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RESUMO

EFEITO DA N-ACETILCISTEINA NO DEFICIT COGNITIVO INDUZIDO PELA
ESTREPTOZOTOCINA EM CAMUNDONGO

AUTOR: Michael da Costa
ORIENTADORA: Maria E. Pereira
CO-ORIENTADOR: Ricardo Brandéao
CO-ORIENTADORA: Cecilia M.P. Rodrigues

O déficit cognitivo é uma desordem mental que estd associado a doencas
neurodegenerativas, como € a doenca de Alzheimer (DA) a qual é a forma mais comum de
deméncia. Atualmente ndo existem evidéncias consistentes quem permitam apoiar qualquer
medida para a prevencao desta doenca (DAVIGLUS e col., 2010). J4 para o seu tratamento,
existem métodos os quais proporcionam alivio relativo dos sintomas, contudo, de natureza
paliatival. Assim, o presente trabalho visou avaliar a n-acetilcisteina (NAC), uma molécula com
propriedades neuroprotetora, no tratamento e prevencdo da deméncia consequente da DA,
utilizando-se de um modelo experimental de deméncia induzida pela estreptozotocina (STZ) em
camundongos. Inicialmente avaliou-se o efeito da NAC sobre a atividade da acetilcolinesterase
(AChE) cerebral de camundongos in vitro. A concentracéo de ditiobisnitrobenzoato (DTNB) e pH
ideais foi de 0,3 mM e 7,4, respectivamente. Obteve-se linearidade na atividade enzimética com
concentracdes de 0,025 a 0,450 mM de acetiltiocolina (ATCh). Foram adicionados 60 sec de
intervalo prévios a adigdo da ATCh para evitar a interferéncia da interagdo DTNB-NAC. A NAC
interferiu na Vmax da AChE a partir da concentracdo de 75 uM sem modificar a Kn, caracterizando
uma inibicdo de forma ndo-competitiva. Em uma segunda instancia, avaliou-se o efeito da NAC
sobre o déficit cognitivo a curto prazo em camundongos. Para isso, os animais foram divididos
em quatro grupos e foram tratados com NAC (50 mg/kg/dia v.0.) ou salina por nove dias
consecutivos e com STZ (2.5 mg/kg i.c.v.) ou FCEa no primeiro e terceiro dias. Os resultados
mostram que o tratamento com NAC: 1) diminuiu a laténcia para achar a plataforma no labirinto
aquético (MWM) e aumentou a laténcia para descer da plataforma na esquiva passiva (SDPA)
dos animais que apresentaram-se alteradas nos animais que receberam STZ; 2) restaurou a
atividade enzimética da AChE e butirilcolinesterase (BChE) e os niveis de acetilcolina (ACh)
corticais e hipocampais potencializadas pela STZ; e 3) protegeu do desequilibrio do metabolismo
energético cerebral induzido pela STZ. Finalmente, foi avaliado o efeito da NAC sobre o déficit
cognitivo a longo prazo em camundongos. Para tal, os animais foram tratados com NAC (5
mg/kg/dia v.0.) ou salina por 30 dias consecutivos e com STZ (2.5 mg/kg i.c.v.) ou FCEa no
primeiro e terceiro dias. Um tratamento com fisostigmina (PHY; 0,25 mg/kg/dia v.0.) foi realizado
em paralelo como medida de controle positivo. Totalizando assim seis grupos. Ambos 0s
tratamentos com NAC e PHY: 1) diminuiram a laténcia para achar a plataforma no labirinto
aquatico (MWM) e aumentaram o tempo de explora¢@o no novo objeto (NOR) que apresentaram-
se alteradas nos animais que receberam STZ; 2) normalizaram a atividade enzimética da AChE
cortical e hipocampal potencializada pela STZ; 3) resgataram a plasticidade sinaptica,
recuperando os niveis de sinaptofisina (SYN), proteina associada aos microtibulos do tipo 2
(MAP2) e proteina 4cida fibrilar glial (GFAP) diminuidas pela STZ. Desta forma, o tratamento
com NAC protegeu do déficit cognitivo induzido pela STZ em camundongos, normalizando a
atividade colinérgica e reestabelecendo a plasticidade sinaptica.

Palavras chave: cognicéo; colinesterase; anticolinesterasico; inibidor ndo-competitivo.

1 Conjunto de préticas de assisténcia ao paciente incuravel que visa oferecer dignidade e diminui¢do de sofrimento.



ABSTRACT

N-ACETYLCYSTEINE EFFECT ON THE COGNITIVE DEFICT INDUCED BY
STREPTOZOTOCIN IN MICE

AUTHOR: Michael da Costa
ADVISOR: Maria E. Pereira
CO-ADVISOR: Ricardo Brandao
CO-ADVISOR: Cecilia M.P. Rodrigues

Cognitive impairment is a mental disorder which is associated with neurodegenerative
diseases such as Alzheimer's disease (AD), which is the most common form of dementia.
Currently there are no consistent evidence who allow support any measure for the prevention of
this disease (DAVIGLUS et al., 2010). As for its treatment, there are methods which can provide
relative relief of the symptoms, however, only of palliative nature. Thus, this study aimed to
evaluate the n-acetylcysteine (NAC), a molecule with neuroprotective properties, in the treatment
and prevention of subsequent dementia of AD, using an experimental model of dementia induced
by streptozotocin (STZ) in mice. Initially the effect of NAC on the activity of acetylcholinesterase
(AChE) activity in vitro mouse brain was evaluated. The ideal dithiobisnitrobenzoate (DTNB)
concentration and pH was 0.3 mM and 7.4, respectively. Linearity in enzyme activity was obtained
at acetylthiocholine (ATCh) concentrations ranging from 0.025 to 0.450 mM. Sixty sec prior to the
addition of ATCh range to avoid interference DTNB NAC interaction was added to the method.
NAC interfered with AChE Vmax starting at the concentration of 75 uM without affecting the K,
featuring a non-competitive inhibition. In a second instance, we evaluated the NAC effect on the
short-term cognitive impairment in mice. For this, the animals were divided into four groups and
were treated with NAC (50 mg/kg /day v.0.) or saline for nine consecutive days, and with STZ (2.5
mg/kg i.c.v.) or aCSF at the first and third days. The results show that NAC treatment: 1)
normalized the latency to find the platform in the water maze (MWM) and to get off the platform
in passive avoidance (SDPA) that had been altered in animals that received STZ; 2) normalized
the AChE and butyrylcholinesterase (BChE) and restored the acetylcholine (ACh) levels in cortical
and hippocampal enzymatic activity potentiated by STZ; 3) protected the brain energy metabolism
imbalance induced by STZ. Finally, we evaluated the effect of NAC on the long-term cognitive
impairment in mice. To this end, animals were treated with NAC (5 mg/kg/day v.0.) or saline for
30 consecutive days, and with STZ (2.5 mg/kg i.c.v.) or aCSF the first and third days. A treatment
with physostigmine (PHY; 0.25 mg / kg / day V.0.) was done in parallel as a positive control
measure. Totalizing six groups. Both treatments with NAC and PHY: 1) reduced the latency to
find the platform in the water maze (MWM) and increased exploratory time on the new object task
(NOR) of those animals that received STZ; 2) normalized the cortical and hippocampal AChE
enzymatic activity enhanced by STZ; 3) rescued the synaptic plasticity, recovering the
synaptophysin (SYN), microtubule-associated protein type 2 (MAP2) and glial fibrillary acidic
protein (GFAP) levels reduced by STZ. Thus, the NAC treatment protected from the cognitive
impairment induced by STZ in mice, normalizing the cholinergic activity and reestablishing
synaptic plasticity.

Key-words: cognition; cholinesterase; anticholinesterase; noncompetitive inhibitor.
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1 INTRODUCAO

1.1 Meméria

A memoria é o processo na qual a informacdo é codificada, armazenada e
recuperada. A codificacdo permite que as informac6es externas, em forma de estimulos
quimicos e fisicos, cheguem através dos cinco sentidos. J& 0 armazenamento permite
a retencao desta informacgéo por um periodo de tempo. E a recuperacdo permite que
esta informacao seja localizada e volte a consciéncia. A memdéria pode ser classificada
em trés ramos principais: 1) Memoria sensorial: permite armazenar informacéo sensorial
por um periodo menor ao de um segundo apos a sua percepc¢ao, fugindo assim do
controle cognitivo e assim sendo considerada como como uma resposta automatica
(SPERLING, 1963). 2) Memoéria de curto prazo: permite a recuperacao da informacgao
apo6s um periodo de alguns segundos a poucos minutos. 3) A meméria de longo prazo:
permite armazenar e evocar uma maior quantidade de informac&o por um periodo maior
de tempo em relacdo & memoria de curto prazo (MILLER e GEORGE, 1956).

Enquanto a memdéria de curto prazo é suportada pelas regides neuronais
dependentes do lobo frontal do cortex cerebral, como por exemplo o dorsolateral, o pré-
frontal e o parietal, a meméria de longo prazo por outro lado é suportada pelas conexdes
neuronais de todo o cérebro, em especial do hipocampo (SCOVILLE e MILNER, 1957).
Dentro da memdria de longo prazo encontra-se a memoria explicita ou declarativa que
faz referéncia a informacGes que podem ser conscientemente recuperadas® e a
memoria implicita ou procedural, a qual faz referéncia a informacgées inconscientes®. A
memoria juntamente de uma série de habilidades mentais relativas ao conhecimento faz

parte do processo de cognicéo.

1.2 Cognicéao

A cognigdo é a acdo mental ou processo de aquisicdo de conhecimento e
compreensdo através da experiéncia e os sentidos. Esta engloba processos como
conhecimento, atengdo, compreensao, raciocinio, julgamento, avaliagdo e memaria. Os
processos cognitivos podem ser naturais ou artificiais, assim como, consciente ou
inconsciente. Desta forma pode ser analisado por diferentes perspectivas e contextos,

na neurologia, psicologia, filosofia e ciéncias computacionais.

2 Fatos ou eventos como por exemplo: aniversarios ou eventos esportivos.
3 Habilidades para ag6es como por exemplo: amarrar os cadargos ou andar de bicicleta.
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1.2.1 Disturbio cognitivo

O distarbio cognitivo, também chamado de déficit cognitivo ou comprometimento
cognitivo € um termo abrangente para descrever qualquer caracteristica que aja como
uma barreira para o processo de cognicdo (COREN e col.,, 1999). Algumas das
principais causas do déficit cognitivo em seres humanos sdo as doencgas
neurodegenerativas, como a doenga de Alzheimer (DA) que compreende 50 a 70% de
todos os casos (FERRI e col., 2005). Esta é caracterizada por um comportamento de
progressiva perda da memoéria, pensamento, compreensdo, cdlculo, linguagem,
capacidade de aprendizagem e julgamento (GIULIANIA e col., 2009).

A DA foi descoberta em 1907 pelo Dr. Alois Alzheimer, o qual a descreveu como
uma doenca neuroldgica progressiva, neurodegenerativa e irreversivel. Diferentemente
do que acontece no envelhecimento, na DA o progressivo declinio intelectual é muito
mais acentuado (STIX, 2010). Durante os estagios iniciais ocorre uma perda indiciosa
da memoria para fatos recentes, podendo também ocorrerem efeitos secundarios, como
depressdo, mudanca de personalidade e ansiedade. J& disfungbes motoras,
dificuldades na linguagem e deficiéncia sensorial sdo observados em estigios mais
avancados da doenca (DOOLEY e LAMB, 2000; STIX, 2010).

No que arremete as suas caracteristicas clinicas, a DA est4 associada com
mudancgas neuropatolégicas, como a formacdo de placas senis, consequéncia do
depésito de fragmentos B-amildide (BA) (HARDY e SELKOE, 2002) e com a morte
progressiva de neurdnios, em particular, no cértex cerebral e hipocampo (XU e col.,
2006). Este processo neurodegenerativo é acoplado a disfungdo mitocondrial,
metabolismo energético prejudicado e ativacdo de vias de sinalizacao pro-apoptoticas
(MANCUSO e col., 2009). Existindo também evidéncias de que a producao aumentada
de radicais livres* possam desempenhar um papel importante no desenvolvimento da
doenca (MARKESBERY e col., 1997).

Acredita-se que, no inicio da patogénese da DA, o controle do metabolismo
neuronal da glicose seja perturbado pela insuficiéncia na transducdo de sinal
desencadeada pela insulina (FROLICH e col., 1998), a qual controla os processos de
liberacéo de neurotransmissores nas sinapses e ativa as vias de sinalizagéo associadas
com a aprendizagem e a memoria de longo prazo (KLEIN, 2002). Desta forma,
alteracdes graves no metabolismo da glicose sdo comuns nas formas de deméncia

esporadica® decorrentes da DA. Esta alteracdo no metabolismo energético pode originar

4 Atomo ou molécula que contém um elétron (e-) desemparelhado na sua ultima camada orbital. Exemplo: radical
hidroxila (HO"), radical perdxido (O ) e radical anion superoéxido (O, ") entre outros.
5 Na qual o fator hereditario ndo é 6bvio. Difere da forma familiar na qual a doencga é transmitida através das geragées.
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disfungBes cognitivas por reduzir a sintese de adenosina trifosfato (ATP) e acetil-
coenzima A (acetil-CoA), levando assim a uma reducdo na atividade da colina
acetiltransferase (ChAT). Isto juntamente com o0 aumento na atividade das
cholinesterases (ChEs) no sistema nervoso central (SNC) (SHARMA e col., 2008;
SHOHAM e col., 2007) leva a diminuicdo da concentracdo de acetilcolina (ACh).

1.3 Acetilcolina (ACh)

A ACh é um éster do acido acético e da colina (Figura 1) com um peso molecular
de 146,2 g/mol o qual foi descoberto por Henry Hallet Dale em 1914, guem estudou seus
efeitos sobre o tecido cardiaco (RANG e col.,, 2007). A ACh é principalmente um
neurotransmissor do sistema nervoso autondmico (SNA). Contudo, também age no
sistema nervoso periférico (SNP) e SNC (LI e col., 2014). No SNP a ACh estimula o
muasculo esquelético ao ligar-se aos receptores nicotinicos presentes nas fibras
musculares, abrindo assim os canais de sédio (Na) na membrana celular e produzindo
a contragdo muscular. Ja no SNC ela esta principalmente envolvida na aprendizagem e

na memoria.

Figura 1. Estrutura da ACh {[2-(acetiloxi)etil]trimetilamdnio}.

o H;C
o S
N
H3C N

CHs

Acetilcolina

Demonstrando grupamentos: aménia quaternaria (1), éster (2) e colina (3)8.

A ACh é sintetizada a partir da acetil-CoA e da colina (Ch) em um processo
catalisado pela ChAT nos terminais axonais (Figura 2). Em mamiferos a acetil-CoA
utilizada na sintese da ACh provem principalmente da oxidacéo do piruvato’. Estima-se
que aproximadamente a metade da Ch utilizada na sintese da ACh provenha da
reciclagem desta apés ser hidrolisado na fenda sinaptica. Uma segunda fonte de Ch
vem da quebra da fosfatidilcolina extracelular. Estas duas vias de receptacdo de Ch séo
fundamentais para 0 SNC, uma vez que a Ch presente na corrente sanguinea ndo pode

cruzar a barreira hematoencefalica (BHE) (SIEGEL e col., 1999). Desta forma, as

6 Fonte: DrugBank (http://www.drugbank.ca/drugs/DB03128).
" Produto final da oxidag&o da glicose durante a glicélise aerdbica.
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concentracdes de ACh no SNC sé&o sujeitas a variagcdes, enquanto que nos musculos
s&80 mais constantes.

Apoés a sintese da ACh, esta € armazenada e transportada pelos transportadores
denominados VAChT® em vesiculas até a terminagéo do nervo (PARSONS e col., 1987).
A captacdo do neurotransmissor pela vesicula é mediada por uma bomba de protons.
Ja para a liberacdo de ACh se requer a presenca extracelular de célcio (Ca?*) o qual
entra ao neuroénio durante sua despolarizacdo. Uma vez liberada ao meio, a ACh pode
ligar-se tanto aos receptores nicotinicos® como muscarinicos?®.

E importante ressaltar que nem toda ACh sintetizada é liberada ao meio. Estudos
mostram que existem dois “pools” de ACh na célula, estando somente um destes
disponivel para liberacdo denominado depésito!l. O outro denominado estacionario'?,

servird como reserva e ira recarregando o ja liberado (SIEGEL e col., 1999).

Figura 2. Sintese e liberagédo da ACh.
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A sintese da ACh a partir da Ch e acetil-CoA é catalisada pela ChAT (1), logo o neurotransmissor &
armazenado nas vesiculas (2) e transportado a membrana para serem liberadas (3) juntamente com o ATP

(4), uma vez no espacgo sinaptico a ACh ira ligar-se ao receptor na célula pés-sinaptica (5).

Apoés sua ligagdo ao receptor e transmissdo do impulso nervoso, a ACh é

hidrolisada. Contudo, a hidrélise desta pode promover a agregagao de BA (LINSTON e

8 VAChT: transportador vesicular de acetilcolina (do inglés: “vesicular acetylcholine transporter”).

® Receptor ionotropico que permitem a entrada de ions a célula ap6s a ligagdo ao neurotransmissor (placa motora).
10 Receptor metabotroficos o qual gera mensageiros secundarios apos a ligagéo ao neurotransmissor (mdsculo liso).
11 Do inglés “depot”.

12 Do inglés “stationary”.
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col., 2004). Além disso, os niveis de ACh estdo altamente associados com a disfungéo
colinérgica presente na DA e também observada na doencga de Parkinson (AULD e col.,
2002).

1.4 Colina acetiltransferase (ChAT)

A colina acetiltransferase ou acetilcolinatransferase [(ChAT), E.C.: 2.3.1.6]*% é
uma enzima pertencente a familia das transferases!* e catalisa a transferéncia
reversivel do grupo acetil entre a acetil-CoA e a Ch formando a ACh.

Esta enzima ndo é saturada aos niveis de substrato encontrados nas
termina¢des neuronais, podendo trabalhar no seu maximo cinético. Desta forma, sendo
a disponibilidade de substratos um fator limitante para a sintese do neurotransmissor
(TUCEK, 1990).

