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RESUMO

Neuropatia é a complicagdo mais comum e mais debilitante da Diabetes
Mellitus, a longo prazo presente em mais de 50% dos pacientes que possuem
a doenca. A hiperglicemia induz estresse oxidativo nos neurénios de diabéticos
acarretando a ativacdo de multiplas vias bioquimicas, as quais sao potenciais
alvos terapéuticos para a neuropatia diabética. Esta claro que compostos
carbonil reativos sdo mediadores glicotoxicos do estresse oxidativo através da
formacao de produtos finais de glicagcdo avancada como resultado direto da
hiperglicemia. Metilglioxal e glicolaldeido sdo compostos carbonil reativos
inevitavelmente produzidos pelo metabolismo, os quais sdo encontrados em
maior quantidade em situagdes de hiperglicemia. Recentemente, tem sido dada
muita atencdo para o envolvimento de espécies reativas na toxicidade do
metilglioxal e do glicolaldeido, e tem-se demonstrado que essas glicotoxinas
tém potencial para induzir estresse oxidativo, parar o crescimento celular e
promover morte por apoptose ou necrose. O metilglioxal e o glicolaldeido
interagem com grupamentos sulfidril de moléculas de glutationa e de enzimas,
inibindo sua atividade; entretanto, os mecanismos moleculares relacionados
aos efeitos toxicos dessas glicotoxinas e as vias pelas quais elas levam a
formacdo de espécies reativas nao estdo completamente elucidados. Neste
estudo nés buscamos esclarecer a relagado entre o metabolismo do metilglioxal
e do glicolaldeido e a produgdo de espécies reativas, e investigamos as
possiveis rotas de morte celular envolvidas. Utilizamos a linhagem celular de
neuroblastoma humano SH-SYS5Y diferenciada, pois este € um modelo
neuronal bem caracterizado para estudos de compostos neurotoxicos. NoOs
avaliamos a produgdo de espécies reativas induzida por metilglioxal e
glicolaldeido através da técnica da diclorofluoresceina, e avaliamos, também,
seus efeitos sob o conteudo de glutationa celular. Além disso, investigamos a
ativacao das caspase-3, -8 e -9 e a contribuicdo de diferentes sistemas
peroxidases (glutationa-redutase e a tioredoxina-redutase), na defesa neuronal
contra essas glicotoxinas. Como resultados encontramos que o tratamento com
ambas glicotoxinas rapidamente provocou um aumento na produgédo de
especies reativas e diminuicdo do conteudo de glutationa, com concomitante
ativacdo das caspases-8 e -9 e, posteriormente, também houve ativacdo da
caspase-3 pelo tratamento com metilglioxal. Vimos que a tioredoxina-redutase
possui um papel mais importante na defesa celular contra a toxicidade do
metilglioxal do que contra o glicolaldeido, enquanto que a glutationa-redutase
tem papel semelhante na defesa celular contra ambas glicotoxinas. Nossos
resultados demonstraram que o estresse oxidativo € um importante mecanismo
da toxicidade do metilglioxal e do glicolaldeido nas células diferenciadas SH-
SY5Y e, que enzimas redutoras de grupamentos sulfidril contribuem de
diferentes formas na defesa celular contra cada uma dessas glicotoxinas.

Palavras-chave: Neuropatia diabética — Estresse Oxidativo — Metilglioxal —
Glicolaldeido — Neurotoxicidade — Células SH-SY5Y



