoxide dismutase (SOD) and glutathione peroxidase (GSH-Px). The 

hepatectomy group also presented higher TCA enzyme activity. Moreover, 

hepatectomy induced an increase in glutamate oxidation concomitant with a 

decrease in glucose and lactate oxidation. 

Hepatic encephalopathy is an important complication of liver failure that 

is associated with high circulating ammonium and several brain alterations. 

Here, we used an effective animal model of acute liver failure induced via 

subtotal hepatectomy to investigate the brain bioenergetics.  
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MATERIAIS E MÉTODOS 

Reagents 

 All chemicals were purchased from Sigma-Aldrich (St. Louis, MO, 

USA). Glucose-D, [14C(U)] (ARC0122H) and Lactic acid,L-[1-14C] sodium salt 

were purchased from American Radiolabeled Chemicals, Inc. (St. Louis, MO, 

USA). Glutamic acid, L-[14C(U)] (#NEC290E250UC) and Optiphase ‘Hisafe’ 3 

(1-437) scintillation liquid were purchased from PerkinElmer (Boston, MA, 

USA). Protein quantification was performed with BCA Protein Assay kit from 

Thermo Fisher Scientific (#23227, Rockford, IL, USA), using bovine serum 

albumin as standard. 

Animals 

Ninety-day-old male Wistar rats, obtained from the Central Animal House of 

the Department of Biochemistry, ICBS, Universidade Federal do Rio Grande 

do Sul, Porto Alegre, RS, Brazil, were used. The animals were maintained on 

a 12:12 h light/dark cycle (lights on 07:00–19:00 h) in air-conditioned constant 

temperature (22 ± 1 °C) colony room, with free access to water and standard 

commercial chow (SUPRA, Porto Alegre, RS, Brazil). The experimental 

protocol was approved by the Ethics Committee for Animal Research of the 

Universidade Federal do Rio Grande do Sul, Porto Alegre, Brazil, and 
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followed the NIH Guide for the Care and Use of Laboratory Animals (NIH 

publication 85-23, revised 1996). All efforts were made to minimize the 

number of animals used and their suffering. 

Surgical Procedure 

Subtotal hepatectomy was performed according to a previous 

description of our group.   Anesthesia was induced and maintained with 3% 

isoflurane and an oxygen flow of 0.8 L/min during the whole procedure. The 

animals were then positioned on a warmed operating table and a median 

laparoscopy was performed to expose the liver. The pedicles of the anterior 

lobes were ligated and the lobe was then resected. The same procedure was 

performed on the right lobes. Only the omental lobes (8% of the liver mass) 

remained functional. 

The animals received intramuscular lidocaine in the abdominal wound 

to reduce postoperative pain and were kept in a warmed box until full 

recovering of the anesthesia before being returned to their home cages. 

Animals had free access to 20% glucose in the drinking water during the 

whole experiment. In addition, glucose injections (2 ml/kg i.p.) were 

administered 0, 6 and 12 hours after the surgery in order to avoid 

hypoglycemia. 

The sham group was submitted to the exact same protocol, except for 

the pedicle ligation and liver resection. 

 

 

Tissue preparation 
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Twenty-four hours after the surgery, the rats were euthanized and 

blood was immediately collected in heparinized tubes. The samples were 

then centrifuged at 2500x g for 10 min at 20°C to yield the serum fraction, 

which was used for subsequent biochemical analyses. Cerebral cortex 

were dissected, removed and homogenized in phosphate/saline buffer (1 

g/5 ml, 20 mM, pH 7.4) or in Laemmli sample buffer [62.5 mMTris/HCl, 

pH 6.8, 1% (w/v) SDS, and 10% (v/v) glycerol] and stored at -80°C for 

neurochemical evaluation or western blotting analysis, respectively. 

Blood biochemical parameters 

Plasma gamma GT, glucose and ammonia levels were measured using 

commercial kits (Labtest, MG, Brazil) and a SpectraMax M5 microplate reader 

(Molecular Devices, CA, USA) (2).The neuron specific enolase (NSE) was 

analyzed using a commercial kit (eBIOSCIENCE, San Diego, CA, USA) (3). 

 

Determination of glutamate dehydrogenase (GDH) activity 

GDH activity was assayed according to Colon et al (6). The reaction 

mixture contained mitochondrial preparations (60 μg of protein), 50 mM 

triethanolamine buffer, pH 7.8, 2.6 mM EDTA, 105 mM ammonium acetate, 

0.2 mM NADH, 10 mM α-ketoglutarate and 1.0 mM ADP. The reduction of 

NADH absorbance was monitored spectrophotometrically at 340 nm. GDH 

activity was calculated as μmol NADH·min− 1·mg protein− 1. 

Determination of malate dehydrogenase (MDH) activity 

MDH activity was measured according to Kitto et al (7). The incubation 

medium consisted of mitochondrial preparations (1 μg of protein), 10 μM 
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rotenone, 0.1% Triton X-100, 0.14 mM NADH, 0.3 mM oxaloacetate and 

50 mM potassium phosphate, pH 7.4. MDH activity was determined following 

the reduction of NADH fluorescence at wavelengths of excitation and 

emission of 366 and 450 nm, respectively. MDH activity was calculated as 

nmol NADH·min− 1·mg protein− 1. 

Determination of α-ketoglutarate dehydrogenase (α-KGDH) complex 

activity 

α-KGDH complex activity was evaluated according to Lai and Cooper 

(8) and Tretter and Adam-Vizi (9) with some modifications. The incubation 

medium contained mitochondrial preparations (250 μg of protein), 1 mM 

MgCl2, 0.2 mM thiamine pyrophosphate, 0.4 mM ADP, 10 μM rotenone, 

0.2 mM EGTA, 0.12 mM coenzyme A-SH, 1 mM α-ketoglutarate, 2 mM NAD+, 

0.1% Triton X-100 and 50 mM potassium phosphate, pH 7.4. The reduction of 

NAD+ was recorded at wavelengths of excitation and emission of 366 and 

450 nm, respectively. α-KGDH activity was calculated as nmol 

NADH·min− 1·mg protein− 1. 

Determination of citrate synthase (CS) activity 

 CS activity was measured according to Shepherd and Garland (1969) 

(10), by determining 5,5-dithio-bis (2-nitrobenzoic acid) (DTNB) reduction at λ 

= 412 nm. The incubation medium contained mitochondrial preparations (2  

μg of protein), 5 mM potassium phosphate buffer, pH 7.4, 300 mM sucrose, 1 

mM EGTA, 0.1 % BSA, 5 mM MOPS, 0.1 % Triton X-100, 0.1 mM DTNB, 0.1 

mM acetyl-CoA and 0.2 mM oxaloacetate. CS activity was calculated as nmol 

TNB min-1 mg protein-1. 
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Determination of succinate dehydrogenase (SDH) activity 

SDH activity was measured according to Fischer et al. (11), by 

determining 2,6-dichloroindophenol (DCIP) reduction at λ = 600 nm. The 

incubation medium contained tissue supernatant (30 µg of protein), 40 mM 

potassium phosphate buffer pH 7.4, 16 mM sodium succinate, 4 mM sodium 

azide, 7 µM rotenone, 8 µM DCIP and 1 mM phenazinemethosulfate. SDH 

activity was calculated as nmol reduced DCIP / min / mg protein. 

 

Redox Assays 

Reactive Oxygen Species levels 

To assess ROS levels, DCFH-DA, was used as a probe (14). An 

aliquot of the cerebral cortex homogenate (100 μg - 30μL) was incubated with 

DCFH-DA (100 μM) at 37°C for 30 min. The formation of fluorescent DCF was 

monitored at excitation and emission wavelengths of 488 and 525nm, 

respectively, using a fluorescence spectrophotometer. ROS contents were 

quantified using a DCF standard curve. The results are expressed as nmol 

DCF formed / mg protein. 

Antioxidant enzymes activities 

SOD (EC 1.15.1.1) activity was assessed by quantifying the inhibition 

of superoxide-dependent adrenaline auto-oxidation at 480nm, as previously 

described, and the results were expressed as units SOD/mg protein (15). 

GSH-Px (EC 1.11.1.9) activity was measured according to Wendel (16). One 

unit of GSH-Px activity was defined as 1μmol NADPH consumed/min, and the 

specific activity is expressed as units/mg protein. 
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Substrates oxidation to 14CO2 

Cerebral cortex slices (300 μm, 100-120 mg) were obtained as 

described above, transferred into flasks and pre-incubated in Dulbecco’s 

buffer for 30 min. Before incubation with substrates, the reaction medium was 

gassed with a 95%O2: 5% CO2 mixture for 30 seconds. Slices were incubated 

in 1 mL of Dulbecco’s buffer containing either: (i) 5 mM D-Glucose + 0.2 µCi 

D-[14C(U)]Glucose (American Radiolabeled Chemicals, Inc., St. Louis, MO, 

USA);  10 µM L-Glutamic Acid + 0.2 µCi L-[14C(U)] Glutamate (PerkinElmer 

Boston, MA, USA); (iii) 10 µM sodium L-Lactate + 0.2 µCi L-[U-14C]Lactate 

(American Radiolabeled Chemicals, Inc., St. Louis, MO, USA). Then, flasks 

containing the slices were sealed with rubber caps and parafilm, and 

incubated at 37ºC for 1 hour in a Dubnoff metabolic shaker (60 cycles/min) as 

described previously (17, 18). The incubation was stopped by adding 0.2 mL 

50% trichloroacetic acid (TCA) through the rubber cap into the flask, while 0.1 

mL of 2 N NaOH was injected into the central wells. Thereafter, flasks were 

shaken for an additional 30 min at 37ºC to trap CO2. Afterwards, the content 

of the central well was transferred to vials and assayed for 14CO2 radioactivity 

in a liquid-scintillation counter. All the results are expressed as nmol of 

substrate oxidized per mg of tissue and the initial specific activity of the 

incubation medium was considered for calculations (19). 

All measurements were made in 3 regions of our interest (referred as Fig. 

7 A, B, and C), approximately 300 µM surrounding the cortex lesion, at 2 days 

and 9 days post- surgery (Fig. 7A). Evaluation of cellular fluorescence 

intensity was performed as previously described (20) with modifications (see 

supplementary data). 
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Statistical analysis 

The data are expressed as mean ± S.E.M. All analyses were 

performed with Prism GraphPad (Version 6.01 for Windows, GraphPad 

Software, San Diego, CA, USA, www.graphpad.com).  Differences among the 

groups were analyzed by t test, with levels of significance below P<0.05 

indicated in the following section. 

 

RESULTADOS 

Serum Biochemical Parameters 

The hepatectomy group presented higher levels of ammonia, lactate and GGT 

as well as lower levels of glucose when compared to sham operated animals. 

[Data not shown] 

É importante citarmos que não houve nenhuma diferença entre os resultados 

objetivos quando comparado com o manuscrito do Capítulo 2 – “Behavioural, 

neurochemical and brain oscillation abnormalities in rats submitted to subtotal 

hepatectomy” 
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Figure 1 - Redox assays 

 

Hepatectomy group had elevated levels of ROS when compared to control 

(Figure 1A). In accordance, we found that operated animals presented a 

decrease in the activity of important antioxidant enzymes (SOD and GSH-Px) 

(Figure 1B and 1C).  Hepatectomized animals also expressed an elevated 

immunocontent of PARP-1 (Figure 1D).   