A ChAT é sintetizada no pericario'® dos neurénios colinérgicos e transportadas
para as terminagdes neuronais. Em primatas!® existem duas variantes desta enzima,
uma com peso de 69 kDa e outra com peso de 82 kDa (ODA, 1999; DOBRANSKY e
RYLETT, 2003). Ainda ndo se sabe se estas transcricbes desempenham fungdes
fisiolégicas diferentes ou se regulam diferentes mecanismos celulares. O que ja foi
demonstrado é que a transcricdo 82 kDa localiza-se no nucleo celular diferentemente
da 69 kDa que é encontrada no citoplasma (DOBRANSKY e RYLETT, 2003).

Diferentes mutac¢des da ChAT tém sido isoladas de diferentes espécies e toda
mutacdao resulta em perda de atividade catalitica, sendo até de 98% em alguns casos.
As mutacdes desta enzima tém sido altamente associadas com doencas
neurodegenerativas como Huntington, esclerose amiotréfica lateral e DA (CAl e col.,
2004).

1.5 Colinesterases (ChEs)

As ChEs séao hidrolases carboxilicas especializadas na hidrolise de ésteres de
colina (Ch). Dentro desta classe enzimatica sdo duas as que se destacam; a
acetilcolinesterase [(AChE), E.C.: 3.1.1.7]*" e a butirilcolinesterase [(BChE), E.C.:

3.1.1.8]*. Ambas AChE e BChE incluem-se na subclasse das B-esterases, enzimas as

13 Classificagéo enzimatica: 2 - transferases, 3 - de grupos acil, 1 - de grupos amino, 6 - de colina.

14 Enzimas que transferem grupos funcionais de uma molécula a outra, (XA + Y — X + YA).

15 Centro tréfico do neurdnio, onde encontram-se o nlcleo e demais organelas.

16 Ordem que compreende os mamiferos popularmente chamados de macacos, simios, Iémures e os seres humanos.
17 Classificagédo enzimatica: 3 - hidrolases, 1 - de ligagdes ésteres, 1 - de ésteres carboxilicos, 7 - de acetila.

18 Classificagdo enzimatica: 3 - hidrolases, 1 - de ligagdes ésteres, 1 - de ésteres carboxilicos, 8 - de butirila.
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quais podem ser inibidas por compostos das classes dos organofosforados® (OPs) e
carbamatos?® (Carb) (ALDRIDGE e REINER, 1972).

A outra subclasse é denominada a-esterases na qual estdo incluidas as
arilesterases, paraxonases e DFPases, e estas sdo capazes de hidrolisar compostos
como 0s OPs e Carb. Representando assim, uma importante linha de detoxificacdo
(FURLON e col., 2000; LA DU e col., 1999). A distribuicdo, assim como as funcdes
fisiologicas daquelas duas B-esterases nos diferentes organismos sdo bem diferentes
(ECOBICHON, 1996).

A AChE é principalmente encontrada no SNC, jun¢cdes neuromusculares e no
sistema hematopoiético em vertebrados, possuindo uma funcdo fundamental na
neurotransmissao colinérgica. A sua principal fungéo € hidrolisar o neurotransmissor
ACh ap6s o impulso sinaptico ter sido formado, evitando assim, uma excessiva

estimulac@o dos neurdnio pré e pos-sinapticos (ANDERSON e KEY, 1999) (Figura 3).

Figura 3. Hidrélise da ACh pela AChE no espaco sinaptico.
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Apos ligar-se ao receptor (1) e transmitir o impulso nervoso, a ACh € hidrolisada pela AChE (2) formando
como produtos o acetato e a Ch (3) esta Ultima é recaptada pelo transportador de Ch (tCh) (4) para a sintese

de ACh na célula pré-sinaptica®!.

Esta enzima também é encontrada em altas concentragBes nas hemécias,

porém, sua concentracdo depende de acordo com a espécie animal. A BChE é

1% Compostos organicos derivados do acido fosférico e que contém ligagdes carbono-fosforo (C-F).
20 Compostos organicos, também chamados de uretanos (NHCOO-), sdo ésteres do &cido carbamico (NH,COOH).
21 Figura adaptada de CNSforum (https://www.cnsforum.com/educationalresources/imagebank/dementia_cholinergic).
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principalmente encontrada no figado, no plasma sanguineo, intestinos e rins. Em baixas
concentracdes esta enzima juntamente com a AChE, também é encontrada nos
espacos sinapticos, terminacdes motoras e fibras musculares (SILVER, 1974).

Acredita-se que a BChE encontrada no plasma sanguineo esteja envolvida na
hidrélise de ésteres ingeridos na dieta, ja que algumas plantas dos géneros das
solanaceas? e das fabaceas?®, desta Ultima destaca-se o feijao de Calabar?*, possuem
glicoalcaldides e esteroides de ocorréncia natural os quais produzem efeitos toxicos ao
organismo (KRASOWSKI e col., 1997; McGEHEE e col., 2000).

Contudo, Adler e col. (2004) demonstrou que camundongos knock-out para o
gene da AChE e com atividade normal da BChE conseguiram sobreviver por mais de
um ano. Em estudos similares, Li e col. (2000) e Xie e col. (2000) também obtiveram os
mesmos resultados, sugerindo assim que a atividade da BChE pode substituir em parte
a atividade da AChE.

O substrato especifico da AChE é a ACh. Ja a BChE n&o possui substrato
especifico, podendo hidrolisar a butirilcolina (BCh), assim como, a propionilcolina (PCh)
e a ACh, dependendo da espécie animal (SILVER, 1974). Um exemplo ocorre nos
roedores como o rato e também em coelhos e vacas nos quais a atividade da BChE
plasmatica possui uma maior afinidade para a PCh do que para a BCh.

As ChEs séo sintetizadas como monémeros cataliticos globulares (G1) os quais
se oligomerizam via ligagGes bissulfetos formando as isoformas G, e G4 no reticulo
endoplasmatico granuloso. Aproximadamente 80% das enzimas sao degradadas pelas
proteases intracelulares apés a translocagéo do ribossomo ao aparelho de Golgi onde
as unidades G; sao glicosiladas. As formas assimétricas A4, As € A1 sao formadas apés
a ligacéo de uma cauda de colageno. Ambas as formas podem ser secretadas ao meio.

A AChE possui no seu sitio ativo um desfiladeiro?®® com 14 residuos aromaticos,
com a triade de residuos cataliticos de glutamato (Glu334), histidina (His447) e serina
(Ser203). Ja o seu sitio anidnico apresenta residuos de triptofano (Trp286) e tirosinas
72 e 124. Os elétrons (e’) presentes neste sitio interagem com o nitrogénio quaternario
(N*) presente na molécula de ACh. Acredita-se que a sequéncia de aminoacidos no sitio
anibnico seja importante para determinar a especificidade de substrato (DOCTOR e col.,
1998).

22 Familia botanica de plantas angiospérmicas das quais destacam-se as batatas, tomates e fumo.

2 Familia botanica também conhecida como leguminosa das quais fazem parte os feijées, soja, ervilha e alfafa.

2 Também chamado de Physostigma venenosum, contém o alcaloide inibidor reversivel da ChEs, a Fisostigmina.
% Do inglés "gorge™.
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Estruturalmente a AChE e a BChE possuem algumas semelhancgas. O sitio ativo
da BChE também possui um grande desfiladeiro com muitos residuos arométicos e com
uma triade catalitica constituida por residuos de serina (Ser198), glutamato (Glu438) e
histidina (His438) e uma cavidade oxianion?® constituidas por glicina (Gly116), glicina
(Gly117) e alanina (Ala199) essencial para a funcao catalitica.

Desta forma, tendo em conta suas similaridades estruturais, € l6gico acreditar
gue o0 mecanismo catalitico para a hidrélise de ACh da BChE seja 0 mesmo da AChE.
Porém, o passo limitante?’ da reagdo catalitica da BChE é a acetilacdo?®, enquanto que

para a reacgdo catalitica da AChE é a desacetilacédo?® (CHEN e col., 2011) (Figura 4).

Figura 4. Esquema da reacéo cinética das ChEs.

© o o o

E o4 AX —- EAX—=EA+ X — E + A

Ligagdo da enzima com o substrato (1) e formacgao do complexo reversivel enzima-substrato (2) onde ocorre
o processo de acetilacdo da enzima, etapa limitante da atividade catalitica da BChE (representado pela
constante de associacéo kz) e formacé&o de subproduto (3), seguida do processo de hidrélise onde ocorre
a desacetilacdo, etapa limitante da atividade catalitica da AChE (representado pela constante de
dissociacdo ks) e formacdo de produto (4). Abreviacdes - E: enzima (ChE), AX: substrato (ACh ou BCh),
EAX: complexo enzima-substrato, EA: enzima acetilada, X: Ch, A: acetato ou butirato®°,

O mecanismo de catéalise de ACh pela AChE inicia com o ataque nucleofilico®!
do carbono (C) do grupamento colina, resultando assim, na formacédo do complexo
reversivel enzima substrato seguida da acetilacdo do sitio ativo. Este processo é
seguido de uma rapida hidrélise da enzima acetilada produzindo acetato e Ch (Figura
5). Uma unidade da AChE é capaz de hidrolisar 6 x 10°> moléculas de ACh por minuto,
com um tempo de “turnover3? de 150 microssegundos (TAYLO, 1996).

% Estrutura enzimatica que ajuda a estabilizar um oxigénio desprotonado, aumentando a afinidade.

27 Do inglés “rate-determining stage”.

2 Adicdo de um grupamento acetila (CH3;CO) a um composto organico.

2% Remocéo de um grupamento acetila (CHsCO) de composto organico.

% Figura adaptada de ROSEMBERRY e col. (1998).

31 Reag&o na qual um nucledfilo (rico em e°) substitui um elétrofila (pobre em e°).

32 Maximo de moléculas de substrato que uma enzima pode converter em produto por sitio catalitico por minuto.
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Figura 5. Mecanismo de hidrélise da ACh pela AChE.
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Ataque nucleofilico do sitio ativo ao grupamento Ch e atracéo eletroestéatica do sitio anibnico ao grupamento
N* (1), seguida da acetilacdo da AChE (2) e rapida desacetilagéo (hidrolise) da AChE, produzindo acetato
e Ch (3).

Desta forma, devido principalmente a suas fungdes no SNC, esta familia de
enzimas estd altamente envolvida nos processos de cogni¢do, aprendizagem e
memoria, assim como também no que diz respeito a doencas neurodegenerativas as
quais venham a prejudicar estes processos (DARVESH e col., 2003; GRON e col., 2006;
HUT e VAN DER ZEE, 2011).

Assim, com base na hipétese colinérgica da DA, a qual atribui o declinio cognitivo
a perda de neurotransmissao colinérgica no cértex cerebral e hipocampo, o principal
foco do desenvolvimento de medicamentos para contrapor a DA nas Ultimas décadas
tem sido sobre as estratégias que melhorem a funcgdo colinérgica. Entre elas esta: 1) a
terapia de reposicado de ACh com precursores desta, como a colina e a lecitina; 2) o uso
de agonistas muscarinicos como a xanomelina e sabcomelina, e de agonistas
nicotinicos como a nicotina; 3) através do aumento da produgdo de ACh utilizando-se
de fosfatidilserina e 4) utilizagéo de inibidores das ChEs (iChEs). Contudo, esta ultima
parece ser a Unica terapia que tem demonstrado resultados positivos consistentes no
tratamento da DA (HOLDEN e KELLY, 2002).

1.6 Anticolinesterasicos (iChEs)

Os iChEs sao compostos de origem natural ou artificial que possuem a
capacidade de inibir a atividade das ChEs, aumentando as concentracdes de seus
substratos no meio. A simples inibicdo da enzima ndo tem por si um efeito
farmacoldgico. Contudo, o efeito farmacoldgico dos iChEs se deve ao aumento da
concentracdo de ACh e ao tempo de a¢do maior desta nos receptores.

Os iChEs ganharam sua atencéo por parte dos investigadores na década de 70,
em modelos experimentais de indu¢éo de amnésia (BARTUS, 1978). Com a descoberta
da deplecéo da ACh no hipocampo (SMITH e SWASH, 1978) e dos efeitos benéficos
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sobre a cognicdo (PETERS e LAVIN, 1979; MURAMOTO e col., 1979) por parte da
fisostigmina (PHY), o uso de diferentes iChEs como potenciais agentes terapéuticos
contra a DA foi posto em préatica em testes experimentais. Hoje em dia, inUmeros séo
os iChEs utilizados no tratamento de doengas neurodegenerativas, assim como outras
enfermidades, como miastenia e glaucoma. Alguns destes compostos séo descritos a
continuagéo.

A PHY citada acima, foi o primeiro composto desta classe da qual se teve
conhecimento dos seus usos farmacolégicos (MARQUARDT e col., 1999). Hoje em dia
a PHY pode ser obtida a partir da triptamina®3. Por ser uma amina terciaria, esta pode
atravessar a BHE e hoje é utilizada no tratamento do glaucoma3, gastroparesia®®,
hipotensao ortostatica®® e DA. Os efeitos colaterais desta incluem a depressao.

A tacrina foi a primeira droga dessa classe a ser experimentada com éxito em
seres humanos. Apesar de um inicio muito promissor seu uso foi descontinuado devido
a sua toxicidade ao tecido hepatico (WATKINS e col.,, 1994). Além disso, a sua
toxicidade dependente da dose foi responsavel por varios efeitos colinérgicos colaterais,
como nhausea, vomito, diarreia e dor abdominal.

O donepezil foi a segunda medicagdo aprovada, nos Estados Unidos, para o
tratamento da DA. O estudo que serviu de base para a introducdo da droga no mercado
americano foi publicado por Roger e col. (1998). O donepezil possui uma alta afinidade
pela AChE e uma afinidade muito baixa pela BChE apresentando eficacia no tratamento
da DA em doses de 5 a 10 mg. Alguns efeitos adversos sdo a fadiga, nauseas, tontura,
diarreia e renite. Contudo, apesar do donepezil parecer ser bem tolerado pela maioria
dos pacientes seu uso foi ocasionalmente descontinuado no tratamento da DA
(ALMEIDA, 1998).

A rivastigmina é outro iChEs utilizado no tratamento da DA. Esta é considerada
um inibidor pseudo-irreversivel, pois sua interacdo com a enzima leva a formacéo de
um produto de rapida excrecdo, e um outro de longa duracdo, porém reversivel, o qual
impede a hidrélise da ACh. Desse modo o efeito dessa droga perdura mesmo apés a
eliminacdo da droga-mée do organismo, reduzindo os riscos de interagdo com outros
medicamentos (IBACH e HAEN, 2004). A dose recomendada desta droga é de 12 mg,

divididas em duas ou trés doses diarias. Contudo, nausea, vomito, diarreia, sincope®’,

33 Alcaloide (C-N-O-H) monoaminico bioativo encontrado em plantas, fungos e animais.

34 Grupo de doencas que envolvem pressao intraocular associada a neuropatia dptica.

% Paralisia parcial do estomago, caracterizada pela lentiddo na passagem de alimentos neste.
% Redug&o excessiva da pressdo arterial ao adoptar-se a posicao vertical.

37 Perda subita da consciéncia e consequentemente da postura.
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dores abdominais e tonturas em pacientes com longos periodos de tratamento ou que
ingeriram altas doses de rivastigmina foram relatadas.

O metrifonato € um iChEs irreversivel. A eficicia desta droga no tratamento de
pacientes no tratamento da DA foi descrita por Becker e col. (1998). A dose diéria ideal
desta era de 2 mg/kg nos primeiros cinco dias e logo de 3 mg/kg semanais. Alcangando-
se 60% de inibi¢céo da atividade da AChE eritrocitéria a partir do sétimo dia. Morris e col.
(1997) revelou que, além dos efeitos benéficos sobre a cogni¢cao, o metrifonato também
contribuiu para melhorar o comportamento dos pacientes. Contudo, o metrifonato tem
como principio ativo o 2,2,2-tricloro-1-hidro-xietil dimetil sulfonato, o qual é utilizado
como inseticida em varios tipos de culturas e pode causar neuropatia retardada. J& seus
principais efeitos colaterais se remetem a diarreia, dores abdominais e nauseas
(MORRIS, 1998).

Finalmente a galantamina, um alcaloide originalmente extraido dos bulbos da
anémona caucasiana e do narciso Galanthus niralus®. Esta é considerada um iChEs de
acao rapida. Ha& aproximadamente 40 anos vem sendo usada no tratamento de
miastenia grave® e na reverséo farmacoldgica do bloqueio neuromuscular. A dose diaria
pode variar de 4 a 24 mg/kg e sua biodisponibilidade € de 80 a 100%, possuindo um
periodo de vida média de 7 horas. A estimulagéo dos receptores nicotinicos também foi
proposta como mecanismo de acdo adicional, sendo considerado um efeito relevante
para o tratamento da DA (DAIAS-BAILADOR e col., 2003). Os efeitos adversos da
galantamina sdo similares aos de outros iChEs, no sentido de que tendem a produzir

efeitos gastrointestinais agudos.

1.7 N-acetilcisteina (NAC)

A NAC (Figura 6) € uma molécula derivada do aminoacido cisteina, clinicamente
utilizada no tratamento de doencas respiratorias, envenenamento por paracetamol e
prevencdo de nefropatias (SANSONE e SANSONE, 2011; BERK e col., 2013). Estas
aplicacbes da NAC estdo relacionadas a sua habilidade de suprir as defesas
antioxidantes do organismo durante situacdes de estresse, infec¢des, intoxicagdes e
processos inflamatérios (DEKHUJIZEN, 2004).

O produto do metabolismo da NAC é transportado principalmente pelo sistema
alanina-serina-cisteina (ASCs) na maioria das células (ISHIGE e col., 2005). Contudo,

a NAC é uma molécula muito permeavel as membranas celulares, ndo necessitando de

3 Planta herbacea natural da Europa e Asia, pertencente a familia das Amaryllidaceae.
3 Enfermidade neuromuscular crénica autoimune que provoca debilidade dos musculos esqueléticos.
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transporte ativo*® ou co-transporte** (SEN, 1997). Uma vez dentro da célula, a NAC
sofre hidrolise liberando a cisteina, a qual serve de substrato para a sintese de glutationa
(MEISTER, 1995).

