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Resumo

SOARES, Mayara Sandrielly Pereira. Investigacdo de alteracdes bioquimicas,
moleculares e comportamentais relacionadas a patogénese da
hipermetioninemia: estudos in vitro e in vivo. 2019. 172. Tese (Doutorado) -
Programa de Pd6s-Graduacdo em Bioguimica e Bioprospecc¢éo. Universidade Federal
de Pelotas, Pelotas, 2019.

A hipermetioninemia € uma desordem metabodlica hereditaria caracterizada por
elevados niveis de metionina (Met) e de seus metabdlitos como a metionina
sulfoxido (MetO). A sintomatologia e os sinais clinicos ainda permanecem pouco
compreendidos, além de serem variados e inespecificos, dificultando o diagndstico e
a escolha da terapia mais adequada. Sendo assim, este estudo teve como objetivo
investigar o efeito de elevadas concentracoes de Met e MetO sobre alteracdes
comportamentais, celulares e moleculares em modelos experimentais in vitro e in
vivo. Nos estudos in vitro foram avaliados os efeitos citotoxicos da exposicdo de
astrocitos corticais a Met (1 e 2 mM), MetO (0,5 mM) e a associacédo de Met (1 e 2
mM) e MetO (0,5 mM). Para o modelo in vivo, utilizou-se um protocolo agudo e um
cronico nos quais os ratos Wistar foram divididos em quatro grupos: | (controle); Il
(Met 0,2 — 0,4 g/kg); Ill (MetO 0,05 - 0,1 g/kg) e IV (associacdo de Met+MetO). Apbds
1 h, 3 h e/lou 21 dias foram avaliados parametros comportamentais, bioquimicos
séricos, neuroquimicos e tromboregulatérios em cérebro, figado, rim, sangue e
plaguetas. Primeiramente foi observado que a administracdo crénica de Met e/ou
MetO alterou parametros bioquimicos séricos como niveis de glicose, triglicerideos,
colesterol total e ureia, além de aumentar a atividade da enzima ALA-D e induzir
estresse oxidativo em figado e rim. Nos protocolos agudo e cronico a Met e/ou MetO
reduziram a atividade das enzimas NTPDase, 5’-nucleotidase e adenosina
deaminase em plaquetas e soro. Ainda, observou-se um aumento da producéo de
espécies reativas de oxigénio e peroxidacao lipidica, diminuicdo dos niveis de
compostos antioxidantes ndo enzimaticos, reducdo da atividade das enzimas
superéxido dismutase, catalase e aumento na atividade da glutationa S-transferase
em plaquetas e soro de ratos submetidos aos protocolos agudo e crénico. Em cortex
cerebral, no protocolo agudo, a Met e MetO induziram estresse oxidativo, diminuiram
a viabilidade celular, causaram dano ao DNA e morte celular por apoptose,
aumentaram a atividade das caspases 3 e 9 e reduziram o potencial de membrana.
No protocolo crénico, Met e/ou MetO induziram prejuizo na memaria espacial e de
curto prazo sem alterar a locomocéo do animais. No cortex cerebral, hipocampo e
estriado Met e/ou MetO induziram estresse oxidativo e aumentaram a atividade da
acetilcolinesterase (AChE). Além disso, no hipocampo houve reducdo da atividade
da Na*,K*-ATPase, dos niveis do fator neurotrofico derivado do cérebro e do niumero
de neurbnios na regido CA3 e giro denteado. Nos astrécitos, observou-se que a Met
e/ou MetO néo alteraram a viabilidade e proliferacdo celular, entretando alteraram a
morfologia dessas células, causaram estresse oxidativo, aumentaram a atividade da
AChE e reduziram a atividade da Na*,K*-ATPase. Além disso, nos astrocitos
tratados com Met e/ou MetO houve uma reducgao na atividade da NTPDase usando
ATP como substrato e da 5-nucleotidase. Por outro lado, houve um aumento na
atividade da NTPDase utilizando ADP como subtrato. Os achados do presente
trabalho demonstraram que a hipermetioninemia é capaz de alterar diversos
mecanismos celulares e moleculares induzindo importantes alteragbes na
homeostase de diferentes tecidos e células, prejudicando aspectos comportamentais



e fisioldgicos. Portanto, essas descobertas podem ser bastante importantes para
auxiliar no diagndstico e futuramente em estudos de possiveis alvos terapéuticos,
como compostos antioxidantes, para pacientes portadores dessa patologia.

Palavras chave: metionina; metionina sulfoxido; astrocitos; plaquetas; encéfalo;
figado; rim



Abstract

SOARES, Mayara Sandrielly Pereira. Investigation of biochemical, molecular and
behavioral changes related to the pathogenesis of hypermethioninemia: in
vitro and in vivo studies. 2019. 172. Thesis (Doctorate)-Programa de Poés-
Graduacdo em Bioquimica e Bioprospeccao. Universidade Federal de Pelotas,
Pelotas, 2019.

Hypermethioninemia is an inherited metabolic disorder characterized by high levels
of methionine (Met) and its metabolites such as methionine sulfoxide (MetO). The
symptoms and clinical signs remain poorly understood, besides being varied and
nonspecific, making it difficult to diagnose and select the most appropriate therapy.
Thus, this study aimed to investigate the effect of high concentrations of Met and
MetO on behavioral, cellular and molecular changes in experimental models in vitro
and in vivo. In the in vitro protocol, the cytotoxic effects of exposure of cortical
astrocytes to Met (1 and 2 mM), MetO (0.5 mM) and the combination of Met (1 and 2
mM) and MetO (0.5 mM) . For the in vivo model, an acute and a chronic protocol
were used in which the Wistar rats were divided into four groups: | (control); 1l (Met
0.2-0.4 g/kg); Il (MetO 0.05 - 0.1 g/kg) and IV (association of Met + MetO). After 1 h,
3 h andlor 21 days, behavioral, serum biochemical, neurochemical and
thromboregulatory parameters were evaluated in brain, liver, kidney, blood and
platelets. First, it was observed that chronic administration of Met and/or MetO
altered serum biochemical parameters such as glucose, triglycerides, total
cholesterol and urea levels, besides increased ALA-D enzyme activity and induced
oxidative stress in liver and kidney. In the acute and chronic protocols Met and/or
MetO reduced the activity of the enzymes NTPDase, 5'-nucleotidase and adenosine
deaminase in platelets and serum. In addition, there was an increase in the
production of reactive oxygen species and lipid peroxidation, reduction of the levels
of non-enzymatic antioxidant compounds, reduction of superoxide dismutase activity,
catalase and increase in glutathione S-transferase activity in platelets and serum of
rats submitted to acute and chronic protocols. In the cerebral cortex, acute
administration of Met and/or MetO induced oxidative stress, decreased cell viability,
caused DNA damage and cell death by apoptosis, increased the activity of caspases
3 and 9 and reduced membrane potential. In the chronic protocol, Met and/or MetO
induced impairment in spatial and short-term memory without altering the animals'
locomotion. In the cerebral cortex, hippocampus and striatum Met and/or MetO
induced oxidative stress and increased acetylcholinesterase (AChE) activity.
Additionally, in the hippocampus there was a reduction of Na*, K*-ATPase activity,
levels of neurotrophic factor derived from the brain and number of neurons in the
CA3 region and dentate gyrus. In the astrocytes, it was observed that Met and/or
MetO did not change cell viability and proliferation, but altered the morphology of
these cells, induced oxidative stress, increased AChE activity and reduced Na*, K*-
ATPase activity. In addition, in the astrocytes treated with Met and/or MetO there was
a reduction in NTPDase activity using ATP as substrate and 5'-nucleotidase. On the
other hand, there was an increase in NTPDase activity using ADP as substrate. The
findings of the present study demonstrated that hypermethioninemia is able to alter
several cellular and molecular mechanisms inducing important alterations in the
homeostasis of different tissues and cells, impairing behavioral and physiological
aspects. Therefore, these findings may be very important to aid in the diagnosis and
future studies of possible therapeutic targets, as antioxidants, for patients with this
pathology.



Keywords: methionine; methionine sulfoxide; astrocytes; platelets; brain; liver;
kidney
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1. INTRODUCAO

Os erros inatos do metabolismo (EIM) sdo alteracbes genéticas as quais
podem se manifestar através da sintese anormal de enzimas (AHRENS-NICKLAS et
al., 2015; EL-HATTAB, 2015; VERNON, 2015). Dentre os EIM mais prevalentes,
estdo as aminoacidopatias, como a hipermetioninemia, a qual é caracterizada pelo
acumulo tecidual e plasmatico do aminoacido metionina (Met) e de seus metabdlitos
como a metionina sulféxido (MetO) (MUDD, 2011; MUDD et al.,, 2001). A
hipermetioninemia pode ter origem genética, como na deficiéncia da enzima
metionina adenosiltransferase (MAT) ou origem nao genética, como na
prematuridade e/ou baixo peso ao nascer. Nessa condi¢do, 0s pacientes podem
apresentar sintomas hepéticos, neuroldgicos, deficiéncia de ferro e zinco e
alteracOes de pele e capilar. Entretanto a fisiopatologia envolvida nesses sintomas
ainda permanece pouco compreendida (MUDD, 2011; MUDD et al., 2001).

Diante disso, estudos tém demonstrado que elevadas concentracfes de Met
e/ou MetO, como as encontradas na hipermetioninemia, podem ser toxicas, além
disso, o estresse oxidativo e o processo inflamatério parecem estar envolvidos em
alteracdes neuronais e ndo-neuronais observadas em modelos experimentais in vitro
e in vivo dessa patologia (SOARES et al., 2018; DOS SANTOS et al., 2017; COSTA
et al., 2013).

Em encéfalo, ja foi relatado que elevadas concentracbes de Met podem
alterar a atividade de enzimas antioxidantes, da acetilcolinesterase (AChE), Na*,K*-
ATPase, induzir peroxidacao lipidica e reduzir o contetdo de importantes lipidios de
membrana (gangliosidios, fosfolipidios e colesterol), além de causar déficit de
memoria em ratos (STEFANELLO et al.,, 2007b; STEFANELLO et al., 2007c). Em
figado, estudos prévios de nosso grupo de pesquisa demonstraram que a exposi¢cao
in vitro e in vivo a Met e/lou MetO modifica a homeostase hepatica por alterar o
estado redox celular, além de promover altera¢gdes histolégicas em figado de ratos
jovens (COSTA et al., 2013; STEFANELLO et al., 2009).

Recentemente, foi demonstrado que a hipermetioninemia in vitro e in vivo
promove um ambiente pré-inflamatorio, através do aumento de interleucina 6 (IL-6),
do fator de necrose tumoral alfa (TNF-a), da proteina C reativa e diminuicdo dos
niveis de interleucina 10 (IL-10) (SOARES et al., 2018, DOS SANTOS et al., 2017).

Além disso, elevadas concentracdes desses aminoacidos sdo capazes de modular a
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atividade de enzimas do sistema purinérgico em linfocitos e macréfagos, bem como
0s niveis dos nucleotideos e nucleosideos de adenina em soro, 0s quais S&o
importantes moduladores dos processos imunes, inflamatérios e tromboregulatérios
(SOARES et al.,, 2018, DOS SANTOS et al.,, 2017). Também alteracbes na
atividades das colinesterases, AChE em linfécitos e butirilcolinesterase (BuChE) em
soro ja foram relatadas associadas a presenca de um ambiente pro-inflamatério em
modelos pré-clinicos de hipermetioninemia (SOARES et al., 2018).

Neste contexto, considerando que muitos mecanismos ainda nao sao
compreendidos em relacdo a fisiopatologia da hipermetioninemia e a fim de dar
continuidade aos estudos do nosso grupo de pesquisa, este trabalho teve por
objetivo avaliar os efeitos da Met e/ou MetO em parametros comportamentais,
neuroquimicos, renais, hepaticos e tromboregulatérios em modelos experimentais in

vitro e in vivo.
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2. OBJETIVOS

2.1 Objetivo geral
Investigar os efeitos de Met e/ou MetO em parametros comportamentais,
neuroquimicos, renais, hepaticos e tromboregulatérios em modelos experimentais in

vitro e in vivo.

2.2 Objetivos especificos

a) Investigar o efeito in vitro do tratamento com Met e/ou MetO em cultura primaria
de astrécitos quanto a viabilidade, proliferacdo e morfologia celular, status redox,

bem como atividade das ectonucleotidases, acetilcolinesterase e Na*,K*-ATPase.

b) Avaliar o efeito do tratamento agudo (1 e 3 h) e cronico (21 dias) com Met e MetO
em cortex cerebral, hipocampo e estriado de ratos jovens quanto a:
e Viabilidade celular, dano ao DNA, tipo de morte celular, atividade das
caspases 3 e 9 e o0 potencial eletroquimico mitocondrial.
e Parametros de estresse oxidativo.
e Atividade locomotora e memoéria espacial, atividades das enzimas
acetilcolinesterase e Na*, K*- ATPase, bem como os niveis do fator
neurotrofico derivado do cérebro.

e Alteracbes na morfologia e no numero de neurbnios hipocampais.

c) Avaliar o efeito do tratamento cronico (21 dias) com Met e MetO em figado e rim
de ratos jovens quanto aos seguintes parametros:
¢ Niveis de glicose, colesterol total, ureia e triglicerideos em soro.

e Parametros de estresse oxidativo.

d) Avaliar o efeito do tratamento agudo (1h e 3h) e crbnico (21 dias) com Met MetO
em plaquetas e soro de ratos jovens quanto:
e Parametros de estresse oxidativo.

¢ Atividade das enzimas do sistema purinérgico em soro e plaquetas de ratos.
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3. REVISAO DA LITERATURA

3.1 Erros Inatos do Metabolismo (EIM)

Os erros inatos do metabolismo (EIM) séo doengas genéticas que envolvem
anormalidades em processos celulares bioquimicos. Majoritariamente, essas
doencas sdo causadas por defeitos enzimaticos que resultam na conversao
insuficiente ou ausente de substratos em produtos. Diante disso, podem surgir
problemas devido & acumulacdo de substancias téxicas, aos efeitos dos compostos
essenciais reduzidos e/ou ao metabolismo alternativo anormal do substrato
(AHRENS-NICKLAS et al., 2015; EL-HATTAB, 2015; VERNON, 2015).

O grande numero de transtornos e a complexidade bioquimica de cada um
dos mais de 500 EIM ja descritos sao pontos desafiadores para o diagndstico clinico
(VERNON, 2015). Nesse sentido, propostas de classificacdo desse grupo de
desordens foram desenvolvidas para auxiliar a categorizacéo e o entendimento dos
EIM, com consequente beneficio para a prética clinica (VERNON 2015).
Fisiopatologicamente, os EIM podem ser classificados de acordo com a area do
metabolismo afetado, subdividindo-se em metabolismo de aminoacidos,
carboidratos, lipidios, glicoproteinas, acidos organicos, lipoproteinas, dentre outros
(EL-HATTAB, 2015; SCRIVER et al., 2001).

Embora os EIM sejam individualmente raros, coletivamente atingem 1:1000
nascidos, sendo que 25% deles apresentam manifestacdes ainda no periodo
neonatal. Na maioria dos casos, 0s recém nascidos sdo saudaveis mas podem
comecar a desenvolver sinais tipicos dessas desordens em horas a dias apds o
nascimento (AHRENS-NICKLAS et al.,, 2015; EL-HATTAB, 2015). Os sinais
geralmente s&o inespecificos e podem incluir ma alimentacdo, dificuldade
respiratéria, letargia ou convulsdes, sendo esses muitos comuns a varias outras
condi¢bes neonatais como sepse e disfuncdo cardiopulmonar (AHRENS-NICKLAS
et al., 2015; EL-HATTAB, 2015). Dentre os EIM, os mais frequentes sao as
aminoacidopatias que envolvem alteragdes no metabolismo dos aminoacidos. Nesse
grupo, destacam-se os EIM do metabolismo dos aminoacidos sulfurados, como a
homocistindria e a hipermetioninemia (SAUDUBRAY et al., 1990).
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3.2 Hipermetioninemia

A hipermetioninemia foi primeiramente relatada associada a deficiéncia da
enzima metionina adenosiltransferase (MAT), a qual € responsavel por catalisar a
reacdo de metabolizacdo do aminoacido metionina (Met) até o seu produto S-
adenosilmetionina (SAM) (MUDD, 2011; MUDD et al., 2001). Embora essa seja a
principal causa de hipermetioninemia isolada e persistente, atualmente outras cinco
alteracdes genéticas ja foram descritas como sendo fatores determinantes para
casos de hipermetioninemia como: deficiéncia da enzima MAT I/lll; homocistinuria
devido a deficiéncia da cistationina beta-sintase; deficiéncia da glicina N-
metiltransferase; deficiéncia de S-adenosil-homocisteina hidrolase; deficiéncia de
citrina; deficiéncia de fumarilacetoacetato hidrolase - tirosemia tipo I. Além disso,
disfuncdes ndo genéticas como baixo peso ao nascer, prematuridade e dieta rica em
Met também estdo relacionadas a essa condicdo (SCHWEINBERGER e WYSE
2016; MUDD, 2011; MUDD et al., 2003). Dados epidemiolégicos mundiais da
hipermetioninemia ainda ndo foram relatados até o momento, entretanto estudos
prévios tém demonstrado que a deficiéncia da MAT I/lll € de um em cada 27.000
recém-nascidos na Peninsula Ibérica (MARCAO et al., 2014).

O gene que codifica a enzima MAT 1A esta localizado no brago longo do
cromossomo 10, e € expresso somente em células hepaticas maduras. As mutaces
nesse gene podem levar a auséncia ou atividade enzimética residual, resultando em
hipermetioninemia plasmética variando de elevacéo leve até grave, podendo atingir
até 2.500 umol/L de Met no sangue, sendo que os niveis normais ficam em torno de
30 pmol/L (MUDD, 2011; CHAMBERLIN et al., 1996). Ademais, outros achados
bioquimicos tém sido encontrados na deficiéncia da MAT e incluem baixos niveis de
SAM, elevacdo de homocisteina, além de aumento da concentracdo de metabdlitos
secundarios da Met, como o metanotiol, sulfeto de hidrogénio e a metionina
sulféxido (MetO) (SCHWEINBERGER e WYSE 2016; MUDD, 2011; CHAMBERLIN
et al., 1996).

Clinicamente, embora a maioria dos pacientes sejam assintomaticos, alguns
podem apresentar sintomas neurolégicos e/ou hepaticos (LU et al., 2008, 2001,
AVILA et al., 2000). Nesse sentido, tendo em vista que a Met € principalmente
metabolizada no figado, os sintomas mais relatados em pacientes

hipermetioninémicos tém sido associados com alteracbes nesse 0Orgdo, como
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esteatose e cirrose (MUDD, 2011). Além disso, € importante ressaltar que a
hipermetioninemia isolada e persistente € capaz causar danos neuroldégicos como
edema, déficit cognitivo, retardo no desenvolvimento psicomotor e desmielinizacéo
cerebral (NASHABAT et al., 2018; MUDD, 2011). Ainda, esses pacientes podem
apresentar sinais clinicos como odor incomum na respiragdo, suor, halito e urina
possivelmente devido ao metabolismo alternativo da Met. Esses sintomas e sinais
clinicos podem ser observados desde a infancia, ainda no periodo neonatal (AVILA
et al., 2000; LU et al.,, 2008, 2001). Entretanto, ndo ha consenso, em relacdo ao
plano de manejo recomendado na literatura para pacientes hipermetioninémicos
(NASHABAT et al., 2018; MUDD, 2011).

O diagndstico da hipermetioninemia pode ser dificultado devido a variacdo de
sinais e sintomas 0s quais sdo bastante inespecificos, no entanto essa patologia
pode ser descoberta ainda nos primeiros dias de vida. Nesse caso, para a
confirmacédo do diagnéstico, muitos dados devem ser considerados como, nivel
plasmatico de Met e envolvimento do sistema nervoso central (SNC), antes de iniciar
o tratamento. Quando os niveis de Met atingem 48 mol/L, pode ser sugestivo para
deficiéncia da MAT, sendo necessario a determinacdo da atividade dessa enzima no
figado. Também, alteragdes nos niveis de SAM e de homocisteina (acima de 59
pmol/L) podem amparar o diagnéstico (CHIEN et al., 2005; COUCE et al., 2008;
SUAREZ et al., 2010).

As modalidades de tratamento utilizadas sao a dieta com restricdo de Met e a
suplementacdo com SAM (S-adenosilmetionina dissulfato tosilato) em doses de 400
a 800 mg, duas vezes ao dia (NASHABAT et al., 2018; CHIEN et al., 2005; MUDD,
2011). A suplementacdo com SAM tem como objetivo melhorar ou prevenir os
sintomas neuroldgicos associados ao processo de desmielinizacdo no SNC. No caso
de pacientes assintomaticos, ndo é necessario abordagem terapéutica, mas o
monitoramento constante da doenca € essencial para prevencdo de aparecimento
dos sinais e sintomas (CHIEN et al., 2005; COUCE et al., 2013, 2008).

Cabe salientar que embora importantes avangcos na identificagcdo dos
sintomas associados a hipermetioninemia tenham sido identificados nos ultimos
anos, esses continuam pouco compreendidos. Além disso, essa € uma doenca que
nao tem cura e cuja abordagem terapéutica é bastante limitada, principalmente
devido ao pouco conhecimento quanto a sua patogénese. Portanto, estudos cujos

objetivos sdo identificar e entender possiveis alteracbes e seus mecanismos na
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hipermetioninemia se tornam extremamente relevantes. Nesse sentido, modelos
experimentais utilizando animais sédo de extrema importancia, uma vez que podem
auxiliar de maneira significativa no entendimento dos mecanismos fisiopatolégicos
frente a elevadas concentracbes de Met e/ou MetO como as encontradas na
hipermetioninemia.

Estudos envolvendo elevadas concentracfes plasméticas da Met ja foram
realizados e demonstraram que esse aumento pode levar a alteracdes prejudiciais
em alguns 6rgaos como encéfalo e figado, bem como favorecer um ambiente pro-
inflamatério. Em cérebro de ratos submetidos a modelos agudos e cronicos de
hipermetioninemia também j& foi relatado a presenca de estresse oxidativo,
caracterizado por aumento da peroxidacdo lipidica e alteracdo na atividade de
enzimas antioxidantes tanto em cortex cerebral quanto em hipocampo, alteracdes
na atividade de enzimas acetilcolinesterase (AChE) e Na*,K*-ATPase, reducéo do
contetdo de gangliosideos, fosfolipideos e colesterol e diminuicdo do nimero de
neurdnios (SCHWEINBERGER et al.,, 2018; STEFANELLO et al., 2007a, 2007b,
2007c, 2005). Também ja foram descritas alteracbes em marcadores de dano
oxidativo e histologicos em figado de ratos jovens submetidos ao modelo de
hipermetioninemia (COSTA et al., 2013; STEFANELLO et al., 2009).

Além das alteracbes cerebrais e hepdaticas, recentemente, também foi
demonstrado que a Met e MetO tanto in vitro quanto in vivo sdo capazes de induzir
um ambiente proé-inflamatério através do aumento de interleucina-6 (IL-6), do fator
de necrose tumoral alfa (TNF-a), de proteina C-reativa e reducéo da interleucina-10
(IL-10), bem como alteragdes em enzimas envolvidas na modulagdo do sistema
imune e inflamatério como AChE em linfécitos e butirilcolinesterase (BUChE) em
soro, além de alteracbes em enzimas envolvidas na sinalizacdo purinérgica em
macréfagos e linfécitos (SOARES et al., 2018; DOS SANTOS et al., 2017).

Levando-se em consideragdo 0 exposto pode-se destacar que: (1) a
hipermetioninemia é uma condicdo com sintomas variados e inespecificos cuja
fisiopatologia ainda é pouco compreeendida o que dificulta o diagndstico precoce e a
instituicdo de terapia apropriada, (2) que essa € uma doenca rara € que nao tem
cura, (3) que pode afetar de maneira significativa a qualidade e a expectativa de
vida, (4) que a principal caracteristica bioquimica dessa patologia é o acumulo da
Met e de seus metabdlitos como a MetO, (5) e que estudos prévios do Nosso grupo

ja demonstraram que elevadas concentragcfes plasmaticas de Met e MetO causam
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vérias alteracdes em diferentes 6rgdos e células. Todos esses aspectos constituem
argumentos que embasam a justificativa de realizar estudos que visem investigar
possiveis mecanismos relacionados com a patogénese da hipermetioninemia.
Ademais, considerando que essa é uma doenca neurometabdlica sdo necessarios
estudos que abordem o impacto dessa em componentes mais especificos do SNC, a
fim de auxiliar na deteccdo precoce e também de novas terapias especificas

objetivando melhorar a qualidade de vida dos portadores desse EIM.

3.3 Hipermetioninemia e Estresse Oxidativo

A Met é um aminoacido essencial para o crescimento e desenvolvimento
saudaveis de mamiferos (PRUDOVA et al., 2005). Por ser um aminéacido sulfurado, a
Met é especialmente sensivel a processos oxidativos mediados por espécies
reativas de oxigénio (ERO), sendo o principal metabdlito formado a partir desta
reacao de oxidacado, a MetO (Figura 1), a qual também pode sofrer oxidagdo dando
origem a metabdlitos com potencial toxico, como a metionina sulfona e o &cido
homocisteico (MARTI’NEZ et al., 2017; LIANG et al., 2012; ZHAO et al., 2012;

MUDD, 2011; LEVINE et al., 2000).
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Figura 1: Oxidacdo da Metionina a Metionina Sulféxido (Adaptado BERG et al., 2012).

A presenca de elevadas concentracbes de MetO tem sido associada a
doencas neurodegenerativas e com a perda da atividade biolégica de proteinas
(SUZUKI et al., 2016; MOSKOVITZ, 2014). Além disso, o0 aumento nas
concentracbes de MetO pode acarretar na sua oxidacdo irreversivel a metionina
sulfona, desbalanceando o ciclo oxidag&o/reducdo da Met que constitui um sistema
endogeno com capacidade local antioxidativa (MOSKOVITZ, 2014; KOC e
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GLADYSHEV, 2007; STADTMAN, 2004). Nesse sentido, considerando a intrinseca
relacdo da Met e MetO com a manutengdo do balango redox (Figura 2), a
investigacdo do mesmo frente a elevadas concentracdes desses aminoacidos se

torna interessante.
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Figure 2: llustragdo esquemética da manutengdo celular da homeostase redox. A cadeia de
transporte de elétrons das mitocondrias (CTE), o complexo NADPH oxidase (NOX) ligado a
membrana e o reticulo endoplasmatico (ER) séo as trés principais fontes intracelulares de espécies
reativas de oxigénio (ERO). O anion superdxido (O27) € a principal forma de ERO e pode ser
rapidamente convertido em peréxido de hidrogénio (H202) pelas superéxido dismutases (SODs) ou,
alternativamente, formar peroxinitrito (ONOO-) através da reacdo com o 6xido nitrico (NO¢). O H20:2
pode ser catalisado para radical hidroxila (HO") na presenca de ions Fe?* ou Cu?* ou ser convertido
em H20 e O pela catalase (CAT), glutationa peroxidase (GPx) ou peroxirredoxinas (Prx). Vitamina C
(Vit C); Vitamina E (Vita E); NOS, oxido nitrico sintase; GR, glutationa redutase; GSH, glutationa
reduzida; GSSG, glutationa oxidada.
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Cabe salientar que o desbalanco da homeostase redox € denominado de
estresse oxidativo, o qual é caracterizado por um desequilibrio entre compostos pro-
oxidantes e antioxidantes podendo assim causar danos irreversiveis as biomoléculas
e levar a disfuncéo celular e tecidual (LJUBISAVLJEVIC, 2016; GONSETTE, 2008).
Em contrapartida, 0 organismo possui um mecanismo antioxidante composto por
sistemas ndo enzimaticos como as vitaminas e a glutationa e enzimas enddgenas,
como a superoxido dismutase (SOD), que catalisa a dismutacdo de radicais
superéxido em peroxido de hidrogénio (H202), que pode ser degradado pela
catalase (CAT) e glutationa peroxidase (GPx) (BO et al., 2015; LOWE 2014).
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Considerando que a Met e a MetO sdo aminoacidos sulfurados sensiveis a
oxidagdo, véarios estudos tém associado o estresse oxidativo com diversas
alteracdes encontradas em modelos experimentais de hipermetioninemia. Além
disso, tem sido demonstrado também que Met e MetO sdo capazes de alterar tanto
a producdo de espécies oxidativas como a atividade de enzimas antioxidantes
(STEFANELLO et al., 2011, 2009, 2007; COSTA et al., 2013; DOS SANTOS et al.,
2017) (Tabela 1).

Tabela 1: Parametros de estresse oxidativo avaliados em diferentes modelos experimentais

de hipermetioninemia.

Autor/ano Modelo Tecido Resultado
. Aumenta peroxidacao lipidica
Lyncggeggtram Dieta rica em Met Figado Reduz atividade da SOD
Aumenta a atividade da CAT e GPx
Mori e . . . Aumenta peroxidacao lipidica e GSH
Hirayama 2000 Dieta rica em Met Figado Aumenta a atividade da GPx e da CAT
Luetal., 2001 Deficiéncia da MAT Figado Reducdo de GSH e de GSSG
Martinez- Aumenta peroxidacao lipidica
Chantar et al.,  Deficiéncia da MAT Figado q peroxi dg P
2002 Reduz niveis de GSH
Stefanello et al., Hipermetioninemia Figado Aumir;tigsﬁgégig%?gtgipélg|ca €
2009 cronica in vivo Reduz atividade da CAT e GPx
. Aumenta peroxidacao lipidica
Ya{li?lnl;gzg et Dieta rica em Met Figado Reduz niveis de GSH
" Reduz atividade da GST e da GPx
In vitro reduz ERO e aumenta a atividade
Hipermetioninemia e SO0 O e
Costa et al., per L . In vivo reduz ERO e peroxidacgéao lipidica e
in vitro e in vivo Figado . ; :
2013 agudo altera niveis de tios totais
9 In vivo reduz a atividade da CAT e aumenta
atividade da SOD
Stefanello et al., Hipermetioninemia . Aumenta peroxidacao lipidica
S Hipocampo Reduz capacidade antioxidante ndo
2005 in vitro S
enzimatica
Hipermetioninemia
Stefanello et al., P . idacao linfdi
2007 agud_a e cronica Hipocampo Aumento da peroxidacao lipidica
in vivo
Schweinberger  Hipermetioninemia Cérebro Reduc¢é&o do contetdo tidlico total
etal., 2014 gestacional in vivo Diminui¢édo na atividade de CAT
Schweinberger  Hipermetioninemia Musculo Aumento d? ERO.e e pgromdac;gq pfeltez)
etal., 2015 gestacional in vivo esquelético Redugao cE tios totais & SE Miffioe
" Reducéo da atividade de SOD e CAT
Dos Santos et Hipermetioninemia . Reducédo de ERO
Macrofagos

al., 2017

in vitro

Reducéo da atividade da SOD e CAT
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Nesse sentido, considerando que o estresse oxidativo estd envolvido na
fisiopatologia de diversas doencas tanto neuronais como n&o neuronais, em
conjunto com a intrinseca relagdo da metabolizacdo da Met e MetO com a
manutencdo do estado redox, além dos diversos achados ja relatados da presenca
do estresse oxidativo com a hipermetioninemia, a investigacdo do envolvimento dos
pardmetros envolvidos nessa condigcdo € de extrema importancia para auxiliar no
entendimento das alteracdes clinicas encontradas em pacientes

hipermetioninémicos.