 

n = 11-13 
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Figure 2 - TCA enzyme activity 

 

 

 

Hepatectomized animals presented increased activity in all evaluated 

enzymes – CS, MDH, SDH, α-KGDH and GDH- when compared to the sham 

group (Figure 2). 

n = 5-6 
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Figure 3 - Substrates oxidation to 14CO2  

 

 

 

Animals submitted to hepatectomy presented elevated glutamate oxidation to 

14CO2 when compared to the sham group (Figure 3A). On the other hand, we 

found that the hepatectomy group had lower glucose and lactate oxidation to 

14CO2 than the control animals (Figure 3B and 3C).  

n = 8-9 
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Discussão 

 Abordaremos a discussão dos resultados apresentados na Parte 2 da 

seguinte forma, por motivos de melhor entendimento: analisaremos em 

conjunto parte dos resultados do manuscrito referente ao Capítulo 1, alguns 

resultados serão, inicialmente, propositalmente deixados de lado; após isso, 

analisaremos em conjunto parte dos resultados dos manuscritos referentes 

aos Capítulos 2 e 3 (pois são oriundos do mesmo modelo experimental) e, 

por fim, formaremos considerações finais, sumarizando pensamentos e 

hipóteses. 

 Nesta tese, tivemos como objetivo inicial testar o efeito neuroprotetor 

da guanosina em um modelo de hiperamonemia aguda induzida por acetato 

de amônia. Após isso, padronizamos um modelo de encefalopatia hepática 

aguda induzida por hepatectomia subtotal e avaliamos diversas variáveis 

comportamentais, eletroencefalográficas e metabolismo cerebral. Tivemos 

como objetivo expandir o conhecimento de metabolismo cerebral em modelos 

animais de hiperamonemia e encefalopatia hepática. 

Como falado na Parte 1, a encefalopatia hepática é uma síndrome 

com diversos mecanismos fisiopatológicos envolvidos, incluindo estresse 

oxidativo, aumento dos níveis de glutamato e excitotoxidade glutamatérgica, 

aumento de glutamina e alterações no metabolismo energético e de 

aminoácidos (Swain M, Butterworth RF, Blei AT, 1992; Ciećko-Michalska I, et 

al, 2012). Pensando nisso, desenvolvemos nosso estudo baseado em dois 

modelos animais com características complementares. É sabido que a 

amônia é a principal substância no desenvolvimento de EH e, por isso, em 
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nosso primeiro estudo, utilizamos um modelo de hiperamonemia aguda em 

roedores, já consagrado por Hermenegildo C. e colaboradores (2010). Ao 

utilizar um modelo de hiperamonemia induzida por injeção i.p. de acetato de 

amônia, reduzimos a fisiopatogênese da encefalopatia a um fator causal 

isolado – o aumento da amônia -, embora múltiplas variáveis estejam sempre 

envolvidas. Em nosso segundo modelo animal, causamos de fato um quadro 

de encefalopatia hepática através de hepatectomia subtotal (Madrahimov N, 

et al, 2006; Detry O, et al, 2013). Nesse modelo realizamos 92% de 

hepatectomia, causando o rápido desenvolvimento de encefalopatia hepática 

e, dessa forma, lidamos com uma variedade de diferentes mecanismos 

fisiopatológicos envolvidos simultaneamente. O objetivo de abordarmos dois 

modelos animais é, ao mesmo tempo em que conseguimos pesquisar 

especificamente o efeito da hiperamonemia em roedores, não nos privamos 

de tentar validar experimentos similares em um modelo de hepatectomia 

subtotal, que se aproxima mais fielmente à EH em humanos e, 

consequentemente, nos permite aproximar mais fielmente do potencial uso 

de guanosina como tratamento para hiperamonemia e encefalopatia hepática 

na prática clínica (Detry O, et al, 2013; Hermenegildo C, Monfort P, Felipo V., 

2000). 

Em nosso primeiro modelo (Capítulo 1), observamos leve diminuição 

da glicemia. Uma vez que os animais que recebiam acetato de amônia 

apresentavam convulsões, atribuímos a hipoglicemia com o efeito direto do 

aumento de utilização de glicose como substrato energético pelo músculo ao 

realizarem intensa contração muscular. Também, como há um aumento na 

glicólise cerebral em estados de hiperamonemia, esperamos que o nível 



	
78	

glicemia seja afetado. De qualquer forma, é importante fazermos duas 

considerações em relação às alterações glicêmicas encontradas: I) não 

houve diminuição na glicemia a ponto de provocar alterações neurológicas ou 

hipoglicemia importante (Maheandiran, M. et al, 2013); II) o grupo pré-tratado 

com guanosina não apresentou normalização na glicemia, dessa forma 

provavelmente a glicemia não esta ligada ao efeito neuroprotetor da 

guanosina. 

Atribuímos o aumento plasmático das enzimas hepáticas observadas 

em nosso estudo como oriundo da metabolização da amônia. Essas 

alterações, no entanto, não fecham critérios para insuficiência hepática 

aguda, além da histologia hepática se manter inalterada (Figura 

suplementar). Porém, sabemos que 20 minutos pode não  ser tempo 

suficiente para detectarmos alterações séricas e histológicas mais 

pronunciadas. Desta forma, não nos permitiremos realizar conclusões 

definitivas sobre isso.  

 Assim como era esperado, de acordo com o modelo apresentado por 

Hermenegildo C, Monfort P e Felipo V. (2000), os animais que receberam 

injeções com acetato de amônia apresentaram alterações no status 

neurológico e aumento liquórico de amônia e glutamato. Adicionalmente aos 

resultados observados nos experimentos de Hermenegildo C. (2000), 

mostramos que esses animais apresentam: 1) aumento liquóricos de alanina; 

2) diminuição na captação cerebral de glutamato e na atividade da enzima 

glutamina sintetase; 3) alterações na atividade da enzima SOD e glutationa 

peroxidase. Todas estas alterações foram revertidas com o uso da 
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guanosina. É interessante notar que 10 minutos após a injeção de acetato de 

amônia, já havia alterações nos níveis de glutamato no líquor, sem haver 

nenhuma alteração nas atividades de SOD ou glutationa peroxidase, 

permitindo-nos concluir que alterações no sistema glutamatérgico antecedem 

alterações no estresse oxidativo. 

As alterações observadas no EEG após os animais serem injetados 

com acetato de amônia são semelhantes às observadas em pacientes com 

EH (Amodio P, et al, 2001). Ainda, 10 a 20 minutos após os animais 

receberem acetato de amônia foi observado um elevado left-index na análise 

feita a partir dos resultados do EEG, corroborando as alterações observadas 

clinicamente (pré-coma, coma e morte) – quanto mais elevado a 

quantificação na escala do left-index, mais alterado está o padrão 

eletrofisiológico e mais próximo ao coma o animal se encontra. É importante 

frisarmos que os animais que foram pré-tratados com guanosina 

apresentaram os mesmos níveis de alteração neurológica que os animais 

que receberam injeção placebo 10 a 20 minutos após receberem acetato de 

amônia. A diferença entre os dois grupos foi que, posteriormente, o grupo 

tratado com guanosina apresentou rápida melhora no status neurológico, 

com retorno à normalidade. 

Com esses resultados, podemos chegar à conclusão de que a 

guanosina não agiu sistemicamente, pois não alterou níveis de amônia 

encontrados no sistema nervoso central. Assim como também não reverteu 

alterações glicemia, AST e ALT. Fica claro que a guanosina não preveniu os 

efeitos da amônia, como a droga MK-801 o faz (Hermenegildo C, Monfort P, 
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Felipo V, 2000), uma vez que houve alterações eletroencefalográficas 

similares ao grupo controle no período 10 a 20 minutos após receberem 

acetato de amônia. Por isso, concluímos que a guanosina teve efeito 

predominantemente por aumentar a captação de glutamato, uma vez que 

mostrou aumentar a velocidade de recuperação dos animais observada 

clinicamente (30% menor o tempo de coma) e no EEG (rápida melhora do 

left-index). Ainda mais importante, o tratamento com guanosina levou à 

diminuição da letalidade em aproximadamente 50%, reforçando a grande 

importância do sistema purinérgico frente à excitotoxicidade glutamatérgica 

(Schmidt AP, Lara DR, Souza DO. 2007).  

Em nosso modelo cirúrgico, induzimos EH através de hepatectomia 

subtotal, removendo 92% do fígado em uma única operação cirúrgica. Essa 

cirurgia provoca uma alta letalidade nos animais – letalidade de 80%, 60 

horas pós-cirurgia (Detry O. et al 2012). Foram encontradas: 1) alterações 

plasmáticas características do modelo experimental de hepatectomia; 2) 

alterações comportamentais, como diminuída atividade locomotora e sinais 

de ansiedade; 3) alterações liquóricas com aumento de aminoácidos, 

incluindo alanina, glutamato e glutamina; 4) reduzido imunoconteúdo cortical 

de transportadores glutamatérgicos GLT-1 e GLAST; 5) aumento dos níveis 

de estresse oxidativo; 6) aumento da oxidação de glutamato no SNC e 

diminuída oxidação de lactato e glicose; 7) aumento da atividade das 

enzimas envolvidas no CAT;  8)  alterações no EEG compatíveis com EH. 

As alterações do left-index no EEG iniciaram rapidamente, ao redor de 

30 minutos após hepatectomia, e permanecem presentes durante todo o 
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registro. Em animais hepatectomizados, há predominância de ondas mais 

lentas e aumento de ondas delta, o que é compatível com o quadro de EH 

(Amodio P, et al, 2001; Sutter, R. & Kaplan, P. W.,2013). As alterações vistas 

no EEG são complementadas com o padrão comportamental observadas na 

tarefa de campo aberto. Animais hepatectomizados apresentaram diminuição 

da locomoção e aumento do tempo na periferia da caixa. Essas alterações 

também são compatíveis com o quadro de EH (Almeida RF, et al, 2010; 

Padilla E, et al 2010). É importante notarmos que as alterações observadas 

no EEG nesse modelo são menos graves (left-index 0.7) quando comparadas 

às observadas no modelo de hiperamonemia (left-index 0.9) (Paniz LG, et al, 

2014). Também, como observado no modelo de hiperamonemia induzida por 

acetato de amônia, as alterações glicêmicas não são graves a ponto de 

provocarem alterações neurológicas (Maheandiran, M. et al, 2013). 

Encontramos um aumento na atividade das enzimas do CAT e 

também na atividade de a-CGDH, o que vai ao encontro da teoria de que a 

hiperamonemia provoca um “estado hipermetabólico” (Johansen ML, et al, 

2007). Ainda, foi observado um aumento muito importante na oxidação de 

glutamato. Isso ocorre quando há aumento do glutamato extracelular e, 

consequentemente, aumento de sua captação na fenda sináptica. Dessa 

forma, a oxidação do glutamato gera ATP, supre o gasto energético 

provocado por sua captação e ainda poupa o uso de glicose. (Dienel, Gerald 

A, 2013).  

Embora haja uma diminuição global da oxidação de lactato no SNC, 

acreditamos que o lactato ainda seja utilizado como substrato preferencial 
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pelos neurônios (Pellerin L, Magistretti PJ, 2012; Schurr, A, 2006), os quais 

representam uma parcela metabólica do SNC. Também, houve pequena 

diminuição na oxidação de glicose. Atribuímos essa alteração ao aumento da 

oxidação de glutamato, o que poupa parcialmente a oxidação de glicose. 

Embora não tenhamos analisado os níveis de lactato no SNC, 

esperamos um aumento de lactato devido a elevados níveis de amônia e 

aumento consequente de glicólise em modelos de hiperamonemia (Ott P, 

Vilstrup H., 2014). Observamos que houve aumento de 132% nos níveis 

séricos de lactato. Elevados níveis arteriais de lactato levam ao aumento de 

lactato no SNC por dois mecanismos distintos: 1) existe elevada 

permeabilidade da BHE em EH ao lactato (Dalsgaard et al., 2004; Smith et 

al., 2003); 2) existem receptores MCT1, transportadores de lactato, 

expressados pelas células endoteliais na BHE, que tem sua atividade 

aumentada (Gerhart et al., 1997). 