Figura 6. Estrutura da NAC {(2R)-2-acetamido-3-acido sulfanilpropanoico}.
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Demonstrando grupamentos: colina (1) e sulfidrico (2)*2.

Apos 2 horas, a NAC administrada por via oral atinge sua maior concentragao
nos rins, figado, pulmdes, baco, sangue, musculo estriado e cérebro em ratos
(SHEFFNER e col., 1996). Contudo, ainda ha controvérsias enquanto a sua habilidade
em cruzar a BHE, uma vez que, diferentes rotas e doses poderiam resultar em diferentes
concentracdes viaveis. A *NAC guando administrada por via intra-arterial (carétida) ou
intravenosa (jugular) consegue atravessar a BHE em uma grande porcentagem
(McLELLAN e col., 1995). Ja elevados niveis de NAC foram mensurados no cérebro
apés a administracdo deste composto por via oral e intraperitoneal em roedores
(SAMUNI e col., 2013).

A NAC possui uma vida média de aproximadamente 6 horas (SANSONE e
SANSONE, 2011). Além de agir como precursora da glutationa no sistema antioxidante,
seus efeitos anti-inflamatérios, anti-apoptéticos e pré-neurogénicos tém sido também
relatados (ASEVEDO e col.,, 2014). Desta forma, o uso da NAC como agente
neuroprotetor foi proposto, uma vez que estas vias estdo implicadas na
neuroprogressao (DOOD e col., 2013). Um resumo dos mecanismos de agéo pelo qual

a NAC age em disturbios neurodegenerativos pode ser observado na tabela 1.

40 Transporte ativo de uma molécula de regido de baixa concentracdo para uma regido de alta concentragéo realizada
por intermédio de dispéndio de energia.

4! Transporte contra um gradiente eletroquimico de uma molécula, por intermédio de dispéndio de energia fornecida pelo
transporte a favor de gradiente de uma segunda molécula.

42 Fonte DrugBank (http://www.drugbank.ca/drugs/DB06151).
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Tabela 1. Mecanismos de acdo da NAC em diferentes desordens neurodegenerativas*s,

Doenca Mecanismo

Doencas neurodegenerativas  Atividade antioxidante e aumento dos niveis de glutationa.

Sindrome de Down Aumento e modulacdo dos niveis de superoxido.

Esclerose multipla Diminuig&o de radicais livres e inibi¢éo de TNF.

Esclerose amiotrofica Aumento dos niveis de glutationa peroxidase e diminuicdo dos
niveis de radicais livres.

Doencga de Parkinson Aumento dos niveis de glutationa e diminuicdo dos niveis de
radicais livres.

Doencga de Huntington Diminuicdo dos niveis de radicais livres e prevengdo da
disfun¢do mitocondrial.

Doenca de Alzheimer Aumento dos niveis de glutationa.

Isquemia cerebral focal Inibicdo da NOS, regeneracdo do fator relaxante endotelial,
aumento dos niveis de glutationa, aumento da microcirculagdo
sanguinea.

Hemorragia subaracnoéidea Diminuicdo dos niveis de radicais livres, inibicdo apoptética,
aumento dos niveis de glutationa e a atividade da superéxido
dismutase.

Traumatismo cerebral Aumento dos niveis de glutationa, inibicdo da ativacdo da NF-kB
e TNF-a.

Assim, o0 uso da NAC em tratamentos relacionados a cogni¢édo ja vem sendo
estudado nos ultimos anos. Recentemente seu efeito sobre déficit de memoria espacial
induzido pelo &acido glutarico e lipolpolissacarideos foi relatado por Rodrigues e col.
(2013). Em combinagdo com a minociclina a NAC melhorou o0s aspectos
comportamentais de ratos em um modelo leve de traumatismo cranioencefalico (HABER
e col., 2013). Ja Thakurta e col. (2014) mostraram os efeitos positivos da administracéo
da NAC em combinacdo com outros antioxidantes como o acido a-lipdico e a-tocoferol
no declinio cognitivo consequente do envelhecimento em ratos. No entanto, escassos
sé@o os estudos onde sdo demonstrados os efeitos da NAC em modelos de déficit

cognitivo induzido por estreptozotocina (STZ).

1.8 Estreptozotocina (STZ)

A STZ é uma nitrosamina** (Figura 7) de ocorréncia natural que é
particularmente téxica as células betas pancreéaticas em mamiferos. Foi originalmente
identificada em 1959 como um antibiético (VAVRA e col., 1959), descoberta a partir do

Strptomyces achromogenes* encontrado na soja.

43 Tabela adaptada de SHAHRIPOUR e col. (2013).
4 Composto cancerigeno de férmula quimica R,N-N=0, encontrados em alimentos como cerveja, carnes e queijos.
45 Bactéria gram-positiva pertencente as Actionobactérias as quais possuem DNA rico em guanina e citosina.
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Esta tem sido largamente utilizada como indutora de diabetes melito em animais
experimentais, ja que esta é captada pelos transportadores de glicose (GLUT 2)
presentes nas células pancreéaticas. Uma vez dentro da célula a STZ aquilata®® o DNA,
0 que leva a morte celular consequéncia da ativacdo da poli (ADP-ribose) polimerase
(PARP) e da deplecéo da NAD* e dos depositos de ATP. Contudo, também foi utilizada
no tratamento de cancer ao nivel das llhotas de Langherans, em casos 1nos quais o
tumor ndo pode ser removido cirurgicamente (MURRAY-LYON e col., 1968). A dose
média diaria de STZ para este tipo tratamento é de 0,5 mg por via intravenosa, por 5

dias continuos, repetindo-se a cada 4 a 6 semanas.

Figura 7. Estrutura da STZ {3-metil-3-nitroso-1-[(2S,3R,4R,5S,6R)-2,4,5-triidroxi-6-(hidroximetil)oxan-3-
ilfurea}*”.

Estreptozotocina o

HO OH HsC N
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Por outro lado, a injecéo intracerebroventricular (i.c.v.) de STZ (Figura 8) em uma
dose subdiabetogénica tem sido relatada como um modelo de DA. O pioneiro deste
modelo foi o professor Sigfried Hoyer, quem inicialmente observou que na DA existia
uma queda no consumo de oxigénio e glicose cerebrais (HOYER e col., 1994). E desta
forma acreditou que a maior perturbacdo bioquimica na DA concernia ao controle
metabdlico da glicose cerebral, a qual procederia a uma falha de transducéo de sinal
dos receptores de insulina. Assim, em uma segunda instancia, investigou se a utilizacao
local da glicose cerebral apos a administragéo i.c.v. de STZ (1,5 mg/kg) em ratos era
afetada (DUELLI e col., 1994).

O seu, juntamente com outros experimentos, mostraram que a aplicacéo i.c.v.
de STZ levava a uma diminui¢cdo da utilizacdo de glicose no cérebro, principalmente no
cortex frontal e parietal, na concentracdo de ATP e fosfocreatina, e na razdo ATP/ADP
(NITSCH e HOYER, 1991; LANNER e HOYER, 1998). Produzindo assim uma série de
distarbios metabdlicos (GRIEB, 2016), como a disfungéo colinérgica, caracterizada pela
inibicdo da atividade da ChAT e pelo aumento da atividade da AChE no SNC e SNP
(SHARMA e col., 2008; SHOHAM e col., 2007) e distarbios comportamentais, como as

46 Transferéncia de um grupamento alquila de uma molécula a outra. Este grupamento pode ser transferido como radicais
livres.
47 Figura extraida de DrugBank (http://www.drugbank.ca/).
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disfun¢des cognitivas (SHARMA e col., 2010). Assim é considerado como um modelo
pré-clinico ndo-transgénico da DA, no qual ha um estado cerebral resistente a insulina
(ECRI) (GRIEB, 2016).

Figura 8. Injecédo de STZ aplicada a ‘'méo livre” pela via i.c.v.*®
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Uma das principais hipoteses para o desencadeamento destes disturbios
metabdlicos e comportamentais provocados pela STZ, é a de que quando injetada por
viai.c.v., a STZ dessensibiliza ou danifica os receptores de insulina do cérebro. Ou de
outra forma, produz resisténcia a insulina no cérebro devido a uma resposta inadequada
dos receptores. Contudo, esta € somente uma analogia entre 0 mecanismo de agao da
STZ via i.c.v. e 0 mecanismo de acdo da STZ via periférica (SALKOVIC-PETRISIC e
col., 2013). Além do mais, devido as diferencas entre os efeitos da STZ quando
administrada por vias diferentes, o conceito de dessensibilizacdo ou dano permanente
dos receptores de insulina causada pela difusdo da STZ pelo parénquima cerebral ndo
parece ser plausivel (GRIEB, 2016).

Assim, apesar do fato da administracdo i.c.v. de STZ produzir disturbios
metabdlicos, neuropatolégicos e comportamentais em roedores, similares aos
encontrados na DA em humanos, ainda se desconhece um mecanismo que possa vir a
explicar este fendmeno. Apesar disto, hoje em dia este modelo animal € um dos mais
utilizados para o estudo tanto das causas possiveis da doengca como para a busca de

novas terapias para o tratamento desta.

8 Figura adaptada de http://www.clodrosome.com/routes-of-administration/intracerebral-injection/
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2 OBJETIVO

2.1 Objetivo geral
Avaliar o efeito neuroprotetor da NAC na terapia do déficit cognitivo em um
modelo quimico de DA induzido pela STZ em camundongos, através de andlises

comportamentais e bioquimicas.
2.2 Objetivos especificos
v Padronizar o método de Ellman e col. para avaliar o efeito da NAC (composto

contendo -SH) sobre a atividade da AChE cerebral de camundongos in vitro;

v Avaliar a interferéncia da NAC sobre o efeito da STZ na cognicdo e nos

parametros colinérgicos;

v Investigar se a NAC protege da neurodegeneracgéo induzida pela STZ.
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3 RESULTADOS

Os resultados referentes a esta tese estdo apresentados na forma de trés
protocolos cientificos. Estes foram aceitos (artigo) ou estdo submetidos (manuscrito)
para publicacdo e estdo sequencialmente dispostos abaixo. Os itens Introducao,
Materiais e Métodos, Resultados, Discussdo e Referéncias Bibliogréficas dos artigos
estdo organizados de forma a facilitar sua leitura e de acordo com as recomendacdes

dos periddicos cientificos aos quais foram submetidos.
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3.1 Protocolo 1 (Artigo)

N-Acetyl Cysteine Decreases Mice Brain Acetyl Cholinesterase
Activity: An in Vitro Kinetic Study

Michael da Costa, Jamile Bernardi, Lidiane Costa, Tiago Fiuza, Ricardo Brandéo e
Maria Ester Pereira.

Costa et al., Enz Eng 2015, 5:1

{2 Enzyme Engineering hitp:/ /dx.doi.org/10.4172/2329-6674.1000135

Enzyme Engineering 5:135.
doi: 10.4172/2329-6674.1000135
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Abstract

Acetylcholinesterase (AChE) is an enzyme responsible for acetylcholine (ACh)
neurotransmitter hydrolysis. The enzyme inhibition is clinically used against
neurodegenerative diseases like Alzheimer's (AD). Ellman’s method is the most
common AChE determination assay used. In this study, we performed a kinetic in vitro
study of NAC on mice brain AChE activity as well as some studies with the aim to improve
the methodology based on NAC proprieties. The ideal 5,5 -dithio-bis-2-nitrobenzoic acid
(DTNB) concentration was of 0.3 mM and ideal medium pH = 7.4. AChE demonstrated
linear activity for all acetylthiocholine iodide (ATCh) tested concentrations (0.025 - 0.450
mM). To avoid any DTNB-NAC interaction interference, 60 sec were applied to the assay
method, so-called stabilization time. No differences in K, (mM) for all NAC tested
concentrations were observed. At the NAC concentrations started from 75 uM significant
differences in Vimax were achieved, characterizing a non-competitive type of AChE activity
inhibition induced by NAC. We conclude that NAC decreased AChE activity in vitro and
the Ellman method is reliable for the analysis of AChE activity when inhibited by

compounds which contain SH groups.

Key words: Ellman; methodology; non-competitive.



36

1. Introduction

Acetylcholinesterase enzyme (AChE; EC 3.1.1.7) is a large glycoprotein whose
basic chemistry was worked out in the 1960s by Lawler, Leuzinger and Baker [1]. AChE
belongs to the family of hydrolases whose active site is characterized by a catalytic
coordinated triad of three essential amino acids: histidine, serine, and glutamic acid [2,3].
This enzyme is one of the best studied of all enzymes from the point of view of its
mechanism of action, the nature of its active site, its distribution and localization in tissue,
and its physiologic functions [1]. It is mainly found at neuromuscular junctions and
cholinergic synapses in the central nervous system (CNS), where its activity terminates
the synaptic transmission [4]. AChE has a very high catalytic activity; each molecule of
AChE degrades approximately 25,000 molecules of the neurotransmitter acetylcholine
(ACh) per second into choline and acetic acid. At the CNS level the produced choline is
transported back into the nerve terminals which reuse it in synthesizing new ACh
molecules [5-7].

AChE activity can be inhibited by a variety of chemicals, such as
organophosphates (OP), carbamates and nerve agents [8] leading to ACh accumulation,
resulting in cholinergic receptors over-stimulation and disturbance of many body
functions and finally in respiratory arrest and death [9]. Nevertheless, others AChE
inhibitors such as physostigmine, pyridostigmine, procycline, donepezil, galantamine,
huperezine [10], tacrine and rivastigmine [11] are clinically used against OP poisoning
and neurodegenerative diseases like Alzheimer’s (AD). However, all these inhibitors
differ in bioavailability, half-life and effectiveness.

N-acetylcysteine (NAC) is a thiol (SH) containing antioxidant, which has been
investigated for many pathologies treatment, such as liver failure, inflammation,
nephropathy and brain disorders [12]. It is a naturally occurring compound found in
several vegetables, including garlic, onion [13], peppers and asparagus [14]. This
compound is rapidly absorbed after oral administration in both wild animals and humans
[15]. The greatest plasma concentration is reached 2-3 h after administration [16]. NAC
has been widely used as an in vitro and in vivo antioxidant in several experiments [17].
NAC exerts its antioxidant action by facilitating reduced glutathione biosynthesis and
scavenging the reactive oxygen species formed during oxidative stress [18]. Many are
the reports of beneficial effects of NAC such as renoprotective [19], antiangiogenic [20],
anticancer [21], hepatoprotective [22], antifibrotic [23], as chelating agent in metal
poisoning treatment [24], and as neuroprotective [25]. However, few are the reports

about NAC direct effects on cerebral AChE activity.
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It is well known that the most common assay used in AChE determination is
based on Ellman’s method, which is a photometric method for determining enzyme
activity by following the increase of yellow color produced from thiocholine when it reacts
with dithiobisnitrobenzoate ion [26]. In this context, we here performed a kinetic in vitro
study of NAC on mice brain AChE activity, in the attempt to get access to a method that
uses the 5,5 -dithio-bis-2-nitrobenzoic acid (DTNB) as chromogen compound
functionality and to better understand the potentially direct effect of NAC on this enzyme

activity.

2. Materials and methods

2.1. Animals

Adult male Swiss albino mice from our own breeding colony (20 - 30 g) were
housed in cages and kept on a 12 h light/dark cycle, at a room temperature of 22 + 2 °C,
with free access to food (Guabi, RS, Brazil) and water. All the experiments here
described are in accordance with the standards of the Committee on Care and Use of
Experimental Animal Resources, the Federal University of Santa Maria, Brazil (Project
process number 088/2014). All efforts were made to minimize the number of animals
used and their suffering.

2.2. Chemicals

Acetylthiocholine iodide (98%) (ATCh), 5,5 -dithio-bis-2-nitrobenzoic acid
(DTNB), N-acetyl-L-cysteine (98%) (NAC), were purchased from Sigma-Aldrich (S&o
Paulo - Brazil). All other reagents used in the experiments were of analytical grade and

of the highest purity.

2.3. Methods

2.3.1. Enzyme source

Six Swiss albino mice brains were homogenized 1:10 (w/v) in cold ice phosphate
potassium buffer (KPB) 0.1 M, pH = 7.4 with glass/teflon homogenizer. The
homogenates were centrifuged at 3000 x g for 10 min at 4 °C to yield the salt soluble
fraction (SS). The pellet was re-dissolved in KPB 0.1 M, pH = 7.4 containing 1% Triton-
X 100 and centrifuged at 15000 x g for 10 min at 4 °C to yield the detergent soluble
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fraction (DS), fraction that was used in further assay. Brain mouse choice as enzyme
source was based in the perspective to evaluate NAC effects in vivo in futures studies.

2.3.2. Enzyme activity and protein determination

Enzyme activity measurement was performed according to Ellman et al. [26], with
some modifications as described in the following steps.

Step 1: In a 96 well plate was added KPB + ethopropazine 20 pM (dissolved in
12 uM hydrochloric acid) and an aliquot of brain DS homogenate (enzyme).

Step 2: DTNB (prepared in KPB) was added at the mixture and allowed to
stabilize (stabilization time) at 25 °C (for stabilization time determination see point
2.3.3.4).

Step 3: Proceeded to the ATCh (prepared in KPB) addition to start enzymatic
reaction.

The reaction velocity was measured by increasing absorbance as a result of
yellow anion formation (5-thio-2-nitrobenzoate, TNB’) at 412 nm with an absorption
coefficient of 0.0136 pM*cm?, for 2 min and expressed in pmol.ht.mg prot? (Scheme
1).

Absorbance

Step 1 Step 2 Step 3 Time
2 min 1 min
—

KPB
. DINB ATCh

Ethopropazine
+
AChE Inhibition time Stabilization time Reaction time
Enzyme activity measure

2 min

+
NAC

Scheme 1. Pippeting procedure and enzymatic activiy measurement.

Protein concentration was measured by the method of Bradford [27], using bovine

serum albumin as the standard.
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2.3.3. Assay modifications

NAC is a SH containing molecule [22] that can directly interact with the DTNB
added to the mixture and so providing false positives results. However, few studies were
made with the aim to improve the methodology based in this propriety of NAC, previously
to enzyme activity inhibition assay. All experiments were conducted under standard
laboratory temperature (25 °C).