3.4 Sinalizac&o Purinérgica

Além das alteracbes de estresse oxidativo observadas em modelos
experimentais, recentemente, também foi demonstrado que a Met e MetO, tanto in
vitro quanto in vivo, sdo capazes de induzir um ambiente pré-inflamatério através do
aumento de IL-6, do TNF-a, de proteina C-reativa e reducdo da IL-10, bem como
alteracdes em enzimas e moléculas envolvidas na modulacdo do sistema imune e
na sinalizacdo purinérgica em macréfagos e linfécitos (SOARES et al., 2018; DOS
SANTOS et al., 2017).

O sistema purinérgico é constituido por nucleotideos e nucleosideos como
trifosfato de adenosina (ATP), difosfato de adenosina (ADP), monofosfato de
adenosina (AMP) e adenosina (ADO) que sdo as moléculas que medeiam a
sinalizacdo purinérgica, os transportadores dessas moléculas, os receptores pelos
quais esses nucleotideos e nucleotideos exercem seus efeitos e as
ectonucleotidases que sdo as enzimas que modulam a concentracdo dessas
moléculas no meio extracelular (YEGUTKIN, 2008) (Figura 4).

E bem estabelecido na literatura que o ATP, ADP e ADO s&o importantes
moléculas sinalizadoras em varios tecidos e em diversos processos biolégicos
(YEGUTKIN, 2008). O ATP é um neurotransmissor excitatorio nas sinapses
nervosas purinérgicas, podendo ser também coliberado juntamente com outros
neurotransmissores como a acetilcolina (ACh) e a noradrenalina (PUCHALOWICZ et
al., 2015; BURNSTOCK, 2006; GIBB e HALLIDAY, 1996), enquanto que a ADO age
na neuromodulacdo regulando a liberacdo de varios neurotransmissores
(PUCHALOWICZ et al., 2015; DUNWIDDIE e MASINO, 2001). Ademais, tem sido

demonstrado que estas moléculas também estdo envolvidas na sinaptogénese, na
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plasticidade neuronal e na proliferacdo de células gliais (PUCHALOWICZ et al.,
2015; RATHONE et al.,, 1999). Além disso, o ATP também possui funcdes proé-
inflamatorias como a estimulacao e a proliferacdo de linfécitos, sendo essencial para
a liberacdo de citocinas pro-inflamatérias (DI VIRGILIO e VUERICH, 2015;
BURNSTOCK e BOEYNAEMS, 2014; BOURS et al., 2006). Por outro lado, a ADO
tem potentes atividades anti-inflamatorias e imunossupressoras por inibir a
proliferacdo de células T e a liberacédo de citocinas pro-inflamatérias (GESSI et al.,
2007). O ADP é um importante agonista estimulador de plaguetas, e por isso
alteragbes na sinalizagdo induzida por esta molécula tem sido associada com a
patogénese de doencas tromboregulatérias (BURNSTOCK e RALEVIC 2013;
BURNSTOCK, 2015).

A sinalizacdo induzida por essas moléculas é regulada pela acdo de enzimas
como NTPDases (ecto-nucleosideo trifosfato difosfohidrolases), NPPs (ecto-
nucleosideo pirofosfatase/fosfodiesterases), ecto-5-nucleotidase e adenosina
deaminase (ADA). A NTPDase € uma ectoenzima capaz de hidrolisar nucleosideos
tri- e difosfatados, como o ATP e o ADP, até seu respectivo nucleosideo
monofosfatado AMP (ZIMMERMANN, 2001). O AMP formado é posteriormente
hidrolisado pela acdo da 5 -nucleotidase até ADO, a qual é degradada pela acéo da
ADA em inosina (ROBSON et al., 2006; YEGUTKIN, 2008; PHILLIS, 1991). Sendo
assim, a atividade dessas enzimas € essencial para a manutencdo dos niveis
normais dessas moléculas no meio extracelular.

Nos ultimos anos, o papel dessas enzimas tem sido avaliado em varias
doencas demonstrando que elas podem ser importantes alvos terapéuticos em
muitas situacfes patologicas. Ademais, estudos preliminares demonstraram que Met
e MetO induzem um ambiente pré-inflamatorio em macréfagos in vitro e em linfGcitos
in vivo e que essa condi¢do correlacionou-se positivamente com alteracdes na
atividade das ectonucleotidases seguido de um desbalanco dos niveis dos
nucleotideos e nucleosideos de adenina (SOARES et al., 2018; DOS SANTOS et al.,
2017). Esses dados sugerem que alteracdes na sinalizagdo purinérgica podem

contribuir para complicacdes presentes na hipermetioninemia.
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3.4.1 Plaguetas e Sistema Purinérgico

As plaquetas sdo importantes células anucleadas com formato discoide
provenientes dos megacariocitos e que desempenham funcgdes fisioldgicas cruciais
para a manutencdo da hemostasia (HOLINSTAT, 2017; YUN et al., 2016). Além
disso, participam centralmente da coagulacdo sanguinea juntamente com 0s vasos
sanguineos, fatores de coagulagéo e o sistema fibrinolitico. Ademais, essas células
também atuam nos processos inflamatérios e de cicatrizacdo (JENNE e KUBES,
2015). As plaquetas sdo metabolicamente ativas com numerosas organelas
funcionais, uma ampla gama de receptores, moléculas de adesdo, enzimas de
membranas e numerosos granulos (GREMMEL et al., 2016). A fungdo hemostatica
dessas células inicia-se com a rapida ligacdo aos vasos sanguineos danificados,
agregando-se em seguida para formar trombos e prevenir o sangramento excessivo.
Por outro lado, as plaquetas ativadas também podem se agregar no local da ruptura
da placa aterosclerética ou erosdo das células endoteliais, estimulando a formacéo
de trombos e promovendo a aterosclerose (HOLINSTAT 2017; GREMMEL et al.,
2016; YUN et al., 2016; JENNE e KUBES 2015).

Um dos principais sistemas envolvidos na ativagdo e/ou redugédo da
agregacao plaquetaria é a sinalizacdo purinérgica. Os nucleotideos e nucleosideos
de adenina podem ser liberados para o meio extracelular em diversas condicdes
patolégicas. Além disso, o ATP e ADP sao liberados de granulos densos durante a
ativacao plaquetéaria e propagam interacdes entre as plaguetas. A ADO, por sua vez,
ndo € conhecida por estar presente nas plaquetas, mas € gerada no espaco
extracelular a partir de ATP e ADP por duas ectonucleotidases, NTPDase 1 (CD39)
e 5 -nucleotidase (CD73), as quais estao presentes tanto nas superficies endotelial
guanto plaquetaria (KOUPENOVA e RAVID, 2018; BURNSTOCK, 2017; YUN et al.,
2016; JONES et al., 2014; KUNAPULI et al.,2003).

Além disso, ATP, ADP e ADO desempenham as suas funcdes através das
duas classes de purinoreceptores, o receptores do tipo P1 para ADO, e P2 para ATP
e ADP. Os receptores P1 incluem quatro receptores acoplados a proteina G, sendo
gue dois deles (A2A e A2B) ativam a adenilil ciclase e geram AMP ciclico (AMPc), e
os outros dois (A1A e A3) inibem essa enzima impedindo a formacdo de AMPc
(KOUPENOVA e RAVID, 2018; BURNSTOCK, 2017; YUN et al., 2016; JONES et al.,



30

2014; KUNAPULI et al., 2003). Nas plaquetas, o principal receptor P2 presente € o
A2A, o qual quando ativado pela ADO, medeia a funcdo plaquetéria através da
ativacado da adenilil ciclase que leva a um aumento dos niveis de AMPc que por sua
vez leva a uma reducao da agregacao plaquetaria. Também, a ativacdo do A2A, via
adenilil ciclase, inibe o aumento mediado pela trombina nos niveis de célcio
intracelular, levando a reducéo da fungéo plaquetéria (KOUPENOVA e RAVID, 2018;
BURNSTOCK, 2017; JONES et al., 2014; KUNAPULI et al., 2003).

Quanto aos receptores P2, estes sdo subdivididos em dois grupos, P2X e
P2Y, e nas plaquetas sao representados pelo receptor i6nico ativado por ATP
(P2X1) e os receptores acoplados a proteina G ativados por ADP (P2Y1 e P2Y12). A
ativacdo do receptor P2X1 pelo ATP ndo medeia a agregacdo plaquetaria; no
entanto, ele pode amplificar a agregacdo mediada pelo ADP através do receptor
plaguetario P2Y1 (KOUPENOVA e RAVID, 2018; BURNSTOCK, 2017; JONES et al.,
2014; KUNAPULI et al., 2003). O P2Y12 é o receptor mais importante para a
agregacao plaquetéria, e quando ativado por ADP, leva a inibicdo da adenilil ciclase.
Um dos mecanismos pelos quais o AMPc reduz a agregacao plaguetaria envolve a
ativacdo da proteina cinase A (PKA) que leva a fosforilagdo e inibicdo do aumento
do célcio mediado pelo receptor do inositol 1,4,5-trifosfato (IP3) do sistema tubular
denso. Niveis reduzidos de AMPc tém o efeito oposto ao IP3 e consequentemente
aumentam o célcio intracelular (KOUPENOVA e RAVID 2018; BURNSTOCK 2017,
JONES et al., 2014; KUNAPULI et al., 2003).

Por fim, o segundo nivel de regulagcdo da propagacdo da sinalizacdo
purinérgica nas plaquetas é mediado pelas ectonucleotidases. As plaquetas
possuem toda a cascata enzimatica responsavel pela hidrélise dos nucleotideos e
nucleosideos de adenina demonstrando, dessa forma, que essas possuem papel
essencial para a manutencdo, propagacao ou terminacdo da sinalizacdo induzida
por essas moléculas (KOUPENOVA e RAVID, 2018; BURNSTOCK, 2017; JONES et
al.,, 2014; KUNAPULI et al.,, 2003). Além das ectonucleotidases presentes na
membranas das plaguetas, essas enzimas nas suas formas solUveis encontradas no
soro, bem como as presentes nas células endoteliais dos vasos sanguineos tambéem
podem contribuir para regulacdo da sinalizacdo purinérgica (BURNSTOCK, 2017)
(Figura 3). Muitos estudos tém relatado a importancia da atividade dessas enzimas
na fisiopatologia de diversas doencgas, principalmente as relacionadas com processo

inflamatorios e disturbios na funcdo plaquetaria. No entanto, a funcao das plaquetas
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bem como o papel das ectonucleotidases na fungéo plaguetéria ainda néo tinha sido

relatado na hipermetioninemia.
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Figura 3: Participacdo dos componentes da sinalizacdo purinérgica na ativagdo ou inibicdo da
agregacao plaquetéria. As plaquetas sédo estimuladas por uma variedade de agonistas, incluindo
adenosina difosfato (ADP). Trifosfato de adenosina (ATP) e adenosina (ADO) no meio extracelular
também sdo capazes de modular varios efeitos no sistema vascular interagindo com receptores
especificos em plaquetas. A membrana plaguetéria expressa uma cascata de ectoenzimas composta
de trifosfato de nucleosideo fosfohidrolase (NTPDases), 5'-nucleotidase e adenosina deaminase
(ADA) as quais sdo responsaveis pela hidrolise dos nucleotideos e nucleosideos de adenina. O
peréxido de hidrogénio pode interagir no processo de ativacdo das plaquetas através de possiveis
danos oxidativos na membrana dessas células.

3.4.2 Astrocitos e Sistema Purinérgico

Por muitos anos estendeu-se a ideia de que a principal funcdo dos astrocitos
era dar suporte estrutural passivo aos neurdnios. Entretanto, desde a descoberta
inicial da ampla gama de fun¢@es astrogliais, os astrécitos cimentaram a sua posi¢ao
como determinantes e cruciais para o funcionamento neuronal adequado (VASILE et
al., 2017; SICA et al.,, 2016; SOFRONIEW e VINTERS, 2010). Os astrocitos séo
células especializadas da glia, e sdo as células gliais de maior tamanho e nimero no
SNC. Morfologicamente sdo células estreladas com nucleo grande, ovoide ou
ligeiramente irregular com cromatina frouxa e nucléolo central. No citoplasma esta

presente a proteina fibrilar glial (GFAP) que sao filamentos exclusivos dessas
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células. Os astrocitos comunicam-se uns com 0s outros por junc¢des gap (VASILE et
al., 2017; SICA et al., 2016; SOFRONIEW e VINTERS, 2010).

Atualmente ja é bem estabelecido que os astrdcitos sao participantes diretos
dos circuitos e processamento cerebrais, e exibem um amplo espectro de funcdes
em nivel celular, tais como formacdo, maturacdo e eliminacdo de sinapses,
homeostase ionica, eliminacdo de neurotransmissores, regulacdo do volume do
espaco extracelular e modulacdo da atividade e plasticidade sinaptica. Além disso,
foi demonstrado que estdo envolvidos na geracdo de ritmo e padrbes de rede
neuronal (VASILE et al., 2017; SICA et al., 2016; SOFRONIEW e VINTERS, 2010).
A incrivel variedade de processos nos quais o0s astrocitos estdo envolvidos sugere
gue uma mudanca em suas caracteristicas ira alterar sua contribuicdo para as
funcdes neuronais.

Além disso, os astrocitos respondem a todas as formas de danos e doencas
do SNC com uma variedade de potenciais alteracdes na expressao génica, estrutura
celular e funcional. Tais respostas sdo comumente referidas como astrogliose
(LIDDELOW e BARRES, 2017). As modificacdes sofridas pelos astrécitos reativos
variam com a gravidade do insulto ao longo de um gradativo continuo de alteracdes
progressivas na expressao molecular, hipertrofia celular e, em casos graves,
proliferacdo e formacéo de cicatriz (SOFRONIEW, 2015; PEKNY e PEKNA, 2014).
As alteracbes da astrogliose reativa sdo reguladas de maneira especifica por
moléculas sinalizadoras inter e intracelulares. Também tém o potencial de alterar as
atividades dos astrdcitos tanto pelo ganho quanto pela perda de fun¢gdes que podem
afetar tanto benéfica quanto prejudicialmente as células neurais e nao neurais
adjacentes (COLOMBO e FARINA, 2016; SOFRONIEW, 2015; PEKNY e PEKNA,
2014).

Sabe-se que danos agudos e crénicos no SNC liberam grandes quantidades
de ATP, podendo atingir niveis na faixa de milimolar, o qual pode se ligar nos
receptores P2X e P2Y localizados nos astrécitos. A ativagdo dos receptores P2X7 e
PY1 e 2 nos astrécitos estéo intrinsicamente relacionados com o inicio da astrogliose
(FRANKE e ILLES, 2014; BURNSTOCK, 2013, 2007). O ATP liberado pode atuar
em poucos minutos como uma molécula excitotoxica; em uma escala de tempo
maior, em poucos dias, causar neuroinflamagdao (CISNEROS-MEJORADO 2015;
FRANKE e ILLES, 2014) (Figura 4).
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Por outro lado, embora geralmente a ADO seja produzida pela quebra ecto-
enzimatica do ATP, podem haver subpopula¢des de neurdnios e/ou astrocitos que
liberam ADO diretamente no meio extracelular através de proteinas de transporte de
nucleosideos de equilibrio 1 e/ou 2 (ENT1, ENT2) (ILLES e VERKHRATSKY, 2016;
CISNEROS-MEJORADO, 2015; CHU et al., 2014; FRANKE e ILLES, 2014;
BURNSTOCK, 2013, 2007). A ADO exerce efeito contrario ao ATP, agindo como
anti-inflamatodria e imunossupresora através da sua interacdo com os receptores P1,
gue desempenham um papel importante na neuromodulacédo pré-sinaptica. Ambos
0S receptores P1 e P2 participam nas interagdes neuro-gliais. A sinalizacdo
purinérgica estd surgindo como um dos principais meios de integrar a atividade
funcional entre os neurdnios, células gliais e vasculares no SNC (CISNEROS-
MEJORADO 2015; FRANKE e ILLES, 2014; BURNSTOCK, 2013, 2007) (Figura 4).
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Figura 4: Componentes da sinalizacdo purinérgica nos astrocitos. Os astrocitos possuem todos os
componentes do sistema purinérgico incluindo receptores P2Y e P2X para trifosfato de adenosina
(ATP) e adenosina difosfato (ADP) e receptores P1 para adenosina (ADO). Além disso, a membrana
dessas células expressa uma cascata de ectoenzimas composta de trifosfato de nucleosideo
fosfohidrolase (NTPDases) que convertem ATP e ADP em monofosfato de adenosina (AMP), que por
sua vez é hidrolisado via 5'-nucleotidase em ADO e adenosina deaminase (ADA), que é responsavel
pela desaminacéo irreversivel de ADO em inosina.

Cabe salientar que os astrécitos expressam em sua membrana toda a
cascata de ectoenzimas que pertencem ao sistema purinérgico como, as NTPDases,
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E-NPPs, fosfatases alcalinas, ecto-5—nucleotidase e ADA (BURNSTOCK 2013,
2007) (Figura 4). Vuaden et al. (2014) demonstraram em um modelo experimental
de hipermetioninemia, utilizando Zebrafish, que a Met é capaz de diminuir a
atividade da NTPDase, e por outro lado, aumentar a expressao das NTPDase 1, 2 e
3 no cérebro desses animais. Além disso, os mesmos autores relataram um
aumento na expressao dos receptores de ADO Al e A2A (VUADEN et al., 2014).
Com base na importancia do sistema purinérgico no SNC, associado as evidéncias
de que a Met altera alguns componentes do sistema purinérgico no cérebro, a
investigacdo dos efeitos das Met e/ou MetO sobre a sinalizagdo purinérgica nos
astrocitos se torna extremamente relevante para o entendimento dos aspectos

fisiopatoldlogicos dessa desordem.

3.5 Sinalizacao Colinérgica

Um dos primeiros achados relatados em modelos experimentais de
hipermetioninemia foram as altera¢gfes na atividade da enzima AChE em cérebro de
ratos seguido de alteracdes cognitivas (STEFANELLO et al., 2007). Essa é uma
enzima que pertence ao sistema colinérgico e é de extrema importancia
principalmente para o processo de aprendizado e memoéria. Entretanto, a AChE
possui varios outros papeis no SNC, como ativacao glial, diferenciacdo poés-
sinaptica, adesao celular e ativacdo de neurbnios dopaminérgicos (SILMAN e
SUSSMAN, 2005).

O sistema colinérgico inclui a sinalizacdo mediada pela ACh e abrange todo o
processo de sintese, armazenamento, transporte e degradacdo dessa molécula
(Figura 5). A ACh além de ser um neurotransmissor classico, € uma molécula que
também pode ser liberada por células ndo neuronais como os linfocitos (PICCIOTTO
et al., 2012; BECKMANN e LIPS, 2013). No SNC, a ACh age como neuromodulador
envolvido em processos comportamentais, de cogni¢cdo, aprendizado, memoria e
atencao. No sistema nervoso periférico desempenha um papel de neurotransmissor
excitatorio promovendo ativacdo dos musculos (PICCIOTTO et al., 2012). Em
relacdo ao sistema colinérgico ndo neuronal, uma das principais funcdes € a

modulagdo das respostas imunes e inflamatérias (BECKMANN e LIPS, 2013).
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A sintese da ACh ocorre a partir de colina e acetilcoenzima A em uma reacao
catalisada pela enzima colina acetiltransferase. A ACh age através dos seus
receptores muscarinicos e nicotinicos presentes na membrana das células
(PICCIOTTO et al.,, 2012; BECKMANN e LIPS, 2013). Por fim, a acdo da ACh é
modulada pela a¢ao das colinesterases: AChE e butirilcolinesterase (BuChE). Essas
enzimas sdo constituintes ubiquos e diferenciam-se basicamente quanto a
distribuicdo tecidual, propriedades cinéticas, especificidade por substratos e por
inibidores seletivos (DAS, 2007).

A AChE é a principal enzima moduladora dos niveis de ACh no meio
extracelular uma vez que é responsavel pela hidrélise dessa molécula em acetato e
colina. E uma glicoproteina classificada como homomeérica com sitio ativo composto
por uma triade catalitica formada por residuos de aminoacidos serina (Ser-200),
histidina (His-440) e glutamato (Glu-327) (DAS, 2007; POHANKA, 2014). A AChE
esta presente majoritariamente no SNC, no entanto é encontrada em eritrocitos,
linfécitos e plaquetas. Um aumento na atividade da AChE ja foi observado em
diversas patologias e sao relacionadas com alteracées em parametros inflamatorios
(DAS, 2007; POHANKA, 2014). Além da funcao catalitica, a AChE possui diversas
outras fungcées como a sua capacidade de neuritogénese, funcao sinaptogénica e de
adesdao celular, ativacdo de neurbnios dopaminérgicos, além de possuir atividades
hematopoiéticas e trombopoiéticas (SILMAN e SUSSUMAN, 2005).

A BuUChE é uma colinesterase capaz de hidrolisar outros ésteres de colina
além da ACh. E sintetizada pelo figado e possui uma distribuicdo tecidual ampla
podendo ser encontrada no soro, pancreas, coracdo, células hematopoiéticas e SNC
(DAS, 2007). Estruturalmente a BUChE € similar a AChE, tendo no seu sitio ativo
uma triade catalitica contendo os aminoacidos histidina, acido glutamico e serina o
qual é essencial para a atividade catalitica (JOHNSON e MOORE, 2012). Também é
encontrada em diferentes formas moleculares como mondémeros (G1) e oligdbmeros
(G2), as quais sao simétricas, hidrofilicas e sollveis enquanto que a forma
tetramérica (G4) pode ser assimétrica e ancorada a membrana (JOHNSON e
MOORE, 2012). Quanto a funcéo fisiolégica da BUuChE, ainda néo foi completamente
esclarecida entretanto nos ultimos anos o seu papel vem sendo alvo de estudos em
condi¢cdes de inflamacdo sistémica de baixo grau, além de desordens neuronais

associadas a disfungfes imune inflamatorias (DAS, 2007).
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Estudos envolvendo modelos animais de hipermetioninemia demonstraram
um estado proé-inflamatério, associados a mudancas no sistema colinérgico. Schulpis
et al. (2006) demonstraram que Met, in vitro, é capaz de aumentar a atividade da
AChE em hipocampo. Posteriormente, Stefanello et al. (2007) relataram que
administragao cronica de Met em ratos Wistar aumenta a atividade da AChE no
cortex cerebral associada a uma disfuncdo cognitiva. Mais recentemente, estudos
mostraram que a exposicdo a longo prazo ao Met causa um aumento importante na
atividade da AChE no cérebro de Zebrafish associado a déficit de memoria
(VUADEN et al., 2012). Nos astrécitos, foi relatado que a injecdo de AChE no
cérebro induz hipertrofia dos astrocitos de hipocampo (CHACON et al., 2003).

Alguns pesquisadores correlacionaram o aumento da atividade da AChE com
a neuroinflamacédo (SCHERER et al., 2014), o que também pode estar relacionado
aos efeitos patogénicos encontrados na hipermetioninemia. Assim, considerando a
intriseca relacdo do sistema colinérgico com o processo inflamatério e com a
modulacdo de importantes fungcdes no SNC como aprendizado, memaria, controle
no fluido cerebral e dos movimentos torna-se importante a investigacdo das enzimas

envolvidas na degracdo da ACh frente a elevadas concentragbes de Met e MetO.

3.6 Na* K*-ATPase

A enzima Na*,K*-ATPase, também conhecida como bomba de so6dio e
potassio, € acoplada a membrana e a sua principal funcdo € a manutencdo do
equilibrio idnico regulando a entrada de potasio (K*) com a saida de sodio (Na*) das
células (ARNAIZ e ORDIERES, 2014) (Figura 5). Um desbalanco na atividade dessa
enzima pode causar uma despolarizacdo neuronal com a entrada de célcio (Ca?*),
promovendo liberacdo de neurotransmissores e desequilibrio osmoético com
consequente prejuizo funcional (ARNAIZ e ORDIERES, 2014; ZHANG et al., 2013).
A modulagéo da atividade da Na*",K*-ATPase afeta diretamente a transmissao e
plasticidade sinaptica, e o processo de aprendizado e memdéria (MOSELEY et al.,
2007; ZHANG et al., 2013; PETRUSHANKO et al., 2016).

A Na*,K*-ATPase possui trés subunidades: a, B e y, sendo a subunidade a a
catalitica, e a responsavel pela troca de ions Na* e K*. Também é na subunidade a
aonde se encontra o sitio de ligagdo para o ATP (ARNAIZ e ORDIERES, 2014). A

subunidade B é a responsavel por regular a atividade e a estabilidade



37

conformacional da subunidade a e a subunidade y desempenha uma fungao
reguladora de forma tecido-especifica (ARNAIZ e ORDIERES, 2014). A subunidade
a apresenta quatro diferentes isoformas: a1, a2, a3 e a4. Dessas, trés isoformas séo
expressas no cérebro: a al é encontrada em varios tipos celulares do SNC; a a2 é
predominantemente expressa em astrocitos; e a a3 € expressa apenas em
neurénios (MOSELEY et al., 2007).

Stefanello et al. (2005) demonstraram que in vitro a Met é capaz de inibir a
atividade da Na*,K*-ATPase em homogenatos de hipocampos (STEFANELLO et al.,
2005). Mais tarde, em um modelo experimental in vivo, observou-se que a
adminstracdo cronica de Met é capaz de inibir a atividade da Na*,K*-ATPase em
cortex cerebral e hipocampo de ratos jovens (STEFANELLO et al., 2007a, 2007b).
Recentemente, Schweinberger et al., (2016) demonstraram que altos niveis de Met
inibiram a atividade da Na*,K*-ATPase mas néo alteraram a expressao desta enzima
em cérebro da prole de ratas submetidas ao modelo experimental de
hipermetioninemia gestacional (SCHWEINBERGER et al., 2016). No entanto, os
efeitos do metabolito MetO ainda ndo foram investigados. Além disso, esse é um
importante alvo de estudo nessa patologia uma vez que um dos principais sintomas
neurologicos relatados € o edema cerebral, o qual é bastante relacionado com
disfuncéo na atividade da Na*,K*-ATPase (ARNAIZ e ORDIERES, 2014).
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3.7 Fator neurotrofico derivado do cérebro (BDNF)

O fator neurotréfico derivado do cérebro (BDNF) é membro de uma familia
polipeptidica de fatores de crescimento, as neurotrofinas que desempenham um
papel crucial nos processos de proliferacdo, diferenciagdo, sobrevivéncia e morte
celular de neurbnios e células ndo neuronais (SONG et al., 2017). Os papeis
neurobiolégicos do BDNF séo essenciais desde o processo de desenvolvimento do
SNC até a fase adulta, durante o qual desempenha um amplo espectro funcional
como regulacdo de conexdes sinapticas, estrutura sinaptica, liberacdo de
neurotransmissores e plasticidade singptica (SONG et al., 2017).

O BDNF ¢é secretado na sinapse, pelos neurbnios pré-sinapticos, e
posteriormente a sua liberacdo leva a ativacdo da cinase B do receptor de
tropomiosina (TrkB) e consequentemente as suas cascatas de sinaliza¢cdo, as quais
contribuem para eventos de transcricdo génica criticos para plasticidade sinaptica e
funcdo cognitiva (SASI et al., 2017; SONG et al., 2017). Nesse sentido, o BDNF e
sua cascata de sinalizacdo séo fatores reguladores nos processos de aprendizagem
e memoria, inclusive um grande numero de desordens no neurodesenvolvimento,
neurodegenerativa e neuropsiquiatrica sdo caracterizadas por anormalidade na
plasticidade sinaptica associada com déficits nos niveis e funcbes do BDNF
(HEMPSTEAD, 2015; COHEN-CORY et al., 2010).

Portanto, muita atencao tem sido direcionada ao BDNF para entendimento de
mecanismos neurofisiopatolégicos de diversas doencas, uma vez que a sinalizacao
especifica induzida por essa proteina é considerada como uma estratégia
interessante para estimular a plasticidade neuronal e sinaptica para potenciais
tratamentos protetores e funcionalmente restauradores para distlrbios neurolégicos
e psiquiatricos (SASI et al., 2017; SONG et al., 2017; HEMPSTEAD 2015). Sendo
assim, esse é um relevante alvo de estudo na hipermetioninemia, uma vez que
alteracdes cognitivas sdo relatadas associadas a falta de tratamento especifico,
principalmente por desconhecimento dos exatos mecanismos envolvidos

patogénese dessa desordem.
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4. RESULTADOS

Os resultados que fazem parte desta tese estdo apresentados sob a forma de
trés artigos e dois manuscritos. As sec¢fes materiais e métodos, resultados,
discussdo e referéncias encontram-se nos préprios artigos e manuscritos e
representam a integra deste estudo.

Os itens discussdo e conclusdes que se encontram no final desta tese
apresentam interpretacfes e comentarios gerais sobre os artigos contidos nesse
trabalho.

As referéncias sdo referentes apenas as citagcbes que aparecem nos itens
introducéo, revisao de literatura e discussao da tese.

Os artigos e 0s manuscritos estéo estruturados de acordo com as revistas as

quais foram publicados ou submetidos.
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Abstract High levels of methionine (Met) and methionine
sulfoxide (MetO) are found in several genetic abnormali-
ties. Oxidative stress is involved in the pathophysiology
of many inborn errors of metabolism. However. little is
known about the role of oxidative damage in hepatic and
renal changes in hypermethioninemia. We investigated the
effect of chronic treatment with Met and/or MetO on oxi-
dative stress parameters in liver and kidney, as lipid per-
oxidation (TBARS), total sulfhydryl content (SH). reactive
oxygen species (ROS) and enzymes activities superoxide
dismutase (SOD), catalase (CAT), glutathione peroxidase
(GPx) and delta aminolevulinic dehydratase (ALA-D).
Serum biochemical parameters were evaluated. Wistar rats
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were treated daily with two subcutancous injections of
saline (control), Met (0.2-0.4 g/kg), MetO (0.05-0.1 g/kg)
and the association between these (Met plus MetO) from
the 6th to the 28th day of life. Our data demonstrated an
increase of glucose and urea levels in all experimen-
tal groups. Cholesterol (MetO and Met plus MetO) were
decreased and triglycerides (MetO) were increased. SOD
(MetO and Met plus MetO) and CAT (Met, MetO and
Met plus MetO) activities were decreased, while GPx was
enhanced by MetO and Met plus MetO treatment in liver.
In kidney, we observed a reduction of SH levels, SOD
and CAT activities and an increase of TBARS levels in all
experimental groups. ROS levels in kidney were increased
in MetO and Met plus MetO groups. ALA-D activity was
enhanced in liver (MetO and Met plus MetO) and kidney
(Met plus MetO). These findings help to understand the
pathophysiology of hepatic and renal alterations present in
hypermethioninemia.