ABSTRACT

Neuropathy is the most common and debilitating complication of
Diabetes Mellitus present in more than 50% of the patients with long-standing
disease. Hyperglycemia induces oxidative stress in neurons from diabetic
patients and results in activation of multiple biochemical pathways. These
activated pathways are a major source of damage and are potential therapeutic
targets in diabetic neuropathy. A large body of evidence has implicated reactive
carbonyl compounds as glycotoxic mediators of oxidative stress by forming
advanced glycation endproducts as a direct result of hyperglycemia.
Methylglyoxal and glycolaldehyde are reactive carbonil compounds inevitably
produced by the metabolism, but they are found in increased rates under
hyperglycemia condition. Recently, the attention has been focused on the
involvement of reactive species in methylglyoxal and glycolaldehyde toxicities,
resulting in oxidative stress and leading to cell growth arrest, apoptotic or
necrosis death. These glycotoxins interact with sulfhydryl-groups of glutathione
molecules enzymes, inhibiting their activity; however, the molecular mechanism
underlying methylglyoxal and glycolaldehyde cytotoxic effects and reactive
species generation are not fully understood. In this study we have pursued to
establish the role of methylglyoxal and glycolaldehyde metabolisms and
reactive species production, and have looked for the possible death routes
involved with the toxic effects of these glycotoxins. Here we used the
differentiated human neuroblastoma SH-SY5Y cells as neuronal experimental
model to investigate the pathological effects of various neurotoxic compounds.
We have evaluated the methylglyoxal and glycolaldehyde capacity to reactive
species generation by dichlorofluorescein assay and their effects upon cellular
glutathione content. Also, we have assessed the caspase-3, -8 and -9 activation
and the contribution of different peroxidases systems (glutathione reductase
and thioredoxin reductase) in the neuronal defense against methylglyoxal and
glycolaldehyde cytotoxicities. We found that both glycotoxins promptly provoke
reactive species generation and decrease the cell glutathione content, as well
induce caspase-8 and -9 activation. Later caspase-3 activation was found in
methylglyoxal treatment. We demonstrate that thioredoxin reductase has a most
important role in cell defense against methylglyoxal toxicity than against
glycolaldehyde, meanwhile there is no difference in the glutathione reductase
role. Our results show that oxidative stress is an important mechanism in the
methylglyoxal and glycolaldehyde toxicities and sulfhydryl reductases
contributes differently in the cellular defense against these glycotoxins.

Key words: Diabetes Neuropathy - Oxidative Stress - Methylglyoxal -
Glycolaldehyde - Neurotoxicity - SH-SY5Y cells



LISTA DE ABREVIATURAS
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TH: tirosina-hidroxilase

TrxR: tioredoxina-redutase



1. INTRODUGAO

1.1 A DIABETES MELLITUS

Desde a década de 60, observam-se processos de transicdo
demografica, epidemiolégica e nutricional nos paises latino-americanos, que
resultaram em alteracoes nos seus padroes de morbimortalidade. Nos ultimos
anos, ocorreu acentuada queda da mortalidade, diminuicdo da fecundidade e
aumento da expectativa de vida, acelerando o envelhecimento da populagao
(CARDOSO e NAVARRO, 2007; CARVALHO; RODRIGUES-WONG, 2008). No
Brasil observa-se uma grande diminuigdo na incidéncia de doengas infecciosas
e parasitarias, e um aumento das doencas crbénicas ndo transmissiveis (DCNT)
(LUNA, 2002). Um estudo realizado pelo Ministério da Saude demonstra que as
DCNTs sao responsaveis pela maior fragado de anos de vida perdidos por morte
prematura (59,0%) e de anos de vida perdidos por incapacidade (74,7%)
(SCHRAMM et al., 2004). Dentre as DCNTs destaca-se a diabetes mellitus
(DM) devido as suas altas taxas de morbimortalidade e pelas repercussdes
sociais e econOmicas que acarreta; caracterizando-se, assim, como um dos
principais problemas de saude publica da atualidade (TORQUATO et al., 2003;
SOLLA, 2004).

Atualmente, cerca de 346 milhdes de pessoas no mundo tém DM; e,
segundo a Organizacdo Mundial da Saude (OMS), em 2004, essa doenca foi
responsavel por 3,4 milhdes de obitos (WHO, 2010). No Brasil, havia
aproximadamente 6,5 milhdes de diabéticos em 2007 (VIGITEL, 2008), dos

quais 50% desconheciam seu diagnoéstico (IDF, 2008). A estimativa € que até



2030 o numero de portadores de DM no Brasil chegue a 11 milhdes, e o
numero de obitos ocasionados por essa doenga no mundo dobre (WHO, 2010).