O aumento generalizado dos níveis liquóricos dos aminoácidos 

observado após hepatectomia corrobora com a proteólise esperada em EH 

proposta por Ott P, e colaboradores (2005). É interessante que encontramos 

níveis liquóricos elevados de alanina em animais que receberam injeção de 

acetato de amônia (e não foram tratados com guanosina), porém níveis 

normais de alanina em animais hepatectomizados. Em modelos de 

hiperamonemia, é esperado o aumento de alanina em consequência de 

aumento na transaminação de glutamina e também devido a um aumento do 

piruvato oriundo de maior glicólise. O aumento de glicólise é causado tanto 

por efeito direto da amônia (Muntz and Hurwitz, 1951; Abrahams and 
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Younathan, 1971; Ratnakumari and Murthy, 1993), quanto por estimulação 

por excesso de glutamato extracelular e sua captação (Dienel, Gerald A., 

2013). Interpretamos que, uma vez que animais hepatectomizados 

apresentaram grande ativação das enzimas do CAT, os níveis de alfa-

cetoglutarato devam estar normais. Dessa forma, a enzima glutamina 

transaminase não favorece tanto formação de alfa-cetoglutarato e alanina, 

mantendo níveis de alanina dentro da normalidade (Swain M, Butterworth RF, 

Blei AT, 1992). Por outro lado, animais que receberam acetato de amônia 

tem um aumento mais abrupto de amônia cerebral. Possivelmente, isso 

provoca inibição da enzima a-CGDH e maior formação de glutamato e 

glutamina, favorecendo a formação de alanina. 

Animais hepatectomizados apresentaram níveis normais de aspartato. 

Interpretamos esse achado como consequência da utilização desse 

aminoácido no aspartato-malato shuttle, funcionando como substrato 

energético para o CAT. Mesmo em estado de proteólise e insuficiência 

hepática aguda, o aspartato não atravessa a BHE (Strauss et al., 2001). 

Considerando a aumentada utilização no CAT e impermeabilidade da BHE ao 

aspartato, níveis normais ou diminuídos desse aminoácido são esperados 

(Swain et al., 1992; Strauss et al., 2001).  

Encontramos elevados níveis de isoleucina, leucina e valina. A leucina 

pode ser metabolizada a acetil-CoA e succinil-CoA, enquanto a leucina e 

valina podem prover succinil-CoA. Dessa forma, o aumento destes 

aminoácidos tem papel importante na reposição de cadeias carbonadas para 

o CAT (Ott P, Clemmesen O, Larsen FS, 2005). Ao contrário do aspartato, 
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isoleucina e leucina são os únicos aminoácidos que são transportados 

através da BHE em pacientes com insuficiência hepática aguda (Strauss et 

al., 2001). Por isso, embora sejam consumidos ao proverem cadeias 

carbonadas ao CAT, mantém níveis elevados no SNC, diferentemente do 

aspartato. Contudo, mesmo com o aumento dos níveis dos aminoácidos de 

cadeia ramificada (isoleucina, leucina e valina), sua proporção sobre a 

quantidade total de aminoácidos no SNC diminuiu.  Diversos estudos 

sugerem que uma diminuição nessa razão - chamada de Fischer’s Ratio 

(aminoácidos ramificados / quantidade total de aminoácidos), está implicada 

na patogênese da EH (Dejong, C. H, et al, 2007; Miyazaki T, et al, 2003). 

É interessante que ambos modelos apresentaram resultados 

complementares que, se analisados conjuntamente, demonstram um 

continuum de alterações, como se fossem espectros de uma mesma doença. 

Em um modelo, analisamos o efeito da hiperamonemia 10 e 20 minutos após 

receberem acetato de amônia; no outro modelo, 24 horas após hepatectomia. 

Não há alteração alguma em marcadores de estresse oxidativo 10 minutos 

após acetato de amônia, mas, 20 minutos após, já observamos diminuição da 

atividade da SOD e aumento da glutationa peroxidase. Consideramos esse 

resultado como a fase inicial do estresse oxidativo. Já 24 horas após 

hepatectomia, os animais apresentavam tanto diminuição na atividade da 

SOD e da glutationa peroxidase, além de aumento de radicais livres totais, 

representando uma maior alteração nos marcadores de estresse oxidativo. 

Também, há aumento de imunoconteúdo cortical de PARP-1, o que 

representa uma modulação no SNC em uma tentativa de diminuição de 

estresse oxidativo. 
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Há aumento liquórico de glutamato 10 e 20 minutos após os animais 

serem injetados com acetato de amônia; porém, não observamos alterações 

nos níveis de glutamina, a qual é um dos principais causadores de edema 

cerebral em EH aguda (Desjardins P, et al, 2012). Em contraste, 24 horas 

após hepatectomia, além do aumento de glutamato liquórico, observamos o 

aumento de glutamina. O rápido aumento de glutamato extracelular após 

injeção de acetato de amônia é explicado pelo efeito despolarizante da 

amônia sobre a membrana neuronal, provocando a exocitose de glutamato 

(Hermenegildo C, Monfort P, Felipo V., 2000). Já o aumento de glutamina se 

dá principalmente pelo aumento de sua síntese a partir de glutamato e 

amônia, podendo 20 minutos não ser suficientes para a passagem da 

glutamina intracelular para o meio extracelular. Por outro lado, 24 horas após 

hepatectomia, já observamos aumento de glutamina. Embora os níveis 

liquóricos de glutamato permaneçam elevados no espaço extracelular 24, 

horas após hepatectomia, acreditamos que exista um consumo na 

quantidade total de glutamato cerebral (Butterworth, 1997; Cooper and Plum, 

1987). Por fim, o aumento do glutamato extracelular após hepatectomia 

também é causado por diminuição de imunoconteúdo dos transportadores 

glutamatérgicos GLAST e GLT-1 (Lehmann C, Bette S, Engele J. 2009).  

Já havia sido mostrado por Lucas Paniz e colaboradores (2014) que a 

guanosina apresentou efeito neuroprotetor em um modelo de EH crônico. 

Também demonstramos diminuição de letalidade com a administração de 

guanosina em um modelo de hiperamonemia aguda. Após analisarmos as 

alterações fisiopatológicas no SNC induzidas por hepatectomia subtotal, 

acreditamos que a guanosina apresente potencial neuroprotetor frente à 
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modelos mais complexos de hiperamonemia e encefalopatia hepática. 

Embora com diversos outros mecanismos envolvidos, o aumento de 

glutamato extracelular e do estresse oxidativo estão entre os principais 

colaboradores para o desenvolvimento de EH. Foi demonstrado que a 

guanosina apresenta capacidade de aumentar a captação astrocitária de 

glutamato (Schmidt, A. P., & Souza, D. O, 2005; Schmidt, A. P., & Souza, D. 

O, 2010) e de diminuir o estresse oxidativo (Petronilho F., et al, 2012). 

Exposta esta análise, reforçamos a importância do estudo do sistema 

purinérgico, especialmente da guanosina, frente a modelos de 

excitotoxicidade glutamatérgica, e, principalmente, em modelos de EH. 

Acreditamos que a guanosina possa vir a ser usada como adjuvante no 

tratamento de encefalopatia hepática em humanos. 
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Perspectivas 

 

 

“A conclusão deste estudo responde algumas perguntas, mas 

também, como é característico da ciência, traz outras tantas interrogações. “ 

foi a frase que o Lucas Paniz utilizou no inicio da conclusão de sua tese em 

2014. Da mesma forma, uma vez que nosso trabalho não está acabado, 

nosso grupo tem como objetivo continuar pesquisando na linha de modelos 

animais de hiperamonemia e encefalopatia hepática. Em curto prazo, 

planejamos continuar utilizando os mesmos modelos animais que foram 

apresentados nessa tese. 

Já estamos estudando os efeitos da guanosina em nosso modelo 

animal de hepatectomia subtotal. Continuamos a tentar compreender com 

mais detalhamento o metabolismo cerebral, metabolismo de aminoácidos, 

respiração celular e efeitos na reatividade astrocitária frente à hiperamonemia. 

Objetivamente, procuramos entender o mecanismo específico pelo qual a 

guanosina promove neuroproteção. 

Nosso grupo, cada vez mais, adquire expertise no assunto. Mais 

pessoas talentosas e dedicadas se juntam e, com isso, damos seguimento ao 

estudo. Ao fazer a retrospectiva desses 48 meses, percebo que avançamos 

muito enquanto grupo pesquisando sobre hiperamonemia. No entanto, ao 

fazer isso, criamos ainda mais perguntas, que pretendemos continuar a 

buscar respostas. 
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COVER SUBMETIDO PARA REVISTA MOLECULAR NEUROBIOLOGY 

Historia por trás dessa gravura: 

Após submetermos o Manuscrito “Guanosine exerts neuroprotective effect in an 

experimental model of acute ammonia intoxication” para o periódico Molecular Neurobiology, recebemos 

o aceite para publicação em 22 dias juntamente com o pedido para enviarmos uma proposta de capa. 

A gravura é uma modificação de uma pintura original datada de 1932, “Finding Calm in the 

Storm”, ou “Encontrando paz durante a tempestade”. Essa imagem nos apresenta um barco em um vasto 

oceano no meio de uma tempestade, porém o barco se encontra estável. É relacionada ao papel da 

Guanosina em nosso modelo de Hiperamonemia Aguda do mesmo trabalho, no qual, ela apresenta 

efeitos neuroprotetores em meio a uma tempestade de amônia. Juntamente com meu tio Otávio, nos 

inspiramos em cartoons dos anos 80 para desenhar o cérebro.  
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Estudos na University California of San Francisco 

 

Experiência, 

Em 2014, aproveitando um edital da CAPES do programa Ciências 

sem Fronteiras, o professor Diogo contatou seu antigo amigo e colega de 

laboratório, professor Neurologista Raymond A. Swanson. Discutimos a 

possibilidade de eu permanecer um ano estudando no laboratório de 

neurociência da University California of San Francisco, em San Francisco, 

Califórnia, nos Estados Unidos.  Desenvolvemos um projeto e em Outubro de 

2014 recebi o aceite, iniciando meus estudos na América do Norte. 

Trabalhei com camundongos transgênicos para EAAC-1 em modelos 

de estresse oxidativo e doença de Parkinson, assim como modelos de 

trauma cerebral. Aprendi a trabalhar com imunofluorescência e microscopia 

confocal, estudos com glutationa, comportamento animal, entre outras 

técnicas. 

 Morei um ano em uma cidade maravilhosa e conheci pessoas que se 

tornaram minhas amigas mesmo distantes. Foi uma experiência excepcional, 

que acabou por me deixar com o sentimento de saudades. 