Keywords Methionine - Methionine sulfoxide - Oxidative
stress - Delta aminolevulinic dehydratase

Introduction

Methionine (Met) is a sulfur-containing essential amino
acid which participates in the biosynthesis of important
molecules such as S-adenosylmethionine (SAM) (Finkel-
stein 1990). Met is a direct target of reactive oxygen spe-
cies (ROS) and is highly oxidation-susceptible resulting
mainly in free and protein-bound methionine sulfoxide
(MetO) (Moskovitz 2014). The biological effect of high
levels of MetO has not been fully clarified. but its presence
is associated with the loss of biological activity protein
{Lee and Gladyshev 2011).
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High plasma levels of Met and MetO are found in several
genetic disorders mainly in methionine adenosyltransferase
(MAT) VIl deficiency, which causes persistent hyperme-
thioninemia (Hirabayashi et al. 2013; Mudd 2011). Hyperme-
thioninemic patients have exhibited neurological alterations
often associated with brain myelination abnommalities (Couce
et al. 2013). Hepatic disorders, such as cirrhosis and steatosis,
have also been found at high levels of Met and MetO (Avila
et al. 2000; Mudd 2011).

It is well known that oxidative stress is an imbalance between
pro-oxidants and antioxidant compounds which can cause irre-
versible damage to biomolecules and lead to cell dysfunction
(Gonsette 2008: Ljubisavljevic 2016). The organism has the
antioxidant machinery which is composed for non-enzymatic
systems and endogenous enzymes such as superoxide dis-
mutase (SOD) that catalyzes the dismutation of superoxide radi-
cals to hydrogen peroxide, which can be degraded by catalase
(CAT) and glutathione peroxidase (GPx) (B6 et al. 2015; Lowe
2014; Finkel and Holbrook 2000). In addition, delta aminole-
vulinic acid dehydratase (ALA-D) is a metalloenzyme which
participates in heme biosynthesis and can be used as a marker
sensitive to oxidative stress (Folmer et al. 2003). Therefore,
studies have shown that this enzyme is a marker protein of oxi-
dative stress because it is thiol-dependent and is highly sensitive
to SH oxidation (Valentini et al. 2008).

Oxidative stress contributes 1o pathogenesis of several
hepatic and renal diseases (Li et al. 2015; Ha et al. 2010,
Nair et al. 2010). We demonstrated previously that chronic
exposure to Met induces oxidative stress and promotes his-
tological changes in the liver of young rats (Stefanello et al.
2009). In addition, Costa et al. (2013) showed that acute
administration of Met and/or MetO alters oxidative stress
parameters, such as thiobarbituric acid reactive substances
(TBARS), total thiol content and enzymatic antioxidant
defenses. However, the effect of chronic administration of
MetO and the association of Met and MetO on redox status
in the liver and especially kidney are still unknown.

Since there is evidence that high plasma levels of Met
and MetO, as found in hypermethioninemic patients,
can be toxic, the aim of this study was to investigate the
effect of the chronic administration of Met and/or MetO on
ALA-D activity, levels of TBARS, total sulfhydryl content
(SH). ROS production and on the activity of antioxidant
enzymes SOD, CAT and GPx in liver and Kidney of young
rats. Serum biochemical parameters were also evaluated.

Materials and methods
Chemicals

Methionine, methionine sulfoxide, epinephrine. thiobarbitu-
ric acid, 5.50-dithiobis (2-nitrobenzoic acid) were purchased
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from Sigma Chemical Co. (St. Louis, MO, USA). Trichlo-
roacetic acid and hydrogen peroxide were purchased from
Synth® (Brazil). All other reagents used in the experiments
were of analytical grade and the highest purity.

Animals

Wistar rats were obtained from the Central Animal House
of the Federal University of Pelotas, Pelotas, RS, Brazil.
The animals were maintained in a controlled temperature
environment (22 & 1 °C) on a 12/12 h light/dark cycle in
colony room. Food (commercial chow) and water were
provided ad libitum to the animals. All animal procedures
were approved by the Committee of Ethics and Animal
Experimentation of the Federal University of Pelotas, Bra-
zil under protocol number: CEEA 3527.

Treatment with methionine and/or methionine sulfoxide

Twenty-four rats, male and female, were used for chronic
treatment. They were divided into four groups (n = 6
each): Group | (Control/saline), Group Il (treated with
Met), Group III (treated with MetO) and Group IV (treated
with Met plus MetO). Met and MetO were dissolved in
0.9 % NaCl solution and were administered by subcutane-
ous injection twice a day at 8 h intervals between injections
from the 6th to the 28th day of life as described by Ste-
fanello et al. (2007a, b). During the first 8 days of treatment
(6th to 14th day of life) the animals from group II received
0.2 g/kg body weight of Met and group Il received 0.05 g/
kg body weight of MetO. From the [5th to the 21st day
group Il received 0.3 g/kg body weight of Met and group
T received 0.075 g/kg body weight of MetO and from
the 22nd to the 28th day group II received 0.4 g/kg body
weight of Met and group II1 received 0.1 g/kg body weight
of MetO. Group IV received the combination of Met plus
MetO at the same concentration according to week and
control animals (group I) received saline solution in the
same volume applied to the other groups (Fig. 1). The
doses of Met and MetO administered were based on studies
by Stefanello et al. (2007a, b) and Costa et al. (2013).

Serum preparation

Blood was collected without anticoagulant and immedi-
ately centrifuged at 2500g for 15 min at room temperature.
The serum was stored at —80 °C for further biochemical
analysis,

Tissue and homogenate preparation

All animals were submitted to cuthanasia 21 days after
treatment and liver and kidney were quickly dissected. For
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Experimental protocol

Approval by the Ethics Committee

Protocol number 3527
l 6th 14th 215t 28th
day of life day of life day of life day of life

G | | 1

Control (saline) Control (saline) Control (saline)

Met (0.29/kg) Met (0.3g/Kg) Met (0.49/kg)
MetO (0.05g/kg) MetO (0.075g/kg) MetO (0.1g/kg)
Met (0.2g/kg) plus MetO (0.08g/kg) Met (0.3g/kg) plus MetO (0.075g/kg) Met (0.49/kg) plus MetO (0.1g/kg)
v
Euthanasia

ROS, SH, TBARS quatification in the liver and kidney
S0D, CAT, GPx, ALA-D activity In the liver and kidney

Serum preparation
Tissue dissected and
homogenate preparation

Biochemical profile in the serum

Blochemical analysls {

Fig. 1 Experimental protocol of Met and/or MetO administration

analysis of oxidative stress parameters, both tissues were
homogenized in sodium phosphate buffer pH 7.4 contain-
ing KCI (1:10, w/v). The homogenates were centrifuged at
2500g for 10 min at 4 °C. The pellet was discarded and the
supernatant was separated and used for biochemical deter-
mination. For ALA-D assay, the samples were placed on
ice and homogenized for 10 min in 50 mM Tris-HC1 pH
7.4 (1710, w/v). The homogenate was centrifuged at 2000g,
at4 °C for 10 min to yield the low speed supernatant that
was used for ALA-D assay.

Biochemical analysis in serum

Glucose, total cholesterol, triglycerides (TAG) and urea
were determined in serum using commercially available
kits (Labtest” and Bioclin).

Oxidative stress parameters in liver and kidney

Thiobarbituric acid reactive substances (TBARS)
quantification

TBARS levels were determined as described by Esterbauer
and Cheeseman (1990). For the test, homogenates were
mixed with trichloroacetic acid (10 %) and thiobarbituric
acid (0.67 %) and were incubated in a dry block at 100 °C
for 30 min. The result was a pink organic layer and TBARS
levels were determined by the absorbance at 535 nm.
Results were reported as nmol of TBARS per mg protein.

Total sulfhydryl content quantification
Total sulfhydryl content was measured according to Akse-

nov and Markesbery (2001) which is based on the reduc-
tion of DTNB by thiols, which in turn, becomes oxidized

(disulfide) generating a yellow derivative (TNB) whose
absorption is measured spectrophotometrically at 412 nm.
Briefly, homogenates were added to PBS buffer pH 7.4
containing EDTA. The reaction was started by the addition
of 5,5'-dithio-bis(2-nitrobenzoic acid) (DTNB). Results
were reported as nmol TNB per mg of protein.

Reactive oxygen species (ROS) quantification

The ROS formation was determined according to Ali et al.
(1992), with some modifications. In this assay, the oxida-
tion of dichloro-dihydro-fluorescein diacetate (DCFH-DA)
to fluorescent dichlorofluorescein (DCF) was measured for
the detection of intracellular RS. DCF fluorescence inten-
sity emission was recorded at 525 and 488 nm excitation
60 min after the addition of DCFH-DA to the medium.
ROS levels were expressed as pmol/g of tissue.

Superoxide dismutase (SOD) activity

Total SOD activity was measured by the method described
by Misra and Fridovich (1972). This assay is based on the
inhibition of superoxide dependent adrenaline auto-oxi-
dation to adenochrome in a spectrophotometer adjusted at
480 nm. The intermediate in this reaction is superoxide,
which is scavenged by SOD. One SOD unit was defined as
the enzyme amount to cause 50 % inhibition of adrenaline
autoxidation. The specific activity of SOD was reported as
units per mg of protein (U/mg of protein).

Catalase (CAT) activity
CAT activity was assayed by the method of Aebi (1984).

The decomposition of 30 mM H,0, in 50 mM potassium
phosphate buffer (pH 7.0) was continuously monitored
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Table 1. Glucose. total Groups Glucose (mg/dl)  Total cholesterol (mg/dl)  Triglycerides (mg/dl)  Urea (mg/dl)
cholesterol, tnglycenides and
urca’lfs(':s in .recmm of young Control 963+ 34 440424 2624+ 08 40011 £ 44
rats 21 days after treatment ; ) 5 X
e i TNCD i Met 1192 + 4.9+ 436+ 1.1 322+29 75.1 £56
methionine sulfoxide (MetO) MeatO 118.5 &+ 1.6%* 377k 1.1* 38.0 & 1.8* 75.0 & 7.4%
Met 4+ MetO 128.6 4 2,0%e» 39044 £ 24" 332428 88.7 4 10.3*

Values are expressed as mean = SEM. All biochemical parimeters were expressed as mg/dl
*P <005, * P <001, *** P <0001 different from the control group (n = 5-6)

with a spectrophotometer at 240 nm for 180 s in a thermo-
stat (37 “C). One unit of the enzyme is defined as | nmol of
hydrogen peroxide consumed per minute and the specific
activity was reported as units per mg protein.

Glutathione peroxidase (GPx) activity

GPx activity was measured using a commercial kit (RAN-
SEL™; Randox Lab, Antrim, UK). GPx catalyzes glu-
tathione (GSH) oxidation by cumene hydroperoxide. In the
presence of glutathione reductase (GR) and NADPH the
oxidized Glutathione (GSSG) is immediately converted to
the reduced form with a concomitant oxidation of NADPH
to NADP". The decrease in absorbance at 340 nm was
measured. The specific activity of GPx was reported as
units per mg of protein,

Delta Aminolevulinic acid dehvdratase (ALA-D) activity

Hepatic and kidney ALA-D activity was assayed according
1o the method of Sassa (1982) by measuring the rate of por-
phobilinogen (PBG) formation, except that in all enzyme
assays the final concentration of ALA was 2.2 mM. An ali-
quot of 200 pl of liver sample was incubated for 30 min at
37 °C. The reaction was stopped by the addition of 250 !
of trichloroacetic acid (TCA). The reaction product was
determined using modified Ehrlich’s reagent at 555 nm.
ALA-D activity was expressed as nmol porphobilinogen
(PBG) mg/protein/h.

Protein determination

Protein was determined by the method of Lowry et al.
(1951) using bovine serum albumin as standard,

Statistical analysis

Statistical analysis was done using GraphPad Prism 5 soft-
ware. Data were analyzed by analysis of variance (one-way
ANOVA) followed by Tukey post hoc test for multiple
comparison and P < 0.05 was considered to represent a sig-
nificant difference in the analysis. All data were expressed
as mean =+ standard error (SEM).
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Results
Serum biochemical parameters

First, we determined the effect of Met and/or MetO after
chronic administration on serum biochemical parameters
(Table 1). The glucose levels were significantly enhanced in
the Met (F 3 53, = 10,98, P <0.01), MetO (F 3 53, = 10.98,
P < 0.01), and Met plus MetO(F 3,3, = 10.98, P < 0.001)
groups when compared to the control group (Table I).
Additionally, it was observed that total cholesterol was
decreased in the animals treated with MetO and Met plus
MetO (Fi3 4y = 65, P < 0.05). Also, we observed an
increase in the TAG levels caused by MetO administration
(Fi324 = 395, P < 0.05). Urea levels were significantly
increased in all experimental groups (Met, MetO and Met
plus MetO) (F ; ,,, =4.27, P <0.05).

Oxidative stress parameters in liver

The levels of TBARS, total SH content and ROS in the
liver of young rats 21 days after treatment with Met and/
or MetO did not change (Fig. 2a, b). The activity of anti-
oxidant enzymes was assayed in liver of rats subjected
to chronic administration of Met and/or MetO. The SOD
activity was significantly reduced in liver of young rats
treated with MetO (F 5 5, = 14.87, P < 0.05: Fig. 3a) and
association of Met plus MetO (F 3 5, = 14.87, P < 0.001:
Fig. 3a). In addition, a decrease in CAT activity was
observed in Met (F 1, = 13.45, P <0.01; Fig. 3b), MetO
(Fi350, = 1345, P < 0.001; Fig. 3b) and Met plus MetO
(Fi3 30, = 1345, P < 0.001; Fig. 3b) groups when com-
pared to the control group. However, GPx activity was
enhanced in liver of young rats 21 days after administration
of MetO (F35g, = 18.99, P < 0.05: Fig. 3¢) and associa-
tion of Met plus MetO (F 1 5, = 18.99, P <0.001; Fig. 3c).

Oxidative stress parameters in kidney

An increase in TBARS values was observed in all experi-
mental groups, Met (F y 5, = 4.90, P < 0.05; Fig. da),
MetO (F 5 5 = 490, P < 0.05; Fig. 4a) and Met plus
MetO (Fjy 55 = 4.90, P < 0.01; Fig. 4a) when compared
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Fig. 2 TBARS (a), total sulfhydryl content (b) and ROS (¢) lev-
els in liver of young rats 21 days after treatment with methionine
(Met) and/or methionine sulfoxide (MetO). Values are expressed
as mean = SEM (n = 4-6). TBARS levels were reported as nmol
TBARS per mg protein, thiol content as nmol TNB per mg protein
and ROS were expressed as pmol/g of tissue

o the control group. Besides, a decrease in total sulfhy-
dryl content was observed in the kidney of young rats
treated with Met (F ; »,, = 7.36, P < 0.05; Fig. 4b), MetO
(F(3.20) = 7.36, P < 0.05; Fig. 4b) and association of Met
plus MetO (Fi3 5y, = 7.36, P < 0.01; Fig. 4b). ROS levels
in Kidney also were increased in MetO (Fy 4, = 10.63,
P < 0.,05; Fig. 4¢) and Met plus MetO (F 5 9, = 10.63,
P < 0.01; Fig. 4¢) groups compared to the control group.

In the kidney, alterations were also observed in antioxi-
dant enzyme activities. First, a reduction was observed in
SOD activity in Met (F4 5, = 5.53, P < 0.05: Fig. 5a),

MetO (F 3.5, = 5.53, P < 0.05; Fig. 5a) and association of

Fig.3 Superoxide dismutase (a), catalase (b) and glutathione peroxi-
dase (e) activities in liver of young rats 21 days after treatment with
methionine (Met) and/or methionine sulfoxide (MetO). Bars repre-
sent mean == SEM. CAT, SOD and GPx activities were reported as
units per mg protein, * P < 0,05, ¥+ P < 0,01, * P < 0,001 different
from the control group (n = 4-6)

Met plus MetO (F; 5, = 5.53, P < 0.05; Fig. 5a) groups
when compared to the control. Furthermore, there was also
decreased CAT activity in Kidney of rats treated with Met
(Fi3.20) = 9.16, P < 0.05: Fig. 5b) MelO (F5 54, = 9.16,
P < 0.01; Fig. 5b) and Met plus MetO (F 3.5, = 9.16,
P <0.001; Fig. 5b). GPx activity in kidney was not affected
by chronic administration with Met and/or MetO (Fig. 5c¢).

ALA-D activity in liver and Kidney
Finally, liver ALA-D activity presented a significant

increase in MetO (F 3 54 = 12,32, P < 0.05:; Fig. 6a) and
association of Met plus MetO (F; 5y, = 12.32, P < 0.001;
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Fig. 4 TBARS (a), total sulfhydryl content (b) and ROS (¢) lev-
cls in kidney of young rats 21 days after treatment with methionine
(Met) and/or methionine sulfoxide (MetO). Values are expressed as
mean = SEM. TBARS levels were reported as nmol TBARS per
mg protein, thiol content as nmol TNB per mg protein and ROS as
pmol/g of tissue. * P < 0,05, ** P < 0.01, *** P < 0,001 different
from the control group (n = 4-6)

Fig. 6a) when compared to the control group. In Kidney,
ALA-D activity was enhanced only by Met plus MetO
(F104, =579, P<0.01; Fig. 6b).

Discussion

Persistent hypermethioninemia is a metabolic disorder
that can lead to serious brain and peripheral tissues injury
which are still poorly understood (Mudd 2011). In vitro
and in vivo (acute treatment) studies from our research
group demonstrated that a high concentration of Met and/
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Fig.5 Catalase (a0), superoxide dismutase (b) and glutathione peroxi-
dase (¢) activities in kidney of young rats 21 days after treatment with
methionine (Met) and/or methionine sulfoxide (MetO). Bars repre-
sent mean = SEM. CAT, SOD and GPx activitics were reported as
units per mg protein. * P <005, ** P<0.01, *** P < 0.00] diffcrent
from the control group (n = 4-6)

or MetO modifies liver homeostasis by altering the redox
cellular state (Costa et al. 2013). In addition, it was dem-
onstrated that chronic administration of Met promotes
histological alterations and oxidative damage, and also
alters serum biochemical parameters (Stefanello et al.
2009).

It is known that patients with liver cirrhosis have
decreased SAM biosynthesis due to the expression of
MATIA and lower hepatic MAT activity (Mato and Lu
2007). Sanchez-Roman and Barja (2013) demonstrated
that Met restriction increases longevity in rodents because
decreased mitochondrial ROS production at complex I and
restriction of all the dietary amino acids except Met do not
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g 15+ A LDL-cholesterol (Hidiroglou et al. 2004). After that, we
° observed an increase in blood urea levels in all groups,
E- ek which was expected since urea is a substance produced in
AL e the liver as a result of the metabolism of amino acids such

3 g as Met and/or MetO. Furthermore, urea in the blood helps
g 5 - to assess renal function because it is a substance filtered by
& the kidneys (Enns 2008).

E Results of the current study also showed that Met and/
& 0 or MetO lead to renal and hepatic oxidative changes. We
) 5 Z ' demonstrated that chronic treatment of these compounds

Comrot, MO N eewed significantly reduced SOD and CAT activities in the liver,

= which could result in an accumulation of superoxide and
T 518 hydrogen peroxide radicals, since the antioxidant enzymes

g 4 :l: are involved in the detoxification of these species. The

° increase in GPx activity observed in the liver could be

b g’ a1 — due to decreased CAT activity with consequent accumula-

;2 2- tion of hydrogen peroxide. This result might explain the
g normal ROS Jevels found in the liver and consequently
; Ly homeostasis in TBARS and total SH content. In accord-

g 0- ance with our results, Stefanello et al. (2009) demonstrated
= T T y T that chronic administration of Met decreased CAT activity
Control  Met MotO  Meot+MetO

Fig. 6 ALA-D wctivity in liver (a) and kidney (b) of young rats
21 days after treatment with methionine (Met) andfor methionine
sulfoxide (MctQ). Bars represent mean = SEM. ALA-D activity was
expressed as nmol porphobilinogen (PBGYW mg protein, * P < 0.05,
P <001, *** P <0.001 different from the control group (n = 6)

modify mitochondrial ROS production, or oxidative dam-
age to mtDNA (Sanchez-Roman and Barja 2013),

In the present study we evaluated the chronic adminis-
tration of Met and/or MetO on liver and Kidney oxidative
damage parameters and metabolic markers in the serum
of young rats. Our results showed that glucose levels were
significantly higher in all animals treated with Met and/
or MetO, which may be due to the increased production
of glucose from amino acids in gluconeogenesis. Yet it is
known that high levels of glucose may cause an increased
production of ROS from mitochondria (Yu et al. 2011).
The results showed decrease in total cholesterol in animals
treated with MetO and Met plus MetO and an increase in
the TAG levels caused by MetO administration. MetO can
be reduced by reductases to Met and the increase of this
amino acid in the bloodstream may lead to acetyl-CoA
production and subsequent increase of TAG levels in the
MetO group. As regard cholesterol levels, although we
cannot establish the mechanism involved in this reduc-
tion, our findings are in agreement with previous data
from our rescarch group demonstrating a reduction in the
concentration of cholesterol in rat brain (Stefanello et al.
2007a). On the other hand, Hidiroglou et al. (2004) showed
that chronic and excessive Met supplementation increases

and increased GPx activity, besides enhancing chemilu-
minescence levels in the hepatic tissue of rats (Stefanello
et al. 2009). In this context, it should be emphasized that
the Met metabolism occurs primarily in the liver, where
the MAT enzyme catalyzes the degradation of Met to form
SAM, thus high concentrations of this amino acid can be
toxic and may lead to liver injury due to overload and the
production of its potentially toxic metabolites such MetO
(Martinov et al. 2010).

Regarding the kidney. TBARS levels was increased in
the Met, MetO and Met plus MetO groups. indicating an
increase in malondialdehyde concentrations. a product of
lipid peroxidation. This lipid peroxidation may suggest an
injury of the cell membrane initiated by ROS (Ayala et al.
2014). Moreover, it was possible to observe in Met, MetO
and Met plus MetO groups a significant decrease of total
sulfhydryl content showing that the protein-bound sulf-
hydryl status was impaired, probably by increased ROS
(Davies 2016). The increase of TBARS levels as well as
the reduction of SH content could be explained by high lev-
els of ROS in MetO and Met plus MetO groups. ROS is
involved in cell damage, necrosis and cell apoptosis due to
the oxidation and nitration of cellular proteins, lipids and
DNA, that can lead to loss of cell function (B6 et al. 2015).

In addition, SOD activity was reduced in renal tissue by
Met and/or MetO, which have a deleterious effect on the
cells mainly because of radical superoxide accumulation
that can form the hydroxy! radical, which has a very short
half-life making it difficult to detoxify. The hydroxyl radi-
cal often attacks biomolecules by hydrogen abstraction and
addition to unsaturation (Lushchak 2015). With respect to
CAT activity, the reduction observed in our findings could
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be explained by reduction of SOD activity or because
high levels of Met and/or MetO are impairing the enzy-
matic activity leading to accumulation of hydrogen per-
oxide. The compensatory mechanism observed in the liver
against a possible accumulation of hydrogen peroxide was
not observed in the kidney, since there was no significant
difference in the GPx activity in any experimental group.
Indeed, excessive Met supplementation increases plasma
hydroperoxides (Hidiroglou et al. 2004). This H,0, has a
longer half-life, increased stability and the ability to diffuse
freely through cell membranes. The decrease of antioxidant
enzyme activity may contribute to the significant increase
in ROS in the kidney of young rats treated with Met and/
or MetO.

It is known that chronic Met supplementation induces
vascular (Troen et al. 2003) and kidney damage with tubu-
lar hypertrophy (Kumagai et al. 2002). Although little is
known about the effects of hypermethioninemia on the Kid-
ney, it is known that this tissue participates as a major regu-
lator of plasma concentrations of amino acids and remov-
ing products such as urea and ammonia. Thus, high plasma
concentrations of Met and MetO may increase the glomer-
ular filtration rate progressively impairing renal function.

Finally, we evaluated the ALA-D activity in liver and
Kidney of young rats treated with Met and/or MetO. An
increase was observed in the liver by MetO and Met plus
MetO groups and in the kidney by Met plus MetO group.
These results showed that the alterations in ALA-D activ-
ity are probably associated with MetO, a metabolite with
potential toxicity. An enhancement of ALA-D activity has
been demonstrated previously in other pathologies and was
related to an increase in heme synthesis stimulated by the
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anemia or due to presence of chronic inflammatory pro-
cesses, since the pro-inflammatory cytokine reduction of
erythropoietin (Polachini et al. 2016; Franga et al. 2011,
Zanini et al. 2014), Furthermore, Stefanello et al. (2009)
demonstrated that chronic hypermethioninemia increases
the number of inflammatory cells and alters the normal
morphology of hepatic lobules (Stefanello et al. 2009).

Therefore, amino acids contribute significantly to the met-
abolic energy production and its metabolism is directly asso-
ciated with liver and kidney tissues, Moreover, the high lev-
els of Met, which are observed in hypermethioninemia, may
overload these organs leading to tissue injury. An another
important aspect to be discussed is that Met derivates such
as homocysieine and MetO metabolites such as homocyst-
eic acid and methionine sulfone may contribute to oxidative
damage in liver and Kidney observed in this study. So, there
is strong evidence that Met and MetO, direct or indirectly,
could lead to an imbalance in cellular redox homeostasis
(Stefanello et al. 2011). In addition, studies have suggested
that in vivo Met oxidation to MetO represent carly posttrans-
lational oxidative madification leading to the loss of protein
function. However, elevated levels of MetO may serve as
bio-markers for enhanced oxidative stress and are associated
with the development of several diseases (Stadtman et al.
2003; Moskovitz 2014). Thus, studies aimed at verifying the
changes present in hypermethioninemia are extremely rel-
evant to help understand the pathophysiology of this discase
and finally assist in an adequate therapeutic choice.

In conclusion, our data showed that chronic exposure
to Met and/or MetO alters the cellular redox homeostasis
in the liver and kidney of young rats (Fig. 7). The findings
may contribute to a better understanding of the mechanisms
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Fig. 7 Overview of the passible effects of Met and MetO administration on biochemical profile m serum and oxidative stress parameters in liver

and Kidney of young rats
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involved in hepatic and renal complications associated with
hypermethioninemia.
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Abstract High plasma levels of methionine (Met) and
its metabolites such as methionine sulfoxide (MetO)
may occur in several genetic abnormalities, Patients
with hypermethioninemia can present neurological
dysfunction: however, the ncurotoxicity mechanisms
induced by these amino acids remain unknown. The
aim of the present work was to study the effects of
Met and/or MetO on oxidative stress, genotoxicity,
cytotoxicity and to evaluate whether the cell death
mechanism 1s mediated by apoptosis in the cerebral
cortex of young rats. Forty-ecight Wistar rats were di-
vided into groups: saline, Met 0.4 g/Kg, MetO 0.1 g/
Kg and Met 0.4 g/Kg + MetO 0.1 g/Kg, and were
euthanized | and 3 h after subcutancous injection.
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Results showed that TBARS levels were enhanced
by MetO and Met+MetO | h and 3 h after treatment.
ROS was increased at 3 h by Met, MetO and Met+
MetO. SOD activity was increased in the Met group,
while CAT was reduced in all experimental groups 1 h
and 3 h after treatment. GPx activity was enhanced
I h after treatment by Met, MctO and Met+MetO,
however it was reduced in the same experimental
groups 3 h after administration of amino acids,
Caspase-3, caspase-9 and DNA damage was increased
and cell viability was reduced by Met, MetO and
Met+MetO at 3 h. Also, Met, MetO and Met+MetO,
after 3 h, enhanced carly and late apoptosis cells.
Mitochondrial electrochemical potential was decreased
by MetO and Met+MetO | h and 3 h after treatment.
These findings help understand the mechanisms
involved in neurotoxicity induced by hypermethioninemia.

Keywords methionine - methionine sulfoxide - oxidative
stress - apoptosis - caspases - DNA damage

Introduction

High methionine (Met) levels have been encountered in vari-
ous inhenited disorders such as methionine adenosyltransferase
(MAT) deficiency, in which metabolites such as methionine
sulfoxide (MetO) and methanethiol can also be increased in
the plasma and urine of affected patients (Gahl et al. 1988;
Mudd 2011). Hypermethioninemic patients can present neuro-
logical symptoms, including mental retardation, cognitive def-
icit and cerebral edema: however, the precise mechanisms in-
volved in these alterations remain poorly understood (Mudd
ct al. 2000, 2001).
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Despite many studies report the toxic effects of Met and its
metabolites, the mechanisms behind these actions remain to
be elucidated. However, studies have begun to identify some
of the tissue-damage inducing actions of these compounds. In
this context, we have previously demonstrated that Met in-
duces oxidative stress, reduces brain energy metabolism and
inhibits Na* K*-ATPase activity in rat hippocampus in vitro
(Stefanello et al. 2005; Streck et al. 2002, 2003). MetO is
generated by Met oxidation by reactive oxygen specics
{ROS). This is a very important secondary pathway in
hypermethioninemia (Deverand Elfarra 2008). The biological
function of MetO is not clear, however it has been shown that
this metabolite is associated with loss of protein function
(Moskovitz 2014). In addition, studies showed that high
MetO levels in vitro have a cytotoxic potential in mice hepa-
tocytes (Dever and Elfarra 2008) and alter oxidatve stress and
inflaimmatory parameters in primary culture macrophages
(Dos Santos et al. 2017), Costa et al. (201 3) also demonstrated
that acute treatment with Met and/or MetO alters lipid perox-
idation, carbonyl content and ROS levels and also alters su-
peroxide dismutase (SOD) and catalase (CAT) activities
(Costa etal. 2013).

As demonstrated previously, oxidative stress, an imbal-
ance between pro-oxidants and antioxidant. is found in
in vitro and in vive hypermethioninemia models
(Stefanello et al. 2011, 2009, 2005; Costa et al. 2013;
Dos Santos et al. 2017: Soares et al. 2017). An increase
of ROS levels is a signal that can trigger apoptosis, a cell
death process during which a cell undergoes self-destruc-
tion. This process is essential to organisms and their reg-
ulation is crucial for cell homeostasis. The accumulation
of ROS can activate the intrinsic and extrinsic pathway of
apoptosis, which involves mitochondrial, death receptor
and endoplasmic reticulum pathways (Redza-Dutordoir
and Averill-Bates 2016). These signaling pathways lead
to the activation of cysteine-dependent aspartate specific
proteases (caspases). Caspases have a central regulator of
apoptosis, and consist of upstream initiators like caspase-
9 and downstream effectors like caspase-3 (D Amelio
et al. 2010; Wurstle et al. 2012). Thus, it is important to
highlight that oxidative stress and apoptosis deregulation
have been associated with the pathophysiology of many
pathologies such as chronic inflammation and neurode-
generative discases.

Considering that pathophysiology of hypermethioninemia
is as yet unknown and that high tissue levels of Met
and MetO can be harmful, the aim of the present study
was to investigate the in vive effect of the acute admin-
istration of Met and MetO on some parameters of oxi-
dative stress. DNA damage, cytotoxicity and apoptosis
in cerebral cortex of young rats in hopes of clarifying
the underlying mechanisms inducing neurotoxic effects
of these compounds.

@ Springer

Materials and Methods
Drug and reagents

Methionine and methionine sulfoxide were purchased
from Sigma (St. Louis, MO, USA). Primary antibodies
anti-caspase 9, anti-caspase 3 and secondary antibodies
anti-rabbit IgG (H+L) F(ab')2 fragment conjugated to
Alexa Fluor® 488 were obtained from Cell Signaling
Technology (USA) and Invitrogen (Grand Island, NY,
USA), respectively. Annexin V-Phycoerythrin (PE) and
7-Amino-Actinomycin (7-AAD) were purchased from
BD Bioscience (San Diego, CA). All other reagents
used in the experiments were of analytical grade and
the highest purity.