O grande aumento na incidéncia da DM é o resultado de multiplos
fatores, tais como as mudancas socioculturais induzidas pela industrializacéo, o
consumo de dietas hipercaldricas, a diminuicdo de praticas de atividade fisica,
0 aumento da obesidade, as mudangas no estilo de vida tradicional, e pelo
aumento da expectativa de vida da populagdo (AMERICAN DIABETES
ASSOCIATION, 2007; OLIVEIRA et al., 2009). A DM, também, pode ser vista
como um indicador macroecondmico, uma vez que atinge pessoas em plena
vida produtiva (7,6% da populacao brasileira entre 30 e 69 anos) e acaba por
onerar a previdéncia social e o sistema publico de saude (TORQUATO et al.,
2003; SOCIEDADE BRASILEIRA DE DIABETES, 2007). A Federagéo
Internacional de Diabetes (FID) estima que em 2010 os custos globais com a
doenca foram de 376 bilhdes de dolares, sendo as suas complicagcdes crdnicas

as principais responsaveis por estes gastos (BOULTON et al., 2005).

1.2 FISIOPATOLOGIA DA DIABETES MELLITUS

A DM é uma doenga metabdlica formada por um grupo heterogéneo de
alteragcbes caracterizadas por hiperglicemia cronica associada com a auséncia
ou acao inadequada da insulina (SOCIEDADE BRASILEIRA DE DIABETES,
2008). E assinalada por complicacdes, disfungdes e insuficiéncia de varios
orgaos, que afetam especialmente os sistemas oftalmicos, renal, neurolégico e
cardiovascular. Essa doenca resulta da diminuigcdo da secregcado e/ou da acéo
da insulina, envolvendo processos patogénicos especificos, como, por

exemplo, destruicdo das células beta do pancreas (produtoras de insulina),



resisténcia a acao da insulina, disturbios da secrecao da insulina, entre outros
(SOCIEDADE BRASILEIRA DE DIABETES, 2007). A DM ¢é influenciada por
multiplos e complexos fatores genéticos e ambientais, que interagem
potencializando sua expressao patolégica. O carater hereditario da DM esta
relacionado com um gene regulador da produgdo de anticorpos anti-célula
beta, localizado no brago curto do cromossomo seis, devendo haver,
provavelmente, fatores ambientais que estimulam a sua expressao génica mais
precoce ou tardia, o que justifica as diferentes faixas etarias de manifestagcao
da sintomatologia (MEHERS & GILLESPIE, 2008).

A auséncia da insulina ou ineficiéncia de seus receptores impossibilita a
captacao de glicose pelas células sensiveis a insulina, levando ao seu acumulo
no sangue, o que caracteriza hiperglicemia. Os niveis de normalidade estao
estabelecidos entre 70 e 110 mg/dL para glicemia de jejum de oito horas, a
partir de £ 160 mg/dL ha a extrapolacdo do limiar renal da glicose e a sua
liberacdo na urina, o que caracteriza glicosuria. A auséncia de glicose
intracelular induz o figado a gliconeogénese (producao de glicose através de
precursores nao glicidicos). H4, também, a mobilizacdo dos acidos graxos do
tecido adiposo para produzir energia através da R-oxidagcdo, que fornecera a
energia necessaria ao metabolismo celular. O acetil-CoA produzido pela R-
oxidacéo hepatica excede a capacidade do ciclo de Krebs e ¢é utilizado para a
sintese de corpos cetdnicos, que sao utilizados como fonte de acetil-CoA pelos
tecidos extra-hepaticos, e sao eliminados pela respiragcao (halito cetdnico) e
pela urina (cetonuria). O carater acido dos corpos cetdnicos pode alterar o
equilibrio acido-basico, levando o paciente ao coma e morte (AMERICAN

DIABETES ASSOCIATION, 2008; GALLAGHER et al., 2011).