2.3.3.1. DTNB concentration and pH determinations

Assays with different concentrations of DTNB were performed. The DTNB final
concentrations were of 0.0125, 0.025, 0.05, 0.1, 0.2 and 0.3 mM. After, a pH curve
(ranging from 6.8 to 8.0) was performed. From these results, a linearity evaluation was
developed, where the 0.3 mM concentration of DTNB and pH = 7.4 were chosen for

further analysis.

2.3.3.2. Enzyme activity linearity
For enzyme activity linearity evaluation, enzymatic reaction was performed using
different ATCh concentration (0.025, 0.05, 0.1, 0.15 and 0.45 mM).

2.3.3.3. Stabilization time

Immediately after DTNB addition into the medium containing NAC, an
absorbance increase is observed resulting of the formation of the NTB- which ionizes to
the NTB? dianion that has yellow colour. The absorbance increase time for each NAC
concentration was measured to determine the required time for the NTB# formation. For
this procedure no enzyme was needed, only NAC was added to a tube containing KPB

and 0.3 mM DTNB, the absorbance increase was measured for 2 min.

2.3.4. Enzyme inhibition and kinetics parameters

NAC effect on brain AChE activity was conducted using NAC concentrations of
0, 25, 50, 75, 100, 150 and 200 uM. NAC was added to the mixture containing the KPB
and the enzyme and allowed to react for 2 min. Procedure was continued with the
addition of DTNB as described in step 2 of section 2.3.2. The kinetic parameters
Michaelis-Menten constant (Km) and maximum velocity (Vmax), were estimated by

assaying the enzyme activity in increasing ATCh concentrations from 0.025 to 0.45 mM.
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2.3.5. Time dependence for AChE inhibition and positive control

NAC at the concentration of 169 uM (ICso) was incubated with AChE at different
intervals, ranging from 2 to 60 min before the addition of the substrate. After that, the
procedure was continued as described in step 2 of section 2.3.2. A positive control
(physostigmine 5 pM) was also assayed at the same intervals. The substrate
concentration used in this assay was of 0.45 mM.

2.3.5. Statistical analysis

All experimental results are given as the mean (s) £+ S.E.M. The statistical
analysis was performed using One-way (ANOVA) followed by the Newman-Keuls when
appropriate. p values < 0.05 were considered significant. The activities were plotted on
Michaelis-Menten and Linewever-Burk plots using nonlinear and linear regression
respectively. Dixon and Hill plots were performed to determine the inhibition constant (K;)
and to confirm the enzyme inhibition type induced by NAC [28] using software GraphPad
Prism version 5.00 for Windows, GraphPad Software, San Diego, CA, USA

(www.graphpad.com).

3. Results

3.1. DTNB concentration and pH

As shown in Figure 1, AChE activity was lower when used DTNB in a
concentration of 0.0125 mM (p = 0.0002). No statistical difference was observed in DTNB
ranging from 0.025 to 0.3 mM. However, the highest enzyme activity was reached with
the concentrations of 0.2 and 0.3 mM. Ideal medium pH was of 7.4 (Fig. 2). No alteration
in pH after NAC addition in the medium was observed. AChE activity was linear (r* =
0.9996; p = 0.0001), using DTNB 0.3 mM and pH = 7.4, along the protocol time (Fig. 3).
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0.500

0.475

0.450

umol.h‘lAmg prot =

0.425 —

DTNB [mM]

Fig 1. Effect of DTNB concentration (0.0125, 0.025, 0.05, 0.1, 0.2 and 0.3 mM) on AChE activity (umol.h-

1. mg prot?) from mice brain using 0.45 mM ATCh and pH 7.4 KPB. Data represent the mean = SEM for 5-6
independent biological replicates measurements.

0.500
0.475 |
0.450

0.425 |

umol.h'l.mg prot -t

0.400 |

0.375 —

Fig 2. Effect of pH on mice brain AChE activity (umol.h-t.mg prot?) using 0.45 mM ATCh and 0.3 mM DTNB.
Data represent the mean + SEM for 5-6 independent biological replicates measurements.



42

0.750

0.625 0.11140.044

-1

0.500 0.114£0.049

0.375 ] 0.121+0.053

umol.mg prot

0.250 0.119+0.051

0.125 0.12140.055

0000 - 0.12640.053

I T T T T T 1
0 30 60 90 120 150 180

Time (sec)

Fig 3. Mice brain AChE activity (umol.h-t.mg prot?) linearity (r> = 0.9996) using DTNB 0.3 mM and pH 7.4,
along the protocol time. Numbers on graph represent the increase in absorbance every 30 sec (0 - 180 sec).
Data represent the mean + SEM for 5-6 independent biological replicates measurements.

3.2. AChE activity linearity
Linear regression demonstrated AChE linear activity for all ATCh concentrations
here tested; 0.025 mM (r> = 0.9970), 0.05 mM (r? = 0.9985), 0.10 mM (r* = 0.9975), 0.15

mM (r? = 0.9963) and 0.45 mM (r? = 0.9978) (Fig. 4) along the 2 min of enzyme activity
measurement.

0.500 7 48— ATChoO450mM
ATCh0.150 m M

< 0.3757 ~—®— ATChoO0.100mM
ATCh0.050 mM

0.250 7 A 4 aTcho.o025mm

umol.mg prot

0.125

0.000 —

I T T T 1
0 30 60 90 120

Time (sec)

Fig 4. Effect of different ATCh (0.0025, 0.05, 0.10, 0.15 and 0.45 mM) concentration on mice brain AChE

activity (umol.ht.mg prot?). Data represent the results for different lines of determination for 5-6 independent
biological replicates measurements.

3.3. Stabilization time
Direct time reaction between DTNB and NAC was concentration dependent. For
the lower NAC concentration (25 pM) the stabilization time was 17 + 0.0011 sec, while

for the highest concentration (200 uM) was 54 + 0.0049 sec. In view of these results the
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time of 60 sec was concluded to be enough to avoid any interfere of this interaction
(Table 1). This 60 sec were applied to the method assay in step 2 (and so called:
stabilization time).

Table 1. DTNB-NAC direct reaction time.

NAC [uM] Stabilization time (sec)
25 17 £ 0.0011
50 20 £0.0021
75 25+ 0.0026
100 35+ 0.0049
150 47 +0.0051
200 54 + 0.0059

Data are expressed as mean + S.E.M.

3.4. Enzyme inhibition and kinetics parameters

Statistical analysis demonstrated that no significant difference was observed in
Km (mM) for all NAC tested concentrations (Fig. 5). Nevertheless, significant differences
in Vmax (umol.h™t.mg prot?) were observed at started from the NAC concentrations of 75
MM (p = 0.0369) (Table 2). Absence of K, alteration and decrease of Vimax presented by
AChE activity induced by NAC featuring an inhibition of non-competitive type, with a Ki;
of 147 + 0.82 uM (Fig. 6). The Hill coefficient (h) was < 1.0 which indicates that once one
ligand molecule of NAC is bound to the enzyme, its affinity for other ligand molecules
decreases (Fig. 7).

NAC 0 uM —— NAC 25 uM NAC 50 uM

—¥— NAC 75 uM NAC 100 uM —#— NAC 150 uM NAC 200 uM

0.5

o =]
w EN
1 1
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umol.h*.mg prot™

o
N
1

T T T T
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o
o
L
N
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o
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T T T T T 1
0.0 0.1 0.2 0.3 0.4 0.5
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Fig 5. Michaelis-Menten and Linewever Burk plots of NAC inhibitory effect on mice brain AChE activity. Data

represent the mean for 5-6 independent biological replicates measurements.
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Table 2. NAC effect on kinetic parameters of AChE activity.

NAC [uM] Km [MM] % decrease  Vmax (umol.ht.mg prot?) % decrease
0 5.33 x 103+ 0.0042 - 48.79 x 10 £ 0.0120 -
25 5.19 x 10 £ 0.0041 2.63 46.97 x 10-3 £ 0.0116 3.73
50 5.02 x 10 £ 0.0030 5.81 43.21 x 10-3 £ 0.0080 11.43
75 5.46 x 10 £ 0.0032 3.19 39.19 x 10-3 £ 0.0072* 19.68
100 5.09 x 10 £ 0.0073 5.81 34.71 x 10-3 + 0.0155* 28.86
150 5.09 x 10 + 0.0068 5.81 28.21 x 10-3 £ 0.0117* 42.18
200 4,96 x 103 £ 0.0084 6.94 21.01 x 10-3 + 0.0109* 56.94

Data are expressed as mean * S.E.M.
“p < 0.05, compared with NAC 0 uM.

—4— ATChO0.450mM
ATCh0.150 mM
—M@— ATChO0.100mM
ATCh 0.050 mM

—4&— ATCh0.025mM

-150 -100 -50 0 50 100
NAC (M)

Fig 6. Dixon plot of NAC inhibitory effect on mice brain AChE activity. Data represent the mean for 5-6

independent biological replicates measurements.
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Fig 7. Hill plot of NAC inhibitory effect on mice brain AChE activity, showing the slope of the curve providing

apparent dissociation constant. Data represent the mean for 5-6 independent biological replicates

measurements.

3.5. Time dependence and positive control

As shown in figure 8 NAC inhibit AChE activity in a manner independent of time.

After the incubation with the ICsq of NAC the remaining enzyme activity was

approximately of 50.33 %, showing no significant difference between 2 and 60 min. The

same did not occurs for physostigmine, statistical analysis showed that the incubation

time significantly affected the remaining enzyme activity (F: 33.47, p: 0.0001).

Remaining activity (%)

= NAC Physostigmine
100
80 - 1
*
60 — I
*
40
I .
L *
20 L
0-
T T T T T T
2 5 10 15 30 60
Time (min)

Fig 8. Remaining mice brain AChE activity after NAC incubation at six different times. Data represent the

mean + SEM for 5-6 independent biological replicates measurements. " p < 0.001 of One-way ANOVA

compared physostigmine at different times.
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4. Discussion

This study attempted to determine in vitro cerebral AChE activity and the NAC
inhibitory effect on this enzyme. The method used was Ellman’s using ATCh as
alternative substrate and DTNB as color reagent resulting in production of 5-thio-2-
nitrobenzoate (TNB") that has yellow color due to the shift of electrons to the sulfur atom.
This method is particularly limited for testing antidotes against AChE inhibitors or for
measuring this enzyme activity in samples of such treated individuals, once some
antidotes contain reactive oxime group splitting DTNB and providing false positive
reaction [29]. In the same way, NAC can also directly react with DTNB, so in this case,
it was mandatory to perform some previous experiments in order to assess the method
functionality. We here determinate the DTNB concentration and pH required for a linear
enzymatic AChE activity in mouse brain and also added a stabilization time to the method
in the attempt to avoid probably false positive reaction (absorbance increase). All ATCh
concentrations here tested showed linear activity. Finally, the results here achieved show
that NAC behave as a reversible non-competitive AChE inhibitor, by reducing enzyme
Vmaxin a concentration dependent way without interfering in the K.

The most common assay used in AChE determination is based on Ellman’s
method. Over the last years’ different chromogens have been tested [30], nevertheless,
in this work we choose to use DTNB. The present results demonstrated that DTNB at
concentration ranging from 0.025 to 0.3 mM were enough to provide similar AChE activity
reading (46.08 x 10 and 48.83 x 10 umol.h"t.mg prot?, respectively) along the protocol
time. Thus, we here use the 0.3 mM final concentration to avoid any hypothesis of
chromogen consumption by directly interact with NAC. In fact, this chromogen has acid
pH and can directly interfere with enzyme activity. Here, assays were performed with
DTNB solutions in a range from 6.8 to 7.6. As showed by the present results the higher
activity was achieved with pH = 7.4. Besides, knowing the ideal pH is critical when
working with inhibitors. The enzymes inhibition may be greatly affected by pH, in the
irreversible no less than the reversible case. The rate reaction of the inhibitor with the
enzyme may be affected by pH because the different ionic forms of the enzyme may
react at different rates with the inhibitor, or because the inhibitor ionizes itself [28].

For all ATCh concentrations here used the enzyme activity was linear, thus
demonstrating that this decrease was not due to lack of substrate. Moreover, substrate
inhibition is a kinetic property of AChE [31]. However, the highest substrate final
concentration (ATCh 0.45 mM) tested was based on previously studies of our laboratory

[32], which demonstrate to be a non-inhibitory substrate concentration. The 1 min waiting
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time addition (stabilization time) was established to avoid interference of the direct
reaction of DTNB with NAC, which occurs immediately after the DTNB addition in the
medium, causing an immediate increase in absorbance. It is a fact that high
concentrations of Triton X-100 can decrease AChE activity, however, the concentration
used in this work did not have any impact on the enzyme activity decrease and was used
only in the attempt to get the total AChE activity in the medium.

Enzyme Kkinetics is the study of the chemical reactions catalyzed by enzymes.
Through this, we can show the catalytic mechanism of an enzyme, its role in metabolism,
how its activity is controlled or how a drug or an agonist might interfere in the enzyme
activity. Our results showed that NAC can decrease in vitro AChE activity of mice brains.
In 1966, Dixon and Webb proposed that a single enzyme involved in a main metabolic
chain inhibition will render the whole chain inoperative and will have a profound or even
fatal effect upon the organism. However, some exceptions to this rule apply [28]. To date,
the use of AChE inhibitors is one of the few therapies that show consistent positive
results in the AD treatment [33]. Here, NAC at 75 uM significantly decrease in vitro AChE
activity in approximately 20%, when compared with the normal enzyme activity being the
ICs0 Of 169 UM. As can be seen by the Vmax, the enzyme activity decrease was dependent
on the NAC used concentration. However, by varying the substrate concentration the Kn,
remained unchanged, characteristic of a non-competitive inhibition, where the inhibitor
molecule binds to an enzyme somewhere other than the active site reducing the enzyme
activity or binds equally well to the enzyme whether it has already bound the substrate.

AChE non-competitive inhibitors are clinically used in AD treatment, like Tacrine
[34], Donepezil and Huperzine A [35] to name a few. Besides, despite the countless
effects of NAC on different neurological disorders like AD by increase the glutathione
levels or free-radical scavenging [36], few are the reports of its effect on cerebral AChE
activity. Hill coefficients give information on the number of interacting sites. When this
coefficient is smaller than one, do not indicate anticooperative binding but show that at
least one ternary complex has enzymatic activity [37]. Here, Hill coefficients was smaller
than one indicating a possible allosteric binding, where induced conformational changes
cause loss of the active conformation. Such a denaturation mechanism is in stark
contrast to the desired specificity of drugs.

NAC is structurally similar to cysteine amino acid which can easily form a dipolar
ion so called zwitterion at neutral pH [38]. We here believe that NAC can also form a
zwitterion, a molecule with no overall electrical charge, but that contains separate

positive and negative parts (N* and O, respectively). The cationic region (N*) present in
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the NAC zwitterion suffers an electrostatic attraction by the AChE anionic site, inducing
a temporally modification in the enzyme esteric site and disabling the neurotransmitter
bind (Scheme 2). The fact that NAC inhibitory effect over AChE activity did not vary
according to the length of the preincubation period, suggests that the NAC effect is of
reversible nature [39] similar to physostigmine, which also reversibly inhibit the AChE,
even though that this binds to the active site of the enzyme and not to the anionic one.

A ACh ~.,+ ©Ch Acetate

H / 1 OH
\/'\:J\/\O)“\‘O 0.% O>—OH

' 1! - 2 0H ' 3 l - o ' 4 OH
! — H —_— ; —+
AChE Acetylated AChE AChE
o] —N (o]
B Physostigmine y /< A\ q Leaving group
—N o ; o) W
s { 1
: }" : ; No
5 OH 6 0
; — : +
AChE Carbamylated AChE
OHS OHS OHS
_q i + M
NH S NH; - NH;
o} (o] Q
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HO o 9 OH 10
—
AChE Inactive AChE

Scheme 2. Summarized interaction of ACh (A), physostigmine (B) and NAC (C) with the AChE. In normal
conditions the AChE anionic site accommodates the positive quaternary amine of ACh (1) while the acetyl
group binds to the serine present in the esteric site (2) yielding an acetylated enzyme (3) and choline. After
a rapid hydrolyzes (4) acetate is formed. When physostigmine is add to the medium an electrostatic bond is
formed between carbamate oxygen and the serine oxygen which is located in the esteric site (5) and an
inactive (carbamylated) enzyme is formed (6) [40]. When NAC is in neutral medium the COOH donates a
proton to the NH2z group (7) and form a zwitterion whit a positive and a negative electrical charge (8), in an
internal acid-base reaction. The quaternary amine suffers an electrostatic attraction by the anionic site of the
enzyme (9), this bind causes a structural modification in the active site of the enzyme yielding to an enzyme
inactivation (10).

5 Conclusion

Thus, we conclude that the Ellman method is reliable for the analysis of AChE
activity when inhibited by compounds which contain SH groups. NAC inhibited non-
competitively the enzymatic activity of AChE, been considered as an AChE inhibitor for

further in vivo studies.
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Abstract

Alzheimer’s disease (AD) is a neurodegenerative disease characterized by
cognitive impairment, associated with a reduced concentration of acetylcholine (ACh) in
brain cortex and hippocampus. Recently we reported that the N-acetylcysteine (NAC)
decreases brain acetylcholinesterase (AChE) activity in vitro. Thus, the aim of the current
study was to investigate the effect of NAC against streptozotocin (STZ) induced AD in
mice. Mice were divided into four groups: I) Sham, II) NAC, Ill) STZ and IV) NAC+STZ.
Animals were daily treated with NAC (50 mg/kg/day, p.o.) for nine consecutive days and
with STZ (2.5 mg/kg i.c.v.) at the first and third days. Step down passive avoidance
(SDPA, days 7-8) and Morris water maze (MWM, days 6-9) task were assessed to
evaluate learning and memory. On the tenth day animals were euthanized for AChE and
butyrylcholinesterase (BChE) and ACh, energy-rich phosphate and brain glucose uptake
levels evaluations. A learning and memory impairment was observed in SDPA and MWM
in those animals that receive STZ. Nevertheless, the same was not observed in those
animals that also received NAC. Brain cortex and hippocampus AChE and hippocampus
BChE activities increase induced by STZ were also prevented by NAC treatment. The
STZ induced a brain energy metabolism imbalance, decreasing adenosine triphosphate
and increasing adenosine levels. The glucose uptake decrease in hippocampus was
prevented by NAC. In conclusion, NAC treatment prevented the cognitive disturbance,
by restoring the cholinergic system and brain energy metabolism disorders. NAC could

modulate cholinergic imbalance without causing any changes per se in the same.