Animals

Wistar rats (29 days old), were obtained from the Central
Animal House of the Federal University of Pelotas, Pelotas,
RS, Brazil. Animals were maintained on a 12/12 h lighvdark
cycle at an air-conditioned constant temperature (22 + 1°C)
colony room. Rats had free access to a 20% (w/w) protein
commercial chow and water. Animal care followed the official
govemmental guidelines in compliance with the Federation of
Brazilian Societies for Experimental Biology and was approved
by the Committee of Ethics and Animal Expenmentation of the
Federal University of Pelotas, Brazil under protocol number:
CEEA 3527.

In vivo studies

Forty-cight Wistar rats were divided into four groups: Group |
(control); Group II (treated with Met 0.4 g/kg of body weight):
Group III (treated with MetO 0.1 g/kg of body weight) and
Group IV (treated with Met 0.4 g/kg + MetO 0.1 gkg of body
weight). The rats received a single subcutaneous injection of
Met and/ or MetO dissolved in saline. The animals in Group |
received an equivalent volume of saline. The animals were
cuthanized | and 3 h after injection. The protocol and the
doses of Met and MetO administered were based on previous
studies performed by Stefanello et al. (2007a) and Costa et al.
2013) (Fig. 1).

Tissue and homogenate preparation

Animals were euthanized by decapitation. The cerebral
cortex was dissected and homogenized in 10 volumes
(1:10 w/v) of 20 mM sodium phosphate buffer, pH 7.4
containing 140 mM KCl. Homogenates were centrifuged
at 750 x g for 10 min at 4°C, the pellet was discarded and
the supernatant was immediately separated and used for
the measurements.
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Fig. 1 Expermmental scute
protocol of Met and'or MetO

Treatment with methionine (Met] and/or methionine sulfoxide (MetO)

administration
Approval by the Ethics Committee
Protocol number 3527
l 1h 3h
after admistration after admistration
D, [ | | |
S Lug" L8 | | |
\ v
Administration of amino acids Euthanasia Euthanasia
Groups and doses (n=24) (n=24)
Control-Saline Tissue dissected and Tissue dissected and
Met (0.4g/kg) homogenate preparation homogenate preparation
MetO (0.1g/kg)

L Met (0.4g/kg) plus MetO (0.1g/kg)

Tissue dissociation for obtaining ex vivo cell suspension

The cell suspension from cerebral cortex was incubated with
Trypsin-EDTA solution 0.25% for 30 min at 37°C for tissue
disintegration and isolation of the cells. After this, the tissue
was allowed to settle for 5 min, and the top of suspended cells
were transferred into a new tube.

Reactive oxygen species (ROS) detection by flow
cytometric analysis

Levels of intracellular ROS were estimated following treat-
ment using 2°,7"-dichlorofluorescein diacetate (H,DCFDA,
Sigma) as a fluorescent probe. Detection of oxidative stress
was done by incubating the cells with 20 uM of H,DCFDA
for 20 min at 37°C. Cells were then detached by trypsinization
and washed twice with PBS. After filtration through a cell
strainer cap, cells were analyzed using a FACS Calibur flow
cytometer with CellQuest software in accordance with Bass
et al. (1983). A total of 10,000 events were measured per
sample. ROS production was expressed as percentage.

Thiobarbituric acid reactive substances (TBARS)

TBARS, a measure of lipid peroxidation, was determined ac-
cording to Esterbaver and Cheeseman (1990). Homogenates
were mixed with trichloroacetic acid 10 % and thiobarbituric
acid 0.67 % and heated in a boiling water bath for 25 mimn.
TBARS was determined by the absorbance at 535 nm. Results
were reported as nmol of TBARS per mg protein.

Total sulfhydryl content

This assay was performed as described by Aksenov and
Markesbery (2001), which is based on the reduction of
DTNB by thiols and in turn becomes oxidized (disulfide)

generating a yellow derivative (TNB) whose absorption is
measured spectrophotometrically at 412 nm. Briefly, homog-
enates were added to PBS buffer pH 7.4 containing EDTA.
The reaction was started by the addition of 5,5'-dithio-
bis(2-nitrobenzoic acid) (DTNB). Results were reported
as nmol TNB/mg protein,

Carbonyl assay

Protein carbonyl was assayed by the method of Reznick
and Packer (1994), which is based on the reaction of pro-
tein carbonyls with dinitrophenylhydrazine forming
dinitrophenylhydrazone, a yellow compound, measured
spectrophotometrically at 370 nm. Results were reported
as nmol carbonyl/mg protein.

Superoxide dismutase (SOD) assay

SOD activity was measured by the method described by Misra
and Fridovich (1972). This method 1s based on the inhibition
of superoxide dependent adrenaline auto-oxidation in a spec-
trophotometer adjusted at 480 nm. The specific activity of
SOD was reported as units per mg of protein.

Catalase (CAT) assay

CAT activity was assayed by the method of Aebi (1984). H,0»
disappearance was continuously monitored with a spectropho-
tometer as 240 nm for 90 s. One unit of the enzyme is defined
as 1 pmol of hydrogen peroxide consumed per minute and the
specific activity was reported as units per mg protein.

Glutathione peroxidase (GPx) assay

GPx activity was measured using a commercial kit
(RANSEL®: Randox Lab, Antnm, United Kingdom). GPx
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catalyzes glutathione (GSH) oxidation by cumene hydroper-
oxide. In the presence of glutathione reductase (GR) and
NADPH the oxidized Glutathione (GSSG) is immediately
converted to the reduced form with a concomitant oxidation
of NADPH to NADP*. The decrease in absorbance at 340nm
was measured. The specific activity of GPx was reported as
units per mg of protein,

Alkaline Comet assay

The alkaline comet assay was performed as previously de-
scribed (Singh et al. 1988). Briefly, 10 uL of cells were mixed
with 90 pL of LMP agarose, spread on a normal agarose
precoated microscope slide, and placed at 4°C for 5 min to
allow for solidification. Cells were lysed in a high concentra-
tion of salt and detergent (2.5 M NaCl, 100 mM Na,EDTA,
10 mM Tris with 1% Triton X-100 and 10% DMSO freshly
added) for 2 h. Slides were removed from lysing solution and
washed three times with PBS. Subsequently, cells were ex-
posed to alkali conditions (300 mM NaOH/l mM Na,EDTA,
pH >13, 30 min, 4°C) to allow DNA unwinding and expres-
sion of alkahi-labile sites. Electrophoresis was conducted for
25 min at 25 V and 300 mA (94 V/em). After electropho-
resis, the slides were neutralized and silver stained
(Nadin et al., 2001). One hundred cells were scored vi-
sually according to the tail length and the amount of
DNA present in the tail. Each comet was given an arbi-
trary value of 0-4 (0, undamaged; 4, maximally damaged), as
described by Collins et al. (Collins et al. 1995). A damage
score was thus assigned to each sample and can range from
0 (completely undamaged: 100 cells X 0) to 400 (with maxi-
mum damage: 100 cells X 4). International guidelines and
recommendations for the comet assay consider that visual
scoring of comets is a well-validated evaluation method, as
it is highly comelated with computer-based image analysis
(Burlinson et al, 2007; Collins ¢t al. 1995; Nadin et al. 2001).

Cell viability assay

Relative cell viability determined by trypan blue dye-
exclusion assay (TBDE) was employed as a cytotoxic mea-
surement (Da Silveira et al. 2015). Trypan blue staining is a
long-standing and widely used method to identify dead cells.
Only cells with intact membranes can effectively exclude the
dye, hence dead cells with compromised membranes become
stained. For each group, homogenates were mixed with 0.4%
trypan-blue solution which was then added. Cytotoxicity (the
cellular growth inhibitory rate) was determined from the num-
berofviable cells (no color) in treated samples asa percentage
of the PBS control. We used the Countess® Automated Cell
Counter (Invitrogen). The test was carried out according to the
instructions of the manufacturer.
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Assessment of apoptosis by flow cytometric analysis

Annexin V-PE was used in conjunction with a vital dye,
7-AAD, to distinguish apoptotic (Annexin V-PE positive,
7-AAD negative) from necrotic (Annexin V-PE positive,
7-AAD positive) cells. After treatment, cells were collect-
ed and resuspended in 40 pL of binding buffer with 2 pL
Annexin V-PE. Cells were incubated for 15 min in the
dark at room temperature. After incubation, 160 pL of
binding buffer and 2 uL of 7-AAD were added. Cells
were incubated for 5 min and an additional 200 puL of
binding buffer were added. Before analysis, cells were
filtered through a cell strammer cap fitted to a polystyrene
round bottom flow cytometric tube. Data were collected
and analyzed by a FACS Calibur flow cytometer with
CellQuest software, in a total of 10,000 events per sam-
ple; fluorescence was measured and the percentage of vi-
able, carly apoptotic, late apoptotic and necrotic cells was
determined (Viau et al. 2014)

Quantification of cleaved caspase 9 and cleaved caspase 3
by flow cytometric analysis

After treatment, cells were harvested and re-suspended in
25 puL PBS and fixed with 4% formaldehyde. After per-
meabilization and blocking (0.2% Triton X-100 in PBS
and 1% BSA), cells were incubated with the primary an-
tibodies diluted 1:1000 for 1 h at room temperature
followed by incubation with anti-rabbit FITC secondary
antibody at 1:1000 for I h at room temperature in the
dark. Fluorescence intensity in arbitrary units was plotted
in histograms, and the mean fluorescence intensity was
calculated using CellQuest software.

Assay of the electrochemical potential

After treatment cells were incubated with 2 mM Rhi23 (rho-
damine 123) for 30 minutes at 37° C, washed, and then resus-
pended in 100 uLl. PBS. Mitochondrial electrochemical poten-
tial is correlated with the fluorescence intensity of Rhol23
(with decreased fluorescence signifying loss of the mitochon-
drial electrochemical potential) (Emadi et al. 2010). Flow cy-
tometry was performed using a FACS Calibur (Becton
Dickinson. San Jose, California, United States) with excitation
at 488 nm and emission read using a 525-550 nm filter (FL1).

Protein determination

Protein was measured by the method of Lowry et al. (1951)
using bovine serum albumin as standard.
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Statistical analysis

Data were analyzed by one-way analysis of variance
(ANOVA), and means were compared using the Tukey
test, with P < 0.05 considered statistically significant
using GraphPad Prism version 5.0 Program. All data were
expressed as mean + standard error (SEM).

Results

Initially, we mvestigated the effect of acute exposure of Met
and/or MetO on some parameters of oxidative stress in young
rat cerebral cortex. As shown in Table 1, Met, MetO and the
association between these compounds significantly increased
the ROS production at 3 h after administration |F 1, = 29.86,
P<0.01], but not at | h [P>0.05]. TBARS levels were en-
hanced by MetO and Met+MetO 1 h [F5 2, = 697, P<0.05]
and 3 h [F5,3, = 26.71, P<0.01] after administration. No
change was observed in sulfhydryl and protein carbonyl con-
tent in Met, MetO and Met+MetO groups compared to control
group | and 3 h after treatment [P>0.05].

As regard antioxidant enzymes (Fig. 2), Met at 1 h in-
creased SOD activity [F3.10y = 15.73, P<0.001], but not at
3 h [P>0.05]. MetO and Met+MetO also did not alter this
enzyme activity [72>0.05]. CAT activity was significantly re-
duced by Met, MetO and Met plus MetO at | h [Fi5 47, =
11.37, P<0.01] and at 3 h [F35, = 7.97, P<0.01] after the
injection of these amino acids (Fig. 2). In addition, GPx ac-
tivity was increased by Met, MetO and Met+MetO 1 h after
treatment [Fs 14y =9.23, P<0.05], but 3 h after administration
with Met. MetO and Met+MetO the GPx activity was reduced
compared with the control group [F 54, = 12.90, P<0.05]
(Fig. 2). In an attempt to assess the DNA damage, we per-
formed an alkaline comet assay. Figure 3 shows that Met,

MetO and Met+MetO significantly increased DNA damage
at 3 h[Fiq46,=12.69, P<0.05], but notat 1 h [P>0.05] (Fig. 3).

Furthermore, cell viability was significantly reduced
3 h after by Met, MetO and Met+MetO [Fiz g6y =
37.19, P<0.05], but did not change at 1 h [P>0.05]
(Fig. 4). The annexin V-PE/7-AAD combination allows
quantifying cells in the process of apoptosis and necrosis
in the same cell population through flow cytometry.
Based on this, no changes were observed in Met, MetO
and Met+MetO groups | h after administration when
compared to the control group [P>0.05]. However, it
was found that Met, MetO and Met + MetO 3 h after
administration increased annexin V-PE and 7-AAD stain-
ing. We observed an increase in carly apoptosis cells in
Met, MetO and Met+MetO [F 5, = 5450, P<0.05]. Also
cells in late apoptosis were enhanced in Met, MetO and
Met+MetO groups when compared with control group
[Fis5 = 156.6, P<0.05]. No changes were observed in
necrotic cell [P>0.05]. A remarkable decrease was found
in the viable cells population in Met, MetO and Met+
MetO when compared with control group [F 5 ¢, = 458.9,
P<0.05).

In order to delineate the cytotoxicity mechanism after
acute treatment, we monitored the caspase-3 and caspase-
9 activities (Fig. 5). There was no change in Caspase-3
at 1 h [P>0.05]. After | h of treatment only caspase-9
was increased by Met+MetO [F3,6 = 6.65, P<0.01]
(Fig. 5). However, we observed a significant increase in
caspase-3 [Fi3.15, = 44.54, P<0.001) and caspase-9
[Fi3,14) = 48.91, P<0.01] activities after 3 h of adminis-
tration of Met, MctO and Met+MetO (Fig. 5). We also
observed a decrease of mitochondrial electrochemical po-
tential by MetO and Met+MetO | h [F314, = 5.38.
P<0.05] and 3 h [F 5 3, = 23.34, P<0.05] after treatment
(Fig. 6). Met does not alter the mitochondrial electro-
chemical potential [P>0.05] (Fig. 6).

Table 1 Thiobarbituric acid

reactive substances (TBARS), Groups TBARS Total thiol content Carbonyl content ROS production
total thiol content, carhanyl
content and reactive oxygen Ih
species (ROS) production in the Control 145005 76.18+2.10 3.00 £ 0.11 87.08 + 447
cerebral cortex of youngrats 1 h -y 1.54% 0,08 84.60 + 3.94 2794033 95.64 + 4.01
and 3 h after treatment with me-
thionine (Met) and/or methionine. ~ Met0 1.87 £ 0.03% 80.78 + 3.28 248+ 0.11 9722+ 3.09
sulfoxide (MetO) Met+MetO 196 = 0.15° 79,62 + 3.46 247+0.17 99,67 +2.74
3h
Control 1.69 = 0.06 76.18 42,10 3.00+0.11 7751 £4.00
Met 1.59=0.10 81,61 =478 268 £0.18 11231 £ 424"
MctQ 261 £0.10%% 75.11 £ 330 240+ 004 130,95 + 6,694+
Met+MetO 222 £ 0.06%* 8547 +2.44 241+0.12 151.65 £ 5,004+

Data are expressed as mean + S.E.M. TBARS levels were reported as nmol TBARS per mg protein, thiol content
as nmol TNB per mg protein, carbonyl content as nmol of carbonyl per mg protein and ROS production as
percentage. *P < 0.05; **P < 001; ***P < 0.001. compared to control (n=4-7)
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Discussion

Hypermethioninemic patients exhibit various degrees of neu-
rological symptoms, whose pathomechanisms are poorly un-
derstood. Therefore, this study aimed to evaluate the effect of
acute administration of Met and its metabolite MetO, on some
parameters of oxidative stress, DNA damage, cytotoxicity and
apoptosis in the cerebral cortex of young rats. To our knowl-

edge, this study is the first to investigate the contribution of

MetO and the association between Met and MetO in brain
alterations found in hypermethioninemia. The doses of Met
and MatO admimstered were based on studies by Stefanello
et al. (2007b), Costa etal. (2013) and Dos Santos etal. (2016).
It is important to note that the plasma levels of Met and MctO
observed in rats are similar to those found in hypermethioninemic
patients (Stefancllo et al. 2007a; Costa et al. 2013: Dos Santos
et al. 2016).

Several studies by our research group have demonstrat-
ed that in vitre and in vive hypermethioninemia can
change oxidative stress parameters in the hippocampus
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(Stefanello et al. 2005), kidney (Soares et al. 2017), hiver
(Stefanello et al. 2011; Costa et al. 2013; Soares et al, 2017),
macrophages (Dos Santos et al. 2017) and gastrocnemius
skeletal muscle (Schweinberger et al. 2015). Morcover, Met
restriction has shown positive effects i relation to the oxida-
tive stress such as decreased oxidative damage and mitochon-
dnal ROS production at complex I increasing the longevity of
rodents (Sanchez-Roman and Barja 2013) and lifespan exten-
sion of fibroblasts followed by a significant decrease in the
levels of subunits of mitochondrial complex IV and 1
{Ables and Hens 2016). The beneficial effects of Met restric-
tion could be explamed in pant by its ability to reduce mito-
chondnal oxidative stress (Ables and Hens 2016).

Met participates in an endogenous system with local
antioxidant capacity, and therefore an increase in MetO
levels can lead to an imbalance in this oxidation / reduc-
tion cycle constituted by Met, In view of the intrinsic
relationship between the Met metabolism and ROS pro-
duction and consequent oxidative stress and the neurolog-
ical effects caused by this imbalance in the redox status, it
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Fig. 3 In vivo acute effects of methionine (Met) and/'or methiomne sulf-
oxide (MetO) on DNA damage. DNA damage as arbitrary units 0-400.
Data are reparted as mean £ S EM, *P<0.05; “*P<0.01; ***P<0,001,
compared to control group (n=4-6)

is relevant to investigate the pathological effects of

hypermethioninemia on oxidative stress in cerebral struc-
tures. Initially, we assessed the state of oxidative damage
markers as TBARS, total thiol and carbonyl content, as
well as ROS in the cerebral cortex | h and 3 h after

Fig. 4 In vivo acute effects of 19,1 h
methionine (Met) and/or methio-
nine sulfoxide (MetO) on cell vi- F
ability and Annexin V assays in E‘ 1004
cerebral cortex of young rats .Cell =
vnthilny 15 CXpress as pereentage g o
of control and the sum of the per- = 1
centages of Annexin Vand 7- d
AAD-PE-positive cells was cal- 0
culated. Data arc reported as mean Control
£ S.EM (n=3-0), *P<0.05;
**P<0.01, compared to control 150 - 3h
group
’E‘ 1004
;E e
-
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Control et MetO

treatment with Met and/or MetO. TBARS levels are
broadly used for malondialdehyde determination as index
of lipid peroxidation (Esterbauer and Cheeseman 1990).
We observed that MctO and Met+MetO lead to enhance-
ment of TBARS levels at 1 h and 3 h. This result can be
explained, at least in part. by an increase in ROS levels by
Met and MetO at 3 h. Moreover, the increase in TBARS
levels is indicative of damage to the lipids of plasmatic
membrane in cerebral cortex, which could compromise
the integrity, functionality and viability of cells. In fact,
it was previously described that chronic administration of
Met reduced gangliosides, phospholipids and cholesterol
content in cercbral cortex (Stefanello et al. 2007b). No
changes were observed in total thiol content and carbonyl
content, which were major elements involved in causing
protein damage (Reznick and Packer 1994: Aksenov and
Markesbery 2001).

We then investigated the antioxidant enzyme activity
(SOD. CAT and GPx) in cercbral cortex of young rats 1 h
and 3 h afier treatment with Met and/or MetO. The cascade
made up by these enzymes s a major defense mechanism
against the production and/or accumulation of ROS. The
SOD enzyme removes superoxide radical (O,+-) by accelerat-
ing its conversion to hydrogen peroxide (H-O») (Halliwell and
Guttenidge 2007; Halliwell 2011), We observed that Met at
I h increased SOD activity, although we have not found
an increase in ROS levels 1 h after Met administration,
Other studies showed similar results and suggested that
this enhancement can be a metabolic adaptation o combat
an increase of ROS (Viggiano et al. 2012). The H,O,
formed by SOD reaction, can be converted by CAT or
GPx activity (Halliwell and Gutteridge 2007; Halliwell
2011). CAT activity was decreased by Met, MetO and Met+
MetO 1 h and 3 h after treatment. In addition, GPx activity
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was increased at | h by Met, MetO and Met+MetO which may
justify nomal levels of ROS in those experimental groups,
However. 3 h after admmistration of Met, MetO and Met+
MetO there was an inhibition of GPx activity. The decrease
of CAT and GPx activitics at 3 h leads 1o accumulation of
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Fig. 6 /n vivo acute effects of methionine (Met) and/or methionine sulf-
oxude (MctO) decrease of mitochondnal electrochemical potentml, with
decreased fluorescence signifying loss of the mitochondnal clectrochem-
ical potential. Mean data for Rho-123 fluorescence. Data are mean 4
S.EM. *P<0.05; **P<.01; ***P<0.001, compared to control group
(n=3-6)
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H-0; which can be confirmed through the major ROS levels
observed in the same experimental groups. Although we can-
not explain precise mechanisms by which high doses of Met
and/or MetO inhibit the CAT and GPx activities, it can be
concluded that the reduction in the activity of these enzymes
1s strongly positively associated with the accumulation of
ROS, especially H>0s, leading to lipid peroxidation observed
by high levels of TBARS.

Besides causing cellular injury, oxidative stress is a mech-
anism modulator of several crucial body processes, including
metabolism, growth, differentiation and cell death, acting this
way m all physiological or pathological procedural stages
(Halliwell and Guttendge 2007). Therefore, we investigated
whether the imbalance between the levels of ROS and enzy-
matic antioxidant defenses would compromise cell viability,
since it is already well reported in the literature that oxidative
stress might lead to cell and tissue damage by lipid peroxida-
tion, proteins and DNA damage. When we analyze cell via-
bility, the results indicated a reduction in cell survivability by
Met, MetO and Met+MetO at 3 h after treatment.

We also observed an increase in the cells of cerebral cortex
in the apoptosis process along with an increase of caspase-9
and caspase-3 3 h after treatment with Met and/or MetO. The
caspase-dependent cell death machinery is crucial to maintain
cellular homeostasis and this system is mediated mainly by
caspase activity (D'Amelio etal. 2010). Caspase-3 is activated
by a death receptor or a mitochondria-mediated pathway
(Mazarakis et al. 1997), while caspase-9 contains a caspase
activation recruitment domain (CARD). which is essential for
initiator caspase activation (Wurstle et al. 2012). Met and/or
MetO at 3 h were capable of activating the caspase 3 and
caspase-9. This result suggests a possible involvement of an
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apoptotic mitochondrial pathway since activated caspase-9 is
found after the release of proteins located in the mitochondrial
intermembranous space. In the cytosol, caspase-9 is cleaved
and participates in the apoptosome composition, which ulti-
mately mediates the cleavage of caspase-3 responsible for
DNA cleavage (Wurstle et al. 2012; Redza-Dutordoir and
Averill-Bates 2016).

Baydas et al. (2005) also showed that a high-methionine
(HM) diet activated caspase-3 and caspase-9 and this result is
associated with the release of cytochrome ¢ from mitochon-
dnia to the cytosol and fragmentation of DNA m neuronal cells
of rats (Baydas et al. 2005). The mitochondrial outer mem-
brane permeabilization occurs in the intrinsic pathway and is
carried out by the Bel-2 family. Bel-2 is a protein which is
divided into pro- (Bax, Bak) and antiapoptotic (Bcl-2, Bel-
XL) (Redza-Dutordoir and Averill-Bates 2016). Baydas
et al. (2005) also reported that the HM diet increases
proapoptotic Bax protein levels and decreases in antiapoptotic
Bel-2 levels in neuronal cells of rats (Baydas et al. 2005). Yet,
Dever and Elfarra (2008) demonstrated that methionine-dl-
sulfoxide decreases the cell viability of isolated mouse hepa-
tocytes (Dever and Elfarra 2008). We also analyzed the DNA
integrity and observed a significant increase in genotoxic ef-
fects 3 h after treatment. Met, MetO and Met+MetO groups
present elevated DNA damage in cerebral cortex. These re-
sults support the hypothesis that increased ROS levels and
decreased antioxidant defenses lead to damage in the DNA
and a consequent apoplotic process.

To complement the ROS training, we evaluated mitochon-
drial membrane potential (MMP). Our data showed a reduc-
tion of MMP in MetO and Met+MetO 1 h and 3 h afier treat-
ment, which supports the idea that there is an increased intra-
cellular production of ROS. The integrity of MMP is directly
associated with energy production and is essential for the

physiological function of the respiratory chain to generate
ATP (Chen 1988). A dysfunction in MMP can lead to energy
depletion with subsequent cell death. It is important to point
out that the alterations observed in MMP seem to be related to
the presence of the MetO metabolite.

It is important to note that the responses obtained in this
work appear to be accentuated in the presence of the MetO
metabolite. This suggests that the differences observed be-
tween the treated groups in some parameters are possibly as-
sociated with the metabolites formed from the oxidation of
MetO, such as methionine sulfone and homocysteic acid. In
addition, a point that should be considered is that during the
Met metabolism, the first metabolite formed 1s S-
adenosyImethionine (SAM), which is described to suppress
oxidative stress in pathological conditions (Ghorbani et al.
2016: Stiuso et al. 2016; Yoon et al. 2016). Thus, we could
speculate that the SAM formed attenuates the oxidative pro-
cess in the Met group by decreasing the toxicity induced by
this amino acid.

Some studies have already shown that oxidative stress
may be associated with the long-term exposure of MeL
However, few studies showed a possible relationship be-
tween oxidative stress with lower neuronal cell viability
and the neurological dysfunction in the presence of high
Met and MetO levels and the association between them as
found in hypermethioninenia.

In conclusion, our results demonstrated that acute ad-
ministration of Met and/or MetO induces oxidative dam-
age. reduces cell viability and induces cellular death by
apoptosis in the cerebral cortex of young rats (Fig. 7).
These data help to understand the possible neurological
pathophysiological changes present in hypermethioninemia,
and may help perform the diagnosis and choosing the
appropriate therapy.
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Fig. 7 Neurochemical changes found in young rats submitted to scute
hypennethioninemia. Met - Methionine, MetO - Methionine sulfoxide,
SOD - Superoxide dismutase, CAT - Catalase, GPx - Glutathione

peroxidase, 05" - Superoxide radical, H,0, - Hydrogen peroxide,
ROS - Reactive oxygen species. TBARS - Thiobarbituric acid reac-
tive substances
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Abstract

We investigated acute and chronic effects administration of methionine (Met)
and/or methionine sulfoxide (MetO) on ectonucleotidases and oxidative stress
in platelets and serum of young rats. Wistar rats were divided into four groups:
control, Met, MetO, and Met 4+ MetO. In acute treatment, the animals received a
single subcutaneous injection of amino acid(s) and were euthanized after 1 and
3 hours. In chronic protocol, Met and/or MetO were administered twice a day
with an 8-hour interval from the 6th to the 28th day of life. Nucleoside
triphosphate phosphohydrolase and 5'-nucleotidase activities were reduced in
platelets and serum by Met, MetO, and Met + MetO after 3 hours and 21 days.
Adenosine deaminase activity reduced in platelets at 3 hours after MetO and
Met + MetO administration and increased after 21 days in animals treated with
Met + MetO. Superoxide dismutase and catalase activities decreased in platelets
in MetO and Met + MetO groups after 3 hours, while reactive oxygen species
(ROS) levels increased in same groups. Catalase activity in platelets decreased in
all experimental groups after chronic treatment. Met, MetO, and Met + MetO
administration increased plasmatic ROS levels in acute and chronic protocols;
glutathione S-transferase activity increased by MetO and Met + MetO admin-
istration at 3 hours, and ascorbic acid decreased in all experimental groups in
acute and chronic protocols. Thiobarbituric acid reactive substances increased,
superoxide dismutase and catalase activities reduced in the Met and/or MetO
groups at 3 hours and in chronic treatment. Our data demonstrated that Met
and/or MetO induced changes in adenine nucleotide hydrolysis and redox
status of platelets and serum, which can be associated with platelet dysfunction
in hypermethioninemia.

KEYWORDS
ectonucleotidases, hypermethioninemia, methionine, methionine sulfoxide, oxidative stress,
platelets
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1 | INTRODUCTION

Methionine (Met) is an essential sulfur-containing amino
acid that plays a key role in the maintenance of several
functions in an organism. However, a condition of excessive
Met, known as hypermethioninemia, can be toxic.! To date,
six genetic alterations have been reported that may lead to
hypermethioninemia, but methionine adenosyltranferase
I/ (MATI/I) deficiency, which is due to mutations in
the MATIA gene, is the most frequent cause found in
patients with isolated and persistent hypermethioninemia.**
At least 37 different MATIA mutations have been reported;
however, the worldwide incidence rate of this disease has
not yet been described. In the Iberian Peninsula, the
incidence rate of MATI/III deficiency was 1 of 27000
newborns.” Clinical manifestations of hypermethioninemia
include neurological and liver dysfunctions.” However, the
pathophysiological mechanisms involved in the origin and
maintenance of these alterations are not elucidated in detail.

Previous studies have demonstrated that high levels of
Met and/ or methionine sulfoxide (MetO) are associated
with hepatic,”” renal,” skeletal,® and neurological dys-
functions.” Oxidative stress,” inflammation,'® brain
enzymes changes,'' decrease in neurons number," and
cell death by apoptosis’ has been described as possible
mechanisms involved in hypermethioninemia complica-
tions. However, little is known about the association of
this pathological condition with platelet function.

Platelets are an important component for normal
functioning of the vascular system because they participate
in the maintenance of vascular integrity via adhesion,
aggregation, and subsequent thrombus formation.'? In
addition, studies have also discussed the critical role of
platelets in inflammatory and immune responses. Altered
platelet function can lead to several pathological condi-
tions'*; thus, better understanding of the mechanisms
underlying the role of platelets in thromboregulation and
inflammation may result in new therapeutic strategies for
many diseases, such as hypermethioninemia.

Platelets are stimulated by a variety of agonists,
including adenosine diphosphate (ADP). Extracellular
adenosine triphosphate (ATP), adenosine monophosphate
(AMP), and adenosine also are able to modulate several
effects on the vascular system by interacting with specific
receptors in platelets.'*'* Platelet membrane expresses a
cascade of ectoenzymes composed of nucleoside tripho-
sphate phosphohydrolase (NTPDases) that convert ATP
and ADP to AMP via 5'-nucleotidase, which hydrolyzes
AMP to adenosine (Ado) and adenosine deaminase (ADA),
which is responsible for Ado irreversible deamination.'?
These enzymes play an important role in thromboregula-
tion, and altered activities of these enzymes have been
observed in various diseases.'* We showed that the

activities of these ectoenzymes are altered in the lympho-
cytes of rats treated with Met and MetO," suggesting that
purinergic signaling dysfunction may be involved with the
pathogenesis of hypermethioninemia.

In addition, several studies have demonstrated that
platelets can produce reactive oxygen species (ROS),
which also affect the mechanism of platelet activation
and aggregation,'*'*'® An imbalance between ROS levels
and antioxidant defense system, composed of enzymatic
and nonenzymatic pathways, is known as oxidative
stress.' This condition is observed in hepatic,*” renal,’”
brain,” and skeletal muscle® dysfunctions in animal
models of hypermethioninemia.