Baseada na etiologia, a DM pode ser denominada como: tipo 1, tipo 2,
gestacional e outros tipos especificos (SOCIEDADE BRASILEIRA DE
DIABETES, 2007). Por DM do tipo 1, entende-se a manifestagao clinica da DM
onde, por mecanismos variados, as células beta do pancreas sdo danificadas e
a producido de insulina diminui consideravelmente ou cessa. Como
consequéncia, a glicose néo penetra na célula, levando a hiperglicemia e todos
os efeitos derivados a este fato, que compdem a fisiopatologia classica da
doenca, obrigando o paciente a tornar-se insulinodependente (GALLAGHER et
al., 2011). A DM tipo 1 representa de 5% a 10% dos casos, podendo ser
imunomediada ou idiopatica e, aparece, na maioria das vezes, em pessoas
jovens (menores de 35 anos), com deficiéncia total ou quase total da insulina
produzida pelo pancreas. E considerada uma doenca auto-imune quando sdo
identificados anticorpos especificos que levam a destruicdo das células beta
pancreaticas. Quando nao identificados tais mecanismos, é considerada
idiopatica (SOCIEDADE BRASILEIRA DE DIABETES, 2007).

O DM tipo 2 representa de 90% a 95% dos casos e ocorre, comumente,
apos os 40 anos de idade, mantendo uma evolucéo lenta. Esse tipo de DM
acomete com maior frequéncia individuos com sobrepeso, obesos e com
historico familiar da doenga (AMERICAN DIABETES ASSOCIATION, 2004;
SOCIEDADE BRASILEIRA DE DIABETES, 2007). Em seu estagio inicial, a DM
tipo 2 é assintomatica, o que retarda seu diagndstico por muitos anos,
favorecendo, com isso, o desenvolvimento de complicagbes crbnicas, que
conduzem ao diagndstico somente por suas manifestagdes clinicas, as vezes
irreversiveis (SOCIEDADE BRASILEIRA DE DIABETES, 2007; AMERICAN

DIABETES ASSOCIATION, 2008). O processo fisiopatolégico do DM tipo 2



caracteriza-se pela resisténcia insulinica, em que o nivel de insulina € normal,
mas nao é eficaz em sua fungado de promover a utilizagédo periférica da glicose
(SOCIEDADE BRASILEIRA DE DIABETES, 2007). O pancreas segue
produzindo insulina, porém essa nao € suficientemente ativa em nivel celular.
Nesse tipo de DM, a principal disfungcdo reside nos receptores insulinicos
celulares, que ndo tém o numero ou a forma adequados para que a insulina
possa agir sobre eles, permitindo a captagéo da glicose nas células insulino-
dependentes (GALLAGHER et al., 2011). Os pacientes apresentam excesso de
glicose no sangue (hiperglicemia), mas os niveis de insulina podem estar
normais ou mesmo aumentados, fazendo com que, de modo contrario ao que
acontece no DM tipo 1, geralmente ndo se faga necessario o uso habitual de
insulina exdgena. Uma segunda condi¢do é a insuficiéncia insulinica, situacéo
na qual existe efetivamente uma reducdo de sua secrecdo pelo pancreas e
que, geralmente, ocorre depois de alguns anos de evolugdo da doenga
(PEDROSA et al., 2006). As pessoas com essa forma do DM nao sao
dependentes de insulina exdgena para sobrevivéncia, porem podem necessitar
de tratamento com insulina para a obtencdo de um controle metabdlico
adequado (AMERICAN DIABETES ASSOCIATION, 2008; SOCIEDADE
BRASILEIRA DE DIABETES, 2007; GALLAGHER et al., 2011)).

A DM gestacional, que ocorre em 1% a 14% de todas as gestagoes,
dependendo da populagao estudada, esta associada ao aumento da morbidade
e mortalidade perinatal (PEDROSA et al., 2006). Na maioria dos casos, ha
reversdo para a tolerancia normal a glicose apds a gravidez, porém existe um
risco de 17% a 63% de desenvolvimento de DM tipo 2 pela mae dentro de 5 a

16 anos apos o parto (HANNA & PETERS, 2002). Os outros tipos especificos



de DM sao formas menos comuns, que podem ser causadas por defeitos
genéticos, processos patolégicos, infeccdes e exposicdo a drogas ou
substancias quimicas (AMERICAN DIABETES ASSOCIATION, 2008;
SOCIEDADE BRASILEIRA DE DIABETES, 2007).

