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Pressa do dia

Um dia, descobrirés
Que o que se vive
N&o regressa
Que o sonho
N&o tem pressa
Que 0 amor
N&o engessa
Que aalma
N&o € possessa
Que a liberdade
Anda de méos
Dadas com a leveza
Que a idade
Pede calma
E faz bem pra alma
Que avida
Mesmo sem pressa
Passa depressa
Que cada dia,

E, per se,
Uma vida
Faca dela
Da vida
Sua melhor
Amiga
Simples:
Viva a vida

Angela Wyse
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RESUMO

A homocisteina € um aminoacido sulfurado derivado do metabolismo da metionina.
Quando os niveis plasmaticos de homocisteina ultrapassam 10-15 puM, tem-se uma
condicdo conhecida como hiperhomocisteinemia, a qual pode ser classificada em leve
(>10 uM), moderada (>30 uM) ou severa (>100 uM). A hiperhomocisteinemia leve ndo
tem origem genética, sendo considerada um fator de risco para o desenvolvimento de
doencas neurodegenerativas e vasculares, incluindo isquemia cerebral e cardiaca. Nosso
grupo de pesquisa desenvolveu um modelo quimico induzido de hiperhomocisteinemia
leve cronica em ratos adultos jovens e, usando esse modelo foi mostrado que existe
associacdo entre essa condicdo e alteracBes em parametros de inflamagdo e estresse
oxidativo/nitrativo em tecido cerebral. O objetivo do presente estudo foi avaliar se o
acido acetilsalicilico tem papel neuroprotetor no efeito da homocisteina sobre os niveis de
interleucinas IL-1p e |IL-6, atividade e imunocontetdo da acetilcolinesterase,
biodisponibilidade de o¢xido nitrico, atividade e imunoconteddo das enzimas
antioxidantes superdxido dismutase e catalase, conteddo de sulfidrilas e indice de dano ao
DNA. Também realizamos analise morfoldgica por microscopia eletronica de
transmissdo em cortex cerebral de ratos submetidos ao modelo. Ratos Wistar receberam
homocisteina (0,03 umol/g de peso corporal) por inje¢des subcuténeas duas vezes ao dia
e acido acetilsalicilico (25 mg/Kg de peso corporal) por injecdes intraperitoneais uma vez
ao dia, do dia 30 ao 60° dia pbs-parto. Ratos controles receberam o mesmo volume da
solucdo veiculo. Doze horas ap6s a Ultima injecdo, alguns animais foram decapitados
para posteriores analises bioquimicas, e outros animais foram perfundidos para posterior
analise morfoldgica. Os resultados mostraram que o0s ratos submetidos a
hiperhomocisteinemia leve apresentaram aumento significativo dos niveis de IL-1p, IL-6
e da atividade da acetilcolinesterase, bem como niveis reduzidos de nitritos. A
homocisteina também diminuiu as atividades da superdxido dismutase e catalase, bem
como o imunocontetdo da catalase. Danos as proteinas e DNA, assim como alteracfes
ultraestruturais também foram observadas no cortex cerebral dos animais
hiperhomocisteinémicos. O acido acetilsalicilico preveniu totalmente o efeito da
homocisteina sobre a atividade da acetilcolinesterase, atividade e imunocontetdo da
catalase, e alteracOes ultraestruturais. As alteracbes nos niveis de IL-1pB, atividade de
superéxido dismutase, contetdo de sulfidrilas e dano ao DNA foram parcialmente
prevenidas pelo acido acetilsalicilico. Nossos achados mostraram que o modelo induzido
quimicamente de hiperhomocisteinemia leve alterou alguns pardmetros inflamatorios,
oxidativos/nitrativos e morfologicos. Nossos resultados também sugerem que o &cido
acetilsalicilico desempenha um papel neuroprotetor nas condi¢Ges apresentadas, pois
preveniu a maior parte dessas alteragdes. Porém, a administracdo crénica do acido
acetilsalicico também apresentou efeito per se significativo de dano ao DNA, o qual deve
ser melhor elucidado em estudos posteriores.

Palavras-chave: homocisteina, hiperhomocisteinemia, acido acetilsalicilico, inflamacéo,
estresse oxidativo/nitrativo, alteragdes ultraestruturais.



ABSTRACT

Homocysteine is a sulfur amino acid derived from methionine metabolism. When plasma
homocysteine levels exceed 10-15 uM, there is a condition known as
hyperhomocysteinemia, which can be classified as mild (>10 uM), moderate (>30 uM),
or severe (>100 uM). Mild hyperhomocysteinemia does not have genetic origin and it is
considered a risk factor for the development of neurodegenerative and vascular diseases,
including cerebral and cardiac ischemia. Our research group has developed an induced
chemical model of chronic mild hyperhomocysteinemia in young adult rats and using this
model, it has been shown an association between this condition and changes in
parameters of inflammation and oxidative/nitrative stress in brain tissue. The objective of
the present study was to evaluate if acetylsalicylic acid has a neuroprotective role in the
effect of homocysteine on IL-1p and IL-6 interleukin levels, acetylcholinesterase activity
and immunocontent, nitric oxide bioavailability, activity and immunocontent of
antioxidant enzymes superoxide dismutase and catalase, sulfhydryl content and DNA
damage index. We also performed morphological analysis by transmission electron
microscopy in the cerebral cortex of rats submitted to the model. Wistar male rats
received homocysteine (0.03 pmol/g of body weight) by subcutaneous injections twice a
day and acetylsalicylic acid (25 mg/Kg of body weight) by intraperitoneal injections once
a day from the 30th to the 60th postpartum day. Control rats received the same volume of
vehicle solution. Twelve hours after the last injection, some animals were decapitated for
subsequent biochemical analyzes, and other animals were perfused for subsequent
morphological analysis. The results showed that rats submitted to mild
hyperhomocysteinemia significantly increased levels of IL-1B, IL-6, acetylcholinesterase
activity and reduced nitrite levels. Homocysteine also decreased the activities of
superoxide dismutase and catalase, as well as catalase's immunocontent. Damage to
proteins and DNA as well as ultrastructural changes were also observed in the cerebral
cortex of hyperhomocysteinemic animals. Acetylsalicylic acid totally prevented the effect
of homocysteine on acetylcholinesterase activity, catalase activity and immunocontent,
and ultrastructural changes. Alterations in IL-1p levels, superoxide dismutase activity,
sulfhydryl content and DNA damage were partially prevented by acetylsalicylic acid. Our
findings showed that the chemically induced model of mild hyperhomocysteinemia
altered some inflammatory, oxidative/nitrative and morphological parameters. Our results
also suggest that acetylsalicylic acid plays a neuroprotective role in the conditions
presented, as it prevented most of these changes. However, chronic administration of
acetylsalicylic acid also had a significant effect of DNA damage, which should be better
elucidated in later studies.

Keywords: homocysteine, hyperhomocysteinemia, acetylsalicylic acid, inflammation,
oxidative/nitrative stress, ultrastructural changes.
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1 INTRODUCAO

1.1  Homocisteina

A homocisteina (Hcy) € um aminoécido sulfurado ndo essencial e ndo proteico, a
qual possui estrutura semelhante a cisteina, exceto por um atomo de carbono adicional,
razdo pela qual recebe esse nome (Figura 1). A Hcy foi descoberta no inicio do século
XX por Du Vigneaud, ap6s o aquecimento da metionina (Met) em &cido sulfarico, sendo
uma intermediaria chave no metabolismo da Met, nas reacdes de transmetilacdo e na rota

de transsulfuracdo (Butz e du Vigneaud, 1932; McCully, 2015).

O

HS
OH

NH,

Figura 1. Molécula de homocisteina.

Como mostrado na figura 2, a Met proveniente da dieta ou da degradacdo de
proteinas endogenas, recebe um grupo adenosil do ATP, e é convertida a S-adenosil
metionina (SAM) pela acdo da enzima metionina-adenosiltransferase (MAT). A SAM
pode ser utilizada na sintese de poliaminas, porém, sua principal funcdo envolve reagdes
de transmetilacdo, como doadora do grupo metil para outras moléculas, como os &cidos
nucleicos. Apo6s doacdo de seu grupamento metil, a SAM passa a ser S-adenosil
homocisteina (SAH), que posteriormente € hidrolisada a Hcy e adenosina. A Hcy pode
seguir duas rotas a partir de entéo: a rota de transulfuracéo e a de remetilacdo. Na rota de
transulfuracdo, em condi¢gdes normais, aproximadamente 50% da Hcy disponivel se
condensa com a serina, reacao irreversivel catalizada pela enzima cistationina B-sintase

(CBS) dependente do fosfato piridoxal (vitamina B6), dando origem a cistationina e



posteriormente, a cisteina. A Hcy remanescente é remetilada a metionina pela agédo
enzimatica da metionina sintase (MS), que utiliza a vitamina B12 como co-fator. O
grupamento metil necessario para a reacdo de remetilacdo, provém em grande parte do 5-
metiltetrahidrofolato (forma circulante do folato) pela acdo enzimética da 5,10-
metilenotetrahidrofolato redutase (MTHFR), e em menores quantidades da betaina. A via
de remetilacdo esta presente em todos os tecidos, como uma forma de conservar a Met
nos organismos Vvivos. Entretanto, a via de transulfuracdo tem distribuicdo limitada ao
figado, pancreas, rins, intestino e cérebro (Aguilar et al., 2004; Bydlowski et al., 1998;

Finkelstein, 2007).

Proteina da Dieta

Serina Metaomna MA'I’
Glicina Tetra- S-Adenosﬂ
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Figura 2. Metabolismo da homocisteina (Bydlowski et al., 1998).

Existem vias de regulacdo no metabolismo da Met responséveis por manterem os
niveis dos aminoacidos Met e Hcy dentro da normalidade. O destino da Hcy para a rota

de transulfuracdo ou remetilacdo por exemplo, depende de uma dessas vias de regulacao,



a qual é regulada pelos niveis de Met, e consequentes niveis de SAM. Quando 0s niveis
de Met e SAM estdo altos, SAM é capaz de ativar a CBS e, simultaneamente inibir a
MTHR, favorecendo a via de transulfuracdo e suprimindo a via de remetilagéo,
retornando ambos aminoacidos para seus niveis basais (Lai e Kan, 2015). Sendo que
quando os niveis de Met e SAM estdo altos, cerca de 70% da Hcy é catalizada pela via de
transulfuracdo, e quando estdo baixos, somente cerca de 10% da Hcy entra nessa via
(Aguilar et al., 2004).

No sangue, devido as condicGes oxidativas e a alta reatividade de seu grupo tiol,
somente 1-2% da Hcy esta disponivel na forma reduzida (grupo tiol livre) e o restante
estd na forma oxidada como dissulfetos, sendo que aproximadamente 75-90% estdo
ligados a proteinas (principalmente alboumina). A Hcy total engloba o conjunto de todas
suas fracOes, livres ou ndo. A Hcy plasmatica é catabolizada principalmente pelo figado e
0s rins, que possuem altas quantidades da enzima CBS e condi¢des redutoras que
facilitam sua metabolizacdo e excre¢do pela urina, as quais sdo importantes para manter a

Hcy em niveis normais (Castro et al., 2006; Skovierova et al., 2016).

1.2 Hiperhomocisteinemia

Em humanos, os niveis plasmaticos de Hcy variam entre 5 e 15 pmol/L em
condi¢Bes normais (Ueland et al., 1993). Porém, estudos mais recentes consideram 0S
valores para niveis plasmaticos de Hcy normais entre 5 e 10 pmol/L (Skovierova et al.,
2016). Disfungfes no metabolismo da Hcy resultam no acumulo desse aminoacido nos
tecidos, e consequentemente no sangue, gerando uma condi¢do conhecida como
hiperhomocisteinemia. A hiperhomocisteinemia pode ser classificada de acordo com 0s

niveis plasmaticos de Hcy em severa (>100 pumol/L), moderada (>30 pumol/L) ou leve



(>10 pmol/L) (Banecka-Majkutewicz et al., 2012; Petras et al., 2014; Skovierova et al.,
2016).