However, considering that the involvement of
platelet alteration in the pathogenesis of hypermethionine-
mia is still poorly understood, the aim of the current study
was to evaluate the acute and chronic effects of Met and/or
MetO on purinergic enzymes and parameters of oxidative
stress in platelets and serum of young Wistar rats.

2 | MATERIALS AND METHODS

2.1 | Chemicals

Met, MetO, nucleotides, Trizma base, adenosine, dichloro-
dihydro-fluorescein diacetate (DCFH-DA), epinephrine,
thiobarbituric acid (TBA), and 5.50-dithiobis (2-nitroben-
zoic acid | DTNB]) were purchased from Sigma Chemical
Co (St Louis, MO). Trichloroacetic acid (TCA) and
hydrogen peroxide (H,0,) were purchased from Synth
(Sdo Paulo, Brazil). All other reagents used in the
experiments were of analytical grade and highest purity.

22 |

Wistar rats used in this study were obtained from the
Central Animal House of the Federal University of
Pelotas, Pelotas, RS, Brazil. The animals were maintained
at a constant temperature (22 + 1°C) with a 12/12 hours
light/dark cycle with ad libitum access to food and water.
All animal procedures were approved by the Ethics
Committee of Animal Experimentation from the Federal
University of Pelotas, Brazil (protocol under number:
CEEA 3527). The use of the animals was in accordance
with the Brazilian Guidelines for the Care and Use of
Animals in Scientific Research Activities and with the
National Council of Control of Animal Experimentation.

Animals and ethical aspects

23 |

Forty 29-day-old rats weighing 90 to 110g were divided in
four groups (n = 10}: group I (control), group II (treated with
Met 0.4 g/kg), group I (treated with MetO 0.1 g/kg), and

Acute protocol
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group IV (treated with Met 0.4g/kg+ MetO 0.1g/kg). A
single subcutaneous injection of Met and/or MetO was
administered, and the control rats received an equivalent
volume of saline. Five animals from each group were
anesthetized with isoflurane and euthanized by cardiac
puncture 1hour after injection, and the remaining five
animals were euthanized 3 hours after the amino acid
treatment.*'*” Blood was collected by cardiac puncture
(Figure 1A).

24 |

Forty 6-day-old rats weighing 10 to 15g were divided into
four groups (n = 10): group I (control), group 1l (treated with
Met), group 111 (treated with MetO), and group IV (treated
with Met + MetO). Met and MetO doses administered were
chosen to induce high plasma levels similar to those found in
patients affected by hypermethioninemia as described by
previous studies.*'*'” Met and MetO were administered to
rats subcutaneously twice a day with an interval of 8 hours
between injections from day 6 to 28, as described previously
by Stefanello et al."” Animals of groups Il and Il received
0.2 g/kg of Met or 0.05 g/kg of MetO during the first 8 days of
treatment, 0.3 g/kg of Met or 0.075 g/kg of MetO from day 15
to 21, and 0.4 g/kg of Met or 0.1 g/kg of MetO from days 22
to 28. The animals of group IV received a combination of
Met and MetO, whereas control rats (group I) received saline
solution in the same volumes. After the treatment time, the
animals were anesthetized with isoflurane, and blood was
collected by cardiac puncture (Figure 1B).

Chronic protocol

IR

2.5 | Platelet preparation

For platelet-rich plasma (PRP) preparation, total blood
was collected with 0.120M sodium citrate as the antic-
oagulant as previously described by Lunkes et al.'® The
total blood was centrifuged at 160g for 10 minutes at
room temperature. Next, PRP was centrifuged at 1400g
for 30 minutes and washed twice with 3.5mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
buffer, pH 7.0; PRP was then resuspended in 200 uL of
HEPES buffer for further analysis.

2.6 |

Blood samples were collected in tubes without the
anticoagulant and centrifuged at 2500g for 15 minutes
at room temperature. The clot was removed, and the
resulting serum was stored at —80°C and used for
biochemical determinations.

Serum preparation

2.7 | NTPDase, 5'-nucleotidase, and
adenosine deaminase assays in platelets

NTPDase and 5"-nucleotidase enzymatic activities were
performed as described by Pilla et al'” and Lunkes et al.'®
For the NTPDase enzymatic assay, samples (20 L) were
preincubated for 10 minutes at 37°C in a reaction medium
containing 5mM CaCl,, 100 mM NaCl, 5mM KCl, 6 mM
glucose, and 50mM Tris-HCl buffer, pH 74, at a final
volume of 200 uL. For 5'-nucleotidase activity, SmM CaCl,

(A) Acute protocol
Yourg Wistar ratsy 0 1h 3h
5% (29 daysoid) y
Amino acids adminbstration
Control (saline) Euthanasia Euthanasa
Mot (0.4g/%g)
MetO (O.X‘M Pateiets and
e o e - ] Serum peeparaton
(B) Chronic protocol kvt:":::;::,m
s Control (saline) Control (saline) Control (saline)
Young Wistar raty Met (0.29/kg) Met (0.3g/kg) Met (0.4 g/kg)
- MetO (0.05g/kg) MetO (0.075g/kg) MetO (0.1 g'kg)
Met (0.2g/kg)+MetO (0.05gkg) Met (0.3g/g)*MetO (0.0759kg) Mot (0.4 g/kg)*MetO (0.1 pkg)
: Euthanasa
6 th 14th 215t 28 th
day of life day of life day of life day of life

FIGURE 1 Experimental design for acute (A) and chronic (B) protocols for hypermethioninemia
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was replaced with 10 mM MgCl, in the above-mentioned
reaction medium. Reaction was initiated by addition of ATP
or ADP at a final concentration of 1 mM and AMP at a final
concentration of 2 mM. After 60 minutes of incubation, both
enzyme assays were stopped by adding 200 uL of 10% TCA.
The released inorganic phosphate (Pi) was assayed by the
method of Chan et al™ using malachite green as the
colorimetric reagent and KH,PO, as the standard. Controls
were carried out to determine nonenzymatic Pi release. For
this, the reaction medium (160ul.) was incubated, as
previously described, only with substrate (20ul). After
60 minutes of incubation, the reaction was stopped with 10%
TCA and then, the platelet samples (20 uL) were added. To
determine the specific enzymatic activity, the absorbance
obtained in these control samples was discounted from the
absorbance of tests (which the platelet samples were
incubated for one hour with substrate). Enzymatic specific
activities were reported as nmol Pi released/min/mg protein.

ADA activity was measured by Giusti and Galanti.™!
For this assay, 50puL of platelets were subjected to
reaction with 21 mmol/L of Ado, pH 6.5, and incubated
at 37°C for 60 minutes. The ammonia formed, because of
Ado hydrolysis by ADA activity, reacted with hypochlor-
ite and phenol to form the intense blue indophenol. The
specific ADA activity was expressed as U/mg protein.
One unit (1 U) of ADA was defined as the amount of
enzyme required to release 1 mmol ammonia/min from
Ado at standard assay conditions.

2.8 | NTPDase and 5 -nucleotidase
assays in serum

NTPDase and 5'-nucleotidase assays in serum were
performed as described by Fiirstenau et al.* Serum samples
(20 uL) were preincubated for 10 minutes at 37°C in a
reaction medium containing 112.5 mM Tris-HCl, pH 8.0. To
start the reactions, substrates, ATP, ADP, and AMP were
added to the medium at a final concentration of 3.0 mM.
The incubation time was 40 minutes, and 10% TCA was
used to stop the enzymatic reactions. The amount of Pi
released was measured by the method of Chan et al*
Controls to correct for nonenzymatic substrate hydrolysis
were performed by adding serum preparations after the
reactions were stopped with TCA. Enzyme activities were
expressed as nmol Pi released/min/mg protein.

29 |
291 |

ROS formation was determined in platelets and serum
according to the method of Ali et al*® with minor
modifications. Oxidation of DCFH-DA to fluorescent
2", 7'-dichlorofluorescein (DCF) was measured for

Oxidative stress parameters
ROS detection

detecting ROS production. DCF fluorescence intensity
emission was recorded at excitation wavelengths of
525 and 488 nm 30 minutes after adding DCFH-DA to
the medium containing 5uL of the sample. ROS
production was expressed as umol DCF per mg of
protein.

2.9.2 | Nitrite level quantification

Nitrite levels in serum were measured using the Griess
reaction following the method of Stuehr and Nathan.** In
brief, 50 uL of serum was incubated with 50 uL of 1%
sulfanilamide and 50pL of 0.3% N-1-naphthylethylene-
diamine dihydrochloride at room temperature for
10 minutes. Nitrite was quantified by spectrophotometry
at 540 nm using sodium nitrite as the standard. Results
were expressed as pM nitrite/mg protein.

29.3 |

Ascorbic acid concentration in serum was determined by
the method described by Abdala et al*® with minor
modifications. One hundred microliter of serum was
added in a solution containing 2.4-dinitrophenylhydra-
zine and TCA, and was incubated for 2 hours at 37°C.
Next, 130uL of 65% (v/v) H,SO, was added to the
medium, resulting in an orange-red compound that was
measured at 520nm and expressed as upmol/mg of
protein,

Ascorbic acid level quantification

294 | Total sulfhydryl content level
quantification

Total sulfhydryl content was measured in platelets and
serum, Samples (10pL) were added to phosphate-
buffered saline buffer (pH 7.4) containing EDTA. The
reaction was started by adding DTNB, and incubating for
60 minutes in the dark. The reduction of DTNB by thiols
due to oxidization (disulfide) generated an vyellow
derivative (2-nitro-5-thiobenzoic acid [TNB|) and was
measured at 412 nm.*® The results were reported as nmol
TNB/mg protein.

2.9.5 | Thiobarbituric acid reactive
substances level quantification

Firstly, serum samples were mixed with 10% TCA and
centrifuged at 2500g for 5 minutes at room tempera-
ture. The resulting supernatant was mixed with TBA
(0.67%) and incubated in a dry block at 100°C for
30 minutes. The resulting pink organic layer was
measured at 535nm. Thiobarbituric acid reactive
substances (TBARS) quantification was performed as
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described by Esterbauer and Cheeseman®’ and re-

ported as nmol TBARS/mg protein.

296 |
assay

Superoxide dismutase activity

Superoxide dismutase (SOD) activity was evaluated in
platelets and serum. This assay is based on the inhibition
of superoxide-dependent adrenaline auto-oxidation to
adenochrome. The intermediate in this reaction is
superoxide, which is scavenged by SOD, and is measured
using a spectrophotometer at 480 nm. SOD activity was
measured according to the method of Misra and
Fridovich® and was reported as U/mg protein.

29.7 |

Catalase (CAT) activity was evaluated in platelets and
serum by decomposition of 30mM H,0, in 50mM
potassium phosphate buffer (pH 7.0), and was continu-
ously monitored at 240nm for 180seconds at 37°C
according to the method of Aebi.®® CAT activity was
reported as U/mg protein.

Catalase activity assay

R R

2.9.8 | Glutathione S-transferase activity
assay

Glutathione S-transferase (GST) activity was measured in
serum using 1-chloro-24-dinitrobenzene (CDNB) as the
substrate according to the method of Habig et al.*” The
assay mixture contained 1mM CDNB (in ethanol),
10 mM glutathione, 20 mM potassium phosphate buffer
(pH 6.5), and 20 uL of serum. The activity was expressed
as yumol GS-DNB min/mg protein.

210 |

For oxidative stress parameters, protein level was
measured by the method of Lowry et al’* using bovine
serum albumin as the standard. For NTPDase and
5'-nucleotidase activities, protein levels were measured
by the Coomassie blue method according to Bradford.™

Protein determination

2.11 | Statistical analysis

Data were analyzed by one-way analysis of variance
followed by Tukey's post hoc test for mean comparison
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FIGURE 2 NTPDase activity using ATP and ADP as the substrates, 5'-nucleotidase activity using AMP as the substrate, and ADA
activity using adenosine (Ado) as the substrate in platelets of young rats 3 hours after administration of Met and/or MetO. NTPDase and
5-nucleotidase activities are expressed as nmol Pi/min/myg protein, and ADA activity is expressed as U/L. Bars represent mean + SEM.
*P <0.05, *P <0.01 denote statistically significant difference from the control group (n=3 to 5 each group). ADA, adenosine deaminase;
Ado, adenosine; ADP, adenosine diphosphate; AMP, adenosine monophosphate; ATP, adenosine triphosphate; NTPDase, nucleoside
triphosphate phosphohydrolase; Met, methionine; MetO, methionine sulfoxide
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using GraphPad Prism version 5.0 Program (Intuitive
Software for Science, Sao Diego, CA). A P value less than
or equal to 0.05 was considered as statistically significant
difference. All data were expressed as mean + standard
error of mean (SEM).

3 | RESULTS
3.1 | Purinergic enzyme activities in
platelets

The results of NTPDase, 5-nucleotidase, and ADA activities
in platelets after acute and chronic treatment with Met and/
or MetO are demonstrated in Figures 2 and 3. Our findings
showed that 3hours after amino acid treatment, a
significant reduction was observed in NTPDase (using
ATP (F31,=9.22; P<0.05) and ADP (Fi;4=1029;
P<0.05) as substrate) and 3-nucleotidase (F;;,=823:
P <0.05) activities in platelets of animals of the groups Met,
MetO, and Met+ MetO when compared with control
group. In the animals that were treated with MetO and

Met + MetO was observed a decrease in the ADA activity in
platelets when compared with the control group
(Fs,2=10.96; P <0.05) (Figure 2). In all groups evaluated
in this study, no changes were observed in ATP, ADP, and
AMP hydrolysis and ADA activity in platelets 1 hour after
amino acid administration (data not shown).

After 21 days of the treatment, NTPDase activity, using
ATP (F3x»=534; P<005) and ADP (F3x=11.99;
P<0.01) as the substrates was reduced in Met, MetO,
and Met + MetO groups, whereas 5"-nucleotidase activity
was decreased only in the Met + MetO group (Fi x=8.92;
P<0.01) in relation to control group. However, our results
showed also an increase in the ADA activity in the
Met + MetO group (F;.20=3.96; P <0.05) when compared
with control animals (Figure 3).

3.2 |
serum

Purinergic enzyme activities in

Figure 4 shows the results of NTPDase and 5'-nucleoti-
dase activities in serum of rats after acute and chronic
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FIGURE 3 NTPDase activity using ATP and ADP as the substrates, 5'-nucleotidase activity using AMP as the substrate, and ADA
activity using Ado as the substrate in platelets of young rats 21 days after administration of Met and/or MetO, NTPDase and 5"-nucleotidase
activities are expressed as nmol Pi/min/mg of protein, and ADA activity is expressed as U/L. Bars represent mean + SEM. *P <0.05,

=P <001, ***P < 0.001 denote statistically significant difference from the control group (n =3 to 5 each group). ADA, adenosine deaminase;
Ado, adenosine; ADP, adenosine diphosphate; ATP, adenosine triphosphate; Met, methionine; MetO, methionine sulfoxide;

NTPDase, nucleoside triphosphate phosphohydrolase
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treatment with Met and/or MetO. In the acute protocol,
no changes were observed in NTPDase and 5'-nucleoti-
dase activities in the serum the animals treated with Met,
MetO, and Met + MetO after 1 hour (data not shown) and
3 hours [ATP (F5,5=0.98;: P> 0.05); ADP (Fz;5=3.13;
P>0.05); and AMP (Fs;5=0.38; P>0.05)] (Figure 4).
After chronic treatment, NTPDase, determined using
ATP (F3=4.56; P<0.05) and ADP (F;»=7.19;
P < 0.01) as the substrates, and 5’-nucleotidase activities
(F320=18.02; P < 0.001) were reduced significantly in the
MetO and Met+ MetO groups compared with those in
the control group (Figure 4).

3.3 | Oxidative stress parameters in
platelets

The results of oxidative stress in platelets after acute and
chronic treatment are shown in Figures 5 and 6,
respectively. ROS production (F;,, =097; P> 0.05), total
sulfhydryl content (F;;,=294; P>005), SOD
(F3;2=3.11; P>0.05), and CAT (Fs;,=157; P> 005)
activities remained unchanged 1hour after amino acid
treatment (Figure 5) in the animals treated with Met,
MetO, and Met+ MetO when compared with control

group. However, 3 hours after amino acid administration, a
decrease in SOD (F:;;=888; P<0.05) and CAT
(F312=6.38; P <0.05) activities was observed in serum of
animals treated with MetO and Met+ MetO (Figure 5)
when compared with control group. In all groups evaluated
in this study, no changes were observed in ROS levels
(F312=0.34; P>0.05) and total sulfhydryl content
(F312=7.73; P>0.05) in platelets after 3 hours the amino
acids treatment.

In the chronic treatment, we observed an increase in
ROS levels in animals treated with MetO and Met + MetO
compared with that in animals of the control group
(F516 = 7.34; P <0.05). In contrast, CAT activity decreased
with Met, MetO, and Met+ MetO administration
(F514=9.04; P<0.05; Figure 6) in relation of control
group. Total sulfhydryl content (Fz;4=2.07; P> 0.05) and
SOD activity (Fs 14 =0.27; P> 0.05) remained unchanged
in Met, MetO and Met+ MetO groups in the chronic
protocol (Figure 6) when compared with control group.

34 |

Table 1 presents the results of oxidative stress in serum of
young rats exposed for 1 and 3hours to Met and/or

Oxidative profile in serum
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MetO. One hour after the treatment, only ROS produc-
tion was elevated in the MetO and Met + MetO groups
(F512=694; P<0.05; Table 1) when compared with
control group. Nitrite (F5 ;> =1.02; P> 0.05), total sulfhy-
dryl content (F;;2=0.90; P>0.05). ascorbic acid
(F59=3.92; P>0.05), and TBARS (F;9=4.45; P>0.05)

levels as well as SOD (F:,>,=0091; P>0.05), CAT
(F;_u =0.38; P> 005). and GST (F3']2= 1.41; P> 005)
activities remained unchanged in Met, MetO and Met +
MetO groups compared with those in control animals
(Table 1). However, 3 hours after amino acid treatment,
ROS production increased in the Met, MetO, and
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Met + MetO groups (Fiy ;3 =10.42; P <0.05), whereas in
the same groups, ascorbic acid level reduced compared
with that in the control group (F;,, =5.06; P<0.05).
TBARS levels also increased in animals treated only with
MetO (Fi,,=4.11; P<0.05) in relation to animals of
control group. SOD activity reduced in the MetO and
Met + MetO groups (F;,,=5.63; P<0.05), and CAT
activity decreased in Met, MetO and Met + MEtO groups
compared with that in the control group (Fy,,=841;
P < 0.05). Total sulthydryl content (F3 1,=1.71; P> 0.05),
nitrite levels (Fj,,=0.24; P>0.05), and GST activity
(F3;5=0.55; P>0.05) remained unchanged in Met,
MetO and Met + MetO groups in relation to control
group.

In the chronic treatment, an increase in ROS produc-
tion was observed in the Met, MetO, and Met+ MetO
groups (Fi,4=1235; P<005; Figure 7). Moreover,
TBARS level increased significantly in the MetO and
Met + MetO groups (F;i,=10.29; P<005; Figure 7),
whereas ascorbic acid levels reduced (Fi;s=9.28;
P <0.01) in Met, MetO and Met + MetO groups compared
with those in control animals (Figure 7). Total sulfhydryl

content (Fy 7 = 3.09; P> 0.05) reduced in the Met + MetO
group (F;,,=3.09; P<005) compared with control
(saline) group. Our results also showed a decrease in
SOD activity in the Met, MetO, and Met + MetO groups
(F314=13.32; P<0.01), whereas CAT activity decreased
only in the Met+ MetO group (F;,5=6.72; P<001;
Figure 7) in relation to control (saline) group. In contrast,
GST activity increased in the MetO and Met + MetO
groups compared with that in the control (saline) group
(F316 =4.93; P < 0.05; Figure 7). Nitrite levels (F1,5=1.10;
P>0.05) remained unchanged in serum of animals
subjected to chronic treatment with Met, MetO, and
Met + MetO when compared with control animals
(Figure 7).

4 | DISCUSSION

Clinical manifestations of persistent hypermethionine-
mia are variable, and there are many asymptomatic
patients, making it difficult to achieve differential
diagnosis and decide the most appropriate therapeutic
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TABLE 1 ROS, nitrite, ascorbic acid, SH, and TBARS levels and SOD, CAT, and GST activities in serum of young rats 1 and 3 hours after

treatment with Met and/or MetO

Groups ROS Nitrite Ascorbic acid  SH TBARS SOD CAT GST
1h
Control 298 +0.34 0.37 £0.05 487 £0.91 1657 +395 4228+7.67 369%023 0.55+ 006 147+ 1.55
Met 3.18 +0.28* 025+0.04 3.63 +0.52 11244240 35.7348.54 4074013 044010 1293 + 487
MetO 5.76 +0.78* 037 £ 005 628 £0.28 11674272 56044322 3814018 0524014 18.68 4+ 3.44
Met+MetO 555+ 0.67° 0.33+0.01 474 +0.27 1485+ 153 2504251 360%019 0.50 4 0.09 22334179
3h
Control 467+042 0224003 1344+1.02 13554360 36594293 3594017 061 +0033 21.69+1.60
Met 1210+ 1.65** 0.17+0.04 7.42 +0.40* 9244284 57494779 337017 030+004% 25434225
MetO 8,74 + 0.46* 0224007 7.73 +1.43" 8314059 7275415 2534026* 0304005 24824177
Met+MetO 856+ 1.06* 0.24 +0.03 8,30 +1.30* 13564219 45624655 2434034 0364006 23384298

Abbreviations: CAT, catalase; DCF, 2.7 -dichlorofluorescein; GST, glutathione S-transferase; Met, methionine: MetO, methionine sulfoxide; ROS, reactive
oxygen species; SH, total sulthydryl content: SOD, superoxide dismutase; TBARS, thiobarbituric acid reactive substances; TNB. 2-nitro-5-thiobenzoic acid.
ROS levels were expressed as pmol DCF/mg protein, nitrite levels as uM nitrite/mg protein, ascorbic acid as pmol/mg protein, TBARS levels as nmol
TBA/mp protein, thiol content as nmol TNB/mg protein, SOD and CAT activities as U/mg protein, and GST as pmol GS-DNB min/mg

protein. Data are expressed as mean + SEM. *P <005, **P <001, ***P<0.00

(n=4105)

strategy.” Considering that the etiology of hypermethio-
ninemia remains poorly understood, the use of animal
models is important for understanding this condition.
Therefore, we evaluated the effects of high Met and its
metabolite, MetO levels on purinergic enzyme activities,
and oxidative stress in platelets and serum of young rats.

Platelet dense granules contain molecules such as
ADP and ATP. This secretory compartment plays an
important role in primary hemostasis by acting as a
feedback mechanism by stimulating the platelet re-
ceptors P2Y1 and P2Y12 via release of ADP.'%**3
However, Ado is a competitive inhibitor of platelet
aggregation, induced by ADP by interacting with P1
receptor, which inhibits platelet function via activation
of adenylate cyclase.'** NTPDase, 5'-nucleotidase,
and ADA are primarily responsible for controlling the
extracellular concentration of adenine nucleotides and
nucleosides: thus, these enzymes play crucial roles in
the duration and magnitude of purinergic signaling for
functions of platelets.***" In fact, it has been demon-
strated that inhibition of NTPDase activity contributes
to the amplification of ADP-induced platelet aggrega-
tion.*” Therefore, these enzymes have gained attention
owing to their substantial contribution in inhibiting
platelet activation and aggregation.

We showed for the first time that ATP, ADP, and AMP
hydrolysis decreases in platelets after both acute (3 hours)
and chronic treatment with Met and/or MetO. This
inhibition in NTPDase and 5'-nucleotidase activities in
platelets can be explained, at least in part, by Met
metabolism. ATP transfers the adenosyl group to Met to

indicate statistically significant difference from the control group

form S-adenosylmethionine in a reaction catalyzed by
MAT.” Thus, an increase in Met concentration demands
higher ATP consumption for its metabolization, which
can be associated with low levels of ATP in serum and
reduced NTPDase activity in platelets. In addition, it is
important to consider that elevated ROS production
induced by Met and/or MetO treatment also can
contribute toward the inactivation of ectoenzymes in
the platelet membrane.™®

The ADP released from platelets upon activation
interacts with purinergic receptors (P2Y1, P2Y12, and
P2X1) in the platelet membrane, leading to morphological
change, granule content release, and platelet aggrega-
tion.”***** By hydrolyzing ADP to AMP, NTPDase plays a
crucial role in modulating purinergic signaling for platelet
control and, hence, in pathological thrombus formation
and vascular occlusion.'” Here, we demonstrated that
Met and MetO treatment reduced NTPDase activity in
platelets and serum, suggesting that these amino acids
interfere with platelet activation and aggregation as ADP is
accumulated in the extracellular milieu. Corroborating
with these results, we recently demonstrated that ADP
levels increase in the serum of young animals after 21 days
of treatment with Met and/or Met0.'"

In addition, the enzymes 5'-nucleotidase and ADA are
critical for regulation of extracellular adenosine levels.
Adenosine is produced from AMP by the action of 5-
nucleotidase and is converted via inosine by ADA.'
Considering that extracellular Ado production occurs
primarily through adenine nucleotide metabolism, the
decrease in S-nucleotidase activity after acute treatment
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can be related to the decrease in AMP production by
NTPDase. However, in chronic treatment, 5'-nucleotidase
activity decreased in serum and platelets in the Met and
Met + MetO groups, whereas ADA activity increased in
platelets in the Met + MetO group. Here, an important point

to be discussed is that during metabolization of Met, Ado
molecules are formed.® Thus, the Ado production pathway
can be associated with alterations in ADA activity 21 days
after the treatment. However, our research group has shown
that MetO administration decreases Ado levels in serum with
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chronic treatment."” Taken together, these findings suggest
that both acute and chronic treatment with Met and its
metabolite MetO could alter platelet function by interfering
with Ado levels.

Previous studies have demonstrated that Met and MetO
increase the levels of proinflammatory cytokines such as
interleukin 6 (IL-6) and tumor necrosis factor-a and alter
cholinergic and purinergic enzyme activity in lymphocytes
of young rats.'” The platelet-lymphocyte axis may con-
tribute to immune mechanisms through a reciprocal
functional regulation between these cells.” Platelets are a
source of chemokines, cytokines, and growth factors, which
are important molecules for immune and inflammatory
processes.” IL-6 is involved in the upregulation of tissue
factors that initiate coagulation and exerts its effects on
platelets by a membrane-bound {-receptor glycoprotein
(gp130), which may be crucial in the development of
inflammation within a damaged vessel and platelet
thrombogenicity.** Thus, it is important to consider that
an increase in IL-6 as well changes in ectonucleotidase
activities in platelets could contribute to the dysfunction of
pathways involved in inflammation and thromboregulation
in hypermethioninemia.

Experimental findings have also demonstrated the
intrinsic relation of high concentrations of Met and MetO

and oxidative stress in several tissues®”*!' and cells.**

MetO is formed from an oxidation reaction of Met.*
Several proteins in blood contain oxidation-sensitive Met
residues, including proteins involved in hemostasis and
thrombosis.** The oxidation of Met residues to yield
MetO can cause structural and functional changes with
potential regulatory roles in the pathogenesis of vascular
or thrombotic diseases.***

Our findings demonstrated an increase in ROS produc-
tion in platelets and serum after both acute and chronic
treatment with Met and/or MetO. The antioxidant cellular
machinery is composed of nonenzymatic compounds, such
as ascorbic acid, and enzymes, such as SOD, that protect the
tissues from dismutation of superoxide radical (O, ") to H;0.,
which is subsequently degraded by the enzymes CAT and
GPx.** In platelets, it is important to observe that CAT
activity decreased after 3 hours and 21 days of treatment with
Met, MetO, and Met + MetO, which could have favored the
accumulation of H-O-. Previous studies have demonstrated
that H,O, exerts multidirectional action on ADP-induced
platelet aggregation.** Although high concentrations of this
molecule potentially lead to platelet aggregation, low
concentrations of H,O, may inhibit platelet function.**
Furthermore, high concentrations of H,O, can also induce
damages to platelet membrane.*® When platelets exposed to
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FIGURE 8 Overview of the possible effects of Met and MetO administration on purinergic enzyme activities and oxidative stress
parameters in platelets and serum of young rats. ADP. adenosine diphosphate; ATP, adenosine triphosphate; ADP. adenosine diphosphate;
CAT, catalase; GST, glutathione S-transferase: Met, methionine: MetO, methionine sulfoxide; NTPDase, nucleoside triphosphate
phosphohydrolase; ROS, reactive oxygen species: SOD, superoxide dismutase
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ADP and H,0; are treated with CAT, a decrease in platelet
aggregation is observed.™” Also was demonstrated that
platelets treated with high concentrations of H,0, present
lipid and protein damage.® Thus, it is possible to infer that
decrease in CAT activity by Met and MetO leads to the
increase in ROS levels, such as H,0,, and this mechanism
may contribute to ADP-induced platelet aggregation in
hypermethioninemia.

A decrease in SOD and CAT enzyme activities was
observed in serum after acute (3 hours) and chronic
treatments. Moreover, a reduction in ascorbic acid levels
and total sulfhydryl content, which are important none-
nzymatic antioxidant defense compounds, can also con-
tribute to the increase in ROS level and lipid peroxidation,
subsequently leading to oxidative stress damage in
experimental hypermethioninemia. With regard to the
increase in GST activity in serum after chronic treatment,
it is important to consider that Met is the essential
component for glutathione synthesis and high concentra-
tion of this amino acid may stimulate the production of
glutathione, and consequently high GST activity.™

5 | CONCLUSION

This study demonstrated that acute and chronic admin-
istration of Met and/or MetO alters the redox status and
purinergic signaling in platelets and serum of young rats,
demonstrating that these amino acids contribute to
platelet disorders in hypermethioninemia (Figure 8).
These findings help in understanding the pathogenesis of
hypermethioninemia better, and may help to diagnose,
select, and design appropriate therapy for improving
early and long-term outcomes,
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Abstract

The aim of this study was to investigate the effect of the chronic administration of
methionine (Met) and/or its metabolite, methionine sulfoxide (MetO), on the behavior and
neurochemical parameters of young rats. Rats were treated with saline (control), Met (0.2—
0.4 g/kg), MetO (0.05-0.1 g/kg), and or a combination of Met+MetO, subcutaneously twice a
day from postnatal day 6 (P6) to P28. The results showed that Met, MetO, and Met+MetO
impaired short-term and spatial memory (P<0.05), reduced rearing and grooming (P<0.05),
but did not alter locomotor activity (P>0.05). Acetylcholinesterase activity increased in the
cerebral cortex, hippocampus, and striatum following Met and/or MetO (P<0.05) treatment,
while Na*-K*-ATPase activity reduced in the hippocampus (P<0.05). There was an increase
in the level of thiobarbituric acid reactive substances (TBARS) in the cerebral cortex in Met-,
MetO-, and Met+MetO-treated rats (P<0.05). Met and/or MetO treatment reduced superoxide
dismutase, catalase, and glutathione peroxidase activity, total thiol content, and nitrite levels,
and increased reactive oxygen species and TBARS levels in the hippocampus and striatum
(P<0.05). Hippocampal brain derived neurotrophic factor was reduced by MetO and
Met+MetO compared with the control group. The number of NeuN-positive cells decreased in
the CA3 in Met+MetO group and in the dentate gyrus in the Met, MetO, and Met+MetO
groups compared to control group (P<0.05). Taken together, these findings further increase
our understanding of changes in the brain in hypermethioninemia by elucidating behavioral
alterations, biological mechanisms, and the vulnerability of brain function to high

concentrations of Met and MetO.