Independentemente do tipo de DM, uma das maiores preocupacoes dos
profissionais de saude € a prevengado de complicagdes, devido a sua gravidade
e repercussodes para o paciente, familia e sociedade. As complicacbes do DM
sdo classificadas em agudas e cronicas. Entre as complica¢gdes agudas
encontram-se a cetoacidose diabética e o coma hiperosmolar nido cetético,
complicagbes essas de facil manejo clinico, mas que podem ter consequéncias
sérias se nao tratadas a tempo (PEDROSA et al.,2006). As complicagbes
crbnicas do DM incluem as alteragdes vasculares e as neuropatias

(GALLAGHER et al., 2011).

1.3 A NEUROPATIA DIABETICA

A neuropatia diabética (ND) € a complicagdo mais frequente daDM e é o
seu principal fator de morbidade e mortalidade (BASIC-KES et al., 2011; UZAR
et al., 2011). A ND consiste em um grupo de sindromes clinicas e subclinicas
de etiologia, manifestagdo clinica e laboratorial variadas; caracterizadas por
dano difuso ou focal das fibras nervosas periféricas somaticas ou autonémicas,
podendo acometer qualquer fibra nervosa do corpo humano (GOMEZ et al,,
2002). Estima-se que mais de 50% dos diabéticos desenvolverdao ND apos 25
anos de doenga (GALLAGHER et al., 2011) e, ainda que essa complicagéo
seja apenas subclinica, em quase 100% dos casos as alteragbes

eletrofisiolégicas indicativas de ND estdo presentes (ROSENSTOCK et al.,
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2004). Além disso, quando ha ND, 10% das pessoas com DM tipo 1 e 20% das
com tipo 2 apresentam dor grave (GALER et al., 2000; ROSENSTOCK et al.,
2004). A dor neuropatica diabética tem intensidade moderada-grave (GALER et
al., 2000; DAVIES et al., 2006) e & descrita como formigamento, queimacgao,
continua, lacerante, com sensacédo de agulhadas, localizada distal, bilateral e
simetricamente, com alteragdes sensoriais anormais, como a alodinia ou
hiperalgesia (GALER et al., 2000; SOCIEDADE BRASILEIRA DE DIABETES,
2007; TALIYAN & SHARMA, 2012). O tratamento da dor € complexo, utilizando
farmacos antineuriticos como os antidepressivos triciclicos, anticonvulsivantes,
simpatomiméticos e agentes tépicos. A melhora da funcionalidade nervosa e o
bloqueio da transmissdo dos impulsos dolorosos ainda sao pouco satisfatérios
e os efeitos adversos destes farmacos sédo inumeros (JUDE & SCHAPER,
2007; WONG et al., 2007).

As desordens neuropaticas incluem manifestacbes somaticas e/ou do
sistema nervoso autonémico. Sua natureza é heterogénea e varios
mecanismos estdo envolvidos na sua patogénese; entretanto, a hiperglicemia
cronica e as desordens metabdlicas a ela associadas sdo de alguma forma
implicadas em quase todos os tipos de ND (GALLAGHER et al., 2011). A ND
pode ocorrer de forma subclinica, que consiste na evidéncia de disfuncédo de
nervos, tal como condugao nervosa sensorial ou motora diminuida ou limiar
sensorial elevado, que ocorre na auséncia de sinais clinicos e sintomas de ND;
ou, na forma clinica, que consiste na superposicdo de sintomas e/ou
deficiéncias neuroldgicas clinicamente detectaveis (STAVNIICHUK et al.,

2012).
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1.4 MECANISMOS PATOLOGICOS DAS NEUROPATIAS