Também, mantemos contato com o professor Swanson, ainda com 

trabalhos em desenvolvimento, os quais não foram citados nessa tese. 
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Neurobiology of Disease

Assessment at the Single-Cell Level Identifies Neuronal
Glutathione Depletion As Both a Cause and Effect of
Ischemia-Reperfusion Oxidative Stress

Seok Joon Won,1,2 Ji-Eun Kim,1,2 X Giordano Fabricio Cittolin-Santos,1,2 and X Raymond A. Swanson1

Departments of 1Neurology, University of California San Francisco, and 2Neurology Service, San Francisco Veterans Affairs Medical Center (SFVAMC), San
Francisco, California 94121

Oxidative stress contributes to neuronal death in brain ischemia-reperfusion. Tissue levels of the endogenous antioxidant glutathione
(GSH) are depleted during ischemia-reperfusion, but it is unknown whether this depletion is a cause or an effect of oxidative stress, and
whether it occurs in neurons or other cell types. We used immunohistochemical methods to evaluate glutathione, superoxide, and
oxidative stress in mouse hippocampal neurons after transient forebrain ischemia. GSH levels in CA1 pyramidal neurons were normally
high relative to surrounding neuropil, and exhibited a time-dependent decrease during the first few hours of reperfusion. Colabeling for
superoxide in the neurons showed a concurrent increase in detectable superoxide over this interval. To identify cause– effect relation-
ships between these changes, we independently manipulated superoxide production and GSH metabolism during reperfusion. Mice in
which NADPH oxidase activity was blocked to prevent superoxide production showed preservation of neuronal GSH content, thus
demonstrating that neuronal GSH depletion is result of oxidative stress. Conversely, mice in which neuronal GSH levels were maintained
by N-acetyl cysteine treatment during reperfusion showed less neuronal superoxide signal, oxidative stress, and neuronal death. At 3 d
following ischemia, GSH content in reactive astrocytes and microglia was increased in the hippocampal CA1 relative to surviving neurons.
Results of these studies demonstrate that neuronal GSH depletion is both a result and a cause of neuronal oxidative stress after ischemia-
reperfusion, and that postischemic restoration of neuronal GSH levels can be neuroprotective.

Key words: glutathione; hyperglycemia; ischemia; N-acetyl cysteine; neuron; oxidative stress

Introduction
Ischemia-reperfusion leads to the production of superoxide and
nitric oxide by neurons and other cell types (Chan, 2001;
Brennan-Minnella et al., 2015). These oxidants form peroxyni-
trite and other highly reactive oxygen species (ROS) that rapidly
damage lipids, proteins, and DNA. DNA damage in turn triggers
the poly(ADP-ribose) polymerase cell death pathway (parthana-
tosis), which is the primary cause of acute neuronal death in
ischemia-reperfusion injury (Moroni, 2008; Andrabi et al., 2011;
Baxter et al., 2014).

Glutathione (GSH) plays a crucial role in cell defense against
oxidative stress (Dringen, 2000; Maher, 2006). GSH scavenges
superoxide and other ROS both directly and, more rapidly, in
enzyme-catalyzed reactions. One such reaction class reduces per-
oxides, as exemplified by the glutathione peroxidase reaction:

2GSH ! H2O2 ¡ GSSG ! 2H2O. A second class of reactions
includes glutaredoxin-mediated repair of proteins that have been
oxidatively modified at cysteine residues. These reactions also
ultimately generate GSSG from GSH. The GSSG (glutathione
disulfide) formed in these processes can either be exported from
cells or recycled to GSH in the glutathione reductase reaction:
GSSG ! NADPH ¡ 2GSH ! NADP!. GSSG has intrinsic cyto-
toxicity, and consequently cells export GSSG when formation
exceeds capacity for recycling to GSH (Homolya et al., 2003).
GSH moieties lost through GSSG export must be replaced by de
novo GSH synthesis, for which cysteine availability is usually the
rate liming factor (Jones, 2008). GSH depletion has also been
shown to impair mitochondrial ATP production (Vesce et al.,
2005) and promote mitochondrially driven apoptosis (Muyder-
man et al., 2007).

The obligatory role of GSH in these anti-oxidant and repair
processes suggests that intracellular GSH levels could be an im-
portant factor affecting neuronal survival during ischemia-
reperfusion, but there are several gaps to our understanding in
this area. It is not known whether ischemia-reperfusion reduces
GSH levels specifically in neurons, if so by what mechanism, or if
this reduction significantly contributes to neuronal demise.
There is also uncertainty as to the relative GSH concentrations in
neurons compared with astrocytes. Studies of pure neuronal and
astrocyte cultures suggest that neurons contain far less GSH than
astrocytes (Makar et al., 1994; Dringen et al., 1999); however, this
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may be a cell culture artifact because cultured astrocytes display a
reactive phenotype in which the GSH biosynthetic pathway is
upregulated (Shih et al., 2003), and neuron levels of GSH are
artificially depressed when cultured in the absence of astrocytes
(Dringen et al., 1999; Dringen, 2000).

To resolve these issues, we used an immunohistochemical
method to evaluate GSH content in individual neurons. Results
of these studies show that GSH levels in hippocampal pyramidal
neurons are normally greater than astrocyte GSH levels, and that
neuronal GSH levels fall in a time-dependent manner after
ischemia-reperfusion. Blocking superoxide production during
reperfusion preserves neuronal GSH levels, and supporting neu-
ronal GSH levels with N-acetyl cysteine reduces oxidative stress
and neuronal death.

Materials and Methods
Studies were approved by the SFVAMC animal studies committee. Mice
were male, C57BL/6, 3–5 months of age. Wild-type (WT) mice were
obtained from Simonsen Laboratories. p47 phox"/" Mice were obtained
from The Jackson Laboratory, and subsequently back-crossed to WT
C57BL/6 mice for #10 generations. Reagents were obtained from Sigma-
Aldrich except where otherwise noted.

Transient forebrain ischemia. Ischemia was induced by transient occlu-
sion of both common carotid arteries, as described previously (Barone et
al., 1993; Won et al., 2010). Mice were fasted overnight and anesthetized
with 2% isoflurane in a 70% N2O/30% O2 mixture. Body temperature
was maintained at 37 $ 0.3°C with a homeothermic blanket and heating

lamp (Harvard Apparatus). The common carotid arteries were exposed
through a midline neck skin incision and occluded for 12 min with small
aneurysm clips. Artery occlusion and reperfusion was confirmed in each
case by visual inspection. Anesthetics were discontinued after skin clo-
sure. When mice showed spontaneous respiration, they were returned to
a recovery chamber maintained at 37°C until ambulatory. Sham-
operated animals received neck incisions without artery occlusion.

Where used, N-acetyl cysteine (NAC), apocynin, or their correspond-
ing vehicles were administered as 10 !l/g intraperitoneal injections at the
time of reperfusion. NAC was dissolved in physiological saline, and apo-
cynin was dissolved in 1% dimethylsulfoxide. For studies using hyper-
glycemia, mice were given intraperitoneal injection of 50% glucose in
saline, (2.5 !l/g body weight) immediately before reperfusion as de-
scribed previously (Suh et al., 2008). The corresponding normoglycemic
mice received equal volumes of saline only. Blood glucose was measured
from tail vein samples 15 min before ischemia onset and 30 min after
reperfusion using ACCU-CHEK glucometer (Roche).

Immunohistochemistry. Mice were anesthetized and transcardially per-
fused with cold saline followed by 4% formaldehyde solution. Brains
were removed and postfixed in 4% formaldehyde overnight. Brains
used for 4-hydroxynonenal (4HNE) and nitrotyrosine (NT) immu-
nostaining were embedded in paraffin for collection of 7 !m coronal
sections. The sections were deparaffinized with xylene, rehydrated,
and then boiled in 10 mM sodium citrate, pH 7.0, for 10 min to achieve
antigen retrieval (Shi et al., 1991). Brains used for other outcome
measures were cryoprotected in sucrose and cryostat sectioned at
either 25 !m thickness for Fluoro-Jade B staining, or 40 !m thickness
for all other measures.

Figure 1. Immunohistochemical quantification of neuronal GSH content. A, Confocal images of mouse hippocampal sections treated with NEM to generate NEM-GSH adducts and immunostained
with antibody for GSH-NEM (green). Sections were counterstained (red) with either anti-MAP2 to identify neuronal processes or GFAP to identify astrocyte processes. Specificity was validated by lack
of GSH-NEM signal in sections not treated with NEM, and in sections pretreated with iodoacetamide to render sulhydryl groups unreactive with NEM (B). Scale bar, 20 !m. C, In ex vivo brain slices,
neuronal GSH-NEM signal was reduced after incubation with 1 mM BSO plus 500 !M SIN1 for 6 h. Scale bar, 20 !m. D, Immunohistochemical quantification of neuronal GSH in ex vivo brain slices.
E, Biochemical quantification of GSH in the same ex vivo brain slices (*p % 0.05).
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GSH was detected in sections that were
preincubated with 10 mM N-ethylmaleimide
(NEM) for 4 h at 4°C, using a mouse antibody
to GSH-NEM (clone 8.1GSH, Millipore) as de-
scribed previously (Miller et al., 2009; Escartin
et al., 2011). The sections were subsequently
incubated with rabbit antibodies to 4HNE (Ab-
cam), NT (Millipore), MAP2 (Millipore), GFAP
(Millipore), or Iba1 (Waco). Antibody binding
was visualized using AlexaFluor 488-conjugated
goat anti-mouse IgG or AlexaFluor 594-
conjugated goat anti-rabbit IgG (Invitrogen).

For detection of superoxide-derived ROS, 3
mg/kg dihydroethidium (Invitrogen) dissolved
in 1% dimethylsulfoxide was intraperitoneally
injected 15 min before artery occlusion and
brains were harvested at the designated time
points following reperfusion. Cryostat sections
were photographed with a fluorescent micro-
scope using excitation at 510 –550 nm and
emission #580 nm to detect oxidized ethidium
species (Eth) (Murakami et al., 1998; Won et
al., 2010).

Quantification of fluorescent labeling was
performed using four evenly spaced sections
collected through the hippocampus of each
mouse. Each section was photographed with a
fluorescence microscope using uniform condi-
tions. Antibody or Eth fluorescence intensity
was measured in the bilateral CA1 pyramidal
layer of each of section, and the values obtained
in the four sections were averaged for each
brain. To assess colocalization of glutathione
and superoxide formation at the single-cell
level, brain sections from dihydroethidium-
injected mice were immunostained with anti-
GS-NEM and photographed with a confocal
fluorescence microscope. Eth and anti-GS-
NEM fluorescence were measured in each neu-
ronal soma of hippocampal CA1, with #70
cells analyzed in each section.

Neuron death. Degenerating neurons were
evaluated by Fluoro-Jade B staining as de-
scribed previously (Schmued and Hopkins,
2000; Won et al., 2010), using five evenly
spaced sections through the hippocampus. In
brief, 25 !m sections mounted on slides were
immersed in a basic alcohol solution followed
by 0.06% potassium permanganate for 15 min,
placed in 0.0004% Fluoro-Jade B (Millipore)
for 20 min. The number of degenerating neu-
rons in CA1 pyramidal layer was counted bilat-
erally and averaged over the five sections from
each brain.

Acute brain-slice cultures. Mouse brains were
vibratome sectioned into 300 !m coronal
slices. The slices were placed in ice-cold artifi-
cial CSF (130 mM NaCl, 3.5 mM KCl, 1.25 mM

4

Figure 2. Transient forebrain ischemic injury produces a
delayed depletion of GSH in hippocampal CA1 pyramidal neu-
rons. A, Hippocampal brain sections harvested at the desig-
nated times after ischemia-reperfusion or sham surgery and
immunostained for GSH. Scale bar, 20 !m. B, Quantification
of neuronal GSH immunoreactivity (*p % 0.05 vs sham). C,
Neuronal death as detected with Fluoro-Jade B under condi-
tions as in A. Scale bar, 20 !m.
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NaH2PO4, 2 mM MgSO4, 2 mM CaCl2, 20 mM NaHCO3 and 10 mM

glucose, pH7.2) while equilibrated with 95% oxygen and 5% CO2. After
30 min, the incubation temperature was raised to 30°C and one-half of
the slices were treated with 0.5 mM 3-morpholinosydnonimine (SIN-1)
plus 1 mM buthionine sulfoxamine (BSO) to reduce glutathione content
(SIN-1 generates peroxynitrite, which avidly reacts with GSH, and
BSO prevents de novo GSH synthesis; Griffith and Meister, 1979;
Zhang et al., 1997). After 6 h, slices were either frozen for biochemical
GSH determination or fixed in 4% formaldehyde for GSH-NEM
immunohistochemistry.