A hiperhomocisteinemia severa & conhecida por uma disfuncdo genética rara
chamada de homocistindria. A homocistinuria foi descrita pela primeira vez em 1964
como resultado da deficiéncia da enzima CBS (Mudd et al., 1964). As manifestacfes
clinicas incluem deficiéncia mental, doenca cardiovascular, tromboembolismo,
osteoporose e subluxacéo das lentes oculares (Mudd et al., 2001).

As hiperhomocisteinemias moderada e leve sdo prevalentes na populacdo em
geral, sendo associadas a outras condi¢es e/ou como fatores de risco independentes.
Podem ser causadas pelo polimorfismo no gene da enzima MTHFR, deficiéncia de
nutrientes importantes no metabolismo da Hcy (folato, vitamina B12 e B6), alta ingestdo
de proteina (aumento da Met), alguns habitos diarios (por exemplo fumar, consumo de
café, falta de exercicio fisico e alcoolismo), idade, insuficiéncia renal crénica e/ou em
decorréncia do uso de certos medicamentos (Aguilar et al., 2004; Castro et al., 2006;
Kulkarni e Richard, 2003; LENTZ, 2005; McCully, 2015).

Modelos experimentais de hiperhomocisteinemias tém sido descritos em animais
nocaute para as enzimas CBS (Watanabe et al., 1995), MTHFR (Chen et al., 2001) e
mediante administracdo de Met (Boyacioglu et al., 2014). Nosso grupo de pesquisa
desenvolveu modelos animais quimicamente induzidos de hiperhomocisteinemia severa
(Streck et al., 2002) e leve (Scherer et al., 2011) mediante administracdo de Hcy. Usando
esses modelos, tem sido mostrado que a Hcy causa alteragdes bioquimicas e

comportamentais em ratos.



1.3 Hiperhomocisteinemia leve

A hiperhomocisteinemia leve é prevalente na populagdo em geral, principalmente
em idosos, e suas causas estdo associadas a fatores fisiologicos, patoldgicos, nutricionais,
medicamentosos, hormonais e habitos cotidianos. Os principais fatores fisioldgicos séo
género e idade, sendo que os niveis de Hcy se encontram mais altos em homens e idosos.
Algumas patologias como insuficiéncia renal cronica, diabetes, psioriase e doencas
neurodegenerativas estdo associadas com o aumento dos niveis de Hcy. A deficiéncia de
vitaminas do complexo B e de &cido félico representam os principais fatores nutricionais.
Alguns medicamentos podem alterar a disponibilidade desses nutrientes no organismo,
sabe-se, por exemplo, que o acido fdlico estd diminuido durante a terapia com
metotrexato e anticonvulsivantes (fenitoina e carbamazepina), enquanto que a vitamina
B12 e B6 estdo diminuidas com o uso de anestésico (Oxido nitroso) e teofilina,
respectivamente. Distlrbios hormonais como a queda de estrégenos durante a menopausa
e de hormonios tireoidianos em hipotiredideos culminam no aumento dos niveis de Hcy.
Habitos alimentares como a alta ingestdo de proteina (aumento da Met), fumar, consumo
de café, falta de exercicio fisico e alcoolismo também estdo associados ao aumento dos
niveis de Hcy (Aguilar et al., 2004; Castro et al., 2006; Kulkarni e Richard, 2003; Lentz,
2005; McCully, 2015; Neves et al., 2004).

Uma leve alteracdo nos niveis plasmaticos de Hcy € o suficiente para aumentar ou
diminuir o risco de doencas vasculares. Uma meta-analise associou a redugdo em
aproximadamente 3 umol/L dos niveis plasmaticos de Hcy com a reducéo aproximada de
11% para risco de infarto isquémico do coracdo e 19% para risco de derrame em
individuos sem historico de doencas cardiovasculares (Homocysteine Studies
Collaboration, 2002; Lentz, 2005). Outra meta-analise mostrou que um aumento de 5

pmol/L nos niveis plasmaticos de Hcy estaria associado a um aumento do risco de
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doencas vasculares em 60% para homens e 80% para mulheres (Boushey et al., 1997; Lai
e Kan, 2015).

Ainda ndo se sabe se a Hcy é a causa ou um marcador para doencas vasculares e
cardiovasculares. Porém, estudos em animais mostram que a Hcy desempenha um papel
importante no desenvolvimento da aterosclerose, e acredita-se que alguns fatores estejam
envolvidos com a disfuncdo endotelial, como por exemplo, a reducdo da
biodisponibilidade de NO, estresse oxidativo, entre outros (Aguilar et al., 2004; Lentz,
2005; Scherer et al., 2011). Além de ser considerada fator de risco para doencas
vasculares e cardiovasculares, a hiperhomocisteinemia leve também € considerada fator
de risco para doencas neurodegenerativas (Petras et al., 2014). Isobe et al (2005) sugeriu
gue o aumento nos niveis de Hcy em liquido cerebrospinal de pacientes com doencas de
Alzheimer e Parkinson estaria relacionado com a patogénese dessas doencas. Seshadri et
al (2002) indicou associacdo entre o aumento de niveis plasmaticos de Hcy e o risco de
deméncia e doenca de Alzheimer. Nosso grupo mostrou que animais induzidos
guimicamente para hiperhomocisteinemia crénica leve apresentam alteracdes de estresse
oxidativo, nitrativo e inflamacdo em estruturas cerebrais (Scherer et al., 2014, 2011).

Ainda ndo se sabe claramente como a Hcy exerce sua toxicidade. Varias hipoteses
tém sido discutidas na literatura, entre elas: a homocisteinilagdo, a indugdo de estresse
oxidativo e/ou a excitotoxicidade (Skovierova et al., 2016). A homocisteinilacdo pode ser
entre o grupo tiol livre da Hcy e o grupo tiol livre de uma proteina (S-homocisteinila¢do)
ou pela interacdo com a lisina de uma proteina (N-homocisteinilacdo). A
homocisteinilacdo prejudica a estrutura e funcdo da proteina modificada, além de causar
ativacdo da resposta imune, toxicidade e morte celular (Petras et al., 2014). A Hcy pode
induzir estresse oxidativo mediante sua autooxidagéo, inibicdo de enzimas antioxidantes,

ativacdo de NADPH oxidases, entre outras formas (Lehotsky et al., 2015). A Hcy
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também tem sido associada a morte neuronal via excitotoxicidade, atuando como
agonista de receptores glutamatérgicos metabotropicos e ionotrépicos (Boldyrev et al.,

2013).

1.4 Inflamacéo

A inflamac&o é uma resposta a infeccéo ou injuria tecidual. Ocorre na presenca de
leucécitos e mediadores pro-inflamatorios, como citocinas pré-inflamatorias, quimiocinas
espécies reativas de oxigénio (ERO) e nitrogénio (ERN), cujo principal objetivo é
restaurar a homeostase do tecido. O processo inflamatério engloba a vasodilatacdo,
recrutamento de leucdcitos, aumento da permeabilidade vascular, liberagcdo de proteinas
de fase aguda e de fatores de coagulacdo e é balanceado com a liberacdo de citocinas
anti-inflamatorias (Pavlov e Tracey, 2012). Estudos in vitro mostraram que a Hcy é capaz
de induzir a expressdo de moléculas de adesdo que medeiam a interacdo entre células
endoteliais e leucdcitos. O acumulo de leucdcitos na parede arterial faz parte do processo
inflamatorio e esta associado a aterosclerose, sendo uma das explicacfes para que a Hcy
seja considerada um fator de risco para doengas vasculares (Koga et al., 2002; Poddar et
al., 2001).

Em uma resposta inflamatoria aguda, a presenca de neutrofilos é predominante e a
resolucdo da inflamacdo ocorre mediante a regeneracdo do tecido. Quando a resposta
inflamatdria se torna crénica, a presenca de macréfagos e linfocitos T € mais evidente,
ocorrem a formacéo de tecido fibroso e possiveis danos ao tecido saudavel (Kulkarni et
al., 2016). A neuroinflamacdo também tem um papel protetor em restaurar as células
gliais e neuronais danificadas, porém, de forma crbnica, se torna nociva. A
neuroinflamacdo crénica desempenha um papel importante nas doencas

neurodegenerativas como Alzheimer, Parkinson e Esclerose Multipla (Baune, 2015; Hald
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and Lotharius, 2005; Heneka et al., 2010; Hirsch et al., 2012). A neurodegeneragédo é
mediada pelas interleucinas IL-1p, IL-6, IL-8, IL-33, fator de necrose tumoral (TNF-a),
quimiocina CCL2, CCL5, metaproteinases, substancia P, espécies reativas de oxigénio
(ERO), espécies reativas de nitrogénio (ERN), elevacio de Ca" intracelular, dentre outros
fatores (Kempuraj et al., 2016).

Acreditava-se que o sistema nervoso central fosse uma area imuno-privilegiada,
em razdo de suas caracteristicas fisioldgicas e presenca da barreira hemato-encefalica.
Porém, estudos recentes vém mostrando que o sistema nervoso central é na verdade, um
local ativo de constante vigilancia que se comunica bidirecionamente com o sistema
imunoldgico, a fim de se manter a homeostase. A inflamacéo é controlada mediante essa
comunicacdo entre o cérebro e o sistema imunologico que ocorre por intermedio de fibras
aferentes e eferentes do nervo vago e pelo reflexo inflamatorio (Louveau et al., 2015;
Shrestha et al., 2013).

Estudos sugerem que a acetilcolina (ACh) estd envolvida no controle anti-
inflamatério por intermedio do nervo vago, na chamada "via anti-inflamatéria
colinérgica”. Quando estimulado, o nervo vago eferente estimula a producdo de ACh, a
qual € capaz de inibir a liberacdo de citocinas pré-inflamatorias por macréfagos (Paviov e
Tracey, 2012; Tracey et al., 2000). A disponibilidade de ACh est4 reduzida em doencas
neurodegenerativas, como a Alzheimer, e esta relacionada com o declinio cognitivo
(Schliebs e Arendt, 2006). Ja foi mostrado, em ratos, que a Hcy promove
neuroinflamacdo mediante o aumento de citocinas pro-inflamatorias e atividade da
acetilcolinesterase (AChE), enzima responsavel pela hidrélise da ACh, em modelos
animais de hiperhomocisteinemia cronica leve e severa (Da Cunha et al., 2012; Scherer et

al., 2014).
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1.5 Oxido nitrico

O NO é uma molécula importante em processos fisioldgicos e patoldgicos e esta
envolvida em diversas vias de sinalizagdes intra e intercelulares. O NO participa na
dilatacdo de vasos sanguineos, transmissdo neuronal, contragdo cardiaca, além de ser um
potente inibidor da agregacdo plaquetéria, proliferacdo de células do musculo liso e
ativacdo inflamatéria. Além disso, NO pode modular a funcdo proteica mediante S-
nitrosilacdo de grupos tiodis, produzindo compostos chamados de S-nitrosotidis que agem
como reservatorios de NO (Johal et al., 2014; Lei et al., 2013).

O NO é um radical livre gasoso sintetizado a partir da L-arginina pela NO sintase
(NOS) que esté presente em mamiferos em 3 isoformas: NOS endotelial, NOS neuronal e
NOS induzivel (Lei et al., 2013). Essa molécula possui um tempo de meia vida de
segundos e pode ser neutralizada pela hemoglobina, azul de metileno e anion superoxido
(O2) (Rodeberg et al., 1995). Quando reage com o O, se forma um potente oxidante
conhecido como peroxinitrito (ONOQ), o qual pode ser danoso as células, promovendo
estresse oxidativo/nitrativo (Forstermann e Sessa, 2012). Sob condi¢des de estresse
oxidativo e inflamacdo, mais O, é formado a partir da NOS endotelial desacoplada e da
ativacdo de oxidases, o qual reage rapidamente com NO para formar ONOQO, reduzindo a
biodisponibilidade de NO (Lundberg et al., 2015).