Apesar dos recentes avangcos na compreensdo dos mecanismos
patolégicos para muitas das complicagbes que ocorrem a longo prazo na DM, a
patogénese das NDs nao esta completamente esclarecida (UZAR et al., 2011;
ZHANG et al., 2012). Os mecanismos provaveis de lesdo a fibra neurolégica
sao: lesdo metabdlica direta, lesdo metabdlica provocando insuficiéncia
neurovascular, perda de fatores neurotroficos e lesdo auto-imune (EDWARDS
et al.,, 2008; RUSSELL et al.,, 2008). Interacbes entre varias consequéncias
metabdlicas diretas e indiretas da deficiéncia de insulina, ou hiperglicemia,
associadas a fatores ambientais e genéticos ndo completamente definidos, séo
necessarios para o surgimento das NDs da DM.

A patogénese da ND tem sido extensivamente estudada em modelos
animais de DM e, apesar de nenhum dos modelos existentes reproduzir
fielmente as modificagcbes encontradas na ND em humanos, os resultados
mostram que existem interacbes complexas entre mecanismos vasculares e
nao-vasculares (CAMERON et al., 2001; OBROSOVA et al.,, 2009). Foram
descritas multiplas alteracdes bioquimicas, como atividade aumentada da via
do sorbitol no metabolismo da glicose (YAGIHASHI et al., 2001; OBROSOVA et
al., 2002), glicacdo e glico-oxidagdo n&o-enzimatica de biomoléculas
(CAMERON et al.,, 2005; TOTH et al., 2008;), ativagdo da proteina cinase C
(PKC) e proteina cinase ativada por mitogeno (MAPK) (PRICE et al., 2004;
CHENG et al., 2010), estresse oxidativo e nitrosativo (CAMERON et al., 2001;
COPPEY et al, 2001; OBROSOVA et al, 2001), déficits de fatores
neurotréficos (LEHMANN et al., 2010), ativagdo da poli(ADP-ribose)-polimerase

(PARP) (LI et al., 2005; OBROSOVA et al., 2008), assim como, de enzimas do
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metabolismo do acido araquiddnico, ciclo-oxigenase-2 (COX-2) (KELLOGG et
al., 2007) e lipo-oxigenase (LO) (STAVNIICHUK et al., 2010; OBROSOVA et
al., 2010), participam no desenvolvimento dos déficits de condugéo nervosa e
disfuncéo das fibras sensoriais.

Aumento na atividade da via do sorbitol (KATO et al., 2000; HO et al.,
2006), déficit de fatores neurotréficos (TOTH et al,, 2006; FRANCIS et al.,
2009), estresse oxidativo e nitrosativo (HOUNSOM et al., 2001), ativacdo da
PARP (DREL et al., 2010), COX-2 (KELLOGG et al., 2007), e LO (OBROSOVA
et al., 2010) também tém sido relacionados com a atrofia axonal das fibras
grandes mielinizadas e com a degeneragdo das pequenas fibras sensoriais.
Muitos mecanismos bioquimicos tém sido estudados, assim como, a interacéo
entre eles (OBROSOVA et al., 2002; OBROSOVA et al., 2005; HO et al., 2006;
DREL et al., 2006; KUZUMOTO et al., 2006; ASKWITH et al., 2009); porém,
muitos outros permanecem inexplorados (STAVNIICHUK et al., 2012).

A hipotese metabdlica conhecida como via dos polidis, busca explicar a
ND a partir dos disturbios metabdlicos encontrados. Nos neurdnios, a glicose €
convertida em sorbitol e frutose pelas enzimas aldose-redutase e sorbitol-
desidrogenase (STAVNIICHUK et al.,, 2010). A hiperglicemia levaria a um
acumulo de sorbitol e frutose nos nervos periféricos, assim como em outros
tecidos. O acumulo de sorbitol conduz a uma cascata de eventos onde se
observa redugcdo no nivel de mioinositol (talvez por uma compensacado ao
aumento de osmolaridade provocada pelo acumulo de sorbitol), do turnover
dos fosfolipideos, da atividade da Na/K-ATPase da membrana com
consequente acumulo de sdédio intra-axonal, reduzindo também a velocidade