Key words: Methionine plus methionine sulfoxide, oxidative status, neurons number, CA3,

dentate gyrus, behavior
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1. Introduction

Hypermethioninemia is a metabolic disorder characterized by the
accumulation of the essential amino acid, methionine (Met), in tissues (Mudd et al.
2001). Six genetic conditions can lead to elevated Met levels; however, methionine
adenosyltransferase I/1ll (MAT I/111) deficiency is the most common cause of isolated
and persistent elevated Met levels (Couce et al. 2008, Mudd 2011).
Hypermethioninemics patients can present hepatic and neurological manifestations,
such as cognitive deficits, demyelination, memory impairments, and cerebral edema
(Chamberlin et al. 1996, Mudd et al. 2000, Mudd et al. 2001, Couce et al. 2008,
Mudd 2011). Recently, it was demonstrated that the secondary metabolite,
methionine sulfoxide (MetO), is closely associated with alterations in
hypermethioninemia (Costa el al. 2013, Dos Santos et al. 2016, Soares et al. 2017a).
Studies have shown that the formation of MetO via reactive oxygen species (ROS)-
induced oxidation of Met modifies its physicochemical properties, alters its function,
and leads to a loss of protein biological activity (Tarrago et al. 2015, Suzuki et al.
2016).

There is an intrinsic relationship between Met, MetO, and oxidative stress
because they are all sulfur amino acids (Tarrago et al. 2015, Suzuki et al. 2016).
Oxidative stress is a component of the pathophysiology of several human diseases
and contributes to the development and/or progression of these pathologies (Patel
2016, Suzuki et al. 2016). High levels of Met and/or MetO alter the oxidative status in
the liver (Stefanello et al. 2009, Costa et al. 2013, Soares et al. 2017a), kidney
(Soares et al. 2017a), macrophages (Dos Santos et al. 2016), skeletal muscle
(Schweinberger et al. 2015), and brain (Stefanello et al. 2005, 2007, Soares et al.
2017b) of rats.

Cholinergic signaling is mediated by the neurotransmitter, acetylcholine (ACh),
which is essential for cognitive performance, such as learning, behavior, and memory
(Ferreira-Vieira et al. 2016, Roy et al. 2016). Inactivation of this signaling is promoted
by acetylcholinesterase (AChE), which cleaves ACh into choline and acetate
(Ferreira-Vieira et al. 2016). Stefanello et al. (2007) have demonstrated that acute
and chronic treatment with Met increases AChE activity in the cerebral cortex
(Stefanello et al. 2007). However, little is known about the effects of MetO on AChE

activity.
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Sodium—potassium adenosine triphosphatase (Na*,K*-ATPase), an essential
transmembrane enzyme responsible for the electrochemical gradient across the cell
membranes (Moseley et al.2007), is also important for learning and memory-related
processes. High levels of Met inhibit the Na*,K*-ATPase activity but increase the
expression and immunocontent of Na*,K*-ATPase al, a2, and o3 subunits in the
synaptic plasma membrane and brain of rat offspring (Stefanello et al. 2011,
Schweinberger et al. 2018).

We have previously demonstrated that acute administration of Met and/or
MetO cause oxidative stress, reduce cell viability, induce DNA damage, and cause
cell death by apoptosis in the cerebral cortex of young rats (Soares et al. 2017b);
however, the precise mechanisms involved in the pathophysiology of chronic
hypermethioninemia remain unclear. Based on these studies, we aimed to
investigate the effect of chronic administration of Met and/or MetO on memory,
AChE, Na*,K*-ATPase activity, and redox status, brain-derived neurotrophic factor
(BDNF) and neuronal cell number in the cerebral cortex, hippocampus, and striatum

in young rats.
2. Materials and Methods

2.1 Chemicals
Met and MetO were purchased from Sigma Chemical Co. (St. Louis, MO,
USA). All other reagents used in the experiments were of analytical grade and the

highest purity.

2.2 Animals and ethical approval

All animal experimental protocols in this work were approved by the
Committee of Ethics and Animal Experimentation of the Federal University of
Pelotas, RS, Brazil (protocol number: CEEA 3527). Wistar rats, male and female (6
days old) weighing 5-10 g were obtained from the Central Animal House of the
Federal University of Pelotas. The litters (6-10 animals) and the progenitor were kept
in a density of four rats per cage (acrylic boxes measuring 40cmx34cmx17cm) in the
same room under a constant temperature (23 £ 2°C), humidity (50% - 65%) and
illuminated from 7:00 a.m. to 7:00 p.m., with food and water available ad libitum. All
animals were arbitrarily assigned before starting treatment without specific tools to

achieve randomization in the animal facility room. The use of the animals was in
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accordance with the Brazilian Guidelines for the Care and Use of Animals in
Scientific Research Activities (DBCA), National Council of Control of Animal
Experimentation (CONCEA) and with the NIH Guide for Care and Use of Laboratory

Animals.

2.3 Hypermethioninemia protocol

Forty male and female Wistar rats (6 days old) were divided into four groups:
Group | (Control/saline), Group Il (Met), Group Il (MetO), and Group IV (Met+MetO).
Met and MetO were dissolved in 0.9% NaCl and were administered by subcutaneous
injection twice a day at 8 h intervals between postnatal day 6 (P6) and P28
(Stefanello et al. 2007, Costa et al. 2013, Soares et al. 2017). From P6—P14, group Il
and Ill received 0.2 g/kg Met and 0.05 g/kg MetO, respectively. From P15-P21,
group Il and Il received 0.3 g/kg Met and 0.075 g/kg MetO, respectively. From P22—
P28, group Il and Il received 0.4 g/kg Met and 0.1 g/kg MetO, respectively. Group IV
received a combination of the concentrations of Met+MetO in the same
concentrations. Group | was administered an equivalent volume of saline from P6—
P28 (Figure 1). The doses of Met and MetO were based on those reported in
previous studies (Stefanello et al. 2007, Costa et al. 2013, Soares et al. 2017).
Animals were directly euthanized when they met the exclusion criteria: weight loss in
combination or not with behavioral impairment indicating pain and/or stress and
suffering. No animals had to be excluded before the end of the study due to

complications.

2.4 Behavioral procedure
2.4.1 Open-field test

All behavioral tests were performed by a blinded experimenter. Behavioral
tests were performed between P23 and P25. Locomotor behavior was evaluated
using open-field apparatus, which consisted of a wooden box. The floor of the arena
was divided into 16 equal squares (18 x 18 cm) and placed in a sound free room.
Rats were placed in the rear left square and allowed to explore freely for 5 min. The
total number of squares crossed with all paws (crossing) and fecal droppings were
manually counted; the degree of grooming and rearing was also evaluated. The
apparatus was cleaned and dried with a 40% alcohol solution after testing with each
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rat. This test was carried out to identify motor disabilities, which might influence the
other behavioral tests performed.

2.4.2 Object recognition test

Rats were habituated to the experimental arena 24 h before the test. Objects,
made of waterproof plastic, were placed on the sand floor. This test was performed in
two stages. During training, rats were placed in the arena with two identical objects
(Al and A2) and allowed to explore for 5 min. The session was valid if rats explored
each object for at least 30 s. Following this, rats were tested 120 min after training to
evaluate their short-term memory. For the testing, one of the objects was changed to
a different, novel object (B). The rats were introduced into the arena for 5 min and
allowed to explore freely. The positions of the objects (familiar or novel) were
randomly exchanged. Exploration was defined as smelling or touching the object with
the nose and/or forelegs. Sitting on or around the object was not considered
exploratory behavior. The apparatus and the objects were cleaned and dried with a
40% alcohol solution after each rat. In this task was evaluated the total exploration
time (s) in the training and test; Time spent on each object — Training (s) (A1, A2);
Time spent on each object — Test (s) (A1l and B); Exploratory preference time for the
novel object expressed as a percentage evaluated in the object recognition test
(Rossato et al. 2007).

2.4.3 Y-maze test

This test was measures spatial recognition memory. The apparatus has three
arms: start arm, in which rats were placed to start to explore (always open); novel
arm, which was blocked during the first trial, but open during the second trial; and
other arm (always open).

Briefly, the task was performed as follows: first, rats underwent training: they
were placed in the start arm and could explore the start and other arm. The third arm
(novel arm) remained closed during training. After 2 h, testing was performed as
follows: rats were placed in the start arm with free access to all three arms for 5 min.
The number of entries in each arm and time spent exploring each arm (expressed as
a percentage of the time spent in each arm) was recorded (Dellu et al. 1997). The
apparatus was cleaned with 40% alcohol solution and dried after each session with

each animal.
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Rats were euthanized by cardiac puncture 12 h after the final amino acid or
saline injection. The brain was removed and quickly dissected to obtain the cerebral
cortex, hippocampus, and striatum samples. Biochemical analyses were performed

by a blinded experimenter and all samples were run in duplicate.

2.5 Acetylcholinesterase activity

Brain samples were placed in a solution of Tris—HCI 10 mM, pH 7.4,
homogenized and centrifuged at 1300 g for 10 min at 4 °C. The supernatant was
used for the AChE assay, as previously described by Ellman et al. (1961). The
reaction mixture comprised 10 mM 5,5-dithiobis(2-nitrobenzoic acid), 100 mM
phosphate buffer (pH 7.5), 15 pl supernatant, and 0,8 mM acetylthiocholine. The
absorbance at 412 nm was read on a spectrophotometer at 30-s intervals for 2 min at

27 °C. AChE activity was expressed as pmol AcSCh/h/mg protein.

2.6 Na*, K*-ATPase activity

Brain sections were homogenized (1/10 w/v) in 0.32 mM sucrose containing
5.0 mM HEPES and 1.0 mM EDTA, pH 7.5. The homogenates were centrifuged at
1000 g for 10 min, and the supernatants were removed for further analysis. The
reaction mixture for this assay contained 5 mM MgClz, 80 mM NaCl, 20 mM KCI, and
40 mM Tris-HCI (pH 7.4). The reaction was initiated by the addition of ATP to a final
concentration of 3 mM. The control samples were generated under the same
conditions with the addition of 1 mM ouabain. Na*,K*-ATPase activity was calculated
by measuring the difference in absorbance between the study samples and the
controls, as described by Wyse et al. (2007). The level of released inorganic
phosphate (Pi) was measured, as described by Chan et al. (1986). Specific enzyme

activity was expressed as nmol Pi released/min/mg protein.

2.7 Oxidative stress parameters in the brain structures

Brain regions were homogenized (1/10 w/v) using 20 mM sodium phosphate
buffer, pH 7.4 containing 140 mM KCI. The homogenates were centrifuged at 2500 g
for 10 min at 4 °C. The supernatants were collected and used in further analyses.

2.7.1 Reactive oxygen species (ROS) assay
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The oxidation of DCFH-DA to fluorescent 2’,7’-dichlorofluorescein (DCF) was
measured. Briefly, DCF fluorescence intensity emission was recorded at excitation
wavelengths of 525 and 488 nm 30 min after the addition of DCFH-DA to the

medium. ROS formation was expressed as pmol DCF/mg protein (Ali et al. 1992).

2.7.2 Thiobarbituric acid reactive substances (TBARS) assay

For this assay, the supernatants were mixed with 10% TCA and centrifuged.
The supernatant was collected and mixed with TBA (0.67%) and incubated in a dry
block at 100 °C for 30 min. TBARS levels were determined by absorbance at 535 nm
and reported as nmol of TBARS/mg protein (Esterbauer et al. 1990).

2.7.3 Total sulfhydryl content assay

Supernatants were added to PBS buffer (pH 7.4) containing EDTA. The
reaction was started by the addition of DTNB. One hour after incubation in the dark,
DTNB reduced by thiol groups was oxidized (disulfide) and a yellow derivative (TNB)
was generated, whose absorbance at 412 nm was measured. The results were

reported as nmol TNB/mg protein (Aksenov et al. 2001).

2,7.4 Nitrite quantification

Nitrite was measured by Griess reaction (Stuehr et al. 1989). In brief, 50 pl
homogenate was incubated with 50 ul 1% sulfanilamide and 50 pl 0.3% N-1-
naphthylethylenediamine dihydrochloride at room temperature (RT) for 10 min. Nitrite
was measured at 540 nm using sodium nitrite as standard. Results were expressed

as UM nitrite/mg protein.

2.7.5 Superoxide dismutase (SOD) activity

This assay is based on the inhibition of superoxide dependent adrenaline
auto-oxidation to adenochrome. The intermediate in this reaction is superoxide,
which is scavenged by SOD and the absorbance is measured at 480 nm on a
spectrophotometer. SOD activity was measured, as previously described by Misra

and Fridovich (1972), and reported as units/mg protein.

2.7.6 Catalase (CAT) activity



88

The decomposition of 30 mM H202 in 50 mM potassium phosphate buffer (pH
7.0) was continuously monitored at 240 nm for 180 s at 37 °C, as previously reported

by Aebi (1984). CAT activity was reported as units/mg protein.

2.7.7 Glutathione peroxidase (GPx) activity
GPx activity was determined according to manufacturer instructions
(RANSEL®; Randox Lab, Antrim, United Kingdom). GPx activity was reported as

units/mg protein.

2.8 Protein determination

Protein concentration was measured as previously described by Lowry et al.
(1951), except for AChE activity, which was used the method previously described by
Bradford (1976).

2.9 Brain derived neurotrophic factor (BDNF) assay

Hippocampus BDNF concentration was measured using the ChemiKine BDNF
Sandwich ELISA Kit, CYT306 (Chemicon / Millipore, Billerica, MA, USA), according
to the manufacturer's instructions. The results were expressed as pg BDNF/mg

protein.

2.10 Histological procedures and immunohistochemistry techniques

Four rats from each group were euthanized by transcardial perfusion. Briefly,
rats were anesthetized with isoflurane and perfused with 0.9% saline for 10 min,
followed by 4% paraformaldehyde diluted in phosphate buffered saline (PBS; 0.1 M,
pH 7.2—7.4) for 30 min. The brain of the animals was removed and stored for 24 h in
4% buffered paraformaldehyde followed by 70% ethanol for at least 24 h. Following
this, the brain samples were embedded in paraffin. Coronal sections were cut using a
rotary microtome (4-um thickness) in the hippocampus. Six sections were used for
the analysis (12 hippocampi), at a distance of 50 um between each cut.

After 30 min at 80 °C, sections prepared for NeuN staining. Briefly, they were
cleared using xylene (10 min, 5 min, and 5 min), followed by dehydration with ethanol
100% (5 min), 95% (5 min), 70% (5 min), 50% (5 min), and distilled water. Following
this, the sections were rehydrated in PBS (pH 7.4) with 0.5% Triton X-100 (PBS-TX)
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for 15 min, and then incubated in citrate buffer (pH 6.00) for 20 min at 98 °C.
Endogenous peroxidase was blocked using 5% hydrogen peroxide (30V) in methanol
for 10 min (3 times). Nonspecific proteins were blocked with 1% BSA; Sigma®) in
PBS-tx for at least 1 h at RT. Then, the sections were incubated with primary
monoclonal antibody (NeuN: Dako® 1:1000) 1 h RT and overnight at 4 °C. After 3 x
PBS for 15 min, sections were incubated with conjugated secondary antibody for 40
min. Finally, the immunohistochemical reaction was revealed with 0.06% 3.3'-
diaminobenzidine (DAB; Dako®) in PBS-tx for 5 min and mounted on slides using
Entellan® (Merck®). NeuN-positive cells were visualized in the CAl, CA3, and
dentate gyrus (DG) (Figure 5A). The number of positive cells within a 10.083 x 150
um? square (Figure 5B) was counted using Image Pro Plus® 6.3 (Media

Cybernetics®) software.

2.11 Statistical analysis

Data were analyzed by one or two-way analysis of variance (ANOVA) followed
by Tukey or Bonferroni post-hoc tests using GraphPad Prism 5.0 (Intuitive Software
for Science, Sdo Diego, CA, USA). P < 0.05 was considered statistically significant.

All data were expressed as mean + standard error of the mean (SEM).

3. Results

3.1 Methionine and/or methionine sulfoxide does not alter locomotion, but
reduces grooming and rearing

The parameters evaluated in the open field test are listed in Table 1.
Locomotion was not significantly different in any experimental group compared with
that in the control group (Fs3s = 0.52, P > 0.05). However, MetO and Met+MetO
reduced the amount of grooming (Fsss= 3.78, P < 0.05), while Met, MetO, and
Met+MetO decreased the amount of rearing when compared with the control group
(Fs36= 13.50, P < 0.05). There was no difference in the number of fecal droppings
among the groups (Fs,36= 2.66, P > 0.05; Table 1).

3.2 Methionine and/or methionine sulfoxide impairs short-term and spatial

memory
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Figure 2A shows that all rats showed increased total exploration time in the
testing vs. training phase of the object recognition test. Interestingly, MetO and
Met+MetO-treated rats had longer total exploration times when compared with the
control group. During the training phase, there was no difference in the exploration
times between objects in all groups (Figure 2B). During testing, Met-, MetO-, and
Met+MetO-treated rats explored the familiar object (A1) more than the rats in the
control group. Furthermore, the MetO group showed reduced exploration of the novel
object (B) compared with the control group (Figure 2C). We found that the control
group explored the novel object more than the familiar object (Figure 2D). In contrast,
the MetO group explored the novel object significantly less compared with the
familiar object (Figure 2D). Taken together, these findings indicated that Met, MetO,
and Met+MetO treatment impaired short-term object recognition memory (F3,3= 5.12,
P < 0.05; Figure 2E).

Similar results were observed in the Y-maze test, indicating an impairment in
spatial memory; Met, MetO, and Met+MetO treatment decreased exploratory time
(Fs36= 6.72, P < 0.05) and number of entries (Fs 3= 3.30, P < 0.05) into the novel
arm compared with those in the control group (Figure 2F). There were no differences
in the exploratory time in the start (Fs3s= 0.51, P > 0.05) or other (F33s = 0.70, P >
0.05; Figure 2F) arms or in the number of entries in the start (F3,3 = 2.00, P > 0.05)
and other (F3,36= 0.90, P > 0.05; Figure 2G) arms.

3.3 Methionine and/or methionine sulfoxide alter acetylcholinesterase and
Na*,K* -ATPase activity

AChE activity was increased in the cerebral cortex (Fs1s= 10.77, P < 0.05)
and hippocampus (Fsi13= 6.39, P < 0.05) following Met, MetO, and Met+MetO
treatment when compared with control rats (Figure 3). Furthermore, there was an
increase in AChE activity in the MetO and Met+MetO groups in the striatum
compared with the control group (Fs3,15= 4.79, P < 0.05, Figure 3).

As showed in Figure 4, Na*,K*-ATPase activity was significantly decreased in
the MetO and Met+MetO groups in the hippocampus (Fs.17= 8.91, P < 0.05, Figure 3).
However, no change was observed in Na*,K*-ATPase activity in the cerebral cortex
(Fs17= 1.88, P > 0.05) and striatum (Fs,17= 0.17, P > 0.05) following Met and/or MetO

treatment (Figure 3).
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3.4 Methionine and/or methionine sulfoxide induces oxidative stress in the
cerebral cortex, hippocampus, and striatum

Table 2 shows the results of the oxidative stress analyses. Met, MetO, and
Met+MetO treatment increased the level of TBARS in the cerebral cortex (Fsz22 =
5.23, P < 0.05); however, there was no change in ROS (Fs,15 = 0.42, P > 0.05), total
thiol (Fs17 = 3.13, P > 0.05), or nitrite (Fs1s = 0.15, P > 0.05) levels. Furthermore,
there was no difference in antioxidant enzyme activity, such as SOD (F3,20= 0.95, P >
0.05, Figure 4A), CAT (Fs21=1.51, P > 0.05, Figure 4B), and GPx (Fs323=0.87, P >
0.05, Figure 4C), compared with the control group.

In the hippocampus Met, MetO, and Met+MetO treatment increased ROS
(Fs14 = 8.42, P < 0.05), and TBARS (Fs,19 = 8.29, P < 0.05) levels, while MetO and
Met+MetO treatment reduced the total thiol (F3,19 = 6.05, P < 0.05) and nitrite (F3,17=
7.40, P < 0.05; Table 2) content. In addition, administration of Met/MetO combined or
alone reduced SOD (Fs,19 = 6.66, P < 0.05, Figure 4D), and GPx (F316 = 12.30, P <
0.05, Figure 4F) activity in the hippocampus. CAT activity was reduced in the rats
that received MetO or Met+MetO (Fs,15 = 8.69, P < 0.05, Figure 4E) when compared
with the control group.

Met, MetO, and Met+MetO enhanced ROS levels (F315 = 34.5, P < 0.05) in
the striatum (Table 2). MetO and Met+MetO treatment increased TBARS levels (Fs,16
= 8.86, P < 0.05) and reduced total thiol content (Fz19 = 7.93, P < 0.05) when
compared with the control group (Table 2). Furthermore, reduced nitrite was
observed in the striatum in all treatment groups (Fs19 = 5.19, P < 0.05, Table 2).
Figure 4 shows that MetO and Met+MetO reduced SOD (Fs317 = 3.92, P < 0.05,
Figure 4G) and CAT (Fs16 = 4.24, P < 0.05, Figure 4H) activity in the striatum;
however, no changes were observed in GPx activity (Fs20 = 2.16, P > 0.05, Figure
41).

3.5 Effect of methionine and/or methionine sulfoxide on BDNF in the
hippocampus of young rats

Figure 5 showed that the concentration of BDNF was reduced in the
hippocampus in MetO and Met+MetO groups when compared with the control group
(Fs,17=6.84, P < 0.05, Figure 5).
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3.6 Methionine and/or methionine sulfoxide reduces the number of NeuN-
positive cells in the CA3 and DG

Figure 6A shows the CA1l, CA3, and DG (area within the red square, objective
lenses 5x scale bar 500 um): CALl (objective lenses 20x, scale bar 100 ym), CA3
(objective lenses 20x, scale bar 100 ym) and DG (objective lenses 10x, scale bar
250 ym). Areas were delimited in the hippocampus and the number of NeuN positive
cells were counted (objective lenses 40x, scale bar 50 ym, Orange square [area
10,083 x 150 um?], figure 5B). Quantitative analysis of NeuN+ cells in the CA1l
(Figure 5C), CA3 (Figure 6D), and DG (Figure 6E). We found a significant reduction
in NeuN+ cells in the CA3 following Met+MetO treatment when compared with
controls (Fs12 = 4.26, P < 0.05, Figure 6D). In addition, there was a reduction in
NeuN+ cells in the DG in Met, MetO, and Met+MetO groups when compared with the
control group (Fs12 = 7.52, P < 0.05, Figure 6E). No changes was founded in NeuN+
cells in the CAl (F3,12=0.10, P > 0.05, Figure 6C)

4. Discussion

Hypermethioninemia is characterized by high levels of Met and its metabolite,
MetO. In patients with MAT I/lll deficiency, Met plasma levels increase to up to 30-
fold higher, and MetO levels may increase to 460 uM in the plasma (Gahl et
al.1988). Although global epidemiological data have not been obtained to date,
previous studies have shown that the incidence of MAT I/Ill deficiency is 1 in 27,000
newborns in the Iberian Peninsula (Marcdo et al. 2015). We have previously
assessed the effects of acute and chronic exposure of high levels of Met and MetO in
experimental models. Based in these studies, we have shown the toxic potential of
these amino acids in in vitro and in vivo (Costa et al. 2013, Dos Santos et al. 2016,
Soares et al. 2017a 2017b, Stefanello et al. 2005, 2007a, 2007b, 2009, 2011,
Schweinberger et al. 2015, 2018). In this study, we have demonstrated that Met
and/or MetO induced memory deficits and biochemical alterations in important brain
structures.

First, we assessed whether treatment affected behavior using an open-field
test for motor abnormalities evaluation (Belzung et al. 2001). We found that Met
and/or MetO did not alter the spontaneous locomotor activity of the animals.
However, Met, MetO, and Met+MetO showed reduced rearing, indicating a lower
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exploratory activity. Rearing behavior is associated with improvements in spatial
cognitive map formation and space defense (Borta and Griebel 2001), which can
facilitate learning and spatial memory. Therefore, it is plausible that a decrease in
rearing may explain the findings of the Y-maze and object recognition tests (Pawlak
and Schwarting 2002). The decrease in rearing and grooming may be associated
with Met- and MetO-induced anxiolytic behavior. In line with this, Hrncic et al. (2016)
demonstrated that methionine-enriched diet reduces rearing and promotes anxiety-
like behavior.

We have shown that administration of Met and MetO alone, or in combination,
impaired short-term object recognition memory. In addition, impairment in the Y-maze
test was observed. Our results are in agreement with other studies that demonstrate
memory impairment with long-term Met exposure in rats (Stefanello et al. 2007) and
zebrafish (Vuaden et al. 2012). The brain is organized into multiple memory systems
that are associated with different brain structures. The cerebral cortex, and more
specifically, the perirhinal cortex and hippocampus contribute to recognition memory
(Vann and Albasser 2011, Antunes and Biala 2012). In addition, the hippocampus
plays a crucial role in spatial memory (Baste et al. 2009, Vann and Albasser 2011).
Corroborating this evidence, Bast et al. (2009) demonstrated that animals with
hippocampal damage were not able to learn new spatial locations within a familiar
environment, similar to the results in the present study (Bast et al. 2009).
Furthermore, the interaction between the hippocampus and striatum significantly
contributes to the initial learning and sequential motor behavior (Ghiglieri et al. 2011,
Albouy et al. 2013). Thus, damage to the cerebral cortex, hippocampus, and striatum
can directly affect neural memory systems.

Our results showed that Met, MetO, and Met+MetO induced oxidative damage
in the brain. The treatments increased ROS and TBARS levels and decreased the
SH content and SOD, CAT, and GPx activities in the hippocampus and striatum. The
enzyme and non-enzyme antioxidant defenses play an important role as ROS and
reactive nitrogen species (RNS) scavengers. ROS and RNS may contribute to brain
injury, activating several intracellular signaling cascades, such as mitochondrial and
proteasomal dysfunction, and inflammation (Patel 2016, Suzuki et al. 2016). In this
context, it is plausible that a Met and/or MetO-induced decrease antioxidant

enzymatic activity could lead to an excess of reactive species, such as anion
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superoxide and hydrogen peroxide, resulting in lipid peroxidation and a disruption of
cellular homeostasis in brain structures.

Furthermore, nitrite levels were reduced in the hippocampus and striatum of
young rats by Met and/or MetO treatment. Nitrite is the product of oxidation of nitric
oxide (NO), which is an important intra and extracellular signaling molecule involved
in learning and memory-related processes, and mediation of excitatory responses
(Paul and Ekambaram 2011, Gasparovic et al. 2016). Decreased nitrite levels, as
found in this study, may be an indirect measure of reduced levels of NO. This may be
associated with the increase in ROS levels, leading to a reduction in the
bioavailability of NO. This is associated with neurodegeneration, cognitive failure,
and memory loss, similar to the behavior found in this present investigation (Toda
and Okamura 2016).

We have evaluated the effect of chronic treatment of Met and/or MetO on
AChE activity. AChE is a crucial enzyme in synaptic transmission as it rapidly
hydrolyzes acetylcholine at cholinergic synapses. In addition, AChE has several
other important roles in the central nervous system, such as glial activation,
postsynaptic differentiation, cell adhesion, and the activation of dopaminergic
neurons (Silman and Sussman 2005). Here, we showed that Met and MetO when
administered alone or in combination altered the AChE activity in all brain structures
evaluated. Similar results were founded by Stefanello et al. (2007), which showed an
increase in AChE activity in the cerebral cortex of rats treated with Met.

The increase in the AChE activity in the cerebral cortex and hippocampus may
reduce acetylcholine levels, leading to the memory deficits we observed in this study.
In addition, data have demonstrated that dysfunctions on cholinergic signaling in the
striatum are associated with the pathophysiology of Parkinson’s disease and
dystonia (Bohnen and Albin 2010). Considering the key physiological role of AChE,
alterations in this enzyme may represent an important mechanism associated with
the symptoms, such as cognitive deficits, delayed psychomotor development, and
dystonia, noted in patients with hypermethioninemia (Mudd 2011, Schweinberger and
Wyse 2016, Nashabat et al. 2018)

The rats treated with MetO and Met+MetO showed a decrease in Na*K*-
ATPase activity in the hippocampus. This alteration may be associated with high
ROS levels or reduced the neuron number observed in the same groups. High ROS

production can lead to a conformational change in Na*K*-ATPase and induce the
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endocytosis, thereby reducing plasma membrane density, and Na*K*-ATPase activity
at the cell surface (Zhang et al. 2008). Schweinberger et al., (2016) showed that
although high Met levels inhibited Na*K*-ATPase activity, the expression and content
of this enzyme is increased in the brain of offspring (Schweinberger 2016). This
result indicates that high ROS can directly influence Na*K*-ATPase activity.

The Na*K*-ATPase o3 isoform is highly expressed in neuronal projections,
which suggest that it may be the main isoform affected by MetO and Met+MetO,
because there is a reduction in the number of neurons (Clausen et al. 2017). Also, it
was demonstrated that the Na*K*-ATPase a3 isoform has functional significance in
the control of spatial learning and memory (Holm et al. 2016).

In addition to the decrease in Na*K*-ATPase activity in the hippocampus, we
have demonstrated that MetO and Met+MetO treatment reduced the levels of BDNF.
BDNF is essential for hippocampal long-term potentiation (LTP) (Leal et al. 2015,
2016). This is the main form of synaptic plasticity and is indicative of the efficacy of
the synaptic information storage, which is the main cellular mechanism correlated
learning and memory (Leal et al. 2015, 2016). In addition, BDNF can control
differentiation and neuronal survival. In this sense, a decreased hippocampal BDNF
concentration corroborates the reduction in NeuN, which also have an important
cognitive function (Leal et al. 2015, 2016). Schweinberger el al., (2018) also
demonstrated that Met administration in pregnant rats alters the ultrastructure of
neurons in the brain of offspring, corroborating the data found in this study
(Schweinberger et al. 2018).

The hippocampal formation is sensitive to pathophysiological changes, which
can affect hippocampal-dependent functions and reduce the production of new
neurons and structural changes (Huang et al. 2015). The mechanism that leads to
cognitive dysfunction is associated with the hippocampus is complex; however,
persistent oxidative stress plays an important role in this function (Huang et al. 2015).
Another point to be considered is that DG is a region with the presence of precursor
cells of neurons which seems to be the most affected, demonstrating reduction of
neurons and increase of apoptosis under toxicological conditions (Rahmeier et al.
2016, Huf et al. 2018). Thus, alterations in this region, as observed in this work, could

interfere in the other regions of the hippocampus.
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The neurons generated postnatally in the subgranular region of the
hippocampus are involved in spatial learning and memory. The generation of new
neurons in dentate gyrus is important for hippocampal functioning, and has been
implicated in spatial memory. Furthermore, it has been demonstrated that MetO and
Met+MetO reduce the number of neurons in the DG, suggesting that these amino
acids may impact neurogenesis of the hippocampus (Erasso et al. 2013).