GSH assay. Brain slices were sonicated with 0.5 ml of 5% sulfosalicylic
acid and centrifuged at 10,000 & g for 10 min at 4°C. The supernatant was
mixed with 1 mM dithiobis-2-nitrobenzoic acid and 1 mM EDTA in 100
mM sodium phosphate buffer, pH 7.5, and 1 mM NADPH and 200 U/ml
of glutathione reductase were added (Baker et al., 1990). GSH standards
were treated identically, and optical absorbance of samples and standards
was measured at 405 nm. Values were normalized to protein content as
determined with a BCA protein assay kit (Thermo Scientific).

Statistical analyses. Quantified data are presented as box-and-whisker
plots, with the boxes showing the median and the upper and lower quar-
tiles, and the whiskers showing the highest and lowest values in each the

dataset. Statistical significance was assessed with the Mann–Whitney U
test for two-group comparisons, and with the Kruskal–Wallis nonpara-
metric one-way ANOVA test followed by Dunn’s test for multiple group
comparisons. P values %0.05 were considered significant. The number of
mice in each experimental group is displayed in each figure.

Results
Ischemia reduces neuronal GSH content
To evaluate cell-type-specific changes in glutathione content, we
adapted an immunohistochemical approach that uses antibody to
GSH-NEM adducts. This method specifically identifies GSH in
NEM-treated tissues, and thereby overcomes the more limited spec-
ificity of antibodies directed to native GSH (Miller et al., 2009). Hip-
pocampal sections evaluated using this approach showed a strong
GSH signal in the CA1 pyramidal neuron soma, with lesser signal in
the adjacent neuropil and astrocyte cell bodies (Fig. 1A). The CA1
pyramidal layer was chosen for analysis of neuronal GSH changes
because this region is relatively poor in astrocyte processes (Ouyang
et al., 2007). This was confirmed here by staining for the astrocyte

Figure 3. Inverse relationship between superoxide and GSH levels in postischemic hippocampal neurons. A, Confocal images showing glutathione (GSH-NEM, green) and superoxide (Eth, red)
in neurons of hippocampal sections harvested after ischemia-reperfusion or sham surgery. Scale bar, 20 !m. B, Scatterplot shows relative levels of GSH and superoxide measured in individual
neurons harvested 3 h after ischemia or sham surgery (sham n ' 4,744 cells; ischemia n ' 4,783 cells). C, Histograms show the distribution of data plotted in B. D, Box-and-whisker plots show the
median values from n ' 4 animals in each treatment group (*p % 0.05).
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marker, GFAP (Fig. 1B; see also Fig. 7A). GSH-NEM staining was
absent in sections that had not been treated with NEM, and in sec-
tions treated with iodoacetamide to render sulfhydryl groups unre-
active to NEM (Fig. 1B). To further evaluate the specificity of this
histochemical approach, we compared the GSH-NEM signal to
biochemical measurements of GSH in acutely isolated hip-

pocampal slices. In one-half of the slices
GSH levels were lowered by 6 h incubations
in medium containing 3-morpholinosy-
dnonimine and L-buthionine sulfoxamine.
Slices treated this way showed a (50% re-
duction in total slice GSH-NEM signal, and
a comparable reduction in biochemically
measured slice GSH content (Fig. 1C–E).

We then used the GSH-NEM method
to evaluate changes in the GSH content of
hippocampal CA1 pyramidal neurons at
serial time points after transient forebrain
ischemia. GSH levels were not detectably
altered at 30 min after reperfusion, but
were significantly decreased at 3 h and
nearly absent at 24 h after reperfusion
(Fig. 2A,B). To determine whether these
decreases were simply indicative of neuro-
nal death, degenerating neurons were
identified by Fluoro-Jade B staining in ad-
jacent sections. The Fluoro-Jade B stain-
ing showed only scattered dead neurons at
24 h and no signal at the earlier time
points (Fig. 2C), consistent with delayed
neuronal death in this stroke model (Bar-
one et al., 1993; Bennett et al., 1996; Lee et
al., 2004; Won et al., 2010).

Reduced neuronal GSH content is
accompanied by increased superoxide
levels
Superoxide and certain superoxide-
derived ROS produced during ischemia-
reperfusion can be detected by evaluating
oxidation of dihydroethidium to fluores-
cent oxidized Eth (Murakami et al., 1998;
Peshavariya et al., 2007; Won et al., 2010).
We prepared confocal images from sec-
tions double-labeled for Eth formation
and GSH-NEM to evaluate the relation-
ships between superoxide and GSH levels
in individual neurons. Eth formation in
hippocampal sections harvested at serial
time points after ischemia-reperfusion
showed increased signal in the CA1 pyra-
midal neurons at 0.5, 3, and 24 h after
reperfusion (Fig. 3A). Focusing on the 3 h
time-point, preceding neuronal death, the
colabeling showed a corresponding reduc-
tion in neuronal GSH levels (Fig. 3A–D).

Superoxide production causes neuronal
GSH depletion after ischemia
GSH is consumed in the process of scaveng-
ing superoxide and superoxide-derived re-
active oxygen species. As a consequence,
the reciprocal changes in GSH and super-

oxide levels in postischemic neurons could result either from
increased GSH consumption in neurons with increased superox-
ide formation, or from reduced superoxide-scavenging capacity
in neurons with reduced GSH content. To test these possibilities,
we first evaluated the effects of increased and decreased superox-
ide production on neuronal GSH levels. Superoxide formation

Figure 4. Neuronal GSH levels are influenced by postischemic superoxide production. Neuronal superoxide and GSH levels were
assessed in hippocampal CA1 pyramidal neurons fixed 3 h after ischemia-reperfusion or sham surgery. A, Superoxide levels were
increased by normoglycemic ischemia-reperfusion (NG), and further increased in mice rendered hyperglycemic during reperfusion
(HG; *p % 0.05 vs sham). Neuronal GSH exhibited reciprocal changes. Blood glucose levels were 4.61 $ 0.82 mmol/L in normogly-
cemic mice and 14.89 $ 2.93 mmol/L in the hyperglycemic mice. B, Apocynin (15 mg/kg) reduced superoxide production in
postischemic neurons, and prevented GSH depletion (*p % 0.05). C, Ischemia-reperfusion did not increase superoxide levels in
p47 phox"/" mice, and neurons in these mice showed no significant fall in GSH levels.
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was increased by rendering mice hyper-
glycemic during reperfusion (Muranyi
and Li, 2006; Kamada et al., 2007; Suh
et al., 2008; Won et al., 2011). The
hyperglycemia-induced increase in super-
oxide production produced a corre-
sponding decrease in neuronal GSH
content (Fig. 4A). Next, we suppressed su-
peroxide formation by treating mice with
the NADPH oxidase inhibitor apocynin
(Stolk et al., 1994; Suh et al., 2008). The
reduced superoxide signal in neurons of
these mice was accompanied by a corre-
sponding increase in neuronal GSH con-
tent (Fig. 4B). We also evaluated this
relationship in p47 phox"/" mice, which
cannot assemble a functional NADPH
oxidase-2 complex (Bedard and Krause,
2007). Ischemia-reperfusion in these mice
produced no significant increase in neu-
ronal superoxide signal, and no reduction
in neuronal GSH content (Fig. 4C). To-
gether, these findings support the idea
that accelerated superoxide production is
the primary cause of GSH depletion in
postischemic neurons. The absence of
ischemia-induced neuronal Eth forma-
tion in mice lacking NADPH oxidase-2
activity also confirms that this signal is at-
tributable to superoxide or superoxide-
derived ROS.

Increased GSH content suppresses
superoxide levels after ischemia
The above findings do not exclude the
alternative possibility, that elevated su-
peroxide levels result from decreased neu-
ronal GSH content. We evaluated this
possibility by treating mice with NAC
immediately after reperfusion. NAC
serves as a source of cysteine, the rate-
limiting step for de novo GSH synthesis
(Aoyama et al., 2008; Samuni et al., 2013).
Mice treated with NAC after ischemia had
normal neuronal GSH levels and less
Eth formation than vehicle-treated mice
(Fig. 5), suggesting that the nor-
malized GSH content prevents elevated
superoxide levels during reperfusion. This
suggestion was supported by measures
of 4-hydroxynonenal and nitrotyrosine,
which are oxidative modifications of lip-
ids and proteins that are produced in part
by superoxide (Reiter et al., 2000; Awasthi
et al., 2004). Both 4-hydroxynonenal and nitrotyrosine were
formed in CA1 neurons after ischemia-reperfusion (Fig. 6A), and
their formation was attenuated in mice treated with NAC (Fig.
6A,B). NAC administration also reduced CA1 neuronal death, as
measured by Fluoro-Jade B in brains harvested 3 d after ischemia-
reperfusion (Fig. 6C,D). Together, these findings results indicate
that neuronal GSH levels contribute to the ability of neurons
to scavenge superoxide and suppress oxidative damage after
ischemia-reperfusion.

GSH content is increased in glia at 3 d after ischemia-reperfusion
Although our findings show a fall in neuronal GSH content over
the first few hours after ischemia-reperfusion, prior studies using
biochemical GSH determinations have identified an increase in
bulk tissue GSH content at later time points (days) after
ischemia-reperfusion (Uemura et al., 1991; Ningaraj and Rao,
1998; Namba et al., 2001). To determine whether the later in-
crease in GSH content might be in non-neuronal cells, we per-
formed double-labeling for GSH-NEM with astrocyte and

Figure 5. N-acetyl cysteine administered after ischemia-reperfusion restores neuronal GSH and reduces detectable superoxide.
A, Representative photomicrographs showing relative levels of GSH and superoxide detection in hippocampal CA1 neurons. NAC or
saline vehicle was administered at reperfusion, and tissues were harvested 3 h later. Scale bar, 20 !m. B, Quantified results (*p %
0.05, **p % 0.01 vs ischemia/vehicle).
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microglial markers in brains harvested 3 d after ischemia reper-
fusion. These studies showed reduced GSH signal in the CA1
pyramidal layer, corresponding to a reduced number of surviving
neurons. However, these studies also showed increased GSH con-
tent in both astrocytes and microglia in the underling stratum
radiatum (Fig. 7). High-power views (Fig. 7C,D) suggested an
increase in GSH concentration in the glial processes, in addition
to increased numbers of cells and processes.

Discussion
These findings demonstrate that ischemia-reperfusion causes
both a fall in GSH and an increase in superoxide levels in pyra-
midal CA1 neurons. Pharmacological or genetic blockade of su-
peroxide production preserved neuronal GSH content, whereas
conversely, N-acetyl cysteine treatment supported GSH levels
and reduced superoxide levels, oxidative stress, and neuronal
death. These results indicate that GSH depletion is both a result
and a cause of neuronal oxidative stress after ischemia-
reperfusion, and that restoration of neuronal GSH levels during
reperfusion can be neuroprotective.

It can be difficult to reliably distinguish between GSH and
other thiols by histochemical methods. Initial studies of brain
tissue using mercury orange as a label found a relatively low GSH
signal in neuronal somata (Slivka et al., 1987), but this agent was
later found to react with protein sulfhydryls in addition to GSH
(Thomas et al., 1995). Studies using monochlorobimane to detect
GSH also suggested a relative paucity of GSH in neurons (Bragin
et al., 2010). However, the reaction between monochlorobimane
and GSH requires glutathione S-transferase. The GSH-bimane
signal is therefore influenced by cell-type differences in this en-
zyme, as well as by differing rates of GSH-bimane excretion
(Ublacker et al., 1991). In contrast to these histochemical meth-

ods, immunostaining with antibodies to GSH showed abundant
labeling in neuronal soma and processes (Ong et al., 2000), in-
line with the present results. Nonenzymatic GSH labeling with
fluorescently labeled C5-maleimide also shows strongest signal
in neurons (Aoyama et al., 2006; Escartin et al., 2011). The
NEM-GSH antibody method used here uses antibodies to
N-ethylmaleimide-glutathione adducts to further improve spec-
ificity for GSH (Miller et al., 2009).