A reducéo da biodisponibilidade e da sinalizagdo de NO esta associada a diversos
fatores de risco, que sdo 0os mesmos para doengas cardiovasculares e vasculares também,
como a dieta alimentar, sedentarismo, idade, fumo, diabetes, historico familiar, entre
outros (Lundberg et al., 2015; Price et al., 2000). Estudos mostram que a Hcy também é

capaz de reduzir a biodisponibilidade de NO (Kolling et al., 2011; Scherer et al., 2011).
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1.6  Estresse oxidativo/nitrativo

O estresse oxidativo se define por um desequilibrio entre a producéo de ERO e as
defesas antioxidantes, podendo resultar em dano oxidativo em diversas moléculas
bioldgicas, como o &cido desoxirribonucleico (DNA), lipidios e proteinas, estando assim
associado, a diversas patologias (Halliwell, 2007). O estresse nitrativo se enquadra na
mesma definicdo, com a diferenca de que se refere as ERN (Hausladen e Stamler, 1999;
Klatt e Lamas, 2000).

As espécies reativas sdo espécies quimicas que possuem um ou mais elétrons
desemparelhados e sdo capazes de existir independentemente, sendo as mais conhecidas,
as ERO e as ERN. ERO séo geradas a partir do metabolismo energético e englobam os
radicais de oxigénio e seus derivados ndo-radicais, sendo 0os mais importantes, o anion
superéxido (Oy), peroxido de hidrogénio (H,0), radical hidroxila (OH"), anion
hipoclorito (CLO") e o "oxigénio singlet" (*O,). ERN s&o representadas principalmente
pelo NO e o NOO™ (Halliwell, 2006). Em altas concentracdes, as espécies reativas podem
causar danos oxidativos em moléculas biolégicas, porém, em concentracdes moderadas
desempenham um papel importante como mediadores nos processos de sinalizacéo
celular (Droge, 2002; Li et al., 2013).

As defesas antioxidantes sdo quaisquer substancias que atrase, previna ou elimine
0 dano oxidativo da molécula alvo, podendo ser divididas em enzimaticas e nao
enzimaticas (Halliwell, 2007). As defesas antioxidantes enzimaticas incluem a
superdxido dismutase (SOD, que dismuta 0 O,  a H,O, e oxigénio), catalase (CAT, que
cliva o H,0, a agua e oxigénio) e glutationa peroxidase que decompde o H,0,. Enquanto
que as ndo enzimaticas englobam as vitaminas C e E, glutationa reduzida, carotendides,

flavonoides, dentre outros (Valko et al., 2007). A auséncia ou o enfraguecimento do
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sistema antioxidante, também favorece o aparecimento de estresse oxidativo/nitrativo (Li
etal., 2013).

O sistema nervoso central € mais vulneravel ao estresse oxidativo devido, entre
outros fatores, ao seu alto consumo de oxigénio. Sendo assim, varios estudos vém
mostrando que 0 estresse oxidativo/nitrativo esta associado ao envelhecimento e ao
desenvolvimento de doencas neurodegenerativas, como Alzheimer e Parkinson (Cobb e
Cole, 2015; Danielson e Andersen, 2008; Gandhi e Abramov, 2012; Giasson et al., 2002;
Halliwell, 2006; Singh et al., 2004). A hiperhomocisteinemia também esta associada a
inducdo do estresse oxidativo, tanto por aumentar a producdo de ERO quanto por alterar a
atividade e/ou expressao de enzimas antioxidantes (Faraci e Lentz, 2004; Kolling et al.,

2011; Matté et al., 2009; Petras et al., 2014; Scherer et al., 2011).

1.7 Terapia anti-inflamatdéria

E bem estabelecido que os farmacos anti-inflamatorios ndo esterdides (AINES)
tém propriedades anti-inflamatorias, analgésicas e antipiréticas mediante inibicdo das
enzimas ciclooxigenases (COX-1 e COX-2), e consequente supressdo da sintese de
prostaglandinas e tromboxanos (Asanuma et al., 2001; Dinarello, 2010; Rubio-Perez e
Morillas-Ruiz, 2012). Sendo que a COX-1 e a isoforma constitutiva associada a
homeostase celular e a COX-2 é a isoforma induzida em condigdes inflamatorias (Vane e
Botting, 2003).

Sabe-se que a inflamacao é uma caracteristica das doencas neurodegenerativas, e
estudos vém mostrando o efeito protetor dos AINEs sobre essas doencas (Klegeris e
McGeer, 2005). Apesar das contradicfes, a maioria dos estudos mostram que 0
tratamento a longo prazo com anti-inflamatorios pode atrasar o aparecimento ou retardar

a progressao da Alzheimer em pessoas idosas (Ferencik et al., 2001). O uso de AINEs foi
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significativamente associado a reducdo de risco de Alzheimer em usuérios a longo prazo
(Etminan et al., 2003; in ’t Veld et al., 2001; Wang et al., 2015) e pode atrasar ou
prevenir o aparecimento da doenca de Parkinson em animais e humanos (Chen et al.,
2003; Teismann e Ferger, 2001).

O é&cido acetilsalicilico (ASA), popularmente conhecido como aspirina, € um dos
AINEs mais utilizados no mundo, visto que reduz o risco de muitas doencas vasculares
(Vane e Botting, 2003). ASA age por meio da acetilacdo especifica do grupo hidroxil de
um residuo de serina do sitio ativo das COX-1 e COX-2, as inibindo irreversivelmente.
ASA inibe a formacdo de prostaglandinas e tromboxanos, em especial tromboxano A2,
um importante vasoconstritor e agregante de plaquetas, sendo utilizado na prevencéo de
doencas tromboembolicas (Dinarello, 2010; Hoak, 1983; Tendera e Wojakowski, 2003;
Vane e Botting, 2003).

ASA pode ser utilizado como antiplaguetario na prevencdo de eventos
tromboembdlicos, em doses orais variando entre 80 e 160 mg/dia (Chen et al., 2003; Rao
e Fareed, 2012; Richman e Owens, 2017; Underwood e More, 1994). Estudos em animais
mostram que o tratamento continuo com ASA reduz lesdes de aterosclerose, mediante
reducdo de inflamacdo vascular, aumento de colageno e de células do musculo liso
(Cyrus et al., 2006, 2002; Paul et al., 2000; Santanam e Parthasarathy, 2007) e também
exerce efeitos neuroprotetores a partir da inducdo de proliferagéo e diferenciacdo de
oligodendradcitos (Chen et al., 2014; Cui et al., 2015; Huang et al., 2016). Doses baixas de
ASA também sdo usadas para prevenir ataque cardiaco e acidente vascular cerebral

(Catella-Lawson et al., 2001; Tendera e Wojakowski, 2003; van Gijn et al., 2003).
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2 OBJETIVOS

2.1 Objetivo geral

Considerando que a hiperhomocisteinemia leve é fator de risco para doencas
neurodegenerativas e vasculares e que o ASA possui propriedades antioxidantes e anti-
inflamatdrias, o objetivo geral deste trabalho foi investigar o efeito neuroprotetor do
ASA sobre alteracdes em parametros inflamatorios, oxidativos/nitrativos e morfoldgicos
em cOrtex cerebral de ratos Wistar submetidos ao modelo cronico de

hiperhomocisteinemia leve.

2.2 Objetivos especificos

1. Investigar o efeito da hiperhomocisteinemia leve e/ou do ASA sobre os niveis das
citocinas pré-inflamatorias I1L-1B e IL-6;

2. Avaliar o efeito da hiperhomocisteinemia leve e/ou do ASA sobre a atividade e
imunocontetdo da AChE;

3. Investigar o efeito da hiperhomocisteinemia leve e/ou do ASA sobre os niveis de
nitritos;

4. Avaliar o efeito da hiperhomocisteinemia leve e/ou do ASA sobre as atividades e
imunoconteldos das enzimas antioxidantes (SOD e CAT);

5. Analisar o efeito da hiperhomocisteinemia leve e/ou do ASA sobre a oxidagdo de
proteinas e DNA;

6. Analisar a ultraestrutura em coOrtex cerebral de ratos submetidos &

hiperhomocisteinemia leve e/ou ASA por microscopia eletronica de transmissao.
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3 METODOLOGIA E RESULTADOS

3.1 Artigo cientifico

Os materiais e métodos e os resultados serdo apresentados na forma de artigo cientifico
intitulado:

Chronic Mild Hyperhomocysteinemia Alters Inflammatory and Oxidative/Nitrative
Status and Causes Protein/DNA Damage, as well as Ultrastructural Changes in

Cerebral Cortex: Is Acetylsalicylic Acid Neuroprotective?

Daniella de S. Moreira, Paula W. Figueiro, Cassiana Siebert, Caroline A. Prezzi,
Francieli Rohden, Fatima C.R. Guma, Vanusa Manfredini, Angela T.S. Wyse

Periddico: Neurotox Res (2017)
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Abstract

Homocysteine is a sulfur-containing amino acid derived from methionine metabolism. When plasma homocysteine levels
exceed 1015 pM, there is a condition known as hyperhomocysteinemia, which occur as a result of an inbom error of methionine
metabolism or by non-genetic causes. Mild hyperhomocy steinemia is considered a risk factor for development of neurodegen-
erative diseases. The objective of the present study was to evaluate whether acetylsalicylic acid has neuroprotective role on the
effect of homocysteine on inflammatory, oxidative/nitrative stress, and morphological parameters in cerebral cortex of rats
subjected to chronic mild hyperhomocysteinemia. Wistar male rats received homocysteine (0.03 pmol/g of body weight) by
subcutaneous injections twice a day and acetylsalicylic acid (25 mg/Kg of body weight) by intraperitoneal injections once a day
from the 30th to the 60th postpartum day. Control rats received vehicle solution in the same volume. Results showed that rats
subjected to chronic mild hyperhomocysteinemia significantly increased IL-1{3, IL-6, and acetylcholinesterase activity and
reduced nitrite levels. Homoceysteine decreased catalase activity and immunocontent and superoxide dismutase activity, caused
protein and DNA damage, and altered neurons ultrastructure. Acetylsalicylic acid totally prevented the effect of homocysteine on
acetylcholinesterase activity and catalase activity and immunocontent, as well as the ultrastructural changes, and partially
prevented alterations on IL-1 levels, superoxide dismutase activity, sulfhydryl content, and comet assay. Acetylsalicylic acid
per se increased DNA damage index. In summary, our findings showed that chronic chemically induced model of mild hyper-
homocysteinemia altered some parameters and acetylsalicylic acid administration seemed to be neuroprotective, at least in part,
on neurotoxicity of homocysteine.

Keywords Homocysteine - Hyperhomocysteinemia - Acetylsalicylic acid - Inflammation - Oxidative/nitrative stress -
Ultrastructural changes

Introduction
[~] AngelaT. 5. Wyse

wyse@ufrgs.br Homocysteine (Hey) is a sulphur-containing amino acid, syn-
thesized from methionine (Met), which was discovered by Du
Vigneaud in the early twentieth century (Butz and du
Vigneaud 1932; McCully 2015). Hey can be metabolized to
cysteine by trans-sul furation pathway (which requires vitamin
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protein (mainly albumin). Total Hey encompasses totality
of Hey afier cleavage of all disulphide bonds (Castro et al.
2006).

Hey plasma levels in healthy individuals reach from 5 to
15 pmol/L (Ueland etal. 1993). However, dysfunction in Hey
metabolism leads to Hey accumulation in body fluids charac-
terized by a condition known as hyperhomocysteinemia,
which can be classified according to Hey plasma levels in
severe (> 100 pmol/L), intermediate (31—100 pmol/L) or mild
(16-30 umol/L) (Kaul et al. 2006; Banecka-Majkutewicz
et al. 2012). Mild and intermediate hyperhomocysteinemias
are most frequent in general population in association with
other conditions and/or as risk factors. Isobe et al. (2005)
described an increase of Hey concentration in cerebrospinal
fluid of patients with Alzheimer’s and Parkinson’s diseases,
suggesting it could be related to the pathogenesis of both
neurode generative diseases. Hey is also described as an inde-
pendent risk factor for atherosclerosis and, consequently car-
diovascular disease (Graham and O’Callaghan 2002; Castro
et al. 2006). Dietary intakes of Met, folate, vitamin B12, and
B6 and their deficiency are the main contributors to plasma
concentrations of Hey, which also increase with age, smoking,
coffee consumption, lack of exercise, and alcoholism
(Kulkarni and Richard 2003; McCully 2015).