In conclusion, the results obtained in the present study showed that chronic
exposure to Met and/or MetO induced memory deficits in young rats via increased
oxidative stress and AChE activity in the cerebral cortex, hippocampus, and striatum.
MetO alone or in combination with Met also decreased Na*,K*-ATPase and BDNF
levels, and the number of neurons in the hippocampus (Figure 7). These data assist
with  understanding the neurological changes found patients with
hypermethioninemia. In addition, these results provide new perspectives for future

studies that seek therapeutic targets for this pathology.
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Figure and tables
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Figure 1 - Schematic of the experimental protocol
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Figure 2 - Methionine (Met) and/or methionine sulfoxide (MetO) impairs both short-term and
spatial memory in young rats 21 days after treatment. (A) Total exploration time (s); (B) Time

spent on each object — Training (s); (C) Time spent on each object — Test (s); (D) Total time
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spent during the test session on each object; (E) Exploratory preference time for the novel
object expressed as a percentage evaluated in the object recognition test. (F) Exploratory
preference time in the novel, start, and other arms, expressed as a percentage of the total
exploration time in the Y-maze test and (G) Number of entries in the novel, start, and other
arms evaluated in the Y-maze test. Two-way ANOVA and post-hoc Bonferroni multiple
comparisons test were used for A-D. One-way ANOVA, and post-hoc Tukey's multiple
comparisons tests were performed for E-G. A1 and A2 report the familiar object and B refers
to new objet. Bars represent mean and + SEM. *P < 0.05; *P < 0.01; **P < 0.001,
compared with control group (n = 9-10). In the figure 2A, a and b denote a significant

difference between training and test *P < 0.05.
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Acetylcholinesterase
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Figure 3 - Acetylcholinesterase and Na*, K*-ATPase activity in the cerebral cortex,
hippocampus, and striatum of young rats 21 days after treatment with methionine (Met)
and/or methionine sulfoxide (MetO). AChE activity is expressed in ymol AcSCh/h/mg protein
and Na*, K*-ATPase activity as nmol/Pi released/min/mg protein. One-way ANOVA and post-
hoc Tukey's multiple comparisons test were performed. Bars represent mean + SEM. *P <
0.05; *P < 0.01; ***P < 0.001, compared with the control group (n = 4-7).
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Figure 4 - Superoxide dismutase (SOD) catalase (CAT) and glutathione peroxidase (GPx)
activity in the cerebral cortex (A—C), hippocampus (D—F), and striatum (G-I) of young rats 21
days after treatment with methionine (Met) and/or methionine sulfoxide (MetO). CAT, SOD,
and GPx activity are reported as units/mg protein. One-way ANOVA and post-hoc Tukey's
multiple comparisons test were performed. Bars represent mean = SEM. *P < 0.05,

compared with the control group (n=4-7).
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Figure 5 - Concentration of brain-derived neurotrophic factor (BDNF) in the hippocampus of
young rats 21 days after treatment with methionine (Met) and/or methionine sulfoxide
(MetO). BDNF is reported as pg/mg protein. One-way ANOVA and post-hoc Tukey's multiple
comparisons test were performed. Bars represent mean + SEM (n = 4-7). *P < 0.05, **P <

0.01 compared with the control group (n = 5-6).
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Figure 6 - Number of NeuN-positive cells in the CA1, CA3, and DG from young rats 21 days
after treatment with methionine (Met) and/or methionine sulfoxide (MetO). Data are reported
as mean * SEM. One-way ANOVA and post-hoc Tukey's multiple comparisons test were

performed. *P < 0.05 and **P < 0.01, compared with the control group (n = 4).
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Figure 7- Effect of chronic administration of methionine (Met) and methionine sulfoxide
(MetO) on the behavioral and neurochemical parameters in young rats. SOD, Superoxide
dismutase; CAT, Catalase; GPx, Glutathione peroxidase; ROS, reactive oxygen species; SH-
total, thiol content; TBARS, thiobarbituric acid reactive species; AChE, acetylcholinesterase;

BDNF, Brain-derived neurotrophic factor.
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Table 1 - Effect of methionine (Met) and/or methionine sulfoxide (MetO) on crossing, rearing,

grooming, and number of fecal droppings in the open field-test

Groups

Control Met MetO Met+MetO

Total crossing 42.32+8.01 40.03+2.05 4240%5.44 46.00 £ 9.96

Rearing 30.10+4.52 8.0+1.30"* 1213 +1.98** 9.50 + 2.14***
Grooming 3.77+0.27 3.18+0.29 2.50 + 0.26* 2.50 +0.37*
Feces 234+036 1.09+0.39 1.20 + 0.35 1.62 + 0.32

One-way ANOVA and post-hoc Tukey's multiple comparisons test were performed. Data
were reported as mean + SEM. *P < 0.05; *P < 0.01; **P < 0.001, compared with the
control group (n = 9-10).
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Table 2 - ROS, TBARS, SH, and nitrite levels in the cerebral cortex, hippocampus and

striatum from young rats 21 days after treatment with methionine (Met) and/or methionine

sulfoxide (MetO).

Groups

Control Met MetO Met+MetO
Cerebral Cortex
ROS 102.0£17.5 120.6+14.33 107.7+10.47 99.7445.0
TBARS 0.66+0.03 0.80+0.03* 0.82+0.02* 0.81+0.08*
SH 27.85+1.07 25.20+1.82 27.23+0.70 30.48+1.09
Nitrite 15.50+0.70 14.52+1.77 15.60+1.54 15.6+0.90
Hippocampus
ROS 24.05+2.1 64.68+10.07** 69.23+5.1** 63.36+9.3*
TBARS 0.48+0.06 0.66+0.01* 0.65+0.04* 0.73+0.01*
SH 29.10+1.34 26.24+2.4 20.39+0.73* 19.60+1.63*
Nitrite 15.50+ 1.29 13.72+1.54 8.42+0.78** 10.50+0.70*
Striatum
ROS 29.10+£5.74  149.3+x14.0*** 64.62+2.74* 67.26+9.3*
TBARS 0.57+0.01 0.59+0.03 0.87+0.07* 0.77+0.04*
SH 29.08+2.63 29.46+2.43  18.57+0.71* 19.51+1.36*
Nitrite 26.86+2.44 18.47+2.69* 17.63+0.93* 14.78+1.55**

ROS levels are expressed as pumol/DCF protein, TBARS levels are reported as nmol
TBARS/mg protein, thiol content are expressed as nmol/TNB/mg protein, and nitrite levels
are expressed as uM nitrite/mg of protein. One-way ANOVA and post-hoc Tukey's multiple
comparisons test were performed. Values are expressed as mean + SEM. *P < 0.05; **P <

0.01; ***P < 0.001, compared with the control group. (n = 4-7).
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4.5 Manuscrito |l

O manuscrito sera submetido a revista Cellular and Molecular Neurobiology.
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Abstract

The aim of this work was to investigate the in vitro effects of methionine (Met) or
methionine sulfoxide (Met-SO) on viability, proliferation, necrotic death, morphology,
and neurochemical parameters in primary culture of cortical astrocytes, after
treatment with 1 or 2 mM Met or 0.5 mM Met-SO, for 24, 48, and 72 h. Although Met
or Met-SO did not affect cell viability and proliferation, they induced astrocyte
hypertrophy. Acetylcholinesterase activity increased, while Na*, K *-ATPase activity
decreased after 24, 48, and 72 h incubation with 2 mM Met, Met-SO, or Met (1 and 2
mM) + Met-SO (P < 0.05). ATP and AMP hydrolysis decreased by Met (1 and 2 mM),
Met-SO and Met (1 and 2 mM) + Met-SO treatment, while ADP hydrolysis enhanced
by Met-SO and Met (1 and 2 mM) + Met-SO (P < 0.05) treatment. Superoxide
dismutase activity increased by Met-SO and Met (1 and 2 mM) + Met-SO after 24 h
of exposure (P < 0.05). Catalase and glutathione S-transferase activities reduced by
Met (1 and 2 mM) or Met-SO treatment for 48 and 72 h (P < 0.05). Reactive oxygen
species and total thiol content reduced by Met (1 and 2 mM) or Met-SO treatment for
24, 48, and 72 h of exposure, while nitrite and thiobarbituric acid reactive substance
levels increased under the same experimental conditions (P < 0.05). These findings
elucidate hypermethioninemia induced changes in brain astrocyte function, in the

presence of high concentrations of Met and Met-SO.

Key Words: Astrocytes, purinergic signaling, oxidative status, acetylcholinesterase,
Na*, K *-ATPase, hypermethioninemia
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1. Introduction

Hypermethioninemia is characterized by high plasma concentrations of
methionine (Met) and its metabolites such as methionine sulfoxide (Met-SO) (Mudd
2011, Mudd et al. 2001), and is caused by genetic and non-genetic conditions (Mudd
2011; Schweinberger and Wyse 2016). Patients with this pathology may present
severe neurological symptoms such as cognitive deficits, demyelination, memory
impairments, and cerebral edema (Couce et al. 2008; Mudd 2011; Schweinberger
and Wyse 2016; Nashabat et al. 2018). However, little is known about the cellular
and molecular changes underlying these symptoms.

Studies using experimental models have shown toxicity due to high
concentrations of Met or Met-SO, and involvement of oxidative stress and
inflammation in neuronal and non-neuronal changes in both in vitro and in vivo
experiments (Costa et al. 2013; Dos Santos et al. 2017; Soares et al. 2018). In the
brain, high Met concentration alters the antioxidant enzyme activity,
acetylcholinesterase (AChE), and Na*, K*-ATPase activities, induces lipid
peroxidation and reduces membrane lipid content (Stefanello et al. 2007b; Stefanello
et al. 2007c). Hitherto, our research group showed that acute administration of Met or
Met-SO causes oxidative stress, reduces cell viability, induces DNA damage, and
causes apoptotic cell death in the cerebral cortex of young rats (Soares et al. 2017).

Astrocytes are specialized glial cells that participate in brain circuitry and
processing, in addition to many essential functions in the brain such as the formation,
maturation, and elimination of synapses, ionic homeostasis, clearance of
neurotransmitters, regulation of extracellular space volume, and modulation of
synaptic activity and plasticity. However, changes in astrocyte functions have been
described in many neuropathologies (Sofroniew and Vinters, 2010; Sica et al. 2016;
Vasile et al. 2017). Nevertheless, the effect of high concentrations of Met and Met-
SO on astrocyte cultures have not yet been reported in the literature.

Astrocytes have many proteins, including essential enzymes for proper
functionality, and maintenance of homeostasis in the central nervous system (CNS)
(Sofroniew and Vinters, 2010; Sica et al. 2016; Vasile et al. 2017). For example,
astrocytes express a2 isoform of sodium-potassium adenosine triphosphatase (Na*,
K*-ATPase), which is essential for modulation of the electrochemical gradient in CNS
cells (Moseley et al. 2007). In addition, AChE, which cleaves acetylcholine (ACh) into
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choline and acetate, also plays a critical role in the modulation of astrocytic activation
against neuronal insults (Chacén et al. 2003).

In addition, astrocytes are the first line of defense against oxidative insults in
the CNS, as evidenced in several neuropathology conditions (Bhatia et al. 2019).
This condition is characterized by high concentrations of reactive species, and
markers of protein and lipid damage associated with the decrease in the enzymatic
and non-enzymatic antioxidant defenses (Bhatia et al. 2019). Considering several
studies showed that oxidative stress plays a role in hypermethioninemia,
investigation of these markers in the astrocytes becomes interesting.

Both acute and chronic CNS damage releases large amounts of ATP, which in
excess binds to the P2X and P2Y receptors located in the astrocytes, and generates
purinergic signaling related to the onset of astrogliosis (Franke and llles 2014;
Cisneros-Mejorado 2015). The released ATP acts as an excitotoxic and
neuroinflammatory molecule. In contrast, adenosine, produced by the ecto-enzymatic
cleavage of ATP, is released by astrocytes directly into the extracellular environment
(Burnstock 2007, 2013; Frankis and llles, 2014; llles and Verkhratsky 2016).
Adenosine exerts an anti-ATP effect, acting as an anti-inflammatory and
immunosuppressant, through its interaction with P1 receptors to play an essential
role in presynaptic neuromodulation. Purinergic signaling is emerging as a major
means of integrating functional activity between neurons and glial cells in the CNS
(Burnstock 2007, 2013; Franke and llles 2014; Cisneros-Mejorado 2015).

In the context of hypermethioninemia, investigation of enzyme activities that
modulate the extracellular levels of nucleotides and nucleosides of adenine in the
astrocytes is vital for understanding the neuropathological mechanisms of this
disorder. Astrocytes express the whole cascade of ecto-enzymes belonging to the
purinergic system, such as ecto-nucleoside triphosphate diphosphohydrolase
(NTPDase), ecto-5'-nucleotidase, and adenosine deaminase (Burnstock 2007, 2013).
Thus, this work aimed to investigate the in vitro effects of Met or Met-SO on cell
viability, proliferation, and morphology, parameters of oxidative stress, AChE, Na*,
K*- ATPase, and the ATP, ADP, and AMP hydrolysis in primary culture of cortical

astrocytes derived from brains of Wistar rats.



119

2. Materials and Methods

2.1 Animals and ethical procedures

Wistar rats (1-2 days old) from Central Animal House of the Federal University
of Pelotas, Pelotas, RS, Brazil, were kept in a room under a standard 12/12 h
light/dark cycle and controlled temperature (22 £ 2 °C). All animal procedures were
approved by the Committee of Ethics and Animal Experimentation of the Federal
University of Pelotas, Brazil, under the protocol number CEEA 6210-2017. The use
of the animals is by following the Brazilian Guidelines for the Care and Use of
Animals in Scientific Research Activities (DBCA - 2013) and the National Council of
Control of Animal Experimentation (CONCEA).

2.2 Astrocytic Cultures

Primary astrocytic cultures were prepared as described by Gottfried et al.
1999. Firstly multi-well plates used for growing cultures were pre-treated with poly-I-
lysine. The newborn (1-2 days old) Wistar rats were euthanized by decapitation, and
the cerebral cortex was removed and mechanically dissociated with calcium and
magnesium-free balanced salt buffer (pH 7.4). After that, the meninges were
removed, and the cerebral cortex was mechanically dissociated by sequential
passage through a pipette. The cell suspension was settled through centrifugation at
1000 rpm for 10 min, and the pellet was resuspended in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), pH 7.6.
Subsequently, the cells were seeded in plates (6, 48, and 96-well plates) and 4 h
after seeding, the plates were washed, and fresh medium was added. Cultures were
maintained at 5% CO2, 37 °C, and humidified atmosphere for 20 days until
confluence, and the medium was replaced every four days (Figure 1).

2.3 Culture treatment with methionine and methionine sulfoxide

Met and Met-So were dissolved in water and subsequently mixed with DMEM
with 10% FBS. Astrocytes were treated with concentrations of 0.5 mM Met-SO and 1
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or 2 mM Met in combination or alone. For 24, 48 and 72 h. The control cells were
maintained only in DMEM with 10% FBS (Figure 1).

2.4 Cell viability assay

Cell viability was determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay. Briefly, cells were washed with PBS, and
0.5 mg/mL MTT was added and incubated for 90 min at 37 °C and 5% CO2. The MTT
solution was removed and the precipitate dissolved with dimethyl sulfoxide (DMSO).
The absorbance determined at 492 nm was proportional to the number of cells with

active mitochondria.

2.5Cell proliferation assay

Cell density was determined by the sulforhodamine B (SRB) assay by
measurement of cell protein. Cultures were washed and fixed in trichloroacetic acid
(50%) for 45 min at 4 °C. After washing five times with distilled water, 0.4% SRB in
acetic acid was added and incubated for 30 min. The plates were washed five times
with 1% acetic acid for the complete removal of unbound dye. Finally, the dye was
eluted with 10 mM Tris solution and the absorbance measured at 530 nm.

2.6 Assessment of cell death pathway by propidium iodide (PI)

Flow cytometry with the use of propidium iodide (PI), allows verification of cell
death by necrosis. Cell death was followed by fluorescence image analysis after
incorporation of Pl. After treatment with Met or Met-SO, the cells were incubated with
Pl (7.5 uM) for 1-h. The fluorescence excitation was at 515-560 nm using an inverted
microscope (Olympus IX71, Tokyo, Japan) equipped with a standard rhodamine

filter. The images were captured using a digital camera connected to the microscope.
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2.7 Acetylcholinesterase (AChE) activity

AChE activity was determined as previously described (Ellman et al. 1961).
First, the reaction system composed of 10 mM 5,5'-dithio-bis-2-nitrobenzoic acid
(DTNB), 100 mM phosphate buffer (pH 7.5), and 15 uL of cell lysate, was incubated
for 2 min at 27 °C. Subsequently, 8 mM acetylthiocholine was added and the
absorbance determined at 412 nm for 2 min at 30-sec intervals at 27 °C. AChE

activity was expressed as the percentage of control.

2.8Na*, K-ATPase activity

Buffer containing 5.0 mM MgClz, 80.0 mM NaCl, 20.0 mM KCI, and 40.0 mM
Tris—HCI, pH 7.4, was used for Na+, K+-ATPase activity assay along with 50 yL of
cell lysate. The reaction was initiated by adding ATP for a final concentration of 3.0
mM. Control assays were carried out under the same conditions with the addition of
1.0 mM ouabain. Na+, K+-ATPase activity was calculated from the difference
between the two assays, according to the method of Wyse et al. 2007 and the
released inorganic phosphate (Pi) was measured by the method of Chan et al. 1986.

The specific activity of the enzyme was expressed as a percentage of control.

2.9 Ecto-nucleotidase assay

The NTPDase activity using ATP and ADP as substrates, and 5’-nucleotidase
activity using AMP as substrate, were measured in 48-well plates containing
astrocytes that were washed three times with phosphate-free incubation medium in
the absence of nucleotides. The enzymatic reaction was started by the addition of
200 pL of incubation medium containing 2 mM CaClz (2 mM MgCl. for AMPase
assay), 120 mM NaCl, 5 mM KCI, 10 mM glucose, 20 mM HEPES (pH 7.4), and 2
mM ATP, ADP, or AMP as substrates. Following 10 min incubation at 37 °C, the
reaction was stopped by transferring an aliquot of the incubation medium to a pre-
chilled tube containing TCA (final concentration 5 % w/v). The release of Pi was
measured by the malachite green method (Chan et al., 1986), using KH2PO4 as a Pi

standard. Controls to determine the non-enzymatic Pi release was performed by
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incubating the cells in the absence of the substrate, or the substrate in the absence
of the cells. All assays were in triplicate.

2.10 Oxidative stress parameters

2.10.1 Reactive Oxygen Species (ROS)

ROS generation was measured by oxidation of 2'-7'-dichlorodihydrofluorescein
diacetate (DCFHDA) to dichlorofluorescein (DCFH) catalyzed by the esterase in the
sample. DCFHDA reacts with ROS emitting fluorescence. In brief, after treatment
with Met and Met-SO, cultures were incubated with 1 mM DCFHDA for 30 min, and
fluorescence measured at 488/525 nm in a microplate reader (SpectraMax M3). ROS

production was reported as a percentage of control (Dos Santos et al. 2016).

2.10.2 Nitrite levels

Nitrite levels were measured after 24, 48, and 72 h treatment with Met or Met-
SO by a colorimetric reaction with Griess reagent (Stuehr and Nathan 1989), and 100
ML of sulfanilamide in 5% phosphoric acid was added to 100 pL cell-culture
supernatants and maintained at room temperature for 10 min, followed by addition of
100 uL of Griess reagent (0.1% N-[1 naphthyl]ethylenediamine dihydrochloride). After
incubation for 10 min in the dark, the absorbance was measured at 540 nm. Nitrite

levels reported as a percentage of control.

2.10.3 Total sulthydryl (SH) Content

The total SH content in cell lysates was determined using the 5,5'-dithiobis-(2-
nitrobenzoic acid) (DTNB) reagent as described by Aksenov and Markesbery (2001).
The reaction was based on the reduction of DTNB by thiols resulting in a yellow
derivative (TNB) whose absorption is read at 412 nm. SH levels were reported as a

percentage of control.
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2.10.4 Thiobarbituric acid reactive substances (TBARS)

Determination of TBARS was according to Esterbauer and Cheeseman (1990)
with  minor modifications. Lysates were mixed with trichloroacetic acid and
thiobarbituric acid, and heated in a boiling water bath for 30 min. Determination of
TBARS was by measuring the absorbance at 535 nm. Results reported as a

percentage of control.

2.10.5 Superoxide Dismutase (SOD)

The SOD activity was measured in the lysates, according to Misra and
Fridovich (1972). This method is based on inhibition of superoxide-dependent
adrenaline auto-oxidation measured using a spectrophotometer adjusted to 480 nm.
Results reported as a percentage of control.

2.10.6 Catalase (CAT)

CAT activity is based on the decomposition of H202 monitored at 240 nm at
ambient temperature and was performed according to Aebi (1984). The CAT activity

reported as a percentage of control.

2.10.7 Glutathione S-transferase (GST)

GST activity was measured using 1-chloro-2,4-dinitrobenzene (CDNB) as a
substrate according to the method of Habig et al. (1974). The assay medium
consisted, 1 mM CDNB (in ethanol), 10 mM glutathione (GSH), 20 mM potassium
phosphate buffer (pH 6.5), and 20 uL cell lysate. The activity expressed as a

percentage of control.

2.11 Protein determination

AChE, Na+, K+-ATPase, and ecto-nucleotidase proteins in the assays were
determined using the Bradford (1976) method, while the protein concentration for
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oxidative stress parameters was measured by Lowry et al. (1951). In both methods,

the bovine serum albumin was used as the standard.

2.12 Statistical analysis

All statistical analyses were performed using GraphPad Prism 5 and one-way
analysis of variance (ANOVA) followed by Tukey’s test for multiple comparisons.
Furthermore, all data were expressed as mean * standard error, and the differences

between mean values were considered significant at P < 0.05.

3 Results

3.1Cell viability, proliferation, and morphological analysis

As shown in Figure 2, no significant change in cell viability (Figure 2A) or
proliferation (Figure 2 B) was observed in astrocytes exposed to Met and / or Met-SO
after 24, 48 and 72 h of treatments (P > 0.05). Similarly, no significant change was
seen in Pl incorporation into astrocytes exposed for 72 h to Met and/or Met-SO,
indicating no necrotic cell death (Figure 2C). However, interestingly, exposure of
astrocytes to Met and/or Met-SO under all experimental conditions and times (24, 48
and 72 h) showed significant morphological alterations as seen by a significantly
larger cell size when compared to control cells (Figure 3).

3.2Acetylcholinesterase (AChE) and Na*, K*- ATPase activities

Figure 4 shows, enhancement in AChE activity in astrocytes after 24 and 48 h
exposure to 0.5 mM Met-SO (P < 0.01 and P < 0.05 respectively), 1 mM Met + 0.5
mM Met-SO (P < 0.05 and P < 0.01 respectively), and 2 mM Met + 0.5 mM Met-SO
(P <0.05 and P < 0.01 respectively) when compared to control cells (Figure 4). After
72 h exposure to 0.5 mM Met-SO (P < 0.01), AChE activity remained elevated when
compared to the control cells (Figure 4). The Na*, K*~-ATPase showed no changes in
activity during 24 h (P > 0.05) (Figure 4). However, after 48 h exposure to 2 mM Met
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(P <0.05), 0.5 mM Met-SO (P <0.01), 1 mM Met + 0.5 mM Met-SO (P. < 0.01), and
2 mM Met + 0.5 mM Met-SO (P < 0.001) showed a significant reduction of Na*, K*-
ATPase activity when compared to control cells (Figure 4). Similar results were seen
under all the experimental conditions (P < 0.05) when the astrocytes were exposed
for 72 h, with a significant reduction in the Na*, K*-ATPase activity when compared to
the control cells (Figure 4).

3.3ATP, ADP, and AMP hydrolysis

ATP hydrolysis was reduced in the three experimental times evaluated (Figure
5). After 24 h, there was a reduction in the ATP hydrolysis when the astrocytes were
exposed to 2 mM Met (P < 0.01), 0.5 mM Met-SO (P < 0.01), 1 mM Met + 0.5 mM
Met-SO (P < 0.01), and 2 mM Met + 0.5 mM Met-SO (P < 0.05) when compared to
control cells. Yet, after 48 and 72 h, the reduction in the ATP hydrolysis remained in
astrocytes exposed to 0.5 mM Met-SO (P < 0.001), 1 mM Met + 0.5 mM Met-SO (P <
0.001 and P < 0.05 respectively), and 2 mM Met + 0.5 mM Met-SO (P < 0.01 and P <
0.05 respectively) compared with the control cells.

Hydrolysis of ADP increased when astrocytes were incubated with this
nucleotide for 48 h in presence of 2 mM Met (P < 0.001), 0.5 mM Met-SO (P < 0.05),
1 mM Met + 0.5 mM Met-SO (P < 0.05), and 2 mm Met + 0.5 mM Met-SO (P < 0.05)
in comparison to control group. No change in the hydrolysis of this nucleotide was
seen in astrocytes, after 24 and 72 h exposure to amino acids.

5'-nucleotidase activity was significantly lower after 48 and 72 h of exposure
to amino acids. AMP hydrolysis was significantly reduced in astrocytes exposed for
48 and 72 h to 1 mM Met (P < 0.001 and P < 0.001 respectively), Met 2 mM (P <
0.001 and P < 0.05 respectively), 0.5 mM Met-SO (P < 0.05 and P< 0.01
respectively), 1 mM Met + 0.5 mM Met-SO (P < 0.001 and P < 0.001 respectively),
and 2 mM Met + 0.5 mM Met-SO (P < 0.001 and P < 0.001 respectively) when

compared to the control cells.

3.40xidative stress parameters

The results of the oxidative stress parameters are described in Table 1 and
Figure 6. A significant reduction in ROS production by astrocytes was seen after 24 h
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exposure under all experimental conditions when compared to control cells (P <
0.001, Table 1). In contrast, no changes were observed in ROS production by
astrocytes exposed for 48 h to Met and / or Met-SO exposure (P > 0.05, Table 1).
Interestingly, ROS levels were reduced after 72 h of exposure to 0.5 mM Met-SO (P
< 0.05), 1 mM Met + 0.5 mM Met-SO (P < 0.01), and 2 mM Met + 0.5 mM Met-SO (P
< 0.01) compared to control cells (Table 1). Nitrite levels were increased when the
cells were exposed to 0.5 mM Met-SO for 24 and 48 h (P < 0.05, Table 1). On the
other hand, after 72 h of exposure, this increase was present in all experimental
conditions (Met and/or Met-SO) compared to control cells (P < 0.001, Table 1).

A reduction in SH levels was observed when astrocytes were treated with the
combination of 1 or 2 mM Met + 0.5 mM Met-SO for 24 h (P < 0.01, Table 1). This
reduction was significant after 48 h in all experimental conditions when compared
with control cells (P < 0.01, Table 1). After 72 h, there was a reduction in SH
concentration when the astrocytes were exposed to 2 mM Met, 0.5 mM Met-SO, 1
mM Met +0.5 mM Met-SO, and 2 mM Met + 0.5 mM Met-SO in relation to the control
cells (P < 0.05, Table 1). TBARS levels were increased in the astrocytes treated for
72 h with 2 mM Met (P < 0.05), 0.5 mM Met-SO (P < 0.001), 1 mM Met + 0.5 mM
Met-SO (P < 0.001), and 2 mM Met + 0.5 mM Met-SO (P < 0.001). No change was
observed after 24 and 48 h of exposure to 1 or 2 mM Met and/or 0.5 mM Met-SO (P
> 0.05, Table 1).

SOD activity was highest in astrocytes exposed for 72 h to 0.5 mM Met-SO (P
< 0.01) or 1 and 2 mM Met + 0.5 mM Met-SO (P < 0.05) compared to the control. At
exposure times of 24 and 48 h, no changes were observed (P > 0.05) (Figure 6). The
CAT activity was reduced 24 h after exposure of the astrocytes to a combination of 1
and, 2 mM Met + 0.5 mM Met-SO (P < 0.05). This increase was present in all
experimental conditions at 72 h when compared to control cells (P < 0.001). A
reduction in GST activity was seen after 48 h of exposure to Met-SO (P < 0.05), 1
mM Met + 0.5 mM Met-SO (P < 0.05), and 2 mM Met + 0.5 mM Met-SO (P < 0.01)
compared to the control cells (Figure 6). Similar results were seen when cells were
treated for 72 h with 1, and 2 mM Met + 0.5 mM Met-SO compared to control cells (P
< 0.05) (Figure 6). No changes were seen in the CAT and GST activities after 24 h of

treatment (Figure 6).
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4 Discussion

Several in vitro and in vivo studies using experimental models of
hypermethioninemia showed many neurological changes (Schweinberger and Wyse
2016; Soares et al. 2017). An investigation into changes occurring in the brain is
essential because the most prominent clinical symptom in hypermethioninemia is
neurological dysfunction, including cognitive deficit, edema, delay in psychomotor
development, and facial dysmorphism (Couce et al., 2008; Mudd 2011,
Schweinberger and Wyse 2016). Some studies reported that these symptoms may
be associated with cerebral dysmyelination attributed to S-adenosylmethionine
deficiency in the cerebrospinal fluid, a condition identified as the leading cause for
isolated and persistent hypermethioninemia, due to deficiency of the enzyme
methionine adenosyltransferase (MAT I/lll) (Suertees et al., 1991; Mudd 2011).
However, the exact mechanisms, as well as the involvement of specific CNS cells
have not yet been elucidated.

The concentrations of Met and Met-SO used in this work are similar to levels
seen in the MAT I/lll deficiency, in which Met plasma levels increase up to 30-fold
higher, and Met-SO levels may reach 460 uM in the plasma (Gahl et al. 1988). Also,
previous in vitro studies from our group showed that Met and/or Met-SO at
concentrations used in this study, induce M1/classical macrophage polarization,
modulate oxidative stress, and purinergic signaling (Dos Santos et al. 2017).
Considering this, in this study, we aimed to understand the mechanisms involved in
the modulation of CNS function in hypermethioninemia and analyzed the effects of
Met and Met-SO alone or together in primary astrocyte culture.

Our results showed, no effect on cell viability, proliferation, or induction of
necrosis when astrocytes were exposed to Met and/or Met-SO over 24, 48, and 72 h.
These findings are in agreement with the study by Dos Santos et al., (2017) wherein
Met and / or Met-SO did not alter, in vitro viability, and proliferation of primary
peritoneal macrophages. In addition, in other models of inborn errors of sulfur amino
acid metabolism, it was shown that high levels of homocysteine, as seen in
homocystinuria, induces glial reactivity but did not affect membrane integrity or the
cell viability of adult rat astrocytes in culture (Longoni et al. 2017).

In this study, we did not evaluate the glial reactivity in astrocyte, as the primary

mechanism in reactive astrocytes is changes in the gene expression and cell
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hypertrophy (Anderson and Sofroniew 2014). Interestingly, we observed that Met and
/ or Met-SO at all times and concentrations tested, is capable of inducing different
morphological changes. A significant increase in size of astrocytes is seen after Met
and / or Met-SO treatment at all times tested, while the basal-cultured astrocytes
showed a polygonal to fusiform and flat morphology. This finding supports the idea
that although Met and Met-SO do not cause cell death, this amino acid possibly
induces astrocyte reactivity.