In the present studies, comparisons of GSH-NEM staining
with biochemical GSH measures in acute hippocampal slices
confirmed that the GSH-NEM method provides a quantitative
measure of brain tissue GSH content. The GSH-NEM approach
has limitations, however, as with other immunohistochemical
methods a linear relationship between neuronal GSH content
and the GSH-NEM signal cannot be assumed to hold over the full
range of signal detected. Additionally, the inability to discrimi-
nate between neuronal and non-neuronal processes in the neu-
ropil restricted our analysis to neuronal cell bodies, and it is
possible that these do not uniformly reflect GSH metabolism in
the neuronal processes.

When used in studies of ischemia-reperfusion, GSH-NEM
staining showed GSH depletion in hippocampal pyramidal neu-
rons over the first few hours of ischemia-reperfusion. This deple-
tion occurs long before neuronal death, as evidenced both by
Fluoro-Jade B staining (Fig. 2C) and by prior work showing de-
layed CA1 neuronal death in this transient ischemia model (Bar-
one et al., 1993; Bennett et al., 1996; Lee et al., 2004; Won et al.,
2010). Biochemical measurements of GSH in brain tissue ho-
mogenates have shown a decrease in bulk tissue GSH content
over this same time period (Uemura et al., 1991; Shivakumar et
al., 1995), and a subsequent normalization or supranormaliza-

Figure 6. N-acetyl cysteine administered after ischemia-reperfusion attenuates oxidative stress and cell death. A, Hippocampal sections immunostained for 4HNE and NT. Mice received 7.5
mg/kg NAC or saline vehicle at reperfusion, and tissues were harvested 3 h later. Scale bar, 20 !m. B, Quantification of 4HNE and NT immunofluorescence. C, Fluoro-Jade B staining identifies
degenerating hippocampal CA1 neurons in mouse brain 3 d after ischemia-reperfusion. Scale bar, 50 !m. D, Quantified cell death (*p % 0.05 vs ischemia/vehicle).
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tion after 72 h (Ningaraj and Rao, 1998; Namba et al., 2001). Our
studies using GSH-NEM staining together with cell-type-specific
markers indicates that this later recovery of GSH levels is at-
tributable to GSH accumulation in reactive astrocytes and
microglia, rather than to a rebound increase in surviving neu-
rons. The mechanism and functional effects of this delayed
GSH accumulation are not known, but may be attributable to
increased NRF2 signaling in reactive astrocytes (Hamby and
Sofroniew, 2010).

Although Eth formation is specific for superoxide under cell-
free conditions, the presence of metals and peroxidases in cells
allows H2O2 and other peroxides to oxidize dihydroethidium to
Eth species (Fernandes et al., 2007). Elevated Eth signal is gener-
ally considered an indicator of increased ROS production, but in

the present studies, the high Eth signal observed in neurons with
low GSH content more likely reflects impaired superoxide scav-
enging. Superoxide is scavenged in part by direct reaction with
GSH, and superoxide-derived peroxides and protein oxidation
products are reduced primarily by enzymatic processes coupled
to GSH (Dringen, 2000; Maher, 2006).

The mechanism by which ischemia-reperfusion causes GSH
depletion has not been identified, but our results suggest that
superoxide production is a major factor. We found that neuronal
GSH depletion was attenuated when superoxide production by
NADPH oxidase-2 was blocked, and increased in when superox-
ide production was accelerated by hyperglycemia (Fig. 4A). GSH
is oxidized to GSSG in the process of scavenging superoxide and
superoxide-derived peroxides, and exported from cells when

Figure 7. GSH content is increased in glia at 3 d after ischemia-reperfusion. Confocal images show fewer pyramidal neurons in the postischemic CA1 region, but increased numbers of astrocytes
(A) and microglial (B) in both the CA1 pyramidal cell layer and underlying stratum radiatum. Colabeling for GSH shows increased signal in astrocytes (GFAP) and microglia (Iba-1) in the postischemic
CA1. Pyr, Pyramidal layer; SR, stratum radiatum. Scale bar, 20 !m. C, D, High-magnification images with glial processes marked with arrows and cell nuclei stained with DAPI (blue). Scale bar, 10
!m. Images are representative of n ' 4 sham and ischemic mice.
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GSSG formation outstrips its reduction back to GSH (Homolya
et al., 2003).

GSH that is lost in the form of exported GSSG must be re-
placed by de novo synthesis from cysteine, glycine, and glutamate,
of which cysteine availability is the rate-limiting factor. NAC is
membrane-permeable form of cysteine that can be de-acetylated
and used for GSH synthesis by neurons (Berman et al., 2011;
Samuni et al., 2013). Prior studies have shown that NAC admin-
istered before brain ischemia can be neuroprotective (Knuckey et
al., 1995; Carroll et al., 1998; Cuzzocrea et al., 2000). Our results
additionally show that NAC administered during reperfusion fol-
lowing ischemia can restore or maintain intracellular GSH con-
tent in neurons, and thereby limit oxidative neuronal damage
and death. It is possible that the effects of NAC are due in part to
direct actions of this thiol with superoxide or other ROS; how-
ever, this is likely a minor factor because the reaction between
NAC and superoxide is slow (Samuni et al., 2013), and because
unlike GSH, NAC cannot serve as a substrate for either the reduc-
tion of peroxides by glutathione peroxidase or the repair of oxi-
dized proteins by glutaredoxins. Accordingly, prior studies show
that the antioxidant effects of NAC during acute oxidative stress
are negated if de novo GSH synthesis is prevented with buthionine
sulfoximine (Wong and Corcoran, 1987; Yang et al., 2003;
Aoyama et al., 2006). This control was not feasible in the present
ischemia studies because inhibitors of GSH synthesis downregu-
late NMDA receptor activity and thus also affect superoxide pro-
duction (Ryu et al., 2003; Brennan et al., 2009).

The observation that both GSH depletion and neuronal de-
mise were attenuated in mice treated with NAC during reperfu-
sion after ischemia also suggests that this approach could have
therapeutic potential. NAC is inexpensive and safe, and it is al-
ready approved by the US Federal Drug Administration for other
indications (Miller and Rumack, 1983). Our findings suggest that
administration of NAC to stroke patients during the initial period
of reperfusion could improve outcomes, but the “therapeutic
window of opportunity” remains to be established.
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Abstract N-acetyl cysteine (NAC) supports the synthesis of
glutathione (GSH), an essential substrate for fast, enzymati-
cally catalyzed oxidant scavenging and protein repair process-
es. NAC is entering clinical trials for adrenoleukodystrophy,
Parkinson’s disease, schizophrenia, and other disorders in
which oxidative stress may contribute to disease progression.
However, these trials are hampered by uncertainty about the
dose of NAC required to achieve biological effects in human
brain. Here we describe an approach to this issue in which
mice are used to establish the levels of NAC in cerebrospinal
fluid (CSF) required to affect brain neurons. NAC dosing in
humans can then be calibrated to achieve these NAC levels in
human CSF. The mice were treated with NAC over a range of
doses, followed by assessments of neuronal GSH levels and
neuronal antioxidant capacity in ex vivo brain slices. Neuronal
GSH levels and antioxidant capacity were augmented at NAC
doses that produced peak CSF NAC concentrations of

≥50 nM. Oral NAC administration to humans produced CSF
concentrations of up to 10 μM, thus demonstrating that oral
NAC administration can surpass the levels required for bio-
logical activity in brain. Variations of this approach may sim-
ilarly facilitate and rationalize drug dosing for other agents
targeting central nervous system disorders.

KeyWords Cysteine . Parkinson’s disease . oxidative stress .

human . cerebrospinal fluid . target engagement

Introduction

Oxidative stress contributes the pathogenesis of Parkinson’s
disease (PD) and other neurodegenerative disorders. The neu-
ronal populations that are most affected in PD accumulate
oxidized lipids, proteins, and DNA [1]. These markers of ox-
idative damage are accompanied by reduced levels of the ma-
jor cellular antioxidant, glutathione (GSH), which is used by
cells to both scavenge reactive oxygen species (ROS) and
repair oxidized protein residues [2]. A causal role for oxidative
stress and GSH depletion in PD is supported by both clinical
and animal studies [1, 3–5]. In particular, factors that cause
global impairments in neuronal GSH metabolism cause cyto-
toxicity preferentially in the neuronal populations most affect-
ed in PD [6–8].

Clinical trials have evaluated several agents targeting oxi-
dative damage in PD, including coenzymeQ10,α-tocopherol,
selegiline, and rasagaline; but disappointingly none of these
trials have demonstrated an unequivocal slowing of disease
progression [9, 10]. These negative results are difficult to in-
terpret, however, because it is unknown whether the agents
succeeded in having a significant effect on neuronal oxidative
stress at the doses employed. This critical knowledge gap
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stems both from difficulties in measuring antioxidant effects
in vivo and uncertainties about drug penetration across the
human blood–brain barrier.

N-Acetyl cysteine (NAC) is a synthetic compound that
enters cells by a presumably passive mechanism, where it is
cleaved to generate intracellular cysteine [11]. Cysteine avail-
ability is normally the rate-liming factor in GSH synthesis
[12], and consequently NAC can be used to promote GSH
synthesis under conditions in which GSH consumption ex-
ceeds supply. NAC is currently approved by the US Food
and Drug Administration for the treatment of acetaminophen
toxicity and contrast nephropathy, and it has been identified as
promising agent for treatment of PD [3, 13–15]. There is also a
growing interest in the use of NAC to treat other neurological
and psychiatric disorders in which oxidative stress has been
implicated, including adrenoleukodystrophy, Alzheimer dis-
ease, schizophrenia, and compulsive disorders [15, 16]. How-
ever, there has been uncertainty as to the extent that NAC can
cross the human blood–brain barrier [17], with resulting un-
certainty about doses required for a rational clinical trial.

Here we present an approach for addressing these issues.
The approach uses ex vivo assessments of neuronal GSH
levels and antioxidant capacity in mice to identify the cerebro-
spinal fluid (CSF) concentrations of NAC required to have
biological activity in neurons. Dosing in humans can then be
tailored to reach or exceed these levels in human CSF.

Materials and Methods

Reagents were obtained from Sigma-Aldrich (St. Louis, MO,
USA) except where otherwise noted. Animal studies were
approved by the San Francisco Veterans Affairs Medical Cen-
ter animal studies committee. Sprague–Dawley rats, aged 3–
6 months, were obtained from Simonsen Laboratories (Gilroy,
CA, USA). Mice were either wild-type 3–6-month-old
C57BL/6 strain (Jackson Laboratories, West Grove, PA,
USA) or SLC1A1–/– mice that had been back-crossed to the
C57BL/6 strain. The SLCA1–/– colony was maintained as

homozygous with breeders back-crossed with C57BL/6 mice
every 6 generations, to avoid genetic drift [6, 18]. SLC1A1 is
more commonly known as excitatory amino acid transporter 3
or excitatory amino acid carrier 1 (EAAC1), and will be
termed EAAC1 throughout this report.