Key words: Cognition; cholinesterases; acetylcholine; behavioral.
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1. Introduction

Cognitive impairment is a broad term to describe any characteristic that acts as
a barrier to the process of cognition [1]. Some of the causes of cognitive impairment in
humans are neurodegenerative diseases such as Alzheimer's disease (AD), comprising
50-70% of all cases [2]. AD is characterized by a progressive loss of memory, thinking,
learning capacity and judgment [3]. This neurodegenerative disease is coupled to
mitochondrial dysfunction, which leads to an impaired energy metabolism and
consequent activation of proapoptotic pathways signaling [4]. The death of neurons,
particularly in the cerebral cortex and hippocampus, have also been related to AD [5].
Severe alterations in glucose metabolism are also reported in all forms of sporadic
dementia resulting from AD, since the use of glucose and the levels of energy-rich
phosphate compounds are reduced in brain tissue from AD patients. Disruption in the
control of neuronal glucose metabolism, cosequence of the failure in signal transduction
triggered by insulin, is also observed in the early AD pathogenesis [6]. This neuronal
glucose metabolism controls the release of neurotransmitters at synapses, activating
pathways associated with learning and long-term memory [7].

Streptozotocin (STZ) is a naturally occurring nitrosamine, which has been widely
used as diabetes inducing in experimental animals. However, an intracerebroventricular
(i.c.v.) injection of STZ in a sub diabetogenic dose has been reported as a model of AD,
leading to a memory deficit [8]. This model is associated with disorders in the glucose
use and consequent changes in energy metabolism [9], leading to cognitive dysfunctions
by reducing the synthesis of adenosine triphosphate (ATP) and acetyl coenzyme A
(acetyl-CoA). These changes result in a cholinergic dysfunction characterized by the
choline acetyltransferase (ChAT; EC 2.3.1.6) activity inhibition and the
acetylcholinesterase (AChE; EC 3.1.1.7) and butyrylcholinesterase (BChE; EC 3.1.1.8)
activities increase in the nervous system [10,11].

AChE along with BChE belong to the hydrolases family. In the brain, AChE is
primarily associated neurones [12], while BChE is mainly located in glial cells [13]. The
main function of AChE is the (acetylcholine) ACh hydrolysis, this neurotransmitter is
synthesized from choline and acetyl-CoA in the presynaptic neuron and released into
the synaptic space where it will bind to the pre and postsynaptic muscarinic and nicotinic
receptors, stimulating both excitatory and inhibitory transmission [14]. BChE is less
substrate-specific [15]. Nevertheless, both enzymes are able to hydrolyze ACh at a rate
of > 10000 molecules per second [16]. Thus, these enzymes are strongly involved in

cognitive learning and memory function [17,18]. In regard of the AD cholinergic
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hypothesis, which is based on the decline in cognitive function due to loss of cholinergic
neurotransmission mainly in brain cortex and hippocampus, along the years the focus of
drug development for AD has been on strategies that enhance central cholinergic
function. Amongst them, the use of AChE inhibitors seems to be the one with best results
[14].

N-acetylcystein (NAC) is a derivative of the amino acid cysteine molecule
clinically used in respiratory diseases, acetaminophen poisoning and renal disease
treatments [19,20]. This molecule also have anti-inflammatory, anti-apoptotic and pro-
neurogenic properties [21]. Knowing this, the use of NAC as neuroprotective in
psychiatric and neuroprogressive disorders [22] and in cognitively related treatments
[23], have been propose. Moreover, the neuroprotective effect of NAC against STZ-
induced memory dysfunction in rats after three weeks treatment has been reported [24].
Based on the above considerations, the purpose of the present study was to investigate
the potential neuroprotective effect of NAC on the cognitive deficit induced by i.c.v. STZ

in mice.

2. Materials and methods

2.1. Animals

Experiments were conducted using male Swiss mice (25 - 30 g) about two
months old. Animals were maintained at 22 + 2 °C with free access to water and food
under a 12 h: 12 h light/dark cycle with lights on at 07:00. All manipulations were carried
out between 08:00 and 16:00. Animals were used according to the guidance of the
Committee on Care and Use of Experimental Animal Resources, the Federal University
of Santa Maria, Brazil (Process N° 088/2015) and the ARRIVE guidelines. All efforts were
made to minimize animals’ suffering and to reduce the number of animals used in the

experiments.

2.2. Chemicals

NAC, STZ, adenosine (ADO), adenosine 5-monophosphate (AMP), adenosine 5-
diphosphate (ADP), adenosine 5-triphosphate (ATP), acetylcholine (ACh),
acetylthiocholine (ATCh), butyrylthiocholine (BTCh), acetylcholinesterase (AChE), 5,5 -
dithiobis-(2-nitrobenzoic acid) (DTNB), choline oxidase (ChOx), ethopropazine,

ethylenediaminetetraacetic acid (EDTA)and azinobis-3-ethyl-benzothiazoline-6-sulfonic
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acid (ABTS) were obtained from Sigma Chemical (St. Louis, MO, USA). All other
chemicals were obtained in an analytical grade or from standard commercial suppliers.

2.3. Experimental procedure

2.3.1. Memory impairment induction

Animals were divided into four groups (8 animals per group): I) Sham; Il) NAC,
lI) STZ and IV) NAC+STZ. For treatment one: animals belonging to groups Il and IV
were treated p.o., through oral gavage, with a single NAC dose of 50 mg/kg body weight
dissolved in distilled water each day, during nine consecutive days. NAC dose which
showed no toxicity to animals was chosen based on a curve dose ranging from 0 to 150
mg/kg (data not shown). Animals belonging to groups | and Il received distilled water
instead. For treatment two: animals belonging to groups Ill and IV received a
intracerebroventricular (i.c.v.) injection of STZ 2.5 mg/kg body weight dissolved in
artificial cerebral spinal fluid [aCSF (mmol/L): 147.0 NaCl; 2.9 KCI; 1.6 MgCl;, 1.7 CaCl,
and 2.2 CsH120¢], pH = 7.4 in a fixed volume of 5 pl at the first and third days. Animals
from groups | and Il received only aCSF (5 pl/site) [25]. The i.c.v. administration of STZ
(or aCSF) was performed by a “free hand” protocol with the bregma fissure as a
reference point based on the previous published method [26,27]. Briefly, the animals
were anesthetized with isoflurane and grasped firmly by the loose skin behind the head,
the skin was pulled tight and a hypodermic needle (27 gauge) attached to a 25 pl
Hamilton microsyringe was inserted perpendicularly through the skull into the brain. The
site of injection was 2 mm either side of the midline on a line drawn through the anterior
base of the ears; the depth of insertion of the needle was about 3 mm. To find out if the
STZ was administered exactly into the cerebral ventricle, mice were killed by cervical

dislocation and the brains were dissected and macroscopically examined.

2.4. Behavioral tests

2.4.1. Open field test

Spontaneous locomotor activity was measured in the open field (OF) test [28] at
the day 6, previously to the memory task. The floor of the open field was divided into
nine squares. Each animal was placed individually in the center of the arena, and the
number of segments crossed (four-paw criterion) and rearings were recorded in a 5 min

session.
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2.4.2. Step-down passive avoidance task

The step-down passive avoidance (SDPA) task has been used to study
nonspatial long-term memory [29]. The apparatus consisted of a single box where the
floor was made of a metal grid connected to a shock scrambler. A safe platform was also
placed in the box. During the training session (acquisition trial, day 7), the mouse was
placed on the platform, when the animal stepped down and placed their four paws on
the grid floor, an electric shock (0.5 mA) was delivered for 2 sec. Some sec later (~5),
the mouse was removed from the step-down passive avoidance apparatus and returned
to its home cage. The retention trial was performed 24 h after training (day 8). Each
mouse was placed again on the platform, and the transfer latency time (i.e., time took to
step down from the platform) was measured in the same way as in the acquisition trial,
nevertheless, shock was not delivered and the transfer latency time was recorded to a
maximum of 5 min. The criterion for learning was taken as an increase in the transfer
latency time on retention (day 8) trial as compared to the acquisition (day 7) trial.

Therefore, short transfer latencies indicate poor retention.

2.4.3. Morris water maze task

Spatial learning and memory were assessed using the Morris water maze (MWM)
task, according to the method of Morris [30]. The maze consisted of a basin (diameter:
180 cm, wall height: 40 cm) made of black plastic and filled with water (25 + 2 °C) at a
height of 30 cm. The pool was placed in a room with several extra-maze visual cues. For
the acquisition phase, the mouse was submitted to four trials each day [starting in the
north (N), than east (E), than south (S) and last west (W)] for three consecutive days
(days 6, 7 and 8). The escape platform was hidden 0.5 cm below water level in the middle
of the northwest (NW) quadrant. The mouse remained on the platform for at least 40 sec
after each trial. Whenever the mouse failed to reach the escape platform within the 1 min
cutoff period, it was retrieved from the water and placed on the platform for 40 sec. The
time spent in each quadrant, the thigmotactic behavior and the latencies to reach the
platform were calculated as the mean of total time spent in four trials of each day.
Twenty-four hours after the acquisition phase (day 9), a probe trial was conducted by
removing the platform and placing the mouse next to and facing the SE side. The latency
to reach the platform site and the number of crossings over the former platform site were

measured for a single 1 min trial.
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2.5. Biochemical assays

2.5.1. Tissue collection

Twenty-four hours after the last behavioral test (day 10), the animals were
anesthetized with isoflurane. Subsequently, mice were euthanized by blood extraction
through cardiac puncture and the cerebral tissue was removed and dissected into
different regions (brain cortex, hippocampus and striatum) under board certified personal

guidance.

2.5.2. AChE and BChE activities

Enzyme activities were carried out according to the method of Ellman et al. [31].
Cerebral tissue (brain cortex, hippocampus and striatum) samples were homogenized in
0.1 mol/L potassium phosphate buffer (KPB), pH = 7.4 in a 1:10 (w/v) ratio, containing
1% Triton X-100. The homogenate was centrifuged at 12000 x g for 10 min to yield the
low-speed supernatant (S:) fraction that was used in the assay. Then 0.3 mmol/L DTNB
was added and the enzymatic reaction was initiated by addition of 0.45 mmol/L of ATCh
and BTCh as substrate for AChE and BChE, respectively. For AChE activity, 0.02
mmol/L ethopropazine hydrochloride was also added to avoid BChE interference.
Enzyme activities were spectrophotometrically measured at 412 nm for 3 min. Results
were expressed in umol ACTh/h/mg protein and umol BCTh/h/mg protein for AChE and
BChE, respectively. Total protein concentration was measured by the method of

Bradford [32] using bovine serum albumin as the standard.

2.5.3. ACh levels

ACh concentration in the cerebral tissue (brain cortex, hippocampus and
striatum) was evaluated based on choline oxidase (ChOx) activity modify method [33].
The tissues samples were homogenized in 0.1 mol/L KPB, pH = 7.4 in a 1:10 (w/v) ratio
and heated in boiling water for 3 min and placed in ice. After that, the homogenate was
centrifuged at 12000 x g for 10 min to yield the low-speed supernatant fraction (S1) which
was used in the assay. Then, the S; was incubated at 37 °C for 30 min with 0.025 U/mL
purified AChE and 0.01 U/mL ChOx prepared in 0.1 mol/L KPB, pH = 7.4. After, 0.5
mmol/L KMnO. (chromogen) solution was added to the mixture and incubated at 37 °C.
The decrease in absorbance after 30 min was measured at 490 nm. ACh was used as
standard with the final concentration ranging from 0 - 375 pmol/L. Results were

expressed as nmol ACh/mg tissue.
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2.5.4. Energy-rich phosphates levels

The energy-rich phosphate (ATP, ADP, AMP and ADO) levels in mice total brain
were determined by the HPLC-UV detection modified method of Ozogul et al. [34].
Briefly, brain samples were homogenized in 0.6 mmol/L HCIO4 and centrifuged at 2400
x g at 4 °C for 10 min. The supernatant fraction (S1) was neutralized to pH = 6.0 - 6.5
with 1 mol/L KOH. The neutralized S: were kept on ice for 30 min to make sure the total
precipitation of the K crystals. After that, they were filtered through a membrane (0.45
pm pore size; Millipore) before the injection into the HPLC instrument. The analytical
column was a 5 um particle and 100 A pore size Phenomenex ODS2 C!8 reverse-phase
column (4.6 x 250 mm, Allcrom, Brazil). The mobile phase was 0.04 mol/L KH2PO, and
0.06 mol/L K:HPO,dissolved in purified distilled water and adjusted to pH = 7.0 with 0.1
mol/L KOH. The HPLC analysis was performed under isocratic conditions at a flow rate
of 1 mL/min and with the UV detector set at 257 nm. Results were expressed as nmol/g

tissue.

2.5.5. Glucose uptake

Glucose uptake was determined based on a previous study [35] with some
modifications. Briefly, slices of cerebral tissue (brain cortex, hippocampus and striatum)
were incubated for 30 min at 37 °C with 1 ml of Krebs-Henseleit Bicarbonate buffer [KHB
(mmol/L): 118 NaCl, 25 NaHCO3, 4.8 KCl, 1.2 KH2PO4, 1.2 MgCl, and 11 CsH1206], pH
=7.4. The glucose concentration of each sample was spectrophotometrically determined
at initial time and after 30 min of incubation. The amount of the brain glucose uptake was
calculated as the difference of the glucose concentration in each sample between times

(final time - initial time). Results were expressed as g of glucose uptake/mg of tissue.

2.6. Data presentation and statistical analysis

All experiments results are given as the mean (s) + S.E.M. Statistical analysis for
behavioural and in vivo tests were performed using two-way ANOVA followed by
Duncan's post-hoc test when apropriated. Main effects of first-order are presented only
when interaction was not significant. Values of p < 0.05 were considered statistically
significant. Calculations were performed using software STATISTICA 10 Copyright® Stat
Soft Inc. Tulsa, OK - USA (www.statsoft.com).
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3. Results
3.1. Behavioral tests

3.1.1. Open field
Mice performance in the OF test is presented in Table 1. No effect on
spontaneous nor in exploratory activity was observed by any of the treatments.

3.1.2. Step-down passive avoidance

Mice performance in the SDPA task is presented in Table 1. No difference among
groups in the transfer latency time in the acquisition phase was observed. Statistical
analysis of the transfer latency time in retention trial showed a significant NAC x STZ
interaction (F12s = 6.358; p = 0.018). Post-hoc comparisons revealed that STZ group
presented lower transfer latency time (~56%) than Sham group; the NAC treatment

prevented this impairment.

Table 1. Effects of NAC administration on spontaneous locomotor and exploratory activity in the open field-

test (OF) and step-down passive avoidance test (SDPA) in mice that received i.c.v. injection of STZ.

OF (num) SDPA (sec)

Crossings Rearings Acquisition Retention
Sham 77.8+9.8 42.0+ 4.6 199+3.5 209.3+37.2
NAC 83.8+9.2 458+ 4.7 17.1+£59 150.8 £ 43.8
STZ 78377 40.6 + 3.3 242+ 3.6 92.2+25.92
NAC+STZ 848+5.1 42.3+3.8 185+ 3.9 202.5 £ 22.9°

Data are reported as the mean + S.E.M. for n = 8 animals per group. Statistical analysis was performed by
two-way ANOVA followed by Duncan’s test. 2 p < 0.05 as compared to the Sham group; ° p < 0.05 as
compared to the STZ group.

3.1.3. Morris water maze

Mice performance in the MWM task during the acquisition phase is presented in
Fig. 1A. Along the 3 days of the acquisition phase, a decrease in time to find the platform
was observed in all groups. Statistical analysis of latency time showed a significant STZ
(F128 = 5.497; p = 0.026) main effect at day 2 and NAC (F12s = 4.529; p = 0.042) main
effects at day 3. Post-hoc comparisons revealed that STZ increased the latency time to
find the platform (~43% at day 2 and ~40% at day 3, respectively) when compared to

Sham group. NAC treatment prevented this increase. Statistical analysis showed no
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significant differences among groups in the time spends in each quadrant (Fig. 1B), and
in the thigmotactic behavioral (Fig. 1C).
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Fig. 1. Effects of NAC on STZ induced memory deficit in the Morris water maze task. (A) Latency (ies) to
reach the platform in the acquisition phase, (B) time animals spent in each of the four quadrants of the pool
during the acquisition phase and (C) thigmotactic behavior (time the animals spent swimming close to the
wall zone) during the acquisition phase. Data represent the means + S.E.M for n = 8 animals per group.
Statistical analysis was performed by two-way ANOVA followed by Duncan’s test. 2 p < 0.05 as compared
to the Sham group; ® p < 0.05 as compared to the STZ group.

Mice performance in the MWM task in the retention phase is presented in Fig. 2.
Statistical analysis of latency time for the first crossing over the platform showed a
significant NAC x STZ interaction (Fi2s = 5.263; p = 0.030) (Fig. 2A). Post-hoc
comparisons demonstrated that STZ increased the time (~100%) when compared to
Sham group and NAC treatment prevented this increase. Statistical analysis of the
number of crosses over the platform local showed a significant NAC x STZ interaction
(F1,28 = 5.365; p = 0.028) (Fig. 2B). Post-hoc comparisons revealed that STZ decreased
(~45%) the number of crosses when compared to Sham group. The NAC treatment

prevented this impairment.
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Fig. 2. Effects of NAC on STZ induced memory deficit in the Morris water maze. (A) latency (sec) to reach
the platform place in the probe test and (B) number of crossing (num) over the former platform position. Data
represent the means + S.E.M for n = 8 animals per group. Statistical analysis was performed by two-way
ANOVA followed by Duncan'’s test. 2 p < 0.05 as compared to the Sham group; ® p < 0.05 as compared to
the STZ group.