Experimental models for severe hypethomocysteinemia
have been described mainly in knockout animals for
cystathionine-f3-synthase (Watanabe et al. 1995) and methy-
lene tetrahydrofolate reductase (Chen et al. 200 1) as well as by
met supplementation (Song and Rosenfeld 2004; Zhou et al.
2008). We have developed a chemically induced model of
severe hyperhomocysteinemia in neonate rats, mimetizing
classic homocystinuria (Streck et al. 2002). Using this model,
we observed many biochemical and behavioral changes in
brain and other tissues of animals, including inflammatory
and oxidative status changes (Matté et al. 2009a, b, Da
Cunha et al. 2011, 2012; Kolling et al. 2011). More recently,
it was developed a chemically induced rat model for mild
hyperhomocysteinemia that mimetizes risk factor to neurode-
generative disease and cardiac ischemia (Scherer et al. 2011).
Using this model, Scherer and colleagues showed that Hey
promotes increase of pro-inflammatory cytokines and acetyl-
cholinesterase (AChE) activity (Scherer et al. 2014) and in-
duces oxidative stress and nitrative stress in brain (Scherer
etal. 2011).

Neuroinflammation plays a significant role in numerous
neurodegenerative conditions including multiple sclerosis,
Alzheimer’s, and Parkinson’s diseases. Mediators of neuroin-
flammation such as cytokines, growth factors, and reactive
oxygen species (ROS) are secreted to promote neuronal repair
and maintenance, which in chronic status may be harmful to
healthy tissue (Moore and O’Banion 2002; Hald and
Lotharius 2005). Oxidative stress is presented in most of neu-
rodegenerative diseases and it is characterized by a

@ Springer

disequilibrium between production of ROS and antioxidants
defenses (Singh et al. 2004; Halliwell 2007). ACh availability
is diminished in brain of Alzheimer disease, and this might
collaborate to cognitive deterioration. It seems to be in part
because of AChE up-regulated activity, which is an important
enzyme in the cholinergic nervous system, responsible for
hydrolysis of ACh (Moore and O"Banion 2002).

It is well established that non-steroidal anti-inflammatory
drugs (NSAIDs) have anti-inflammatory, analgesic, and anti-
pyretic properties mainly via inhibition of cyclooxygenase
(COX) enzymes by suppression of prostaglandin synthesis
(Asanuma et al. 2001; Rubio-Perez and Morillas-Ruiz
2012). Studies showed that the use of NSAIDs may delay or
prevent the onset of Parkinson disease in animals and humans
(Teismann and Ferger 2001; Chen etal. 2003) and was signif-
icantly associated with a reduced risk of Alzheimer disease in
long-term users (Wang et al. 2015). Acetylsalicylic acid
(ASA), popularly known as aspirin, is one of the most widely
used NSAIDs medications since it also can reduce the risk of
heart attack and stroke (Catella-Lawson et al. 2001). Low-
doses of oral ASA, for example 20 mg/day, reduce platelet
thromboxane formation in great proportions but higher doses
are necessary to prevent thromboxane-dependent platelet ac-
tivation. Hence, ASA by itself, at oral doses ranging from 80
to 160 mg/day may be used as anti-platelet aggregation for
prevention of thromboembolic events (Underwood and More
1994: Chen et al. 2003; Rao and Fareed 2012: Richman and
Owens 2017). Asanuma et al. (2001) showed that ASA may
be neuroprotective since it also can directly scavenge nitric
oxide radicals in neuronal cells, protecting them against
apoptosis.

Since ASA has antioxidant, anti-inflammatory, and antico-
agulant properties, and mild hyperhomocysteinemia has been
shown to have oxidant, inflammatory and coagulant effects, in
the present study, we evaluated iff ASA could prevent the
changes in inflammation, oxidative/nitrative stress status,
and protein and DN A damage in cerebral cortex of rats caused
by mild hyperhomocysteinemia. We also performed morpho-
logical analysis of brain tissue from rats subjected to mild
hyperhomocysteinemia with or without ASA administration.

Materials and Methods
Animals

Male Wistar rats (30-day-old) were obtained from Central
Animal House of Biochemistry Department, Institute of
Basic Health Sciences at the Universidade Federal do Rio
Grande do Sul, in Porto Alegre, Brazil. Animals were main-
tained under a controlled 12/12 h light/dark cycle and constant
temperature (22 = | °C) colony room, with free access to wa-
ter and 20% (w/w) commercial protein chow. Animal care
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followed the “Principles of Laboratory Animal Care™ (NIH
publication 85-23, revised 1996), and the experimental pro-
tocol was approved by the University’s Ethics Committee
(CEUA) under the project #31436.

ASA and Hcy Chronic Administration

Experimental chronic mild hyperhomocysteinemia was chem-
ically induced by daily subcutaneous (s.c.) administration of
Hey from the 30th to the 60th day of life as described by
Scherer et al. (2011). DL-Hey (Sigma- Aldrich) (0.03 pmolg
of body weight) was dissolved in saline solution (0.9% w/v
NaCl) and administered (0.5 mL/100 g of body weight) twice
a day. Plasma Hcy concentration in rats subjected to this
chronic administration achieved levels similar to those found
in patients with mild hyperhomocysteinemia (30 pM)
(Scherer et al. 2011). Besides Hey administration, rats re-
ceived a daily intraperitoneal (i.p.) injection (0.5 mL/100 g
of body weight) of ASA (Sigma-Aldrich) (25 mg/kg of body
weight) dissolved in 10% (v/v) ethanol/saline, pH adjusted for
7.0, according to protocols previously described (Chen et al.
2014). Control animals received saline s.c. and ethanol 10%
(v/v) i.p. in the same volumes as those applied to Hey- and
ASA-treated rats. The rats were decapitated, without anesthe-
sia, 12 h afier the last injections. Brain was quickly removed
and cerebral cortex was dissected for the biochemical analysis.

Cytokines (IL-1p and IL-6) Assay

The cerebral cortex was homogenized in 1:5 (w/v) saline so-
lution (0.9% NaCl). The homogenate was centrifuged at
800xg for 10 min at 4 °C, and the supemnatant was used in
the assays. IL-1f5 and IL-6 levels in the cerebral cortex were
quantified by rat high-sensitivity enzyme-linked
immunoabsorbent assays (ELISA) with commercially avail-
able kits (Sigma-Aldrich).

AChE Activity Assay

The cerebral cortex was homogenized in 10 volumes (1:10, w/
v) of 0.1 mM potassium phosphate buffer (pH 7.5) and cen-
trifuged at 1000 g for 10 min at 4 °C. The supernatant was
used for the enzymatic AChE analyses. AChE activity was
determined according to the method of Ellman et al. (1961),
with some modifications (Scherer et al. 2010). Hydrolysis
rates were measured at acetylthiocholine concentration of
0.8 mM in 300 pL assay solution with 30 mM phosphate
buffer, pH 7.5, and 1.0 mM 5,5'-dithiobis-(2-nitrobenzoic ac-
id) (DTNB) at 25 °C. About 15 pL of cerebral cortex super-
natant was added to the reaction mixture and pre-incubated for
3 min. The hydrolysis was monitored by formation of the
thiolate di-anion of DTNB at 412 nm for 2-3 min (intervals
of 30 s). All samples were run in triplicate.

Cerebral Cortex Preparation

The cerebral cortex was homogenized in 10 volumes (1:10, w/
v) of 20 mM sodium phosphate buffer (pH 7.4) containing
140 mM KCl and centrifuged at 800 g for 10 min at 4 °C.
The supemnatant was retained for biochemical assays.

Nitrite Levels

Nitrite levels were measured by Griess reaction, which 50 pL
of cortex supemnatant was mixed with 50 pL of Griess reagent
(1:1 mix 0f 2% sulfanilamide in 5% phosphoric acid and 0.1%
N-(1-Naphthyljethylenediamine dihydrochloride in water)
and incubated for 10 min at room temperature. Absorbance
was measured in a spectrophotometer at 543 nm. Nitrite con-
centration was calculated using sodium nitrite standards
(Green et al. 1982).

Superoxide Dismutase Assay (SOD)

The SOD activity assay is based on pyrogallol (1,2,3-
trihydrox ybenzene) autoxidation, a process highly dependent
on superoxide (substrate for SOD). The inhibition of autoxi-
dation of this compound occurs in the presence of SOD,
whose activity can be then indirectly measured in a spectro-
photometer at 420 nm (Marklund and Marklund 1974). A
calibration curve was performed with purified SOD as stan-
dard, in order to calculate the activity of SOD present in the
samples. SOD activity was expressed as the amount of en-
zyme necessary to inhibit 50% of pyrogallol autoxidation.
The results were reported as SOD units per milligram of

protein.
Catalase Assay (CAT)

The method is based on the disappearance of H,0; in a reac-
tion medium containing 20 mM H,0,, 0.1% Triton X-100,
10 mM potassium phosphate buffer pH 7.0, and 0.1-0.3 mg
protein/mL, measured in a spectrophotometer at 240 nm (Aebi
1984). One CAT unit is defined as 1 mmol of H>0, consumed
per minute and the specific activity is represented as CAT
units/mg protein.

Total Sulfhydryl Content

This assay was performed as described by Aksenov and
Markesbery (2001), and it is based on the reduction of 5,5"-
dithio-bis (2-nitrobenzoic acid) (DTNB) by thiols, which in
turn become oxidized (disulfide), generating a yellow deriva-
tive (TNB). Briefly, 50 pul of homogenate were added to
980 pl of PBS buffer pH 7.4 containing | mM EDTA. The
reaction was started by the addition of 30 ul of 10 mM DTNB
and incubated for 30 min at room temperature in a dark room.
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Absorbance was measured in a spectrophotometer at 412 nm.
Results were reported as nmol TNB/mg protein. The sulthy-
dryl content is inversely correlated to oxidative damage in
proteins.

Western Blot Analysis of AChE, SOD, and CAT

Western blotting was performed as described by Biasibetti-
Brendler et al. (2017). For electrophoresis analysis, cerebral
cortex was homogenized in 200 uL of a lysis solution (2 mM
EDTA, 50 mM Tris-HCL, pH 6.8, and 4% sodium dodecyl
sulphate (SDS)). Then, samples were dissolved 1:1 in
Laemmli buffer two times containing 40% glycerol, 5% 2-
mercaptoethanol, 50 mM Tris-HCL, pH 6.8, and 10% SDS
and boiled for 5 min. Total protein homogenate were separat-
ed by 10% SDS-PAGE (30 pg/lane of total protein) and trans-
ferred (Trans-Blot SD Semi-Dry Transfer Cell, Bio-Rad) to
nitrocellulose membranes for 1 h at 15 V in transfer buffer
(48 mM Trizma, 39 mM glycine, 20% methanol, and 0.25%
SDS). Blot was then incubated ovemnight at 4 °C ina blocking
solution containing 5% bovine serum albumin (BSA) and the
following diluted antibodies: anti-AChE (1:1000, Santa Cruz
Biotechnology), anti-CAT(1:1000, Abcam), anti-SOD2
(1:2000, Abcamy), and anti-B-actin (1:1000, Cell Signaling
Technology). For AChE, the blot was then washed twice for
5 min with 0.05% Tween-20 Tris-buffered saline (T-TBS) and
twice for 5 min with Tris-buffered saline (TBS) and then in-
cubated for 2 h in antibody solution containing non-
conjugated anti-rabbit IgG diluted 1:1000. Later the blot was
washed again the same way and then incubated for 1 hin a
solution containing streptavidin-HRP (Cell Signaling
Technology) diluted 1:3000. For the other antibodies, blot
was washed twice for 5 min with T-TBS and twice for 5 min
with TBS and incubated with peroxidase-conjugated anti-rab-
bit IgG (Cell Signaling Technology) diluted 1:2000. The blot
was developed using a chemiluminescence kit (Immobilon
Western Chemiluminescent HRP Substrate, Millipore) and
detected by ImageQuant LAS 4000 (GE Healthcare Life
Sciences).