Drug Administration

L-Buthionine-(S,R)-sulfoximine (BSO) was administered 5 h
prior to brain harvest at a dose of 1.3 g/kg body weight by
intraperitoneal (i.p.) injection. NAC was administered either
i.p. or by oral gavage 5 h prior to brain harvest, at doses
ranging from 0.1 to 75.0 mg/kg. The drugs were dissolved
in 0.9 % sodium chloride solution and administered in approx-
imately 3.0-ml volumes in rats or 0.3-ml volumes in mice.
Vehicle-treated animals received equal volumes of 0.9 % so-
dium chloride only.

Mouse Brain Harvest

Mice were decapitated under isoflurane/nitrous oxide
anesthesia and brains were quickly removed. The rostral third
of each brain was immediately frozen in dry ice and stored at –
70 °C for biochemical measurement of brain GSH content; the
caudal third of each brain was fixed in phosphate buffered 4%
formaldehyde for GSH immunohistochemistry; and the mid-
dle third of each brain was sectioned in a vibratome for ex vivo
assessment of functional antioxidant capacity (Fig. 1). In some
studies slices were also taken through the upper midbrain to
include neurons of the substantia nigra.

Ex Vivo Brain Slice Studies

The middle third of each brain was sectioned using a
vibratome while maintained at approximately 0 °C by
immersion in a solution containing 250 mM sucrose,
11 mM glucose, 2.5 mM KCl, 1.0 mM NaH2PO4,
2.0 mM MgSO4, and 2.0 mM CaCl2 [19]. Three or 4
slices of 275-μm thickness were obtained. Each slice

Fig. 1 Outline of experimental
procedures. GSH = glutathione;
CSF = cerebrospinal fluid
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was divided in the midline and one half was placed in
artificial CSF (ACSF) and the other half placed in ACSF
containing 0–2.0 mM 3-morpholinosydonimide (SIN-1;
Sigma-Aldrich, St. Louis, MO, USA), which forms super-
oxide, nitric oxide, and peroxynitrite in oxygenated solu-
tions [20]. The ACSF contained 126 mM NaCl, 2.5 mM
KCl, 1.2 mM MgCl2, 2.4 mM CaCl2, 1.2 mM NaH2PO4,
21.4 mM NaHCO3, and 25 mM glucose, and was contin-
uously bubbled with 95 % O2/5 % CO2. The sections
were incubated in these solutions at room temperature
(22 °C) for 30 min, then fixed overnight in phosphate
buffered 4 % formaldehyde.

Immunostaining

The fixed, 275-μm-thick slices were incubated with anti-
bodies to either nitrotyrosine (06-284; Millipore,
Darmstadt, Germany) or 4-hydroxynonenal (HNE 11-S;
Alpha Diagnostics, San Antonio, TX, USA), as described
[21]. In each case the sections were also incubated with
antibody to microtubule-associated protein 2 (MAB3418;
Millipore) for identification of neuronal cell bodies. Using
a confocal microscope, photomicrographs were taken of 4
randomly selected regions of the pyramidal cell layer in
each hippocampal section. The images were taken at a
tissue depth of 20 μm and with an optical thickness of
1 μm. Image acquisition parameters were the same in
each experiment and set so that signal saturation did not
occur. Control sections in which primary or secondary
antibodies were omitted showed no signal under these
acquisition conditions. The fluorescence signal intensity
was measured in neuronal soma identified by the
microtubule-associated protein 2 signal. All measure-
ments were normalized to the mean values obtained in
EAAC1–/– sections that had been incubated with SIN-1,
immunostained, and photographed in parallel.

Immunostaining for GSH was performed on 40-μm
cryostat sections prepared from formaldehyde-fixed brain
tissue blocks. The sections were treated with 10 mMN-
ethylmaleimide (NEM) for 4 h at 4 °C prior to incubation
with antibody to GSH–NEM (clone 8.1GSH; Millipore),
as described previously [21, 22]. Antibody binding was
visualized using Alexa Fluor 488-conjugated goat
antimouse IgG. Quantification of fluorescent labeling
was performed in 4 evenly spaced sections collected
th rough the h ippocampus of each mouse and
photographed under uniform conditions. Fluorescence in-
tensity was measured in the neuronal soma of hippocam-
pal of the CA1 pyramidal layer bilaterally in each section,
and the values obtained in the 4 sections were averaged
for each brain. All measurements were normalized to the
mean values obtained in EAAC1–/– brains that were im-
munostained and photographed in parallel.

GSH Biochemical Assay

Brain tissue was sonicated with 5 % sulfosalicylic acid
(200 mg/ml) and centrifuged at 10,000 × g for 10 min at
4 °C. The supernatant was mixed with 1 mM dithiobis-2-
nitrobenzoic acid and 1 mM ethylenediaminetetraacetic acid
in 100 mM sodium phosphate buffer (pH 7.5), and 1 mM
nicotinamide adenine dinucleotide phosphate and 200 U/ml
GSH reductase were added [23]. Optical absorbance of sam-
ples and standards was measured at 405 nm and subtracted by
values measured in the absence of GSH reductase.

Mouse and Rat CSF Collection

Animals were anesthetized with isoflurane/nitrous oxide and
placed in a stereotaxic frame with the neck flexed forward.
The skin and muscles were retracted to expose the cisterna
magna. For rats, 100–150 μl CSF was removed from the cis-
terna magna by syringe puncture. For mice, the dura of the
cisterna magna was carefully punctured with a capillary tube
to draw up 6–7 μl of fluid per mouse. The animals were
euthanized while still under anesthesia.

Human CSF Collection

These studies were approved by the institutional review board
at the University of California, San Francisco, and the San
Francisco Veterans Affairs Center. As detailed elsewhere
[24], patients with PD were enrolled in the study between
January 2012 and December 2013. Study inclusion criteria
included age >40 years, a diagnosis of PD within 10 years,
and adherence to a stable dopaminergic medication regimen
for at least 2 weeks. Exclusion criteria included significant
cognitive impairment, inability to sign informed consent, in-
creased bleeding risk, or mass lesion on brain imaging. A
Food and Drug Administration-approved solution form of
NAC was obtained from McKesson (San Francisco, CA,
USA). The capsule form was obtained from Professional
Compounding Centers of America (Houston, TX, USA), a
United States Pharmocopeia-certified pharmaceutical distrib-
utor, andwas compounded by the University of California San
Francisco Medical Center pharmacy. Patients took 4 oral
doses of NAC, administered every 12 h over 48 h. Four dosing
strategies were compared: 1) NAC solution at 7 mg/kg; 2)
NAC capsules at 35 mg/kg; 2) NAC solution at 70 mg/kg;
and 4) NAC capsules at 70 mg/kg. CSF was obtained by
lumbar puncture in each participant prior to the first dose,
and again 90 min after the fourth dose.

NAC Measurements

Rat, mouse, or human CSF was immediately aliquoted into
samples for separate analyses of total NAC and reduced NAC.
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Samples for total NAC determinations were treated for 30min
with 2 mM Tris (2-carboxyethyl)phosphine hydrochloride to
convert NAC disulfides to reduced NAC. All samples were
then derivitized with 100 μM N-(9-acridinyl)maleimide, sta-
bilized with 40 mM formic acid, and stored at –80 °C. Stan-
dards of NAC were prepared in water and treated exactly as
the samples. A separate set of internal standards was prepared
by spiking NAC into CSF collected from untreated humans
and mice, to exclude the possibility that factors present in CSF
might affect the NAC quantification. Samples and standards
were analyzed in parallel by liquid chromatography–tandem
mass spectrometry (Integrated Analytical Solutions, Berkeley,
CA, USA) as previously described [24].

Data Analysis

All data quantification was performed by individuals who
were blinded to experimental conditions, and the mouse
GSH determinations and antioxidant study results were con-
firmed by independent observers in 2 different laboratories.
NAC measurements are means±SEM. All other data are pre-
sented as medians±interquartile range, with the “n” denoting
the number of animals or human subjects in each experimental
group. Group values were compared with the nonparametric
Kruskal–Wallis test followed by Dunnett's test for comparison
of multiple groups to a single control group.

Results

We first determined the dose of NAC required to influence
neuronal GSH synthesis and antioxidant capacity in mice.
Hippocampal sections, in which GSH was quantified by the
GSH–NEM immunohistochemical method [21, 22], showed a
strong GSH signal in the soma and processes of pyramidal
neurons, with less of a signal in the adjacent neuropil and glia
(Fig. 2A). NAC administered to normal mice did not produce
a detectable increase in neuronal GSH (Fig. 2B). This result is
not unexpected as GSH synthesis is limited by product inhi-
bition at normal intracellular GSH concentrations [11, 25]. For
this reason we turned to the EAAC1–/– mouse, which has a
neuron-specific reduction in cysteine and GSH levels [26].
Immunostaining for GSH confirmed reduced levels in
EAAC1–/– neurons, and NAC administered 5 h prior to brain
harvest raised these levels (Fig. 2B), as previously described
[6]. Evaluation of NAC over a range of doses showed that
doses of 7.5 mg/kg were sufficient to raise GHS levels in
EAAC1–/– neurons to values comparable with those of wild-
type neurons. There was no large difference in results obtained
by oral or i.p. drug administration. The effect of NAC deliv-
ered by either route was negated in mice that had been co-
treated with BSO, which inhibits the enzymatic step at which
cysteine is incorporated into GSH [25]. Biochemical

Fig. 2 N-Acetyl cysteine (NAC) raises glutathione content in EAAC1–/–

neurons. (A) Immuonstaining for glutathione–N-ethylmaleimide (GSH–
NEM) adducts in hippocampal sections treated with NEM. Co-labeling
with the neuronal nuclear marker NeuN and the astrocyte marker glial
fibrillary acidic protein (GFAP) show the signal to be primarily localized
to neurons. (B) Neuronal GSH inmice treated withNAC 5 h prior to brain
harvest. The increase induced by 7.5 mg/kg NAC was blocked by co-
treatment with buthionine sulfoximine (BSO). (C, D) Quantified
measures neuronal GSH content after intraperitoneal and oral treatment
with NAC. Results in each of 7 experiments were normalized to values
obtained in untreated (0 NAC) EAAC1–/– mice. n=3–5 mice in each
condition; *p<0.05; **p<0.01 vs EAAC1–/–, 0 NAC. WT = wild-type

220 Reyes et al.



determinations of GSH showed no significant reduction in
overall brain GSH content in mice treated with BSO alone
for the 5-h interval (not shown), consistent with the slow rate
of de novo GSH synthesis in normal brain [27].

We next established a method for evaluating the functional
antioxidant capacity of mouse neurons in situ. In this method,
acutely prepared brain slices are incubated in artificial CSF
containing the peroxynitrite-generating compound SIN-1 and
subsequently analyzed for the formation of 3-nitrotyrosine.
EAAC1–/– slices incubated with SIN-1 exhibited nitrotyrosine
formation in neurons, and this was attenuated in slices from
mice that had been treated with NAC prior to brain harvest
(Fig. 3A, B). This effect of NAC was also negated by co-
treatment with BSO, indicating that NAC acts primarily by
supporting GSH production rather than as a free radical scav-
enger per se. Measures of the lipid peroxidation product 4-

hydroxynonenal as a second, independent marker of oxidative
stress showed the same pattern: the neuronal 4-
hydroxynonenal signal induced by SIN-1 was attenuated in
treated with NAC, and the effect of NACwas negated by BSO
(Fig. 3A, C). Nitrotyrosine formation also could be induced in
wild-type hippocampal slices when incubated with higher
SIN-1 concentrations, confirming this effect was not unique
to EAAC1–/– cells (Fig. 4A). Likewise, neurons in cerebral
cortex and likewise showed nitrotyrosine formation after in-
cubation with SIN-1 (Fig. 4B), but for technical reasons this
was easier to quantify in the hippocampal pyramidal layer.