3.2. Biochemical assays

3.2.1. AChE and BChE activities

The AChE and BChE activities are presented in Fig. 3. Statistical analysis of brain
cortex AChE activity showed a significant NAC x STZ interaction (Fi2s = 5.675; p =
0.024) (Fig. 3A). Post-hoc comparison demonstrated that STZ increased brain cortex
AChE activity (~24%) when compared to the Sham group and NAC treatment prevented
this increase. A significant NAC x STZ interaction (Fi2s = 5.949; p = 0.022) was also
observed in brain cortex BChE activity. Post-hoc comparison showed a significant
decrease (~51%) in enzyme activity in those animals that received NAC + STZ when
compared to those of STZ group.

Statistical analysis of hippocampus AChE activity revealed a significant STZ main
effect (F12s = 5.079; p = 0.032) (Fig. 3B). Post-hoc comparisons demonstrated that STZ
increased enzyme activity (~52%) when compared to Sham group. NAC treatment
prevented this increase. In hippocampus BChE activity a significant STZ main effect
(F128 = 8.269; p = 0.008) was observed. Post-hoc comparisons demonstrated that STZ
treatment increased the enzyme activity (~46%) when compared to Sham group. The

NAC treatment prevented from this increase.
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Striatum AChE and BChE activities were not affected by neither STZ nor NAC

treatments (Fig. 3C).
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Fig. 3. Effect of NAC on AChE and BChE activity in the (A) brain cortex, (B) hippocampus and (C) striatum

of mice that receive STZ injection. Data represent the means + S.E.M for n = 8 animals per group. Statistical

analysis was performed by two-way ANOVA followed by Duncan’s test. 2 p <0.05 as compared to the Sham
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group for AChE activity; ® p < 0.05 as compared to the STZ group for AChE activity. Y p < 0.05 as compared
to the Sham group for BChE activity. ?p < 0.05 as compared to the STZ group for BChE activity.

3.2.2. ACh levels

The ACh levels are presented in Fig. 4. Statistical analysis of brain cortex ACh
levels showed a significant NAC (Fi12s = 7.281; p = 0.013) and STZ (F12s = 8.005; p =
0.009) main effects. Post-hoc comparisons demonstrated that STZ decreased the
neurotransmitter levels (~51%) when compared to Sham group and NAC treatment
prevented this decrease. Analysis of hippocampus ACh levels revealed a significant NAC
(F128 = 6.161; p = 0.020) and STZ (F12s = 8.669; p = 0.007) main effects. Post-hoc
comparisons demonstrated that STZ decreased the neurotransmitter levels (~51%)
when compared to Sham group. NAC treatment prevented from this decrease. A
significant NAC (F1.2¢ = 6.002; p = 0.022) and STZ (F1,2s = 8.748; p = 0.007) main effects
was also observed in striatum ACh levels. Post-hoc comparisons revealed that STZ
decreased the neurotransmitter levels (~53%) when compared to Sham group.
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Fig. 4. Effect of NAC on brain ACh levels of mice that receive STZ injection. Data are reported as means +
S.E.M for n = 8 animals per group. Statistical analysis was performed by two-way ANOVA followed by

Duncan’s test. 2 p < 0.05 as compared to the Sham group; P p < 0.05 as compared to the STZ.

3.2.3. Energy-rich phosphate levels and glucose uptake capacity

The energy-rich phosphate levels and glucose uptake capacity are presented in
Table 2. Statistical analysis of brain ATP and ADO levels showed a significant STZ main
effect (F112 = 6.535; p = 0.025 and Fi1, = 3.735; p = 0.003, respectively). Post-hoc
comparisons revealed that STZ decreased ATP level (~43%) and increased ADO level

(~53%) when compared to sham group. Statistical analysis of hippocampus glucose
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uptake showed a significant STZ main effect (F112 = 5.644; p = 0.026). Post-hoc
comparisons revealed that STZ decreased hippocampus glucose uptake (~28%). The
NAC treatment prevented the decrease induced by STZ.

Table 2. Effects of NAC administration on total brain energy-rich phosphate levels and brain glucose uptake

in mice that received i.c.v. injection of STZ.

Sham NAC STZ NAC+STZ
Energy rich phosphate (nmol/g tissue)
ATP 133.4+6.0 121.7+£32.0 76.0 £ 4.02 86.1 +14.00
ADP 600.1 +44.0 508.9 + 95.0 472.1 +39.0 485.1 +70.0
AMP 2195.0+£127.0 1673.0£383.0 1868.0 + 191.0 2015.0+£137.0
ADO 2074.0 £195.0 1896.0 + 365.0 3102.0 £327.08  2638.0 £213.02
Glucose uptake (ug/mg tissue)
Cerebral cortex 1440+ 12.2 159.1 +£+10.3 127.1+£5.5 141.6 £ 9.8
Hippocampus 611.5+29.5 626.6 +44.4 438.8 + 43.12 586.7 + 63.9°
Striatum 489.4 + 36.5 584.4+81.9 531.6 +51.7 564.2 £44.3

Data are reported as means + S.E.M for n = 4 animals per group. Statistical analysis was performed by two-
way ANOVA followed by Duncan’s test. 2p < 0.05 as compared to the Sham group, °p < 0.05 as compared
to the STZ group.

4. Discussion

In a previously report, we shown that NAC decreases mice brain AChE activity in
vitro [36]. In the present study, we investigated the potentially neuroprotective effect of
NAC on the cognitive deficit in mice treated with i.c.v. STZ. The results indicate that daily
oral NAC administration at the dose of 50 mg/kg during nine consecutive days prevented
from spatial and non-spatial learning and memory impairment in STZ-treated mice.
Normalization of brain AChE and BChE activities, along with the increase in brain ACh
concentration, seem to be the main causes of cognitive improvement due
supplementation with NAC. The NAC treatment also prevented the energetic imbalance
in brain of i.c.v. treated-STZ mice.

It is a fact that AD can be associated with motor impairments [37]. This fact can
also interfere with the behavioral memory tests assessment. In this way, we care to
assess motor activity of animals. The motor activity of the animals was not affected by
any treatment as observed in the OP test performance. No effect of treatments was also
observed in the acquisition phase in STDA. However, STZ affected the non-spatial long-

term memory as shown by the decrease in the latency time to step down during the
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retention phase. Furthermore, NAC per se did not alter the animal performance in this
task. Nevertheless, NAC prevented the cognitive deficit in working memory.

The spatial learning and memory impairment [30] induced by the i.c.v. STZ in
mice was possible to be observed in the MWM. The daily NAC administration prevented
this impairment. This cognitive deficit was characterized by: (a) the increase in the
latency to find the platform along the three days of the acquisition phase, (b) the increase
in the latency to cross over the platform location during the probe test and (c) the
reduction in the crossing number over the platform location during the probe test. Those
animals that also received the NAC administration did not present those behaviors of
cognitive deficit provoked by the i.c.v. STZ.

In the MWM, the procedural learning phase is dependent on the functional
integrity of the striatum [38] while the spatial learning depends on the hippocampus [39],
and both are modulated by the thalamic nuclei. Damages in those brain regions increase
thigmotactic behavior and impair learning in MWM. Nevertheless, neither the animals
that receive NAC nor STZ or both presented a significant thigmotactic behavior along
the acquisition phase. Our results are in accordance with previous study where
thigmotactism has no significant effect on a purely procedural of the task [40].

Over the last years, the use of AChE inhibitors and compounds that increase ACh
synthesis has shown to be one of the most effective therapies in AD treating [41].
Nevertheless, agents that also target BChE may provide added benefits [42]. In healthy
brain, BChE is responsible for approximately 20% of ACh hydrolysis. Nevertheless, brain
BChE activity rises during AD [43] and increased BChE levels are associated with
cortical and neocortical neuritic plaques development in AD [43,44]. In the present study
i.c.v. STZ increased both AChE and BChE activities in cerebral cortex and hippocampus.
The exact mechanism by which STZ increase brain ChEs activities is still unclear, and
is the subject of our current research. On the other hand, oral NAC administration
reversed the increase of both enzymes in both brain structures, as can be seen in those
animals belonging to the NAC+STZ group, where enzymes activities are comparable to
those of Sham group.

Along with the ChEs activities increase, a decrease in brain ACh concentration
was also observed in those animals that receive the i.c.v. STZ. The NAC treatment
prevented this decrease in cerebral cortex and hippocampus. The prevention of brain
cortex and hippocampal ACh reduction facilitates the place learning [45] and the
encoding of new information [46], respectively, as it was able to observe in both SDPA

and MWM. It is important to emphasize that NAC here only prevented the decrease in
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ACh levels induced by STZ and per se did not increase the neurotransmitter levels over
those of Sham group, since high ACh levels might have beneficial or detrimental effects
depending on the memory phase [46]. Unfortunately, the total recovery of striatum ACh
levels was not achieved by NAC treatment. However, this fact seems not to have affected
the mice memory acquisition in the behavioral tests. This result is in better agreement
with the study of Kitabatake et al. [47] where alterations in the striatal cholinergic system
showed no consequence on reference memory acquisition in the MWM. It is
understandable that the decrease in the neurotransmitter level in those animals that
received STZ may be consequence of increased ChEs activity. However, we do not rule
out the hypothesis that this phenomenon may be due to a potential ChAT activity
inhibition in those brain regions, notwithstanding, we did not perform this enzyme activity
measure.

Impaired cerebral glucose utilization and energy metabolism represent very early
abnormalities in initial stages of cognitive impairment [48]. A significant decrease in ATP
and increase in ADO levels were observed in those animals that receive i.c.v. STZ,
characterizing an inhibition on the synthesis of the energy-rich phosphates. Decrease
ATP generation may affect energy-dependent central nervous system (CNS)
neurotransmission processes and thus contributing to the decline in memory [49]. The
i.c.v. STZ also decreased glucose uptake in hippocampus of mice, which could be
related to the ATP levels decrease. NAC normalized glucose uptake in hippocampus
and prevented the glucose utilization and ATP synthesis impairment in those animals
that received STZ, fact that may be related to the improvement in the MWM. The NAC
effects on brain glucose utilization and energy metabolism were previously reported by
Martines et al. [49], proving that NAC delays age-related memory impairment and age-
related neurodegenerative diseases such as AD.

It is well documented that NAC displays its neuroprotective effect by different
mechanism [50,51,52,53]. We here attribute the neuroprotective effect of NAC on its
ability to prevent brain AChE and BChE increase. As mentioned before, NAC decreases
mice brain AChE activity in vitro [36]. However, when dealing with an in vivo study, the
NAC ability to cross the blood-brain barrier (BBB) is controversial. In one of the early
studies on the subject, Sheffner et al. [54] reported that highest concentrations of NAC
were seen in the brain of mice treated with S-NAC via oral. In 2003, Farr et al. [55]
showed that NAC could completely cross the capillary wall to enter the mice brain and
extracellular space at a rate of ~2.4 pL/g/min. It is possible that NAC ability to cross BBB

may be dependent on the dose and administration via [56]. On the other hand, we are
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aware that NAC also serves as a prodrug to the amino acid (AA) L-cysteine [57], which
has similar NAC properties. This AA is transported into the brain by the AA transporters
present in the BBB [58] mainly on the L-system [59]. Knowing this, we believe that NAC
can cross the BBB and directly affect the ChEs activities. Nevertheless, we do not rule
out the hypothesis that the beneficial effects on the cognitive impairment may be due to
a NAC metabolite.

In summary, we here shown that i.c.v. STZ leads to a cognitive impairment in
mice after nine days. Consequence of a brain energy metabolism disorder, which led to
an increase of brain ChEs activities and reduction of the ACh levels. Oral NAC treatment
prevents this impairment, mainly by diminishing the ChEs activities and restoring the
ACh levels in the brain cortex and hippocampus. Thus, we conclude that mice exposed
to STZ suffered cognitive impairment, affecting nonspatial long-term and espatial
memory. However, NAC treatment prevented this disturbance, by restoring the brain
energy metabolism and cholinergic system disorders.

We believe that these findings are of great relevance, given that NAC could
modulate the cholinergic imbalance. However, the pharmacological manipulation of
cholinergic activity might have beneficial or detrimental effects, which will depend on the
suitability between the induced cholinergic activity and the memory phase [46]. In order
to fully to elucidate the exact mechanisms by which NAC prevented the brain cholinergic
system disturbance, additional studies are required.
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Abstract

Alzheimer's disease (AD) is a neurodegenerative disorder pathologically
characterized by accumulation of extracellular amyloid-B (AB) peptide and intraneuronal
hyperphosphorylated, leading to severe neuronal and glial structural changes and
progressive cognitive decline. N-acetylcysteine (NAC) is a well-known pharmacological
agent with pro-neurogenic properties and neuroprotective effects. In this study, we
evaluated NAC protective effects on cognitive impairment and associated pathological
markers in a streptozotocin (STZ)-induced sporadic dementia of AD type mice model.
Animals were divided into six groups: I) Sham, II) NAC, Ill) physostigmine (PHY), IV)
STZ, V) NAC+STZ and VI) PHY+NAC. NAC (5 mg/kg) and PHY (0.25 mg/kg) were
administrated orally for 30 consecutive days and STZ (2.5 mg/kg)
intracerebroventricularly at the first and third days. Novel object recognition (NOR, days
26-27) and Morris water maze (MWM, days 26-30) tasks were assessed to evaluate
learning and memory. On the thirty-first day animals were euthanized and brains
collected for biochemical analysis. Interestingly, our results showed that STZ treatment
induced cognitive impairment in mice in the NOR and MWM tasks. Both NAC and PHY
treatments prevented from this impairment. The increase in AChE activity and decrease
in pTrkB and MnSOD levels caused by STZ in the cerebral cortex and hippocampus,
were prevented by the NAC and PHY treatments. The decrease in SYN, MAP2 and
GFAP expressions were also prevented by NAC and PHY treatments. In conclusion,
NAC treatment prevented the cognitive impairment induced by STZ, normalizing the
AChE activity and rescuing the synaptic plasticity loss. Our results suggest that NAC is
a promising therapeutic strategy for the treatment of AD.

Key words: Acetylcholinesterase; memory impairment; synaptic plasticity.
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Introduction

Alzheimer's disease (AD) is a neurodegenerative disorder characterized by
behavioral and psychological symptoms of dementia (Kristensen, 1990). This disease
affects the memory and the abilities of judgment and reason, mainly by the loss of
neurons and their synapses in the cerebral cortex and hippocampus (Resende et al.,
2007). The cognitive impairment in AD is correlated with a significant reduction in the
cholinergic activity (Francis et al. 1999). Despite the fact that AD has been mainly seen
as a neuronal disease, a complex interaction between the different cell types in the brain
exists. Therefore, it is conceivable that a pathological change in this interaction is
responsible for promoting the cognitive decline since molecular and cellular features of
astrocytes distinctly change during AD (Osborne et al., 2016). In fact, astrocytosis along
with microglial activation are the mainly consequences of neuroinflammation, which is
thought to play an important role in AD (Janssen et al., 2016).

Streptozotocin (STZ) is a naturally occurring chemical used in medicine for
treating certain islets of Langerhans cancers (Brentjens & Saltz, 2001). Nevertheless,
the intracerebroventricular (i.c.v.) STZ injection induces cognitive impairment affecting
the cerebral cortex and hippocampus (Plaschke & Hoyer, 1993) being widely used as an
animal model of sporadic AD (Tota et al., 2012). The cognitive dysfunction induced by
STZ is due to a wide range of causes, including reduced cerebral energy metabolism
(Lannert & Hoyer, 1998; Costa et al., 2016), neurodegeneration (Saxena et al., 2011)
and cholinergic deficiency (Agrawal et al., 2009; Costa et al., 2016) among others. In this
way, chemicals that decrease neurodegeneration and improve the cholinergic activity
enhancement (Siddiqui & Levey, 1999; Holden & Kelly, 2002), like cholinesterase
inhibitors (iChE), became the mainly options for the treatment of AD (Holden & Kelly,
2002).

N-acetylcysteine (NAC), a commonly used mucolytic and paracetamol antidote,
is considered by the World Health Organization's one of the most important medication
needed in a basic health system, and so it is present in the list as of essential medicines
(WHO, 2014). The anti-inflammatory, anti-apoptotic and pro-neurogenic properties of
NAC are known for almost two decades (Azevedo et al., 1999), and in recent years, its
neuroprotective effects have been also described (Prakash et al., 2015). In this regard,
the aim of this study was to determine the neuroprotective effect of chronical NAC
administration in a mice model of STZ-induced cognitive impairment through the

involvement of the cholinergic system, neurogenesis and astrogliosis.
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2. Materials and methods

2.1. Animals

Experiments were conducted using male Swiss mice (~25 g) about two months
old. Animals were maintained at 22 + 2 °C with free access to water and food under a
12 h: 12 h light/dark cycle with lights on at 07:00. All manipulations were carried out
between 08:00 and 16:00. Animals were used according to the guidance of the
Committee on Care and Use of Experimental Animal Resources, the Federal University
of Santa Maria, Brazil (Process N° 088/2015) and the ARRIVE guidelines. All efforts were
made to minimize animals’ suffering and to reduce the number of animals used in the

experiments.

2.2. Chemicals

NAC, physostigmine (PHY), STZ, acetylthiocholine (ATCh), 5,5'-dithiobis-(2-
nitrobenzoic acid) (DTNB), ethopropazine hydrochloride, B-actin, Triton X-100, ditiotreitol
(DTT), Hoechst 33,258 and Fluoromount were acquired from Sigma-Aldrich Chemical
Co. [St. Louis, MO, USA]. Anti-synaptophysin (anti-SYN), anti-microtubule associated
protein 2 (anti-MAP2), anti-glial fibrillary acidic protein (anti-GFAP) were acquired from
Millipore Corporation [Temecula, CA, USA]. Anti-ionized calcium binding adapter
molecule 1 (anti-IBA1) was acquired from Wako Chemicals GmbH [Neuss, Germany].
Halt protease and phosphatase inhibitor cocktail were acquired from Thermo Fisher
Scientific, Inc. [Rockford, IL, USA]. All other chemicals were obtained in an analytical

grade or from standard commercial suppliers.

2.3. Experimental procedure

2.3.1. Memory impairment induction
Animals were divided into six groups (8 animals per group): I) Sham; 1) NAC, IlI)
PHY; IV) STZ; V) NAC+STZ and VI) PHY+STZ. For treatment one (T1), animals were
treated for thirty consecutive days (p.o.) with a daily dose of distillated water (groups |
and 1V), NAC 5 mg/kg (groups Il and V), or PHY 0.25 mg/kg (groups Il and VI).
Physostigmine, which is a parasympathomimetic alkaloid and reversible iChE
used in the clinical trials of Alzheimer’s disease and prophylactic antidote to chemical

warfare agent poisoning (Mach et al., 2004) was used as positive control. NAC and PHY
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dose which showed no toxicity to animals were chosen based on a pilot study (data not
shown).