Single Cell Gel Electrophoresis (Comet Assay)

Alkaline comet assay was performed as described by Singh
et al. (1988) in accordance with general guidelines for use of
the comet assay (Tice et al. 2000; Hartmann et al. 2003).
Cerebral cortex was homogenized in 10 volumes (1:10, wiv)
of phosphate buffered saline (PBS) and centrifuged at 800 g
for 10 min at 4 °C. Supematants were suspended in agarose
and spread into glass microscope slides pre-coated with aga-
rose, settled at 4 °C for 5 min. In order to maintain DNA as
“nucleoids,” slides were incubated in ice-cold lysis solution
(2.5 M NaCl, 100 mM EDTA, 10 mM Tris, pH 10.0, and 1%
triton X-100 with10% DMSO) to remove cell proteins, Afler
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lysis process, slides were placed on a horizontal electrophore-
sis chamber, covered with a fresh solution (300 mM NaOH
and 1 mM EDTA, pH > 13) for 20 min at 4 °C to allow DNA
unwinding and the expression of alkali-labile sites.
Electrophoresis was performed for 20 min (25 V: 315 mA;
0.9 V/em). Slides were then neutralized, washed in bi-distilled
water, stained using a silver staining protocol (Maluf and
Erdtmann 2000; Nadin et al. 2001) and left to dry at room
temperature overnight. Last, 100 cells (50 cells from each of
the two replicate slides) were arbitrarily chosen and analyzed
using an optical microscope. Cells were visually scored from
0 (no migration) to 4 (maximal migration) based on tail length
and intensity (Tice et al. 2000). Therefore, the damage index
for cells ranged from 0 (all cells with no migration) to 400 (all
cells with maximal migration). The slides were analyzed un-
der blind conditions at least by two different individuals.

Transmission Electron Microscopy

Transmission Electron Microscopy was performed as de-
scribed by Schweinberger et al. (2017). Cardiac perfusion
was first performed with 0.9% saline solution and then with
paraformaldehyde 4% plus glutaraldehyde 2.5% in phosphate
buffer (PB) 0.1 M at room temperature. The brains were sec-
tioned in vibratomo, the coronal slices (1 mm) were immersed
again in the same fixative solution. After, they were washed in
PB and fixed in 1% osmium tetroxide, OsQO4 (Sigma- Aldrich)
in PB, pH 7.4 for | h at room temperature. They were washed
again with PB and then dehydrated gradually with acetone
(MERCK) and soaked in epon resin. The polymerization
was carried out for 48 h at 60 °C. Semi-thin sections were
made in the thickness of | pm using ultramicrotome and
stained with 1% toluidine blue. Ultra-fine cuts were obtained
in ultramicrotome for the assembly of copper grids (200
mesh). The samples of cerebral cortex were counterstained
with 1% uranyl acetate (MERCK) and then with 1% lead
citrate (MERCK) and examined in transmission electron mi-
croscopy (JEM 1200 EXIIL, Japan).

Protein Determination

Protein concentrations were measured by the method of
Lowry et al. (1951) or Bradford (1976) using bovine serum
albumin as standard.

Statistical Analysis

The data were analyzed by one-way analysis of variance
(ANOVA) followed by post hoc Tukey’s test. Values of
p < 0.05 were considered statistically significant. All analyses
and plots were performed using GraphPad Prism 5.1 software
program in a compatible computer.
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Results

Chronic mild hyperhomocysteinemia significantly increased
IL-1pB (p < 0.05) and IL-6 (p < 0.05) levels in cerebral cortex
of rats. Post hoc showed that ASA per se did not alter these
parameters but partially prevented the increase of IL-1f3
(Fig. ).

Figure 2a, b shows that chronic Hey administration signif-
icantly increased the activity of AChE (p < 0.01), but did not
alter its immunocontent (p > 0.05), respectively. ASA did not
alter the activity and immunocontent of AChE, but prevented
the increase of this enzyme activity.

We also tested the effect of ASA treatment on some
oxidative/nitrative stress parameters that were shown to be
induced by mild hyperhomocysteinemia in cerebral cortex of
rats (Scherer et al. 2011). Hey-treated rats presented a signif-
icant decrease in nitrite levels (p < 0.01) (Fig. 3) and antioxi-
dant defenses SOD (p < 0.05) and CAT (p <0.05) activities
(Fig. 4a, b). Hey significantly also decreased CAT
immunocontent (p <0.05) (Fig. 4d). ASA did not show alter-
ations per se on these parameters, but totally prevented the
decrease in CAT activity and immunocontent; ASA also
prevented partially SOD activity. The decrease in nitrite levels
was not altered by ASA.

Biomolecules damage was also evaluated by sulfhydryl
content and comet assay. Results showed that mild hyperho-
mocysteinemia altered sulfhydryl content (p < 0.05). ASA per
se did not alter sulfhydryl content, but partially prevented it
(Fig. 5). Hey significantly increased DNA damage index
(p<0.001). ASA per se also altered this parameter
(p<0.001), but when combined with Hey partially prevented
DNA damage index caused by Hey (Fig. 6).

The body weight variation (final body weight — initial body
weight) of rats (control 152+ 16.3; ASA 150+ 15.4; Hey 158
+16.1; Hey+ ASA: 162+ 15.6) and relative organs weight
(absolute organ weight/final body weight = 100) of lungs
(control 0.62x0.07; ASA 0.59=£0.09; Hey 0.63 £0.10;
Hey + ASA: 0.60+0.09), heart (control 0.38 £0.02; ASA
0.37+0.03; Hey 0.37+0.04; Hey + ASA 0.38 £0.02), liver
(control 4.3+0.09; ASA 4.4+0.26; Hey 4.2+0.35; Hey +
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Fig. 1 Effect of chronic Hey and ASA administration on cytokines (IL-
1B, and IL-6) levels in cerebral cortex of rats. IL-1 (a) and IL-6 (b).
Results are expressed as mean + S.D. for 5-7 animals per group.

g

ASA 4.1+£0.27) and kidneys (control 0.84 £0.04; ASA
0.86+ 0.05; Hey 0.88+0.12; Hey + ASA 0.88 £0.02) of rats
submitted to chronic Hey administration and/or ASA treat-
ment did not differ from those of control rats, suggesting that
Hey and ASA did not cause malnutrition and systemic toxicity
in the animals.

Electron-microscopic observations of cerebral cortex
allowed us to identify some morphological features. In
the control group (Fig. 7), the pyramidal neurons had pale
round or oval nucleus with a centralized nucleolus
delimited by a well-defined karyotheca, surrounded by a
limited cytoplasm with well-preserved mitochondria, ly-
sosomes, rough endoplasmic reticulum, and golgi com-
plex. Blood capillaries were surrounded by endothelial
cells with extensive peripheral heterochromatin in nuclei.
Neuropilo was well organized with some axons
surrounded or non by well-designed myelin sheaths.
Rats treated with ASA did not show any ultrastructural
alteration, resembling control group (Fig. 8).

In comparison with control group, rats submitted to mild
hyperhomocysteinemia showed some ultrastructural alter-
ations (Figs. 9 and 10). Neurons exhibited a pale round or
oval nucleus more electron-dense with extensive peripher-
al heterochromatin and a decentralized nucleolus,
delimited by a karyotheca that was not well delineated.
Neurons cytoplasm presented organelles not well identi-
fied, with scarce rough endoplasmic reticulum and lyso-
somes. Moreover, it was not possible to find mitochondria
with certainty, only some structures shadows that reminded
these organelles. Neuropilo was disorganized, vacuolated,
and without myelin sheath (Fig. 9). Dark cells, resembling
neurons, with condensation and collapse of normal struc-
ture, electron-dense and vacuolated cytoplasm associated
with highly electron-dense nucleus and organelles were
found in homocysteine group (Fig. 10). Animals submitted
to mild hyperhomocysteinemia and treated with ASA at the
same time, exhibited similar morphological characteristics
to the control group (Fig. 11), suggesting ASA exerts neu-
roprotective effects capable of reversing the microscopical
changes caused by Hey.
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*p < (.05 compared to control group (one-way ANOVA followed by
Tukey's post hoc test). Hey homocysteine, ASA acetylsalicylic acid, IL-
1B intedeukin-1f, IL-6 intedeukin-6
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Fig. 2 Effect of chronic Hey and ASA administration on AChE in
cerchral cortex of rats. AChE activity (a) and AChE immunocontent
(b). Results are expressed as mean + S.D. for 7-8 animals per group
performed in triplicate for activity, and 6 animals per group for AChE

Discussion

Mild hyperhomocysteinemia is prevalent in general popula-
tion, especially in the elderly, and its causes are associated
with physiological, pathological, nutritional, hormonal, med-
ical factors, and daily habits (Kulkami and Richard 2003;
Neves et al. 2004; Castro et al. 2006; McCully 2015).
Treatment and prevention are based on specific or general
causes. ASA was the first drug tested as neuroprotector in this
chronic mild hyperhomocysteinemia model in our lab. In the
present study, we investigated the influence of concurrent ad-
ministration of ASA on the effects of Hey in rats subjected toa
chronic mild hyperhomocysteinemia model on some changes
in inflammation and oxidative/nitrative stress parameters al-
ready shown in cerebral cortex, as well as DNA damage anal-
ysis and ultrastructural features which were shown for the first
time in this model. Our mild hyperhomocysteinemia model
presents Hey levels (approximately 30 uM), which represents
a risk factor for neurodegenerative and other diseases in gen-
eral population (Scherer et al. 2011, 2014).

Results showed that rats subjected to Hey administration
increased interleukins IL-6 and IL-13 levels in cerebral cor-
tex. Other studies have associated an increase in IL-6 plasma
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Fig. 3 Effect of chronic Hey and ASA administration on nitrite levels in
cerchral cortex of rats. Results are expressed as mean + SD. for 7-8
animals per group performed in triplicate. **p < 0.01 compared to
control group (one-way ANOVA followed by Tukey's post hoo test).
Hey homocysteine, ASA acetylsalicylic acid
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immunocontent.* *p < 0.01 compared to control group: #p <0.01
compared to Hey group (one-way ANOVA followed by Tukey's post
hoe test). Hey homoeysteine, ASA acetylsalicylic acid, AChE
acetylcholinesterase

levels with increased Hey levels (Gori et al. 2005; Holven
et al. 2006) and the pathogenesis of vascular diseases (Ridker
et al. 2000; Lindmark et al. 2001; Wainstein et al. 2017). The
increase in IL-6 levels appears to be one of the mechanisms by
which Hey exerts its endothelial damage. In our work, IL-6
levels were also enhanced in hyperhomocysteinemic rats, but
ASA did not prevent it. In addition to IL-6, IL-1 was also
increased in hyperhomocysteinemic rats. This pro-
inflammatory cytokine has been shown to be an important
mediator in neurodegeneration, since it is induced in brain
damage associated with ischemia, excitotoxicity, and trauma
(Boutin et al. 2001; Touzani et al. 2002), besides it is found in
high levels in diseases such as Alzheimer’s (Li et al. 2000).
Mechanisms involved in these alterations include the involve-
ment of IL-16 in the promotion of an inflammatory and oxi-
dative state through the induction of IL-6 transcription (Cahill
and Rogers 2008), increased neuronal AChE activity (Li et al.
2000) and increased superoxide (O, ) production (Jimenez-
Altayo et al. 2005).

Our study is in agreement with these results since mild
hyperhomocysteinemia also increased AChE activity; the in-
crease in IL-1(3 levels may be related to AChE up regulation.
We also showed in our study that ASA partially prevented IL-
1(3 increase, and that might have collaborated, at least in part,
to the retumn of AChE activity to its normal state. AChE up
regulation is one of reasons for decrease in ACh availability in
brain of neurodegenerative diseases, as Alzheimer disease,
and this might collaborate to cognitive deterioration (Moore
and O'Banion 2002) since ACh is an important neurotrans-
mitter in memory and leaming processes (Schliebs and Arendt
2006). ACh also has anti-inflammatory properties and its re-
duction contributes to a pro-inflammatory state. Studies have
shown that ACh inhibits the release of the pro-inflammatory
cytokines TNF, IL-1 3, and IL-6 (Tracey et al. 2000). ASA was
able to prevent the increase of AChE activity, possibly con-
tributing to normal release of ACh. Reducing neuroinflamma-
tion can alleviate symptoms and minimize neurodegeneration
(Kempuraj et al. 2016). Studies have shown that prolonged
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Fig. 4 Effect of chronic Hey and ASA administration on antioxidant
emzymes in cerebral cortex of rats. SOD activity (a), CAT activity (b),
SOD immunocontent (¢) and CAT immunocontent (d). Results are
expressed as mean + 5.D. for 7-8 animals per group performed m
triplicate for activity and 6 animals per group for immunocontent of

use of ASA and other NSAIDs is associated with a reduction
in Alzheimer’s risk due to its neuroprotective effects (Klegeris
and McGeer 2005; Wang et al. 2015).