Using this approach, we then evaluated neuronal antioxi-
dant capacity in mice that had been treated with NAC over a
range of doses. Results showed that dosing with as little as
1 mg/kg NAC i.p. was able to reduce significantly SIN-1-
induced nitrotyrosine formation in EAAC1–/– neurons

Fig. 3 N-Acetyl cysteine (NAC)
administered to mice restores
antioxidant capacity in
glutathione (GSH)-deficient
neurons. (A) EAAC1–/–

hippocampal neurons formed
nitrotyrosine (blue) and 4-
hydroxynonenal (4-HNE; red)
during exposure to 3-
morpholinosydonimide (SIN-1).
Neuronal cell bodies and
processes are labeled with
microtubule-associated protein 2
(MAP2; green). Nitrotyrosine and
4-HNE formation were attenuated
in neurons of mice treated with
NAC, and the effect of NAC was
blocked in mice co-treated with
buthionine sulfoximine (BSO).
(B, C) Quantified data, pooled
from 6 experiments. Results in
each experiment were normalized
to values measured in EAAC1–/–,
0 NAC mice. n=4 mice in each
condition; **p<0.01 vs
EAAC1–/–, 0 NAC
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(Fig. 5A). NAC administered by oral gavage showed compa-
rable potency (Fig. 5B).

We next measured the concentrations of NAC present
in mouse CSF under these conditions. We chose a dose,

25 mg/kg, that was substantially higher than required for
maximal effects on both neuronal GSH repletion and an-
tioxidant capacity, in order to ensure that the correspond-
ing CSF NAC measurements would identify the concen-
trations at which NAC has biological activity in neurons.
We measured both native (reduced) NAC and total NAC
(NAC present in both its reduced form and in reversible
disulfide linkages with other thiols), and found that the
vast majority of NAC was present in its reduced form at
all doses and time points examined (Fig. 6). The peak
(20 min) NAC concentration after 25 mg/kg i.p. dosing
was 126±15 nM. Oral dosing produced a lower peak level
but longer duration of elevation. Experiments performed
using rats gave a very similar pattern but with somewhat
higher CSF concentrations achieved with a lower
(15 mg/kg) NAC dose (Fig. 6D).

Last, we administered NAC to humans with PD at several
doses and formulations to determine if the CSF levels of NAC
shown to have biological activity in mouse brain could be
achieved in human CSF. CSFwas obtained by lumbar puncture
in each subject prior to the first dose, and again 90 min after the
fourth dose. Thirteen patients were enrolled, and 12 completed
the study procedures [24]. Oral NAC administration produced a
dose-dependent increase in CSF NAC concentrations, with the
highest dose producing a peak total NAC concentration of 10.1
±0.8 μM (Fig. 6E), a concentration > 80 times higher than the
CSF NAC concentration found to have robust biological activ-
ity inmouse neurons (Fig. 6A–C). The liquid and capsule forms
of NAC had comparable effects on human CSFNAC levels. As
in the mouse and rat, most of the NAC in human CSF was
found in its reduced (free thiol) form. The highest dose used
in the human studies was 70 mg/kg twice daily, a value chosen

Fig. 4 3-Morpholinosydonimide
(SIN-1)-induced nitrotyrosine
formation. (A) Effects of
increasing SIN-1 concentrations
on nitrotyrosine formation in
wild-type (Wt) hippocampal
neurons. (B) SIN-1 (1 mM) also
induced nitrotyrosine formation
in cortical and midbrain neurons.
Images are representative of
sections from at least 2 mice
in each condition.
MAP2 = microtubule-associated
protein 2

Fig. 5 Dose–response effects of N-acetyl cysteine (NAC) on neuronal
antioxidant capacity. Mice were treated with NAC at the indicated doses
by (A) intraperitoneal injection or (B) oral gavage 5 h prior to slice
harvest, and co-treated with buthionine sulfoximine (BSO) where
indicated. Results in each of 12 experiments were normalized to values
obtained in 3-morpholinosydonimide (SIN-1)-treated, EAAC1–/–, 0 NAC
mice. n=3–5 mice in each condition; *p<0.05; **p<0.01 vs SIN-1-
treated, EAAC1–/–, 0 NAC. Wt = wild-type
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because it is at the upper end of published clinical trials [15, 16].
The dose of 35 mg/kg also produced CSF levels that were far
higher than the comparable 25 mg/kg oral dose in mice, where-
as values measured in rat CSF were intermediate between those
in mice and humans (Fig. 6).

Discussion

It is often difficult to validate drug target engagement in clin-
ical studies of neurodegenerative disorders. The therapeutic
goal of NAC in PD is to normalize neuronal GSH levels and
thereby restore neuronal antioxidant capacity [13, 14]. Here
we employed a strategy in which we first used an animal
model to identify the CSF concentration of the drug required
to have a biological effect in neurons, and then enrolled hu-
man subjects to identify the dose required to achieve this drug
concentration in human CSF. Our findings show that NAC

is able to both normalize neuronal GSH content and functional
antioxidant capacity at doses producing peak CSF levels of
50 nM or higher in mice, and that NAC concentrations in
human CSF far exceed these levels when administered at
well-tolerated oral doses.

A novel aspect of this study was the use of ex vivo acute
brain slice cultures for quantitative assessment of neuronal
antioxidant capacity. This approach allowed us to administer
pharmacological treatment to intact mice, and then subse-
quently analyze the capacity of the mouse brain neurons to
counter an exogenous oxidative stress under controlled con-
ditions. SIN-1 generates superoxide and NO, which, in turn,
form the highly ROS peroxynitrite. The oxidation of tyrosine
to nitrotyrosine provides a marker of peroxynitrite chemical
activity in cells [28], and the formation of this product in cells
exposed to peroxynitrite thus provides an index of cellular
antioxidant capacity. 4-Hydroxynonenal similarly serves as a
measure of functional antioxidant capacity, as it is generated
by the interaction of superoxide (or superoxide metabolites)
and cell lipids [29].

There are several mechanism by which neuronal GSH de-
pletion could contribute to neuronal loss or injury in PD, in-
cluding impaired mitochondrial respiratory function, acceler-
ated apoptosis, and impaired scavenging of ROS [30–33] .
Superoxide, NO, and peroxynitrite are all scavenged by
GSH-dependent mechanisms [3, 34]. GSH is also a substrate
for glutaredoxin-mediated repair of proteins that have been
oxidatively modified, a process that may be of particular im-
portance in disorders such as PD that are associated with toxic
protein aggregates. These enzyme-catalyzed reactions ulti-
mately generate GSH disulfide (GSSG) from GSH. GSSG
can either be recycled to GSH in the GSH reductase reaction,
or exported from cells. GSSG has intrinsic cytotoxicity; con-
sequently, cells export GSSG when formation exceeds capac-
ity for recycling to GSH [35], and the GSH moieties lost
through GSSG export or other means must be replaced by
de novo GSH synthesis.

Cysteine availability is usually the rate-liming factor for
GSH synthesis [12], and consequently the ability of NAC to
support GSH synthesis and antioxidant capacity provides in-
dicators of intracellular biological activity. Here we used a
previously validated immunohistochemical method for quan-
tifying GSH levels specifically in neurons because biochemi-
cal determinations do not distinguish between neuronal GSH
and GSH present in astrocytes or other cell types [21, 22]. We
found that NAC doses required to normalize antioxidant func-
tion were generally lower than required to normalize neuronal
GSH content, presumably because GSH content need not be
fully restored to improve oxidant scavenging. In addition to
providing a substrate for GSH synthesis, NAC can itself react
with ROS at its cysteine residue. This property raises the pos-
sibility that observed effects of NAC could be attributable to
direct antioxidant effects rather than, or in addition to, its role

Fig. 6 Total and reduced N-acetyl cysteine (NAC) levels measured in
cerebrospinal fluid (CSF) in mice, rats, and humans. (A, B) NAC in
EAAC1–/– mouse CSF at time points after 25 mg/kg or 5 mg/kg
intraperitoneally (i.p.). (C) NAC in EAAC1–/– mouse CSF after
25 mg/kg orally. (D) NAC in rat CSF at time points after 15 mg/kg
orally. (E) NAC in human CSF, 90 min after the designated oral dose.
Data are mean±SEM. Data from human subjects are re-plotted from [24]
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in supporting GSH synthesis. However, the rate of direct NAC
reaction with ROS is orders of magnitude slower than the rates
of GSH-coupled enzymatic scavenging [3, 11, 36]. Accord-
ingly, the results presented here show that NAC at the doses
employed failed to increase neuronal antioxidant capacity
when GSH synthesis was prevented by BSO.

It may be surprising that NAC was able to affect neuronal
GSH content significantly at submicromolar CSF levels, giv-
en that the normal intracellular GSH concentration is about
1 mM. However, intracellular cysteine levels are much lower,
about 25 μM in normal cells [37], and presumably far lower
than this in cells with cysteine-responsive GSH depletion.
Moreover, CSF concentrations do not indicate the rate of
NAC flux from plasma to the neuronal intracellular space.
There is a dynamic flux of NAC down its concentration gra-
dients, plasma > CSF > intracellular space, that is maintained,
in part, by deacetylation of NAC to cysteine in the intracellular
space. NAC can also act more indirectly to increase cysteine
availability by displacing cysteine from protein binding sites
and labile disulfides (e.g., NAC + Cys–Cys←→NAC–Cys +
Cys) [38, 39], and NAC that is present in reversible linkages
such as these may subsequently be liberated to regenerate free
NAC or cysteine.

In the mouse studies, CSF NAC levels fell to negligible
values within 1 h of NAC administration, but the effect of
NAC on neuronal GSH levels and antioxidant capacity were
robustly evident when assessed 5 h after dosing. These find-
ings suggest a rapid NAC uptake and intracellular GSH syn-
thesis, followed by a much slower decline in neuronal GSH
content. This is consistent with a normally slow loss of GSH
in brain [27], and with our present finding that BSO had no
significant effect on GSH levels over a 5-h observation inter-
val. These results also suggest that beneficial effects of NAC
in the CNS can be achieved with spaced rather than continu-
ous dosing.

We have proposed here that the NAC concentrations mea-
sured in mouse CSF under conditions in which NAC has
demonstrated effects onmouse neurons can be used to provide
a target human CSF concentration for guiding human dosing.
A useful feature of this approach is that species differences in
NAC absorption, liver metabolism, and CSF transport all be-
come moot, as the only measure of consequence is the CSF
NAC level. However, this approach does involve certain as-
sumptions: that neuronal metabolism of NAC to cysteine and
GSH is comparable in humans and mouse; that the relation-
ships between NAC concentrations in CSF and brain extracel-
lular fluid are comparable in human and mouse; that NAC can
enter human and mouse neurons at comparable rates; and that
this rate is not significantly altered with chronic NAC treat-
ment. Moreover, the studies presented do not provide an indi-
cation of how frequently dosing must occur to maintain nor-
mal GSH levels, as this is likely dependent on the underlying
cause of GSH depletion. Given these assumptions and

limitations, it may be prudent in human clinical studies to
use a dosing strategy that raises NAC in human CSF to levels
that are several fold higher than those required for effects in
the mouse. The findings of our human CSF studies indicate
this is feasible.

Despite the use of NAC in numerous clinical studies, there
has been uncertainty about doses required to achieve biolog-
ical effect in brain. The present findings indicate that NAC can
normalize GSH levels and antioxidant capacity in mouse
brain, and that the CSF concentration of NAC associated with
this effect can easily be achieved in humans with oral dosing.
These findings should help remove a significant barrier to the
use of NAC in fully powered, randomized clinical trials. Var-
iations of this approach, pairing measures of drug efficacy in
ex vivo brain slices with CSF drug level measurements, may
be useful in rational drug dosing for other agents targeting
central nervous system disorders.
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