In addition to the morphological alterations, our results also showed that Met
and Met-SO induced biochemical alterations in astrocytes, including an increase in
AChE activity. AChE hydrolyses acetylcholine, a classical neurotransmitter involved
in behavioral processes, cognition, learning, memory, and attention, also acts as a
modulator of immune and inflammatory responses. In this sense, changes in AChE
activity becomes an important target of studies, since it modulates the levels of
acetylcholine in the CNS (Picciotto et al. 2012; Beckmann and Lips 2013). Increased
AChE activity has been reported in an experimental rat brain model (Stefanello et al.
2007) and lymphocytes of rats (Soares et al. 2018). In addition, Chacoén et al. (2003)
showed that injecting AChE intrahippocampally induces neuronal cell loss, behavioral
deficits, and astrocyte hypertrophy. Thus, our results suggest that increase in AChE
activity positively correlates with astrocyte hypertrophy after exposure to Met and
Met-SO. In addition, an increase in AChE activity may lead to a decrease in the
levels of acetylcholine, an important molecule with anti-inflammatory potential, thus
contributing to a pro-inflammatory environment that is strongly associated with
reactive astrogliosis.

Conversely, we showed that Na*, K*-ATPase activity was reduced in
astrocytes exposed to Met (1 or 2 mM) and/or Met-SO for 48 and 72 h. Four a-
subunit isoforms of the enzyme Na*/K*-ATPase have been described in mammals
designated as al-a4. The a2 isoform of Na, K-ATPase is expressed in astrocytes. A
reduction in the Na*, K'™-ATPase activity in the brain corresponds with high
concentrations of Met (Stefanello et al. 2007). In addition, Schweinberger et al.
(2016) showed that high Met levels inhibited Na*, K*-ATPase activity; however, the
enzyme content increased in the brain of the offspring. Considering that the primary
neurological symptom reported in hypermethioninemia is brain edema, it is
suggested that dysfunction in Na*, K*-ATPase can be associated with this

pathological alteration (Arnaiz and Ordieres 2014).



129

Purinergic signaling is emerging as a means of integrating functional activity
between neurons, glial, and vascular cells in the CNS (Burnstock 2007, 2013; Franke
and llles 2014). In this study, we observed changes in the NTPDase activity in
astrocyte culture using ATP and ADP as substrates, after incubation with Met (1 or 2
mM) and/or Met-SO. For the first time, we showed that ATP hydrolysis was reduced
by amino acid treatment, leading increased ATP levels in the extracellular
environment. ATP binds and activates the P2X7, PY1, and PY2 receptors in
astrocytes leading to the onset of astrogliosis (Burnstock 2007, 2013; Franke and
llles 2014). In this context, considering the hypertrophy observed in this study, we
can infer that an increase in ATP in the extracellular environment caused by a
decrease in the NTPDase activity may be contributing to the morphological and
functional changes of the astrocytes in hypermethioninemia.

In contrast, there was an increase in NTPDase activity when ADP was used
as a substrate. An increase in ADP hydrolysis leads to increased AMP levels, and
combined with a reduction in 5'-nucleotidase activity by Met (1 or 2 mM) and / or Met-
SO, favors a further accumulation of AMP in the extracellular medium. Ecto-
5'nucleotidase, the enzyme responsible for extracellular dephosphorylation of AMP to
adenosine, is highly abundant in astrocytes than in neurons (Zamzow et al. 2008).
Although AMP does not play a direct role in astrocytes, hydrolysis of AMP by the 5'-
nucleotidase is extremely important for the maintenance of extracellular adenosine
levels. Considering a significant reduction of 5'-nucleotidase activity by Met and / or
MeSO, the levels of adenosine in the extracellular medium are likely reduced.
Adenosine acts as an anti-inflammatory and immunosuppressant by interacting with
P1 receptors that play an important role in presynaptic neuromodulation. Thus, a
reduction in adenosine levels may be detrimental to the neuroglial interaction.

Oxidative stress is the leading cause of cell damage in such pathological
conditions. However, we report that Met and Met-SO induce oxidative stress but did
not cause astrocyte cell death. The increased SOD activity may contribute to
reduction in ROS levels in astrocytes exposed to Met (1 or 2 mM) and / or Met-SO.
Similar results were reported by Dos Santos et al. (2017), showing a reduction in
ROS production, and an increase in SOD activity in peritoneal macrophages exposed
to Met and Met-SO. Costa et al. (2013) also observed that Met and Met-SO reduced
ROS production and increased SOD activity in rat liver. In contrast, the decrease in

the activity of CAT and GST enzymes may be in response to reduced ROS levels.
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Previous studies reported that ATP protects hippocampal astrocytes from hydrogen
peroxide-induced oxidative injury in astrocyte monocultures (Fujita et al. 2009), which
is in agreement with reduced NTPDase activity.

Another hypothesis for decrease in ROS is, ROS are being used for
peroxynitrite formation since nitrite levels increased significantly in Met and Met-SO
treated astrocytes. Thus, an increase in peroxynitrite induces lipid peroxidation, and
a decrease in total thiols levels, also shown in this work. Another interesting point to
be discussed is that some authors have reported that adenosine may protect
astrocytes from peroxynitrite-induced mitochondrial dysfunction (Choi et al. 2005).
This finding corroborates with the decrease in the activity of 5'-nucleotidase, which is
responsible for hydrolyzing AMP to adenosine. Soares et al. (2018) reported that in
chronic hypermethioninemia, there is a reduction in serum adenosine levels in young
rats treated with Met-SO.

Finally, astrocytes do not lose their neuroprotective ability after surviving
intense oxidative stress (Bhatia et al. 2019). Thus, astrocytes may have evolved to
tolerate the oxidative stress caused by Met and Met-SO to continue to fulfill their
protective role in the damaged brain. These findings have important implications for
hypermethioninemia, since they suggest that the loss of neurons, as previously
observed by Schweinberger et al. (2017), after oxidative stress caused by
hypermethioninemia would progress rapidly, if not for the stress resistance of

astrocytes.

5 Conclusion

Exposure of astrocytes to Met and/or Met-SO induces alterations in astrocyte
homeostasis through oxidative stress, increases AChE activity, reduces Na*, K-
ATPase activity, and induces changes in the activity of ecto-nucleotidases (Figure 7),
which modulate purinergic signaling, resulting in significant hypertrophy of astrocytes.
These data help understand the neurological changes found in patients with
hypermethioninemia. In addition, these results provide new perspectives for future

studies that seek therapeutic targets for this pathology.
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20 days to confluence and maturation 24h,48hor 72h

Treatment with Met and/orMetO > Biochemical analysis >

Cell vizbility

Control - DMEM Cell proliferation
Met I mM Cell integrity
Met 2mM - Morphological evaluation
Mst0 0.5 mM ACHE activity
Met 1 mM + Met0 0.5 mM Na+, K+-ATPase activity
Met 2 mM + Met0 0.5 mM Ectonucleotidases assay
Oxidative stress parameters

Figure 1: Experimental design of the protocols used in the study. Astrocytes were
obtained from primary cultures and maintained under standard conditions for 20
days. After that, the astrocytes were treated with 0.5 mM Met-SO and 1 or 2 mM Met
in combination or alone at 24, 48 or 72 h.
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Figure 3: Representative phase-contrast microphotographs of astrocytes exposed to
0.5 mM Met-SO and 1 or 2 mM Met in combination or alone after 24, 48 and 72 h
(images were taken using an Olympus inverted microscope; magnification 40x).
Arrows indicate astrocytes with different morphologies among different treatment

groups.
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Figure 4: Activity of acetylcholinesterase (AChE) and Na*, K*- ATPase in astrocytes
exposed to 0.5 mM Met-SO and 1 or 2 mM Met in combination or alone for 24, 48
and 72 h. AChE and Na*, K*- ATPase activities were expressed as percentages of
control. One-way ANOVA and post-hoc Tukey's multiple comparisons test were

performed. Bars represent mean + SEM. *P < 0.05; *P < 0.01; **P < 0.001,

compared with the control cells.



24 h

48 h

72 h

ATP

150
>
2=
£ 2 100
c <
% 5 A kk gk *
it
0% s 7/
3 7
z /
0 7
Met 1 mM -
Met 2 mM .
Met-SO05mMM- - - 4+  +  +
150
2
>3
£ 2 100
8 < Kok
23 %
a2
A% g /
g
z /

o]

T T
Met 1 mM - + - -

Met 2 mM - - + - - +

Met-SO0.5mM = - - + + +
150

>

£%,

gt

28

£ i i

g § dekk

zZ

Met 1 mM

Met 2 mM - - + - -

Met-SO05mM - = - 4+  + 4+

150

=
Q
o

o
o

NTPDase activity
(% of control)

0

T T T T
Met 1 mM - + - -
Met 2 mM - - + -
Met-SO 0.5 mM = - - +

300
*kk

1ol

N
(=]
o

NTPDase activity
(% of control)

T T T T
Met 1 mM - + - -
Met 2 mM - - + -
Met-SO 0.5 mM = - - +

150

[N
j=]
o

(% of control)
al
o

NTPDase activity

0

T T T T
Met 1 mM - + - -
Met 2 mM - - + -
Met-SO 0.5mM = - - +

140

=
a1
o

5'-nucleotidase activity
(% of control)
=
o o
o o
- | -

0
T T
Met 1 mM - +
Met 2 mM - - + - - +
Met-SO 0.5 mM = - -+ o+ o+
> 150
=
o=
® 210
25
g8 *
= *kk kkk
S © *kk
50 %
% ) HHH HHIH %
=)
; )
5 4 %
T T T T
Met 1 mM - - + -
Met 2 mM - - + - - +
Met-SO 0.5 mM - - -+ 4+
> 150
=
o=
o
S £ 100
g5 * Hkk
s 2 Kok o
=g =
5}
5 ) ) HMH %
o
: 7
s, 2
T T T T T T
Met 1 mM - + - - + -
Met 2 mM - - + - -
Met-SO05mM = - - 4+ 4+ &

Figure 5: Activity of NTPDase using ATP and ADP as substrate and 5’-nucleotidase

activity using AMP as substrate in astrocytes exposed to 0.5 mM Met-SO and 1 or 2

mM Met in combination or alone during 24, 48 and 72 h. NTPDase and 5'-

nucleotidases activities were expressed as percentages of control. One-way ANOVA

and post-hoc Tukey's multiple comparisons test were performed. Bars represent
mean = SEM. *P < 0.05; **P < 0.01; **P < 0.001, compared with the control cells.
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Figure 6: Superoxide dismutase (SOD), catalase (CAT) and glutathione S-
transferase (GST) activities in astrocytes exposed to 0.5 mM Met-SO and 1 or 2 mM
Met in combination or alone during 24, 48 and 72 h on. SOD, CAT, and GST
activities were expressed as percentages of control. One-way ANOVA and post-hoc
Tukey's multiple comparisons test were performed. Bars represent mean = SEM. *P

< 0.05; *P < 0.01; ***P < 0.001, compared with the control cells.
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Figure 7: Effect of high concentrations of Met and Met-SO on the morphology and

neurochemical parameters in primary culture of cortical astrocytes.
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Table 1: Reactive oxygen species (ROS), nitrite, total thiol content (SH), and
thiobarbituric acid reactive species (TBARS) levels in astrocytes exposed to 0.5 mM
Met-SO and 1 or 2 mM Met in combination or alone during 24, 48 and 72 h. The
results were expressed as percentages of control. One-way ANOVA and post-hoc
Tukey's multiple comparisons test were performed. Data are represent mean = SEM.
*P < 0.05; *P < 0.01; **P < 0.001, compared with the control cells.

Met 1 mM + Met 2 mM +
Control Met 1 mM Met 2 mM Met-SO 0.5 mM Met-SO 0.5 mM  Met-SO 0.5 mM
24 h
ROS 100+£10.9  48.28+69*** 374552 %% 28.67 +3.14 **x 37.08 £ 2.22 *** 41,86 + 8.54 ***
Nitrite 100 + 2.8 114.2 +16.1 124 +16.2 162.9+9.4 * 115.4 +15.2 98.78 +15.5
SH 100 + 6.1 92.61+6.2 103.1+5 96.78 + 10 50.48 + 11.5 ** 42.88 £17.3 **
TBARS  100+154 125.6 £9.8 115.6 +10.4 1225 +13 131.7 9.6 14.16 + 6.2
48 h
ROS 100 +5.15 80.67 £ 4.6 77.3+10.6 96.95 + 8.86 77.93+9.53 69.45 + 6.4
Nitrite 100 + 7.4 150.5 + 19.7 140.1 + 14.5 197.5 +31.09 * 147.4 +16.9 152.9 + 25.36
SH 100+55 77.06 +5.7%* 67.47 + 5% 62.21 + 8.2** 61.27 +4.8 ** 58.38 + 9.3 ***
TBARS  100+54 7551+ 12.74 79.67 £19.6 98.28 +10.8 116 £ 15.7 110.5+8.9
72h
ROS 100 +5.1 77.09 + 14.5 75.47 +13.4 6152+8.1* 59. 45 + 7.9 ** 4041 £12.7 **
Nitrite 100+11.1  248.9+21.7**  357.5+40.0 *** 304.2 +15.9 *** 254.8 +16.5 ** 333.1 £ 34,6 ***
SH 100 + 13.4 73.77+5.1 50.69 + 16.2 * 55.22 +7.8* 55.04 + 5.4* 60.45 + 0.6*
TBARS  100+16.1 206.2£1.6 291.2+19.1* 569.5 + 56.1 *** 420.03 + 50*** 515.8 + 13.6***
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5. DISCUSSAO

Estudos prévios tém demonstrado que a exposi¢do in vitro e in vivo a Met
e/ou MetO pode ser extremamente toxica causando danos cerebrais e hepaticos,
além de alterar a homeostase de linfocitos e macrofagos favorecendo um ambiente
pro-inflamatério.  Entretanto os exatos mecanismos fisiopatolégicos da
hipermetioninemia ainda ndo sdo completamente elucidados. Sendo assim, o
objetivo do presente trabalho foi contribuir para complementar os achados obtidos
anteriormente pelo nosso grupo de pesquisa e, consequentemente, auxiliar no
entendimento dos mecanismos celulares e moleculares associados a patogénese da
hipermetioninemia.

Primeiramente, os resultados do presente trabalho demonstraram algumas
alteracbes periféricas através de ambos 0s protocolos, agudo e crénico. No
protocolo crénico observou-se que a administracéo cronica de Met e/ou MetO induz
dano oxidativo hepéatico e renal e altera marcadores metabdlicos no soro de ratos
jovens. Os niveis de glicose foram maiores nos animais tratados com Met e/ou
MetO, o que pode ser devido ao aumento da producdo de glicose a partir de
aminoacidos na gliconeogénese. No entanto, sabe-se que altos niveis de glicose
podem causar um aumento na producdo de ERO pelas mitocondrias (YU et al.
2011). Além disso, houve uma diminuicdo do colesterol total nos animais tratados
com MetO e Met+MetO e um aumento nos niveis de TAG no grupo MetO. Além
disso, observou-se também um aumento nos niveis de ureia no sangue em todos 0s
grupos, o que era esperado ja que a ureia € uma substancia produzida no figado
como resultado do metabolismo de aminoé&cidos tais como Met e/ou MetO.

No tecido hepatico observou-se uma reducéo na atividade da SOD e da CAT
seguido de um aumento na atividade da GPx. Esse resultado pode explicar os niveis
normais de ERO encontrados no figado e consequentemente a homeostase no
TBARS e no teor total de tios totais, ja que a GPx é responsavel por detoxificar H202.
Cabe salientar, que esses resultados estdo de acordo com trabalho previamente
publicado no qual demonstrou-se que a administracdo crénica de Met diminui a
atividade da CAT, aumenta a tividade da GPx e néo induz peroxidacdo lipidica
(STEFANELLO et al., 2009). Além disso, uma vez que a MetO é formada a partir da

oxidacdo da Met por ERRO, essas moléculas podem estar sendo desviadas nesta
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via de metabolizacdo, o que poderia contribuir para a manutencdo dos niveis
normais no figado.

Por outro lado, no tecido renal, foi possivel observar um dano oxidativo
bastante caracterizado pelo aumento dos niveis de ERO e de TBARS, reducéo no
conteudo tidlico total, seguido da diminuicdo na atividade das enzimas SOD e CAT
nos animais tratados com Met e/ou MetO. Embora pouco se conhece sobre 0s
efeitos da hipermetioninemia sobre o tecido renal, sabe-se que esse tecido participa
como um dos principais reguladores das concentracdes plasmaticas dos
aminoacidos, removendo produtos como ureia e aménia. Dessa forma, elevadas
concentragbes de Met e MetO podem aumentar a taxa de filtracdo glomerular
progressivamente levando a uma disfun¢éo da funcéo renal.

Nesse mesmo artigo, também foi demonstrado um aumento na atividade da
enzima ALA-D em figado e rim dos animais tratados com Met e/ou MetO. Um
aumento da atividade da ALA-D ja foi demonstrado em outras patologias e foi
relacionado ao aumento da sintese de heme estimulado pela anemia ou pela
presenca de processos inflamatorios crénicos, uma vez que citocinas pro-
inflamatdrias reduzem a eritropoietina (POLACHINI et al., 2016; ZANINI et al., 2014;
FRANCA et al.,, 2011). Corroborando com essa hip6tese, Stefanello et al. (2009)
demonstraram que a hipermetioninemia cronica aumenta o numero de células
inflamatorias e altera a morfologia normal dos l6bulos hepaticos (STEFANELLO et
al. 2009). Nesse sentido, pode-se concluir que os altos niveis de Met e MetO,
observados na hipermetioninemia, podem sobrecarregar esses 6rgaos levando a
les&o tecidual.

Posteriormente, em plaquetas e soro também foi encontrado um desbalanco
entre a capacidade antioxidante e pré-oxidante, favorecendo o estresse oxidativo,
além de alteracGes importantes nos componentes do sistema purinérgico. Neste
estudo, demonstrou-se pela primeira vez que a hidrolise de ATP, ADP e AMP
diminui nas plaquetas apés tratamento agudo (3 horas) e crdonico com Met e/ou
MetO. Essa inibicdo da atividade das ectonucleotidases nas plaquetas pode ser
explicada, pelo menos em parte, pelo metabolismo da Met. O ATP transfere o grupo
adenosil a Met para formar SAM em uma reacao catalisada pelo MAT. Assim, um
aumento na concentracdo de Met exige maior consumo de ATP para sua
metabolizacdo, 0 que pode estar associado a baixos niveis de ATP no soro e

reduzida atividade NTPDase em plaquetas. Aliado a isso, € importante considerar
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que elevados niveis de ERO, como encontrado nesse trabalho, também podem
contribuir para a inativagéo das ectonucleotidases nas membranas das plaquetas.

Por outro lado, o ADP liberado durante a ativacdo das plaquetas interage com
0S receptores purinérgicos na membrana plaquetaria, levando a alteracdes
morfolégicas, liberacdo do conteddo granular e agregacdo plaquetéria
(BURNSTOCK, 2015; HEIJNEN e VAN DER SLUIJS, 2015; IDZKO et al., 2014). O
tratamento com Met e MetO reduziu a atividade da NTPDase nas plaquetas e soro,
sugerindo que esses aminoacidos interferem na ativacao e agregacao plaquetaria a
medida que o ADP se acumula no meio extracelular. Corroborando com esses
resultados, demonstramos recentemente que os niveis de ADP aumentam no soro
de animais apés o tratamento créonico (SOARES et al., 2018).

Além disso, as enzimas 5'-nucleotidase e ADA sdo fundamentais para a
regulacdo dos niveis de ADO extracelular. Aqui, um ponto importante a ser discutido
€ que durante a metabolizacdo da Met, moléculas de ADO sao formadas
(SCHWEINBERGER e WYSE, 2016). Assim, a via de producdo de ADO pode estar
associada a alteracfes na atividade da ADA 21 dias ap0s o tratamento. Entretanto,
nosso grupo de pesquisa mostrou que a administracdo de MetO diminui os niveis de
ADO no soro no tratamento crénico (SOARES et al., 208). Em conjunto, esses
achados sugerem gue tanto o tratamento agudo quanto o crénico com Met e seu
metabdlito MetO podem alterar a funcéo plaquetéaria ao interferir nos niveis de ADO.

Ainda nesse trabalho, foi demonstrada a relacdo intrinseca de altas
concentracbes de Met e MetO e estresse oxidativo nas plaquetas e no soro, em
ambos os protocolos, agudo e cronico. Sabe-se que a oxidacao de residuos de Met
para produzir MetO pode causar alteracdes estruturais e funcionais com potenciais
papeis regulatorios na patogénese da vascularizacdo ou doencas trombdticas
(SUZUKI et al., 2016, GU et al., 2015, TARRAGO et al., 2015). Os resultados do
presente trabalho demonstraram um aumento na producdo de ERO em plaquetas e
soro apos tratamento agudo e crénico com Met e/ou MetO. Associado a isso, houve
uma reducgéo na atividade das enzimas antioxidantes, o que poderia ter favorecido o
acumulo de H202. Nesse sentido, pode-se concluir que a hipermetioninemia pode
induzir agregacao plaquetaria através da modulacdo do sistema purinérgico com
contribuicdo da inducéo de estresse oxidativo por essa condi¢ao patologica.

Além disso, objetivou-se investigar alteracdes neurologicas causadas pela

hipermetioninemia. No primeiro artigo referente a esse objetivo, demonstramos que
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a administracdo aguda de Met e/ou MetO causa estresse oxidativo em cortex
cerebral, demonstrado através do aumento dos niveis de ERO e TBARS, seguido do
aumento da atividade da SOD pela Met, reducdo da atividade da CAT e alteracdes
na atividade da GPx. Além de causar leséo celular, o estresse oxidativo &€ um
mecanismo modulador de varios processos cruciais do corpo, incluindo
metabolismo, crescimento, diferenciagdo e morte celular, agindo dessa forma em
todos os estagios fisiolégicos ou patolégicos do procedimento (HALLIWELL e
GUTTERIDGE, 2007).

Portanto, investigou-se se o desequilibrio entre os niveis de ERO e as
defesas antioxidantes enzimaticas comprometeriam a viabilidade celular, j& que é
bem relatado na literatura que o estresse oxidativo pode levar a danos celulares e
teciduais por peroxidacao lipidica, de proteinas e danos no DNA. Quando foi
analisada a viabilidade celular, os resultados indicaram uma reducdo na
sobrevivéncia celular por Met, MetO e Met + MetO 3 h apds o tratamento. Também
observou-se um aumento nas células em processo de apoptose, juntamente com um
aumento das caspase-9 e caspase-3 apos 3 h do tratamento com Met e/ou MetO. O
mecanismo de morte celular dependente de caspase € crucial para manter a
homeostase celular e esse sistema € mediado principalmente pela atividade de
caspases (D'AMELIO et al., 2010).

Ao analisar a integridade do DNA observou-se um aumento significativo nos
efeitos genotoxicos 3 h apos o tratamento nos grupos Met, MetO e Met + MetO.
Esses resultados suportam a hipotese de que o aumento dos niveis de ERO e
diminuicdo das defesas antioxidantes levam a danos no DNA e consequente
processo apoptatico.

Para complementar os efeitos do aumento de ERO, avaliou-se o potencial de
membrana mitocondrial (PMM). Os resultados obtidos demostraram uma reducéo de
PMM nos grupos MetO e Met + MetO apds o tratamento agudo, o que reforca a ideia
de que ha uma producao intracelular aumentada de ERO. A integridade da PMM
esta diretamente associada a producdo de energia e € essencial para a funcao
fisiologica da cadeia respiratéria gerar ATP (CHEN, 1988). Uma disfuncdo na PMM
pode levar a deplecdo de energia com subsequente morte celular. E importante
ressaltar que as alteracbes observadas no PMM parecem estar relacionadas a

presenca do metabdlito MetO.



148

Para dar continuidade as investigacdes dos efeitos da hipermetioninemia no
SNC, o manuscrito | teve como objetivo entender os mecanismos pelos quais a
hipermetioninemia crbénica atua na deteriorizacdo cognitiva, avaliando parametros
bioquimicos, moleculares e comportamentais in vivo. Os resultados obtidos
demonstraram que essa condi¢do altera a homeostase redox em coértex cerebral,
hipocampo e estriado, além de alterar a atividade das enzimas AChE e Na* K*-
ATPase, reduzir os niveis de BDNF e o numero de neurdnios em hipocampo.

Primeiramente, foi relatado que a Met e/ou MetO ndo foram capazes de
alterar a atividade locomotora espontanea dos animais. No entanto, os animais dos
grupos Met, MetO e Met+MetO apresentaram o numero de rearings reduzido,
indicando uma menor atividade exploratéria. Portanto, é plausivel que uma
diminuicdo nesse parametro possa explicar os achados do labirinto em Y e dos
testes de reconhecimento de objetos (PAWLAK e SCHWARTING, 2002). A
diminuicdo no comportamento de autolimpeza pode estar associado ao
comportamento ansiolitico induzido por Met e MetO. Em consonéancia, Hrncic et al.
(2016) demonstraram que a dieta rica em Met reduz esse comportamento e promove
o comportamento semelhante a ansiedade. Sendo assim, 0s resultados desta
investigacdo mostraram que a administracdo de Met e/ou MetO, prejudicou a
memoria de reconhecimento de objetos a curto prazo. Além disso, 0
comprometimento no teste do labirinto em Y também foi observado.

Neste trabalho também foi demonstrado que Met, MetO e Met + MetO
induziram dano oxidativo no cérebro, principalmente em hipocampo e estriado. Além
disso, os niveis de nitrito foram reduzidos no hipocampo e estriado. Niveis
diminuidos de nitrito podem ser uma medida indireta de niveis reduzidos de 6xido
nitrico que esta associado a neurodegeneracdo, prejuizo cognitiva e perda de
memoéria, semelhante ao comportamento encontrado na presente investigacado
(TODA e OKAMURA, 2016).

Met e/ou MetO aumentam a atividade da AChE em todas as estruturas
cerebrais avaliadas o que pode reduzir os niveis de ACh, levando aos déficits de
memoria observados nesse estudo. Os ratos tratados com MetO e Met + MetO
também mostraram uma diminuicdo na atividade da Na*,K*,-ATPase no hipocampo.
Essa alteragdo pode estar associada a altos niveis de ERO ou com reduzido nimero
de neurbnios observados nos mesmos grupos. Schweinberger et al. (2016)

mostraram que embora altos niveis de Met inibam a atividade da Na*K*-ATPase, a
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expressdo e o conteudo dessa enzima €& aumentado no cérebro da prole
(SCHWEINBERGER et al., 2016). Esse resultado indica que altos niveis de ERO
podem influenciar diretamente a atividade da Na*K*-ATPase.

No hipocampo, também foi observado que o tratamento com MetO e
Met+MetO reduziu os niveis de BDNF o qual é essencial para o processo de
aprendizado e memoria (LEAL et al. 2015, 2016). Além disso, o BDNF pode
controlar a diferenciacéo e a sobrevivéncia neuronal. Nesse sentido, a diminuicéo da
concentracdo de BDNF no hipocampo corrobora com a reducdo do numero de
neurdnios na regido CA3 e giro denteado do hipocampo (LEAL et al. 2015, 2016).

Finalmente, investigamos os efeitos in vitro da hipermetioninemia sobre o0s
astrocitos. Observou-se que Met e/ou MetO causam um desbalanco no status redox
nas células glias, bem como reduzem a atividade da Na*K*-ATPase e aumentam a
atividade da AChE. Interessantemente, também observou-se uma alteracao
significativa na atividade das ectonucleotidases, além de uma hipertrofia dos
astrocitos tratados com Met e/ou MetO. Por outro lado, embora diversas alteracfes
neuroquimicas tenham sido relatadas, essas mudancas causadas pela
hipermetioninemia, in vitro, ndo foram capazes de alterar a viabilidade ou a
proliferacdo celular dos astrécitos. Esses achados tém implicacées importantes para
a hipermetioninemia, uma vez que sugerem que a perda de neurbnios, como
previamente observado por Schweinberger et al. (2017), ap0s estresse oxidativo
causado por hipermetioninemia, progrediria rapidamente, se nao fosse pela
resisténcia ao estresse dos astrocitos.

Embora ndo tenha sido observada alteracdo na viabilidade dos astrécitos, a
hipertrofia encontrada, associada a todas as alteracbes neuroquimicas,
sustentam a ideia de que apesar de Met e MetO ndo causarem morte celular,
possivelmente induzem a reatividade dos astrécitos expostos a essas condicdes
experimentais que mimetizam a principal caracteristica clinica da hipermetioninemia.

Os resultados obtidos nesse ultimo estudo mostraram que a exposi¢cao de
astrocitos a Met e /ou MetO, como encontrado na hipermetioninemia, induziu
alteracdes na homeostase astrocitaria. Esses dados auxiliam na compreensédo das
alteracdes neurologicas encontradas nos pacientes com hipermetioninemia. Além
disso, esses resultados fornecem novas perspectivas para futuros estudos que

buscam alvos terapéuticos para essa patologia.
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Com base em todos os resultados obtidos, tanto in vitro quanto in vivo, e em
todos os tecidos e células avaliados, pode-se observar que o metabdlito MetO
parece ter um efeito tbxico mais proeminente, uma vez que as principais alteracdes
foram observadas na presenca de MetO, sozinho ou em combinacdo com a Met.
Além disso, é possivel verificar que a presenca de estresse oxidativo é encontrado
tanto no protocolo in vitro, quanto in vivo, entretanto, a producdo de ERO é
discordante em ambos os protocolos. Isso possivelvem esta associado ao processo
de metabolizacédo de Met e MetO.

As alteracdes na atividade das ectonucleotidases, da AChE e da Na"K*-
ATPase também s&o alteradas de maneira similiar tanto nos astrocitos in vitro,
quanto nas estruturas cerebrais ex vivo, bem como nas plaquetas nos protocolos
agudos e crbnicos. Esses resultados em conjunto demonstram que a
hipermetioninemia pode prejudicar diversos sistemas essenciais para manutengao
da homeostase tecidual e celular e que esta alteracdo parece estar intimamente
relacionada com o favorecimento do processo inflamatorio e agregacao plaquetaria.

Sendo assim, considerando a consisténcia dos resultados obtidos tanto no
SNC quanto nos tecidos e células periféricas, a busca por possiveis alvos
terapéuticos com capacidade antioxidante e anti-inflamatéria se torna de extrema
importancia para auxiliar no tratamento das alteracbes relacionadas a

hipermetioninemia.
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6. CONCLUSOES

Com base nos resultados obtidos pode-se observar que a hipermetioninemia
altera o status redox em figado, rim, plaquetas e soro, bem como favorece a
ativacdo da agregacdo plaguetaria em ratos jovens. Também causa severas
alteracdes neuroquimicas, astrocitarias e comportamentais. Com isso, concluiu-se
que a hipermetioninemia é capaz de modificar a homeostase celular em tecidos
periféricos e no SNC. Essas descobertas sdo extremamente relevantes para o
entendimento dos mecanismos fisiopatoldgicos da hipermetioninemia, e para auxiliar
no estudo de possiveis alvos terapéuticos, pricipalmente compostos com capacidade

antioxidante, para pacientes portadores dessa patologia.
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y
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Cerlificado

Cerlificamos gue a solicitagio de adende & proposta inritulada “Avaliagio de
pariimetros inflamatorios ¢ neuroquimicos em rates tratados com metionina e
wetionina  sulfoxide” registrala com o n° 3110.003327/72014-5%, sob &
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2. Carta de parecer do Cémite de Etica em Experimentac&o Animal

UFPel

i o o Dhmcs end; Lapwrmrar 150 Aene
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