It has been shown that Hey decreases nitrite levels, which
implies in reduction of nitric oxide (NO) bioavailability. Xu
et al. (1996) suggested in their work that ACh causes
concentration-dependent release of NO in rat spinal cord.
Considering that in the present study, the Hey increased
AChE activity, probably decreasing ACh availability. This
fact could explain NO decrease. It is known reduced NO at-
tenuates angiogenesis and may have an impact on proper vas-
cular function (Ignarro 2000). NO also causes relaxation of
blood vessels and has anti-proliferative and anticoagulative
properties important to prevent atherosclerosis (Ignarro
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Fig. 5 Effect of chronic Hey and ASA administration on sulfhydryl
content in cerebral contex of rats. Results are expressed as mean + 5D,
for 78 animals per group performed in triplicate. *p < 0.05 compared o
control group (one-way ANOVA followed by Tukey’s post hoe test). Hey
homocysteme, ASA acetylsalicylic acid
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antioxidant enzymes. *p < 0,05, **p <0.01 compared to control group;
#p < 0.05 compared to Hey group (one-way ANOVA followed by
Tukey’s post hoc test). Hey homocysteine, ASA acetylsalicylic acid,
SOD superoxide dismutase, CAT catalase

1989). Studies have shown that this is one of the mechanisms
by which hyperhomocysteinemia exerts its endothelial dam-
age, including with greater sensitivity in cerebral
microvessels, and that the oxidative and/or nitrative stress
caused by Hey are responsible for this alteration (Faraci and
Lentz 2004). We also observed that ASA did not prevent NO
bioavailability decrease but due to its anticoagulant properties,
it could help to prevent these vascular disorders.

Scherer et al. (2011), using the same model of chronic mild
hyperhomocysteinemia, suggested in their work that reduced
NO bioavailability in cerebral cortex should be due to NO
spontaneous reaction with thiol groups of Hey and/or O5 .
NO is inactivated when reacts with O, to produce a potent
oxidant molecule known as peroxynitrite (ONOO ). ONOO
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Fig. 6 Effect of chronic Hey and ASA administration on DNA damage
index (comet assay) in cercbral cortex of mis. Results are expressed as
mean + S.D. for 6 animals per group. ***p <0.001 compared to control
group; #p<0.001 compared to Hey group (one-way ANOVA followed
by Tukey’s post hoc test). Hey homocysieine, ASA acetylsalicylic acid
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Fig.7 Electron micrographs from cerebral cortex of control animals. a In
this image, it is possible to observe two cells (black star); we will focus
only on that in the left corner. A characteristic neuron with a well-defined
nucleus (N) is visible, showing centralized nucleolus (white star) and
evident apical dendrite (AD). Surrounded by fairly organized neuropile
(white cross), with apparent cellular extensions (white arrowhead or
triangle) and myelin (white arrow), in addition to a blood vessel (BV).
b, ¢ It is possible to see organelles integrity, mitochondria (M) with their

can be very harmful to cells since it can induce oxidative/
nitrative stress, S-nitrosylation of proteins thiol groups to gen-
erate S-nitrosothiols, and DNA single-strand breakage
(Forstermann and Sessa 2012). Studies have shown that
ONOO isable to inhibit various enzymes by nitrating specif-
ic residues of tyrosine, and one of the target enzymes is mito-
chondrial SOD (MacMillan-Crow etal. 1996; Yamakura et al.
1998; Faraci 2003).

In our study, we showed a reduction of NO bioavailability
and SOD activity. Keller et al. (1998) suggested in their stud-
ies that O, accumulation and consequent ONOO™ production
are involved with neuronal apoptosis after noticed that mem-
brane lipid peroxidation, protein nitration, and neuronal death
were reduced in transgenic mice overexpressing human
MnSOD submitted to focal cerebral ischemia. SOD is a potent

Fig. 8 Electron micrographs from cerebral cortex of ASA animals. a In
this image, it is possible to observe three cells (black star), we will focus
only on the one on the left side. A characterstic neuron with a well-
defined nucleus (N) is visible, showing a centralized nucleolus (white
star). Surrounded by very organized neuropile (white cross), with
apparent another cell extension (white arrowhead or triangle) and
myelin (white arrow), in addition to part of a blood vessel (BV). b, ¢ It
is possible to see organelles integrity, mitochondria (M) with ther well-
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well-preserved cristae, as well as extemal and intemal membrane. The
rough endoplasmic reticulum (black arrow) shows cisterns in normal
conformation with presence of ribosomes in its membranes. The golgi
complex (GC) with defined cisternae and lysosomes (L) scattered in the
cytoplasm. We can still observe the double membrane of the karyotheca
(C) and the nucleus (N) with nomal chromatin condensation (more
electron-dense regions). Magnifications a x4000; b x10,000; and ¢
%30,000

scavenger of O, , and if its activity is reduced, we can imply
that more O>  may be available to react with NO. Therefore,
more ONOO™ might be formed and involved in S-
nitrosylation of proteins thiol groups contributing for reduc-
tion of sulfhydryl groups, as seen in our results, and conse-
quent protein damage. Another mechanism for the structural
modification of proteins is N-homocysteinylation. N-
homocysteinylation is a covalent modification of Hcy
thiolactone (Hey metabolite), which results in protein denatur-
ation, enzymatic inactivation, and even amyloid formation,
being associated with neurodegenerative diseases (Sharma
etal. 2015). On the other hand, in association with ASA, there
was a partial prevention of protein damage caused by Hcy.
Moreover, ONOO™ formation also has been associated to
DNA damage and may be partly responsible for increase of

R Lt 3 A T .

el S IR R Sl i
preserved cristae, as well as extemnal and intemal membrane. The rough
endoplasmic reticulum (black arow) presents cisterns in normal
conformation with presence of ribosomes in its membranes, besides
polissomas (black circle) by the cytoplasm. We can still observe the
double membrane of the karyotheca (C) and the nucleus (N) with
normal chromatin condensation (more electron-dense regions).
Magnifications a x4000; b x10,000; and ¢ %30,000
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Fig. 9 Electron micrographs from cerebral cortex of Hey animals. a In
this image, it is possible to observe a neuron with an apparent nucleus (N)
and nucleolus (white star) displaced towards the extremity, very close o
the karyotheca (C). Surrounded by a disorganized neuropile (white cross)
with presence of vacuoles (V). b, ¢ Itis possible to see, in more detail, that
karyotheca (C) is not well defined because it is not possible to distinguish
its double membrane. The vacuoles (V) in the neuropil (white cross)

DNA damage index seen in our comet analysis. It has been
shown ASA can direct scavenge NO radicals in neuronal cells
(Asanuma et al. 2001), which could minimize NO radicals

Fig. 10 Dark cells from cerebral cortex of Hey animals. In this image, itis
possible to observe a dark cell with an apparent fragmented nucleus (N)
with a series of electron-dense inclusions. Surrounded by a vacuolated
cytoplasm which contains an accumulation of unusual spherical
structures, which may be due to swelling and rupture of endoplasmic
reticulum cistemae and Golgi apparatus. It is possible to see reticulum
with normal conformation (black arrow) and dilated (white arrow), a large
number of lysosomes (white arowhead or trangle) and some structures
similar to mitochondrias shadows (M*). Neuropilo (white cross) is
completely disorganized and vacuolated (V). From the momphology of
the cells, it seems a neuron with an apparent apical dendrite (AD).
Magnification x4000

become more evident, as well as the difficult identification of organelles
in the neuron’s cytoplasm (black circle), with structures similar to
mitochondrias shadow. However, rough endoplasmic reticulum (black
arrow) and lysosome (L) are observed in apparently normal
conformation. In b it is possible to see the extension of another cell
(white arrowhead or triangle) with apparent microtubules.
Magnifications a x4000; b x10,000; and ¢ *30,000

effects, and consequently, attenuate protein and DNA damage
as our results showed.

Besides reduction of SOD activity, we showed Hcy also
reduced CAT activity in chronic mild hyperhomocysteinemic
rats. Previous studies in our research group, using other
models of hyperhomocysteinemia, have shown the potential
of Hey in reducing the activity of some antioxidant enzymes,
including CAT, in brain structures (Wyse et al. 2002; Matté
et al. 2009a). Milton (2008) relates the high levels of Hey with
the reduction of CAT activity, both characteristics found in
diseases such as Alzheimer’s, diabetes, and atherosclerosis.
He suggests that Hey, even at physiological concentrations,
can act directly on CAT, converting it into its inactive form of
compound II, inhibiting its function of H,O, hydrolysis.
Down-regulation of antioxidants enzymes is related to impair-
ment of detoxification of ROS and, consequently, oxidative
stress (Halliwell 2007). Therefore, it could conduce to biomol-
ecules damage, such as protein and DNA, as shown by our
sulthydryl and comet analysis, respectively. To our knowl-
edge, we showed for the first time that mild hyperhomocys-
teinemia causes genotoxicity by the comet test. Other preclin-
ical and clinical studies corroborate with this finding, showing
DNA damage caused by severe hyperhomocysteinemia
(Picemo et al. 2007; Matté et al. 2009a; Liu et al. 2009;
Vanzin et al. 2014).

In our work, ASA partially prevented SOD activity de-
crease, and CAT activity and immunocontent returned to nor-
mality. Studies have shown that ASA has antioxidant activity,
being able to protect the cells against oxidative/nitrative stress
(Shi et al. 1999; Asanuma et al. 2001; Wu et al. 2002; Tauseef
etal. 2007, 2008). This suggests ASA might reduce oxidative
stress and, consequently, biomolecules damage. In this study,
ASA per se did not alter sulfhydryl levels, but partially
prevented such effect. Regarding DNA, ASA per se increased
DNA index and when it was combined with Hey the DNA
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Fig. 11 Electron micrographs from cercbral conex of Hey+ASA animals.
a At the center of this image, it is possible to see a chamacteristic neuron
with nucleus (N) well defined by karyotheca (C). Surrounded by very
onzanized neuropile (white cross), with apparent dendrites (D), dynamic
densities (black arrow tip) and mydin (black arrow). b, ¢ It is possible o
see organelles integrity, mitochondda (M) with their well-preserved
cristae, as well as external and internal membrane. The rough

damage was partially prevented since the group Hey-ASA was
different from Hey group. Hsu and Li (2002) suggests that in
pharmacological concentrations, ASA inhibits oxidative DNA
damage. More studies are necessary to elucidate the mecha-
nisims of drugs interaction.