For treatment two (T2), animals received (i.c.v., see below), at the first and third
days, 5 pl/site of aCSF [aCSF (mmol/L): 147.0 NaCl; 2.9 KCI; 1.6 MgCl,, 1.7 CaCl, and
2.2 CgH120¢6], pH = 7.4] (groups |1, Il and 1ll) or STZ 2.5 mg/kg body weight dissolved in
aCSF (groups IV, V and VI) (Agrawal et al., 2010). The i.c.v. administration of STZ (or
aCSF) was performed by a “free hand” protocol with the bregma fissure as a reference
point based on the previous published method (Haley & McCornick, 1957; Laursen &
Belknap, 1986). Briefly, the animals were anesthetized with isoflurane and grasped firmly
by the loose skin behind the head, the skin was pulled tight and a hypodermic needle
(27 gauge) attached to a 25 pl Hamilton microsyringe was inserted perpendicularly
through the skull into the brain. The site of injection was 2 mm either side of the brain
midline on a line drawn through the anterior base of the ears; the depth of insertion of
the needle was about 3 mm. To find out if the STZ was administered exactly into the
cerebral ventricle, mice were killed by cervical dislocation and the brains were dissected

and macroscopically examined.

2.4. Behavioural experiments

2.4.1. Open field test

Spontaneous locomotor activity was measured in the open field (OF) test (Walsh
& Cummins, 1976) at the protocol day 25, previously to the memory task. The floor of
the open field was divided into nine squares. Each animal was placed individually in the
center of the arena, and the number of segments crossed (four-paw criterion) and

rearings were recorded in a four min session.

2.4.2. Novel object recognition task

The novel object recognition task (NOR) was performed according to Bartolini et
al. (1996) with some madifications. The day before to the experiment the mice were
transferred to the laboratory, and allowed to explore and acclimate to the new
environment for approximately 1h before the testing started. At the first day (D1) session
(protocol day 26), each mouse was placed in the middle of the arena (white plastic box:
57 cm 35 cm 20 cm) and presented with two identical object (objects 1 and 2 — old
objects) in two opposite corners, during 5 min. After that the animals were returned to

their home cages. In the second day (D2) session (protocol day 27) the object 2 was
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replaced for a new and not dissimilar object (object 3 — new object). Once again animal
was placed in the middle of the arena and presented with two objects, the old familiar
(object 1), and a new object (object 3) during five min, so the animal could explore both
objects (recognition session). The objects were cleaned with 10% ethanol between each
mouse and session. Object exploration was defined as mice sniffing or touching the
object with its nose and/or forepaws. The time of exploration of each object (old and new)
by each animal in the D2 was recorded. A discrimination index (DI) was calculated as a
percentage of the time spent exploring each object over the total time spent exploring

both objects.

2.4.3. Morris water maze test

Spatial learning and memory were assessed using the Morris water maze (MWM)
task according to the method of Morris (1984). The maze consisted of a basin (diameter:
180 cm, wall height: 40 cm) made of black plastic and filled with water (25 £ 2 °C) at a
height of 30 cm. The pool was placed in a room with several extra-maze visual cues. For
five days (protocols days 26 to 30) the animals were submitted to four trials each day
[starting in the north (N), then east (E), then south (S) and last west (W)]. The escape
platform was hidden 0.5 cm below water level in the middle of the northwest (NW)
quadrant. Once the mice have succeeded in find the platform it remained on this for at
least 40 sec after each trial. Whenever mice failed to reach the escape platform within
the 1 min cutoff period, they were guided to the platform and were left there for 40 sec.
The escape latency to reach the platform was calculated as the mean of total time spent
in four trials along each of the five days.

2.5. Biochemical analysis

2.5.1. Tissue collection

Twenty-four hours after the last behavioral test (protocol day 31), the animals
were anesthetized with isoflurane and euthanized through cardiac puncture.
Subsequently, under board certified personal guidance, the cerebral tissue was removed

and the cerebral cortex and hippocampus were dissected.

2.5.1.1. Protein preparation and quantification
For the enzymatic activity and immunoblotting analyses, the dissected

hippocampus and frontal cortex were homogenized in ice-cold Tris buffer (10 mmol/L
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Tris-HCI, pH 7.6, 5 mmol/L MgCl,, 1.5 mmol/lL CH3;CO:K, 1 % Nonidet P-40)
supplemented with 2 mmol/L DTT and halt protease and phosphatase inhibitor cocktail
in a 1:10 (w/v) ratio, for 30 min. Samples were then sonicated, the homogenate was
centrifuged at 3,200 x g at 4 °C for 10 min, and the supernatant (S:) fraction recovered.
Protein concentrations were determined using the Bio-Rad protein assay kit, according

to the manufacturer’'s recommendations.

2.5.2. Acetylcholinesterase activity

The acetylcholinesterase (AChE) activity was carried out according to the method
of Ellman et al. (1961). The S; fraction was added into 0.1 mol/L potassium phosphate
buffer (KPB), pH = 7.4, containing 0.02 mmol/L ethopropazine hydrochloride (to avoid
butyrylcholinesterase (BChE) interference). Then, 0.3 mmol/L DTNB was added and the
enzymatic reaction was initiated by addition of 0.45 mmol/L ATCh as substrate. Enzyme
activity was spectrophotometrically measured at 412 nm for 2 min. Results are presented

as percentage (%) change of Sham group.

2.5.3. Immunoblotting

Eighty micrograms of total protein extracts (S: fraction) were separated on 8 and
12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis. After electrophoretic
transfer onto nitrocellulose membranes and blocking with a 5 % milk solution,
membranes were incubated overnight at 4 °C with the following primary antibodies:
mouse monoclonal antibody reactive to phosphorylated tropomyosin receptor kinase B
(pTrkB) and mouse monoclonal antibody reactive to manganese superoxide dismutase
(MnSOD) (Santa Cruz Biotechnology Inc., Heidelberg, Germany). Finally, secondary
goat anti-mouse or anti-rabbit IgG antibody conjugated with horseradish peroxidase
(BioRad Laboratories, Hercules, CA, USA) was added for 2 h at room temperature. The
membranes were processed for protein detection using the SuperSignal substrate
(Pierce Biotechnology, Rockford, IL, USA). B-Actin (AC-15; Sigma-Aldrich) or GAPDH
(32,233; Santa Cruz) were used as loading control. After rinsing with TBS/0.2% Tween
20, the immunoreactive proteins were visualized with Immobilon Western or SuperSignal
West Femto substrate. GAPDH or B-actin was used as loading controls. Densitometric
analyses were performed with the Image Lab software version 5.1 Beta (http://www.bio-

rad.com/). Results are presented as percentage (%) change of Sham group.

2.5.4. Immunohistochemistry
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Cerebral cortex and hippocampus were fixed in 4% paraformaldehyde for 48 h
and stored in 30% sucrose and phosphate-buffered saline at 4 °C. The treated tissues
were further dehydrated and embedded in paraffin. Sequential coronal brain sections (4-
mm thick) were obtained and mounted on SuperFrost-Plus glass slides. For
immunostaining, brain structures were deparaffined and rehydrated, and antigen
retrieval was performed by boiling the sections for 20 min in 10 mM citrate buffer, pH 6.
The sections were then blocked for 1 h in Tris-buffered saline (TBS) containing 10% (v/v)
normal donkey serum (Jackson ImmunoResearch Laboratories Inc., West Grove, PA,
USA) and 0.1% (v/v) Triton X-100 and then incubated in appropriately diluted primary
antibodies (1:100) overnight at 4 °C. For synaptophysin (SYN) the presynaptic terminals
were stained with a mouse monoclonal anti-SYN antibody; for microtubule associated
protein 2 (MAP2) the neurons were stained with a rabbit polyclonal anti-MAP2 antibody;
for glial fibrillary acidic protein (GFAP) the astrocytes were stained with a mouse
monoclonal anti-GFAP antibody and for ionized calcium binding adapter molecule 1
(IBA1) the microglia were stained with a rabbit polyclonal anti-IBA1 antibody. After
washing with TBS/0.025% Tween20, the primary antibodies were developed with diluted
(1:100) Alexa Fluor 568 (anti-mouse) or Alexa Fluor 594 (anti-rabbit) conjugated
secondary antibodies for 2 hours at room temperature. After rinsing, the sections were
counterstained with Hoechst 33,258 and mounted on Fluoromount.

2.5.4.1. Image analysis

Allimages were captured using an Axioskop fluorescence microscope (Carl Zeiss
GmbH, Hamburg, Germany). At least three images per cortical and hippocampal regions
were acquired for each animal and converted to gray-scale with an 8-bit format.
Semiquantitative analysis of SYN, MAP2, GFAP, and IBA1 were performed with ImageJ
version 1.46r software (https://imagej.nih.gov/ij/). The background of each set of images
was subtracted, and a threshold optical density was determined and held constant. Mean
gray values obtained for SYN, MAP2, GFAP, and IBA1 immunostaining in the six groups
were normalized to the mean gray values units of Sham group and are presented as

percentage (%) change of Sham group.

2.6. Data presentation and statistical analysis
All experiments results are given as the mean (s) + S.E.M. Statistical analyses were
performed using one-way ANOVA followed by Tukey's multiple comparisons test when

appropriated. Values of p < 0.05 were considered statistically significant. Calculations
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were performed using software GraphPad Prism 6.01. La Jolla, CA — USA

(https://www.graphpad.com).

3. Results

3.1. Behavioural tests

3.1.1. Open field test (OF)

Mice performances in the OF test are presented in Table 1. No effect on

spontaneous nor exploratory activity was observed by any of the treatments.

Table 1. Spontaneous locomotor and exploratory activity in the open field-test of mice that

received i.c.v. injection of STZ.

Open field (num)

Crossings

Sham
Nac

Phy

Stz
Nac+Stz
Phy+Stz

66.88 + 5.47
62.75 +5.29
65.13 +5.48
64.00 + 4.01
56.88 £5.79
63.88 + 5.55

Rearings

20.75 +2.29
19.38 + 3.01
20.25 +2.69
1650+ 1.71
18.13+2.51
17.63£3.04

Data are reported as the mean + S.E.M. for n = 6 to 8 animals per group.

3.1.2. Novel object recognition task (NOR)

Mice performances in the NOR are presented in Fig. 1. Statistical analysis yielded
a significant difference among the groups (F s42 = 3.505, p = 0.011). Post-hoc
comparisons revealed that STZ decreased (~23%) the time that the animals explore the

new object when compared to the Sham group. Both NAC and PHY treatments

prevented this effect.
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Fig. 1. Mice performance in the object recognition task. Data represent the means = S.E.M for n = 6 to 8
animals per group. Statistical analysis was performed by one-way ANOVA followed by Tukey's test. 2 p <
0.05 as compared to the Sham;  p < 0.05 as compared to the STZ.

3.1.3. Morris water maze test (MWM)

Mice performances in the MWM are presented in Fig. 2. Along the five days of
test, a decrease in time to find the hidden platform was observed in all groups. Statistical
analysis showed a significant difference among the groups (F s42 = 8.792, p < 0.001).
Post-hoc comparisons showed that STZ increased (~12%) the latency to reach the
platform starting at the second day when compared to the Sham group. This increase
continued along the remaining four days, (being ~72% at the fifth day). The PHY and
NAC treatments prevented this increase starting at the second and third days,
respectively.
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Fig. 2. Escape latency (ies) to reach the platform in the Morris water maze task. Data represent the means

+ S.E.M for n = 6 to 8 animals per group. Statistical analysis was performed by one-way ANOVA followed



88

by Tukey's test. 2 p < 0.05 as STZ compared to the Sham; ® p < 0.05 as NAC+STZ compared to the STZ; ¢
p < 0.05 as PHY+STZ compared to the STZ.

3.2. Biochemical analysis

3.2.1. Acetylcholinesterase activity

The AChE activities are presented in Fig. 3. Statistical analysis of the cerebral
cortex AChE activity showed a significant difference among the groups (F 530 = 7.380, p
< 0.001). Post-hoc comparisons revealed that STZ increased (~10%) the cerebral cortex
AChE activity when compared to the Sham group. The NAC and PHY treatments
prevented from this increase. Statistical analysis of the hippocampus AChE activity
showed a significant difference among the groups (F 530 = 9.203, p < 0.001). Post-hoc
comparisons demonstrated that STZ treatment increased (~16%) the hippocampus
AChE activity when compared to the Sham group. Both NAC and PHY treatments

prevented from this increase.
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Fig. 3. Mice AChE activity. Data represent the means + S.E.M for n = 6 to 8 animals per group. Statistical
analysis was performed by one-way ANOVA followed by Tukey's test. 2 p < 0.05 as compared to the Sham;
b p < 0.05 as compared to the STZ (for cerebral cortex). Y p < 0.05 as compared to the Sham; 2 p < 0.05 as

compared to the STZ (for hippocampus).

3.2.2. Immunoblotting

The pTrkB levels are presented in Fig. 4. Statistical analysis of the cerebral cortex
pTrkB levels showed a significant difference among the groups (F 530 =61.16, p < 0.001).
Post-hoc comparisons revealed that STZ decreased (~40%) the cerebral cortex pTrkB

levels when compared to the Sham group (Fig. 4A). The NAC and PHY treatments
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prevented from this decrease. An increase (~18%) was observed also in those animals
from NAC group. Statistical analysis of the hippocampus pTrkB levels showed a
significant difference among the groups (F 530 = 12.07, p < 0.001). Post-hoc comparisons
demonstrated that STZ treatment decreased (~20%) the hippocampus pTrkB levels
when compared to the Sham group (Fig. 4B). The NAC and PHY treatments also

prevented from this decrease.
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Fig. 4. Mice pTrkB levels in (A) cerebral cortex and (B) hippocampus. Data represent the means + S.E.M
for n = 6 to 8 animals per group. Statistical analysis was performed by one-way ANOVA followed by Tukey's
test. 2 p < 0.05 as compared to the Sham; ® p < 0.05 as compared to the STZ.
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The MnSOD levels in cerebral cortex and hippocampus are presented in Fig. 5.
Statistical analysis of the cerebral cortex MnSOD levels showed a significant difference
among the groups (F s30 = 13.95, p < 0.001). Post-hoc comparisons revealed that STZ
decreased (~28%) MnSOD level in cerebral cortex when compared to the Sham group
(Fig. 5A). Both NAC and PHY treatments prevented from this decrease. No effect of
neither treatments was observed in hippocampus MnSOD levels (Fig. 5B).
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Fig. 5. Mice MnSOD levels in (A) cerebral cortex and (B) hippocampus. Data represent the means + S.E.M
for n = 6 to 8 animals per group. Statistical analysis was performed by one-way ANOVA followed by Tukey's
test. 2 p < 0.05 as compared to the Sham; ® p < 0.05 as compared to the STZ.



91

3.2.3. Immunohistochemistry

The SYN expression in cerebral cortex and hippocampus are presented in Fig.
6. Statistical analysis of the cerebral cortex SYN revealed a significant difference among
the groups (F 5,30 = 9.465, p <0.001). Post-hoc comparisons showed that STZ decreased
(~27%) SYN when compared to the Sham group (Fig. 6A). The NAC treatment prevented
this decrease in cerebral cortex SYN. Statistical analysis of the hippocampus SYN
expression revealed a significant difference among the groups (F s 30 = 12.07, p < 0.001).
Post-hoc comparisons show that STZ decreased (~27%) SYN when compared to the

Sham group (Fig. 6B). Both NAC and PHY treatments were effective in preventing this
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Fig. 6. Mice SYN expression in (A) cerebral cortex and (B) hippocampus. Data represent the means +
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S.E.M for n = 6 to 8 animals per group. Statistical analysis was performed by one-way ANOVA followed by
Tukey's test. 2 p < 0.05 as compared to the Sham; ® p < 0.05 as compared to the STZ.

The MAP2 expression in cerebral cortex and hippocampus are presented in Fig.
7. Statistical analysis of cerebral cortex MAP2 revealed a significant difference among

the groups (F 530 = 10.07, p < 0.001). Post-hoc comparisons showed that STZ decreased
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(~22%) the MAP2 when compared to the Sham group (Fig. 7A). The NAC and PHY
prevented from this decrease in cerebral cortex MAP2. Statistical analysis of
hippocampus MAP2 expression revealed a significant difference among the groups (F
530 = 8.122, p < 0.001). Post-hoc comparisons yielded that STZ decreased (~30%) the
MAP2 when compared to the Sham group (Fig. 7B). Once again, both NAC and PHY
treatments prevented from this decrease.
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Fig. 7. Mice MAP2 expression in (A) cerebral cortex and (B) hippocampus. Data represent the means +
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S.E.M for n = 6 to 8 animals per group. Statistical analysis was performed by one-way ANOVA followed by
Tukey's test. 2 p < 0.05 as compared to the Sham; P p < 0.05 as compared to the STZ.

The GFAP expression in cerebral cortex and hippocampus are presented in Fig.
8. Statistical analysis of cerebral cortex GFAP revealed a significant difference among
the groups (F 530 = 5.326, p = 0.001). Post-hoc comparisons showed that STZ decreased
(~24%) the GFAP when compared to the Sham group (Fig. 8A). Nevertheless, NAC and
PHY treatments prevented from this decrease. Statistical analysis of hippocampus

GFAP expression revealed a significant difference among the groups (F s30 = 20.09, p <
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0.001). Post-hoc comparisons showed that STZ decreased (~28%) the GFAP when
compared to the Sham group (Fig. 8B). Both NAC and PHY treatments partially
prevented this decrease.
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Fig. 8. Mice GFAP expression in (A) cerebral cortex and (B) hippocampus. Data represent the means +
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S.E.M for n = 6 to 8 animals per group. Statistical analysis was performed by one-way ANOVA followed by
Tukey's test. 2 p < 0.05 as compared to the Sham; P p < 0.05 as compared to the STZ.