Our results showed Hey caused biochemical alterations
and consequently, biomolecules damage. In order to
complete these results, we brought transmission electron
microscopical analysis that showed these changes caused
by Hey leads, at least in part, to the morphological alter-
ations seen in our results. Mild hyperhomocisteinemic
rats exhibited altered neurons with nucleus more
electro-dense, disformed karyotheca, cytoplasm poor in
organelles, non-identified mitochondria, and disorganized
neuropilo. As known, mitochondria are essential to eu-
karyotic cells, working as bioenergetic center. Therefore,
any alteration in mitochondria can impair electron trans-
fer and consequently, maintenance of mitochondrial
membrane potential and ATP synthesis. Furthermore, mi-
tochondrial proteins found in intermembrane space are
able to activate apoptosis, suggesting mitochondrial im-
pairment, as seen in our hyperhomocisteinemic rats, may
be involved with cell death (Wang 2001). In addition,
presence of dark cells with death characteristics were
seen in cerebral cortex of these animals. It is known
Hey induces neurotoxicity which leads to neuronal cell
death, and possibly to neurodegenerative diseases.
However, the cellular mechanisms for this, is not fully
clear (Poddar and Paul 2009; Skovierova et al. 2016).
Hcy has been associated to neuronal cell death via
excitotoxicity, playing as agonist of ionotrophic and
metabotrophic glutamate receptors, indirectly increasing
intracellular calcium levels and activating several kinases
(Obeid and Herrmann 2006; Poddar and Paul 2009;
Boldyrev et al. 2013). As shown in our and other
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endoplasmic reticulum (black arrow) shows cisterns in normal
conformation with presence of ribosomes in its membranes. We can still
see a double membrane of the karyotheca (C) and nucleus (N) with
nomal condensation of chromatin (more electron-dense regions). In b it

is possible to observe a primary lysosome (L) and in ¢ a tertiary lysosome
(L), with electron-dense material inside, and a multivesicular body (BM).
Magnifications a #4000, b and ¢ =30,000

studies, Hey can also induce oxidative stress through
inhibition of antioxidant enzymes, autooxidation, and
other mechanisms (Scherer et al. 2011; Lehotsky et al.
2015). Kruman et al. (2000) suggests that Hey promotes
apoptosis and increases neuronal sensitivity to oxidative
stress and excilotoxicity in vitro and in vivo by inducing
DNA damage associated with activation of polypropyl-
ADP-ribose polymerase and depletion of nicotinamide
adenine dinucleotide, which precedes mitochondrial dys-
function, oxidative stress and caspase activation. ASA
was able to reverl morphological alterations in cortical
neurons induced by Hcy, possibly due to its medical
and antioxidant properties already cited in this work.

In summary, we showed that concurrent ASA administra-
tion totally prevented some Hey effects that, at least in part,
may be due to its medical properties. We suggested that low-
doses of ASA could be used as an adjuvant and/or preventive
therapy in individuals with higher Hey levels. In agreement
with our study, Almeida et al. (2012) correlate the use of ASA
with a reduced risk of depression in older men who present
high blood Hey levels, suggesting that ASA could be an ef-
fective therapy in these cases. However, more studies are nec-
essary to better clarify ASA efficacy in higher levels of Hey.
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4 DISCUSSAO

A hiperhomocisteinemia leve ¢ uma condigdo considerada fator de risco para
doencas neurodegenerativas e vasculares, incluindo isquemia cerebral e cardiaca (Aguilar
et al., 2004; Castro et al., 2006; Troen et al., 2008). A hiperhomocisteinemia leve é
prevalente na populacdo em geral, principalmente em idosos, e suas causas estdo
associadas a fatores fisioldgicos, patolégicos, nutricionais, medicamentosos, hormonais e
habitos cotidianos (Aguilar et al., 2004; Castro et al., 2006; Kulkarni e Richard, 2003;
Lentz, 2005; McCully, 2015; Neves et al., 2004).

O tratamento da hiperhomocisteinemia leve pode ser feito de acordo com sua
causa, incluindo suplementacdo de vitaminas, tratamento de patologias vinculadas a
condicdo, reposi¢cdo hormonal, mudancas de habitos diarios, dentre outros. Além disso,
estudos vém mostrando alternativas de prevencédo e protecdo para as alteracdes causadas
pela Hcy. Estudos com outros modelos de hiperhomocisteinemia mostraram o efeito
protetor do sulfeto de hidrogénio em cérebro (Kamat et al., 2016), do &cido folico em
coracdo (Kolling et al., 2011), da creatina em musculo esquelético (Kolling et al., 2014) e
do &cido quinurénico em células endoteliais (Wejksza et al., 2009).

Longoni et al., (2016) mostrou que a 1,25-dihidroxivitamina D3 (calcitriol)
apresenta efeitos neuroprotetores em fatias de cortex cerebral de ratos adultos em modelo
ex vivo de hiperhomocisteinemia leve. Em um estudo clinico, Almeida e colaboradores
(2012) correlacionaram o uso de ASA com a reducdo do risco de depressdo em idosos
que apresentavam hiperhomocisteinemia, sugerindo que ASA pode ser uma terapia eficaz
nesses pacientes. No modelo animal de hiperhomocisteinemia cronica leve quimicamente
induzida, ASA € o primeiro neuroprotetor testado, visto que esse modelo € mais recente

em Nnosso grupo de pesquisa.
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Sendo assim, o principal objetivo desse estudo foi avaliar se a administracao
intraperitoneal e crénica de uma baixa dose de ASA (25mg/Kg de peso corporal) em
animais submetidos ao modelo quimico de hiperhomocisteinemia leve, era capaz de
prevenir os efeitos da Hcy sobre parametros de inflamacao, estresse oxidativo/nitrativo e
morfoldgicos em cortex cerebral. Sendo o modelo de hiperhomocisteinemia leve utilizado
ja padronizado em nosso grupo de pesquisa, no qual 0s ratos apresentam niveis
plasméticos de Hcy de aproximadamente 30 uM (Scherer et al., 2014, 2011).

Nossos resultados mostraram que os ratos submetidos a administracdo de Hcy
tiveram aumento nos niveis das citocinas pro-inflamatorias IL-6 e IL-1p em codrtex
cerebral e corroboram com outros estudos que mostram que a administracdo de Hcy
aumenta marcadores inflamatorios em cérebro (da Cunha et al., 2010; Da Cunha et al.,
2012; Scherer et al., 2014). McCarty (2000) propds que o aumento nos niveis plasmaticos
de IL-6 esta associado a reducdo nos niveis de vitamina B6 ativa, e consequente reducédo
da atividade enzimatica da CBS, resultando em aumento nos niveis plasmaticos de Hcy.
Outros estudos relacionam o aumento nos niveis plasmaticos de IL-6 com 0 aumento nos
niveis de Hcy (Gori et al., 2005; Holven et al., 2006) e com a patogénese de doencas
vasculares (Lindmark et al., 2001; Ridker et al., 2000; Wainstein et al., 2017). O aumento
nos niveis de IL-6 parece ser um dos mecanismos pelo qual a Hcy exerce seus danos
endoteliais, e ao contrario do que esperavamos, ASA ndo preveniu essa alteracao.

Além da IL-6, a IL-1p também estava aumentada nos ratos
hiperhomocisteinémicos. Estudos sugerem que a Hcy aumenta a sintese de IL-1P
mediante aumento da expressdo de P2X7 e da atividade de NF-kB e ERK em macrofagos
murinos (Zanin et al., 2015). Essa citocina também esta envolvida na patogénese da
aterosclerose (Kirii et al., 2003) e vem sendo mostrada como importante mediadora na

neurodegeneracdo, visto que é induzida em danos cerebrais associados a isquemia,
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excitotoxicidade e trauma (Boutin et al., 2001; Touzani et al., 2002), aléem de ser
encontrada em niveis elevados na doenca de Alzheimer (Li et al., 2000). Mecanismos
para isso incluem o envolvimento da IL-1B na promocdo de um estado inflamatorio e
oxidativo mediante inducdo da transcri¢do de IL-6 (Cahill e Rogers, 2008), aumento da
atividade da AChE neuronal (Li et al., 2000) e aumento da producédo de O, (Jimenez-
Altayo et al., 2005). ASA preveniu parcialmente o aumento de IL-1p.

Mostramos nesse trabalho que a Hcy também esta envolvida com o aumento da
atividade da AChE em cértex cerebral. O aumento da atividade da AChE pode contribuir
para a reducdo da disponibilidade de ACh no cérebro (Moore e O’Banion, 2002). A ACh
€ um neurotransmissor importante nos processos de memoria e aprendizado e sua reducao
estd associada ao dano cognitivo (Schliebs e Arendt, 2006). A ACh também apresenta
propriedades anti-inflamatdrias e sua reducdo contribui para um estado pré-inflamatorio.
Estudos mostram que a ACh inibe a liberacdo das citocinas pro-inflamatdrias TNF, IL-1p
e IL-6 (Tracey et al., 2000) e estimula a liberacdo de NO de maneira concentracao-
dependente (Xu et al., 1996). De uma maneira resumida, a reducédo da disponibilidade de
ACh por causa do aumento da atividade da AChE visto em nossos ratos
hiperhomocisteinémicos, deve ter contribuido, pelo menos em parte, para 0 aumento das
citocinas pro-inflamatérias IL-1p e I1L-6 e para a redugdo da biodisponiblidade de NO
também visto em nossos resultados. ASA foi capaz de prevenir o aumento da atividade de
AChE e preveniu parcialmente o aumento de IL-1p, ambos eventos parecem ter uma
relacdo de causa e efeito, visto que IL-1p aumenta a atividade de AChE que impede a
inibicdo da liberagdo dessa citocina pela ACh. A reducéo da neuroinflamacédo pode aliviar
0s sintomas e minimizar a neurodegeneracdo (Kempuraj et al., 2016). Estudos mostram

que 0 uso prolongado de ASA e outros NSAIDS estdo associados a reducdo do risco de
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Alzheimer, devido aos seus efeitos neuroprotetores (Klegeris e McGeer, 2005; Wang et
al., 2015).

Assim como Scherer et al (2011), os resultados desse trabalho mostraram que
ratos submetidos ao modelo quimico de hiperhomocisteinemia leve apresentaram reducéo
da biodisponibilidade de NO em cértex cerebral. Sabe-se que a reducdo de NO tem
impacto na funcdo vascular, visto que o NO é importante para promover o relaxamento
de vasos sanguineos além de ter propriedades anti-proliferativas e anti-coagulantes
importantes para prevenir a aterosclerose (Ignarro, 2000, 1989). Estudos apontam que
esse seria um dos mecanismos pelo qual a hiperhomocisteinemia exerce seus danos
endoteliais, inclusive com maior sensibilidade em microvasos cerebrais, e que 0 estresse
oxidativo e/ou nitrativo causado pela Hcy, seriam 0s maiores responsaveis por essa
alteracdo (Faraci, 2003; Faraci e Lentz, 2004; Lentz, 2005). Apesar de ASA ndo ter
prevenido a reducdo da biodisponibilidade de NO em ratos hiperhomocisteinémicos,
acreditamos que devido as suas propriedades anticoagulantes, ASA pode ajudar a
prevenir os danos vasculares causados pela Hcy.

O presente trabalho também mostrou que a atividade da enzima antioxidante SOD
foi reduzida em animais hiperhomocisteinémicos. A reducdo na atividade de qualquer
defesa antioxidante contribui para um desbalango entre defesas antioxidantes e producéo
de espécies reativas, o qual é conhecido como estresse oxidativo (Halliwell, 2007). Além
de proteger as células contra as rea¢es danosas do O,, a SOD também parece ser
necessaria para a liberacdo da forma ativa de NO. Por isso, danos na SOD parecem ter
impacto na biodisponibilidade e bioatividade de NO (Migge et al., 1991; Price et al.,
2000). A reducéo da biodisponibilidade de NO esté associada a inativagdo dessa molécula
pelo anion O, para a formagdo do oxidante ONOOQO". Sabe-se que em condicGes de

estresse oxidativo e inflamagdo, mais O, é formado e consequentemente, mais ONOO"
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(Lundberg et al., 2015). Estudos tém demonstrado que 0 ONOO" é capaz de inibir varias
enzimas, mediante nitracdo de residuos especificos de tirosina, e uma das enzimas alvo é
a SOD mitocondrial. Consequentemente, esse mecanismo leva a reducédo da atividade da
SOD, o que resulta em maior disponibilidade de O, para reagir com NO e produzir mais
ONOOQO, sendo que O, e ONOO" sdo responsaveis por provocar danos
oxidativos/nitrativos mitocondriais irreversiveis (Faraci, 2003; MacMillan-Crow et al.,
1996; Yamakura et al., 1998). Nossos resultados sugerem que a Hcy estabelece uma
relacdo de causa e efeito entre a reducdo da biodisponibilidade de NO e atividade da
SOD, e vice-versa. O ASA parece ndo ter acdo pronunciada sobre essas alteracbes em
questdo, mas preveniu parcialmente a reducdo da atividade da SOD.

Além da reducdo da SOD, a hiperhomocisteinemia leve em ratos também causou
a reducdo da atividade e imunocontetido da CAT. Junto com a SOD, a CAT é importante
na detoxificacdo de ERO e na manutencdo da homeostase celular. Estudos anteriores em
nosso grupo de pesquisa, utilizando outros modelos de hiperhomocisteinemia, mostraram
o0 potencial da Hcy em reduzir a atividade de algumas enzimas antioxidantes, incluindo a
CAT, em estruturas cerebrais (Longoni et al., 2016; Matté et al., 2009; Wyse et al., 2002).
Milton (2008) relaciona os elevados niveis de Hcy com a reducdo da atividade da CAT,
ambas caracteristicas encontradas em doengas como Alzheimer, Diabetes e aterosclerose.
Ele sugere que a Hcy, mesmo em concentragdes fisiologicas, pode agir diretamente sobre
a CAT, a convertendo em sua forma inativa de composto Il, inibindo sua fungdo de
hidrolise do H,O,. Em nosso estudo, os ratos induzidos ao modelo de
hiperhomocisteinemia leve e tratados simultaneamente com ASA, tiveram o retorno da
atividade e imunoconteido da CAT para a normalidade. Sugerimos que de alguma forma,
ainda desconhecida, ASA foi capaz de prevenir a inativacdo da CAT. Estudos mostram

que ASA possui atividade antioxidante, eliminando ERO e ERN, sendo capaz de proteger
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as células contra estresse oxidativo/nitrativo (Asanuma et al., 2001; Shi et al., 1999;
Tauseef et al., 2008, 2007; Wu et al., 2002). Também foi mostrado que em baixas doses,
ASA protegeu melandcitos ao induzir a expressdao da enzima antioxidante heme-
oxigenase 1 (HO-1) mediante ativagdo da via Nrf2-ARE (Jian et al., 2016).

Mostramos  algumas  alteracbes nos  parametros inflamatérios e
oxidativos/nitrativos causadas pela Hcy. Como consequéncia, 0s animais submetidos a
hiperhomocisteinemia leve apresentaram dano a proteinas. Uma das possiveis
explicagbes poderia ser a S-nitrosilagdo de grupos tidis das proteinas pelo ONOO
(Forstermann e Sessa, 2012). A S-nitrosilacdo altera a estrutura de proteinas e pode estar
relacionado com a reducdo de grupos sulfidrilas com consequente dano proteico, como
visto nesse trabalho. Outro mecanismo para a modificacdo estrutural de proteinas é a N-
homocisteinilacdo. A N-homocisteinilacdo € uma modificacdo covalente pela Hcy
tiolactona (metabolito da Hcy) que resulta na desnaturacdo de proteinas, inativacao
enzimatica e até formacdo de amildide, estando associada a doencgas neurodegenerativas
(Sharma et al., 2015). Por outro lado, em associacdo com ASA, houve uma prevencao
parcial do dano a proteinas causado pela Hcy.

Mostramos indicacdo de genotoxicidade pelo teste cometa pela primeira vez nesse
modelo de hiperhomocisteinemia leve. O teste cometa avalia o dano ao DNA
cromossémico em relacdo a sua migracdo, que se assemelha a forma de um cometa e é
causada por rupturas na molécula (Speit e Hartmann, 2005). Outros estudos, tanto pré-
clinicos quando clinicos corroboram com esse resultado, mostrando a genotoxicidade
causada pela Hcy (Ho et al., 2002; Kruman et al., 2000; Liu et al., 2009; Matté et al.,
2009; Picerno et al., 2007; Vanzin et al., 2014). Blount et al. (1997) associa o0 dano ao
DNA causado pela Hcy com alteragfes no ciclo de metilagdo do DNA. Possivelmente

parte desse dano deve-se ao estresse oxidativo/nitrativo induzido pela Hcy e possivel
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aumento na producdo de ONOQ", o qual é responsavel por causar quebras na molécula de
DNA (Forstermann e Sessa, 2012). Susan Hsu et al (2002) sugere que em concentragdes
farmacoldgicas, o0 ASA inibe o dano oxidativo do DNA. Em nosso estudo, 0os animais
tratados concomitantemente com ASA e Hcy tiveram o indice de dano ao DNA
parcialmente reduzido quando comparado aos animais hiperhomocisteinémicos sem
tratamento com ASA, porém ASA teve efeito per se no aumento do indice de dano ao
DNA, o qual precisa ser melhor elucidado em estudos posteriores.

Nossos resultados mostraram que 0s ratos submetidos a hiperhomocisteinemia
leve apresentaram alteracBes bioquimicas e, consequentemente, danos as proteinas e
DNA em cértex cerebral. Para completar esses resultados, realizamos analise morfoldgica
do cortex cerebral dos ratos por microscopia eletrbnica de transmissdo. Os ratos
hiperhomocisteinémicos exibiram neurdnios alterados com nudcleo mais eletrodenso,
carioteca disforme, citoplasma pobre em organelas, sendo que as mitocondrias nao foram
claramente identificadas, e o neuropilo estava desorganizado e vacuolizado. Como se
sabe, as mitocdndrias sdo essenciais para as células eucariéticas, atuando como centros
bioenergéticos. Portanto, alteracbes nas mitocondrias podem comprometer a funcdo de
transferéncia de elétrons e consequentemente, a manutencdo do potencial de membrana
mitocondrial e a sintese de ATP. Além disso, no espago intermembranar, sdo encontradas
proteinas mitocondriais capazes de ativar a apoptose, sugerindo que o dano mitocondrial,
como observado em nossos ratos hiperhomocisteinémicos, pode estar envolvido com a
morte celular (Wang, 2001).

Além disso, a presenca de células escuras com caracteristicas de morte celular foi
observada no cértex cerebral desses animais. Sabe-se que a Hcy induz neurotoxicidade
que leva & morte celular neuronal, e possivelmente a doencas neurodegenerativas. No

entanto, os mecanismos celulares ainda ndo estdo totalmente elucidados (Poddar e Paul,
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2009; Skovierova et al., 2016). Hcy foi associado & morte de células neuronais por
excitotoxicidade, agindo como agonista de receptores glutamatérgicos ionotréficos e
metabotroficos, aumentando indiretamente os niveis de calcio intracelular e ativando
varias cinases (Boldyrev et al., 2013; Obeid e Herrmann, 2006; Poddar e Paul, 2009).
Como mostrado no presente e em outros estudos, a Hcy também pode induzir o estresse
oxidativo mediante a inibicdo de enzimas antioxidantes, autooxidacdo e outros
mecanismos (Lehotsky et al., 2015; Scherer et al., 2011). Kruman et al., (2000) sugerem
que a Hcy promove apoptose e aumenta a sensibilidade dos neurdnios ao estresse
oxidativo e a excitotoxicidade in vitro e in vivo, mediante inducdo de dano ao DNA
associado a ativacdo da polimerase de polipropil-ADP-ribose e a deplecdo de
dinucle6tideo de nicotinamida, eventos os quais precedem a disfuncdo mitocondrial, o
estresse oxidativo e a ativacdo das caspases. ASA foi capaz de reverter as alteracfes
morfoldgicas nos neurdnios corticais induzidos por Hcy, possivelmente devido as suas

propriedades medicinais e antioxidantes, e por mecanismos ainda ndo elucidados.
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5 CONCLUSOES

e O modelo cronico de hiperhomocisteinemia leve causou as seguintes alteracdes

em cortex cerebral de ratos Wistar adultos:

v

v

v

v

Aumentou os niveis de citocinas pro-inflamatérias IL-1p e IL-6;
Aumentou a atividade da AChE e ndo alterou imunoconteudo;
Diminuiu os niveis de nitritos;

Diminuiu a atividade da SOD e néo alterou imunocontetdo;
Diminuiu a atividade e imunoconteudo da CAT;

Reduziu o contetdo total de sulfidrilas;

Aumentou o indice de dano ao DNA;

Mudancas ultraestruturais cerebrais.

e O tratamento com ASA concomitante com a administracdo de Hcy em cortex

cerebral de ratos Wistar adultos preveniu os seguintes parametros parcialmente

(P) ou totalmente (T):

v

v

O aumento da citocina pro-inflamatéria IL-1 (P);

O aumento da atividade de AChE (T);

A reducdo da atividade da SOD (P);

A reducdo da atividade e imunocontetdo da CAT (T);
A reducdo do contetdo total de sulfidrilas (P);

O aumento do indice de dano ao DNA (P);

As alteracdes ultraestruturais cerebrais (T).
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e O tratamento com ASA per se em cOrtex cerebral de ratos Wistar adultos:

v" Aumentou o indice de dano ao DNA.

Os resultados do presente estudo sugerem que a hiperhomocisteinemia leve causa
alteracBes em alguns parametros inflamatorios e de estresse oxidativo/nitrativo, as quais
parecem contribuir para os danos as proteinas e DNA observados em cértex cerebral de
ratos Wistar submetidos ao modelo. Essas alteracGes e/ou danos podem induzir mudancas
ultraestruturais, as quais foram observadas nos resultados de microscopia eletrénica de
transmissdo. A administracdo cronica e intraperitoneal de uma dose baixa de ASA (25
mg/Kg) preveniu alguns desses efeitos causados pela hiperhomocisteinemia leve em
ratos. Essa dose deve ser ajustada para humanos visto que cerca de 100% de ASA alcanca
a circulacdo sisttmica mediante administragdo intraperitoneal enquanto que essa
biodisponibilidade de ASA pela administracdo oral (mais utilizada em humanos) é
aproximadamente de 50 a 75% (Lance et al., 2009). Sabendo que a hiperhomocisteinemia
leve € fator de risco para diversas patologias, esses resultados sugerem que baixas doses
de ASA podem ser testadas como opgdes de terapia preventiva e coadjuvante em
individuos com hiperhomocisteinemia. Contudo, mais estudos em outras estruturas
cerebrais e outros testes bioquimicos sdo necessarios para validar e melhor esclarecer a

eficicacia e mecanismos pelos quais 0 ASA exerce seus efeitos neuroprotetores.
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6 PERSPECTIVAS

v Estudar outros parametros bioquimicos, tais como metabolismo energético e

funcéo mitocondrial;
v Avaliar parametros comportamentais;

v Testar efeito neuroprotetor de ASA e outros anti-inflamatorios e/ou antioxidantes.
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8 ANEXOS

8.1 Anexo I - Carta de aprovacao do comité de ética

UFRGS PRO-REITORIA DE PESQUISA 5(, _h UL'J.Q
UNIVERSIDADE FEDERAL Comissio De Etica No Uso De Animais
DO R0 GRANDE DO SUL

CARTA DE APROVACAO

Comissao De Etica No Uso De Animais analisou o projeto:

Numero: 31436

Yhiox Efeito neuroprotetor do acido acetilsalicilico em ratos adultos submetidos ao modedo crdnico de

hiperhomocisteinemia leve
Vigéncia: 30/06/2016 a 30/06/2018

Pesquisadores:
Equipe UFRGS:

ANGELA TEREZINHA DE SOUZA WYSE - coordenador desde 3006/2016
Daniella de Souza Moreira - Aluno de Mestrado desde 30/06/2016

Comisséo De Etica No Uso De Animais aprovou o mesmo , em reunido realizada em
11/07/2016 - SALA 323 DO ANEXO I DO PREDIO DA REITORIA DA UFRGS/CAMPUS
CENTRO/UFRGS, em seus aspectos éticos e metodolégicos, para a utilizagdo de 242 ratos
Wistar, machos, com 30 dias de idade, provenientes do Biotério do Depto de Bioquimica da
UFRGS, de acordo com os preceitos das Diretrizes e Normas Nacionais e Internacionais,
especialmente a Lei 11.794 de 08 de novembro de 2008, o Decreto 6899 de 15 de julho de
2009, e as normas editadas pelo Conselho Nacional de Controle da Experimentagdo Animal
(CONCEA), que disciplinam a produg¢édo, manutengédo e/ou utilizagdo de animais do filo
Chordata, subfilo Vertebrata (exceto o homem) em atividade de ensino ou pesquisa.

Parto Alegre, Sexta-Feira, 29 de Julho de 2016
Mol nll D
g

MARCELO MELLER ALIEVI
Coordenadar da comissao de ética