The IBA1 expression in cerebral cortex and hippocampus are presented in Fig.
9. Statistical analysis of IBA1 showed no significant differences among the groups (p >
0.05) neither in cerebral cortex (Fig. 9A) nor hippocampus (Fig. 9B).
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Fig. 9. Mice IBA1 expression in (A) cerebral cortex and (B) hippocampus. Data represent the means +

S.E.M for n = 6 to 8 animals per group. Statistical analysis was performed by one-way ANOVA followed by
Tukey's test.

4. Discussion

Recently we showed the neuroprotective effect of NAC against the cognitive
impairment induced by STZ in mice in a short period (Costa et al., 2016). Here, we aimed
to investigate the neuroprotective effects of therapeutic NAC chronical administration on
the cognitive impairment induced by STZ in mice. The daily 5 mg/kg NAC oral
administration for 30 consecutive days prevented the memory impairment in STZ-treated
mice. This memory impairment was characterized by an increase in AChE activity, and
a decrease in pTrkB levels and SYN expression in cerebral cortex and hippocampus,
which we believe were the main causes of this disturbance. NAC treatment prevented
from the disturbance induced by STZ.

As mentioned before, the i.c.v. STZ injection induces cognitive impairment
(Plaschke & Hoyer, 1993) and is considered an animal model of sporadic AD (Tota et

al., 2012). In the AD pathology the sensory and motor regions of the central nervous
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system (CNS) are affected (Mark et al., 2015). Here, no impairment in the exploratory
behavior and locomotor activity was established by STZ treatment as observed in the
OF task. Thus, we can also rule out the hypothesis of locomotor activity interference in
behavioral tests.

The STZ led to a cognitive impairment in mice as observed in the NOR task. This
task depends mainly on the curiosity of the rodents and preference for novelty (Robbins,
1977) and evaluates the non-spatial recognition memory. Those animals that received
the i.c.v. STZ injection explored both (old and new) objects for a similar period on the
second day. And therefore, they explored the new object for a shorter period when
compared to the animals in the Sham group. The non-spatial recognition memory
impairment induced by STZ was prevented by both NAC and PHY treatments, once the
animals belonging to groups NAC+STZ and PHY+STZ showed similar exploration of the
new object levels compared to the Sham group. Along with this, no differences in either
locomotor activity or general exploratory activity were observed during the D1 and D2
among the different experimental groups.

The non-spatial memory tasks often involve stimuli that are relatively unfamiliar
or completely novel, on the other hand, the spatial memory task typically tax the animal
ability to discriminate between two or more familiar environments (Pitsikas and Markou,
2014). An impairment in the spatial learning and memory was found in those animals
that received the i.c.v. STZ injection as observed in the MWM task. Those phenomena
were characterized by the increase in the latency to find the platform along the five days
of the test. This increase can indicate cortical (D’Hooge and De Deyn, 2001) and
hippocampal (Morris et al., 1982) damage in those animals. The NAC and PHY
treatments prevented this impairment caused by the STZ. This prevention was
observable starting from the second and third trials, for PHY and NAC, respectively. No
difference in locomotor activity were also observed. This could be seen from the first day
of test, where the animals showed similar latencies to find the platform. Strengthening
the hypothesis that the increase in latency to find the platform was due to the STZ effect.

Acetylcholine (ACh) plays a critical role in cognitive functions, mainly on learning
and memory (Klinkenberg et al., 2011). In AD a marked ACh hypofunction is observed
(Figuerd et al., 2010), usually result of decreased choline acetyltransferase (ChAT) (Lane
et al., 2004) and increased AChE levels (de la Monte and Wands, 2008). Here, the STZ
led to an increase in cerebral cortex and hippocampus AChE activity, which could result
in increased ACh degradation. Our results are in better accordance with previously
studies of Pinton et al. (2013) and Costa et al. (2016), where the i.c.v. STZ injection
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increased AChE activity those brain areas. The exact mechanism by which STZ
increases brain AChE is not entirely clear. Notwithstanding, this phenomenon maybe
due to an increased expression of genes encoding AChE (Lester-Collet al., 2006). The
NAC, as well the iChE PHY treatments prevented this increase in the cerebral cortex
and hippocampus. This normalization in AChE activity can be related with the cognitive
impairment prevention observed in the MWM and NOR tests since cerebral cortex ACh
is important for attention and (object) recognition, while hippocampus ACh is important
for acquisition of new information (Klinkenberg et al., 2011).

The tropomyosin receptor kinase B (TrkB) is a receptor for the Brain Derived
Neurotrophic Factor (BDNF) (Zunino et al., 2016). The receptor phosphorylated form
(pTrkB) is formatted after the specific association with the BDNF. Decreased levels of
pTrkB were observed in cerebral cortex and hippocampus in those animals of STZ group,
reflecting low levels of BDNF in those brain areas. BDNF plays an important role in
neuronal growth, cell differentiation, neuronal survival, synaptogenesis and synaptic
plasticity (Acheson et al., 1994; Huang and Reichardt, 2001). Furthermore, BDNF
participates in learning and memory processes (Yamada and Nabeshima, 2003;
Bekinschtein, 2008), been very important for long-term memory (Bekinschtein, 2008; Lu
et al., 2008). BDNF is initially synthesized in the endoplasmic reticule as preproBDNF
and finally converted in mature (BDNF) in the trans-Golgi by endoproteases (Mowla et
al., 1999). Here, the pTrkB levels decrease may be reflection of reduced BDNF
synthesis, consequence of disturbed energy metabolism. A decrease in mitochondrial
MnSOD levels in cerebral cortex were also observed in those animals that received the
i.c.v. STZ, which could lead in to mitochondrial dysfunction (Konzack et al., 2015) and
decreased adenosine triphosphate (ATP) synthesis. Both, NAC and PHY treatments
prevented from this decrease in pTrkB and MnSOD levels. The NAC prevention of brain
energy metabolism disruption induced by STZ was already demonstrated in a previously
work from our laboratory (Costa et al., 2016).

Synapses are the principal unit of intracellular communication in neuronal circuits
(Sze et al., 1997) and its quantification can be made by the use of SYN immunostaining
(Calhoun et al.,1996). The loss of synapses are hallmarks of AD (Tampellini et al., 2010).
Here, those animals belonging to the STZ group showed decreased expression of SYN
and therefore loss of synaptic plasticity in cerebral cortex and hippocampus. This
synaptic function is important for memory and learning in animal models (Bliss and Lomo,
1973), which was evidenced here by the poor performance of those animals in the NOR

and MWM test. The NAC treatment prevented this decrease in cerebral cortex and
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hippocampus. The cerebral cortex SYN expression decrease was also prevented by the
PHY treatment. The maintenance of the neuronal processes in the CNS is dependent
upon the state of assembly of microtubules (Ladrech et al., 2003) and the protein that
maintain the dendritic structure through interaction with microtubules is the MAP2
(Shelton et al., 2014). Decreased expression of cerebral cortex and hippocampus MAP2
were also observed in those animals that receive i.c.v. STZ. This protein is an important
regulator of neurotic development and is regulated by development and experience-
dependent plasticity (Shelton et al., 2014). This decrease in MAP2 expression correlate
with the increased latency to reach the platform exhibit by those animals in the MWM
test. Nevertheless, those animals that were also treated with NAC and PHY did not
present decreased expression of MAP2, neither in cerebral cortex nor hippocampus.
Also showing an improvement in the development plasticity, regarding the environmental
interaction and learning information during the test sections observable in the MWM test.

The astrocytes are involved in various forms of dementia, including AD
(Verkhratsky et al., 2010) and the intermediate filaments of astrocytes are composed
mainly by GFAP (Sofroniew and Vinters, 2010). Decreases in the expression of GFAP
are invariably associated with detrimental conditions in the CNS (Pekny and Pekna,
2004). Here, the STZ led to a decrease in cerebral cortex and hippocampus GFAP
expression in mice. Significant decrease in GFAP expression had already been reported
in the brain of very old AD patients (Verkhratsky and Butt, 2013) and as consequence of
neurodegeneration (Johnston-Wilson et al., 2000). This could be consequence of
astroglial atrophy, which appears at the very early stages of neurodegenerative diseases
(Verkhratsky et al., 2010). The NAC and PHY treatments prevented the decrease in
GFAP expression in cerebral cortex. This prevention by NAC and PHY was partly in the
hippocampus. Along with the astrocyte, another important glia responsible for the CNS
homeostasis is the microglia. The expression of IBAL, a calcium-binding protein which
expression is associated with microglia activation (Ito et al., 2001) was not affected by
the STZ, neither in cerebral cortex nor hippocampus. Thus, indicating the absence of
neuroinflammation, which is a neuropathological hallmark of the AD (Janssen et al.,
2016).

In summary, the i.c.v. STZ lead to a cognitive impairment in mice after thirty days.
The NAC treatment protects from this impairment. We believe that this protective effect
of NAC could be due the normalization of the AChE activity increase induced by STZ.
This increase in AChE expression and activity may be consequence of amyloid

deposition in neurons and astrocytes (Saez-Valero et al., 2003), and can promote
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neurodegeneration, cell death (Talesa, 2001) and high ACh hydrolysis (Ferreira et al.,
2012). This could also explain the cognitive impairment prevention by the PHY, since the
pharmacological use in AD treatment of this natural alkaloid is solely due to AChE
inhibition (Coelho and Birks, 2001). We also attribute this NAC beneficial effect to it
capacity to prevent the mitochondrial dysfunction induced by the STZ (Costa et al.,
2016), normalizing the synaptic plasticity in mice. The directly effects of NAC
supplementation improving mitochondrial energy production efficiency was already
described by Cocco et al. (2005). In this way, we conclude that the NAC treatment
prevented the cognitive impairment induced by STZ in mice, restoring the cholinergic

and synaptic plasticity in cerebral cortex and hippocampus.
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4 DISCUSSAO

A memoria € a faculdade de conservar e readquirir ideias ou imagens de
consciéncia passada, e tudo que seja associada as mesmas (MICHAELIS, 2009).
Considerando-se assim, algo muito importante para o individuo. Uma vez que, a vida se
tornaria mais dificil caso ndo fosse possivel recordar certas coisas, como nomes,
cheiros, locais ou agBes entre outras tantas. Contudo, esta é a realidade de pessoas
que possuem DA, a qual tem como principal caracteristica a perda progressiva e
irreversivel da memoria. Para o ano de 2012 estimavam-se cerca de 35,5 milhdes de
pessoas com este tipo de deméncia no mundo. Acredita-se que para o ano de 2030
sejam cerca de 65,7 milhdes, e de 115,4 milhdes para o ano de 2050 (WHO, 2012). Ja
no Brasil, de acordo com dados do Instituto Brasileiro de Geografia e Estatistica (IBGE),
para o ano de 2012 acreditava-se que cerda de 1,2 milhdes de pessoas sofriam com a
DA, e de que este nUmero aumentaria em cerca de 100 mil novos casos por ano (IBGE,
2012). Chegando desta forma, a aproximadamente 1,6 milhdes de pessoas no presente
ano.

Além da perda progressiva da memaria, a DA também se caracteriza por uma
série de alteracdes genéticas, neuroldgicas e neurofisioldgicas (ALMEIDA, 1997). Como
mencionado anteriormente, uma das hipéteses para o surgimento do déficit cognitivo e
consequente perda da memoria na DA é a hipétese colinérgica. Foi com base nesta,
que se desenvolveram estratégias para a terapia da doenca focadas em melhorar a
hipofuncado colinérgica. Dentre elas, destaca-se a utilizagdo de farmacos que possam
vir a influenciar na atividade da AChE (os iAChE). Nos anos 80 esta era a estratégia a
gual tinha mostrado uma maior eficacia no tratamento da doenca (PERRY e col., 1978),
e continuou sendo assim nas décadas seguintes (GIACOBINI, 1996; OSVALDO, 1998;
HOLDEN & KELLY, 2002; INOUYE & DE OLIVEIRA, 2004). Contudo, devido ao fato de
hoje em dia ainda ndo existir cura para a DA, o objetivo maior é, o desenvolvimento de
novas terapias para o tratamento sintomatico da doenca (PINTON, 2012). Com base
nestes dados, o objetivo do presente trabalho consistiu em avaliar o efeito neuroprotetor
da NAC no déficit cognitivo induzido pela STZ em camundongos.

Os resultados apresentados aqui demonstraram que a NAC interferiu na
atividade da AChE cerebral de camundongos in vitro, inibindo a atividade desta enzima
de uma forma n&do-competitiva®®. Ja in vivo, a administracéo via oral de NAC por um

periodo curto (de 9 dias), assim como, por um periodo maior (de 30 dias) se demonstrou

“® Tipo de inibig&o enzimatica onde o inibidor reduz a atividade enzimatica ao ligar-se tanto a enzima quanto ao complexo
enzima-substrato (STRELOW e col., 2012).
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eficaz na prevencéao das deterioracdes das memarias de curta e de longa duragao, como
também, da aprendizagem, induzidas pela injecdo i.c.v. de STZ em camundongos®.
Principalmente prevenindo o aumento na atividade das ChEs e a diminuigdo da ACh no
cortex cerebral, hipocampo e estriado.

Em um primeiro momento, procurou-se avaliar o efeito da NAC sobre a atividade
da AChE cerebral de camundongos (protocolo 1), para posteriormente proceder-se a
sua utilizagdo em modelos experimentais de comprometimento cognitivo (protocolos 2
e 3). Nao séo poucas as metodologias existentes hoje em dia para a mensuracdo da
atividade da AChE em homogeneizados. Porém, a mais utilizada continua sendo a
técnica colorimétrica de George Ellman, Diane Courtney, Valentino Andres e Robert
Featherstone publicada em 1961 (ELLMAN e col, 1961). Esta se baseia na
determinagdo da atividade enzimatica pela mensuracdo do produto de cor amarela
formado da interacdo do cromogénio ditiobisnitrobenzoato (DTNB) e a tiocolina (Figura
9). Contudo, esta metodologia € limitada quando se trata de testar antidotos contra
IAChE, para medir a atividade enzimatica em amostras de individuos tratados com
IAChE (SINKO e col., 2007) e quando ha presencga de compostos que possam interagir

com os substratos, ja poderia obter-se resultados falsos positivos.

Figura 9. Método colorimétrico para determinacéo da AChE.

o . (enzima) . .
acetiltiocoina @——W—F— tiocolina + acetato

(1]

tiocolina + ditiobisnitrobenzoato

(2]

Em uma primeira reagdo (1) a acetiltiocolina (ATCh - analogo da acetilcolina) é hidrolisada pela enzima
produzindo tiocolina e acetato, logo apés, em uma segunda reacdo (2) a tiocolina reage com o

ditiobisnitrobenzoato (DTNB) formando o tionitrobenzoato (TNB-) o qual possui uma coloragdo amarela.

Assim, para proceder-se ao estudo do efeito da NAC na atividade catalitica da
AChE utilizando-se da metodologia de Ellman e seus colaboradores, algumas
adequacdes a esta foram necesséarias. Assim, inicialmente foram estabelecidas a
concentracdo de DTNB e o pH ideais para a reacao enzimatica. A linearidade da reacdo
para cada concentracdo de ATCh também foi determinada. Um tempo de estabilizagdo
foi adicionado a metodologia, uma vez que falsos resultados poderiam ser consequéncia

da escassez de substrato para a reacdo, devido ao fato de que a NAC possui em sua

%0 ver protocolos de administragao in vivo 2 e 3 em Apéndice 1.



106

estrutura um grupamento tiol (-SH), o qual reage de forma direta com o DTNB. Desta
forma, optou-se pelo tempo 0 qual era necessario para que a maior concentracao de
NAC reagisse com o DTNB, uma vez que o tempo de reacao entre estes é diretamente
proporcional & concentracao de NAC. Contudo, sendo de suma importancia também de
que, a concentragdo de DTNB utilizada fosse o suficiente para interagir com a tiocolina
ap6s em parte ter reagido com a NAC. Assim, ap0s serem estabelecidas as condi¢des
ideais para a reacao enzimatica, procedeu-se ao estudo cinético da AChE.

O estudo da cinética de uma enzima permite elucidar os pormenores do seu
mecanismo catalitico, em especial a velocidade de reacdo e como esta pode ser inibida
ou potenciada por outras moléculas. A NAC inibiu a atividade da AChE de uma maneira
nao-competitiva, uma vez que a atividade enzimatica diminuiu de forma dependente da
concentracdo de NAC utilizada e ndo foram observadas diferencas nas Kn*!. Este foi
um resultado muito promissor, uma vez que, 0os IAChE n&o-competitivos séo utilizados
no tratamento de diversas deméncias, como por exemplo a DA (HOLDEN e KELLY,
2002). Um potencial mecanismo para explicar o efeito inibitério da NAC sobre a AChE
foi proposto (ver esquema 2 do protocolo 1; pag. 48). Contudo, é claro que outras
hipéteses ndo foram descartadas. Uma das caracteristicas dos inibidores néo-
competitivos é que estes ligam-se a sitios alostéricos e ndo ao sitio ativo da enzima
(STRELOW e col., 2012). Os resultados obtidos, também demonstraram uma possivel
ligacdo alostérica a AChE por parte da NAC, o qual poderia levar a uma alteracéo
conformacional e consequente perda da atividade enzimatica. Esta inibicdo da enzima
ndo foi dependente do tempo de incubacdo com NAC, demonstrando assim a
irreversibilidade da inibicao.

Os resultados apresentados nos protocolos 2 e 3, demonstram que a injecéo
i.c.v. de STZ prejudicou a capacidade de aprendizagem e a memaria dos animais, como
pdde ser observado nos testes do labirinto aquatico (MWM), da esquiva passiva (SDPA)
e do reconhecimento do novo objeto (NOR). Este prejuizo na cognicéo foi visivel a partir
do sétimo dia apds a administragdo da STZ (protocolo 2) e estendeu-se por um longo
periodo (protocolo 3). A injecdo i.c.v. de STZ é um modelo de deméncia esporadica de
DA, e desta forma poderia levar ao comprometimento da capacidade motora, também
carateristica desta doen¢a (MARK e col., 2015). Contudo, nenhum animal apresentou
sinais de comprometimento motor, como p6de ser observado no teste de campo aberto

(OF) (protocolos 2 e 3). Assim, descartamos a interferéncia deste fator nos resultados

51 Constante de Michaelis-Menten: concentragdo de substrato para a q