de conducgao nervosa e, por fim provocando rompimento da estrutura do nervo
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(CAMERON et al., 1999; STAVNIICHUK et al., 2010;). Além disso, o acumulo
de frutose leva a uma reducgao na relagdo NADH/NAD, levando a célula a uma
situagdo denominada de pseudo-hipoxia (OBROSOVA et al., 2005); e, sendo a
frutose um substrato dez vezes mais potente para a glicosilagdo do que a
glicose, provoca um acumulo de produtos finais de glicagdo avangada (AGESs).
Outra consequéncia dessa cascata de eventos € a redugao dos niveis celulares
de NADPH, diminuindo a reciclagem da glutationa (GSH), o que gera uma
menor captacao de espécies reativas (ER) (BROWNLEE et al., 2005).

Tém sido sugeridas varias fontes geradoras de ER na DM, como a
NADPH-oxidase endotelial, a xantina-oxidase, oOxido-nitrico-sintase e a
ineficiéncia da cadeia respiratéria mitocondrial (CAMERON & COTTER, 1999).
Além disso, a DM esta associada com a redugdo da atividade da Cu/Zn-
superoxido-dismutase (CUI et al., 2008), glutationa-peroxidase (GPx) (YU et al.,
2006), diminuicbes nos niveis de GSH (ARORA et al., 2008), vitamina E
(MANZELLA et al., 2001), L-carnitina (IDO et al., 1994) e aumentos nos
produtos de peroxidagao lipidica como o malondialdeido ou dienos conjugados
(CUNHA et al., 2008).

Evidéncias, de multiplas fontes, indicam que o estresse oxidativo
consequente da geracao de ER pela hiperglicemia € um importante mecanismo
envolvido tanto no desenvolvimento, como na progresséo da ND (STEVENS et
al., 2000; OBROSOVA, 2002; RUSSELL et al., 2002; SCHMEICHEL et al.,
2003; VINCENT & FELDMAN, 2004; RUSSELL et al., 2008; KAMBOJ et al.,
2010). Existem estudos indicando a ocorréncia de estresse oxidativo sistémico
em ratos diabéticos (CHINEN et al., 2007; OLTMAN et al., 2005; SERKOVA et

al., 2006; SONTA et al., 2004); entretanto, a relagdo entre o estresse oxidativo
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e os mecanismos de desenvolvimento da ND ainda n&o estdo bem
estabelecidos.

Os mecanismos envolvidos no aumento do estresse oxidativo na DM
incluem, ndo apenas a geracdo de ER pela glicagdo ndo-enzimatica e auto-
oxidagao de produtos de glicagdo, mas também, mudangas no conteudo e na
atividade dos sistemas de defesa antioxidantes (EDWARDS et al., 2008).
Aumentos nos niveis de produtos lipidicos oxidados tém sido detectados no
soro de pacientes diabéticos e estdo possivelmente relacionados com as
complicagdes dessa doenga (EL BOGHDADY et al., 2012). Ja foi relatado que
mudangas nos niveis de citocinas pro-inflamatorias, ER e AGEs gerados pela
hiperglicemia podem contribuir para a ativagdo do fator de transcricdo nuclear
kappa B (NF-kB), que é redox-sensivel, e este por sua vez, ativa genes de
citocinas, moléculas de adeséao, endotelina-1 e fator tecidual, o que dificulta a
defesa celular contra o estresse oxidativo (KUMAR et al., 2012). Outro achado
interessante € que a diminuicdo da velocidade de conducido nervosa,
caracteristica clinica da ND, estad associada na maioria das vezes a uma
diminuicdo da atividade da Na/K-ATPase dos neurdnios, como consequéncia
do estresse oxidativo (CAMERON et al., 1999; KAMBOJ et al., 2009).

Certamente a disfungdo mitocondrial induzida pelo estresse oxidativo
gerado pela hiperglicemia contribui para a sensibilizagdo do neurénio (ZHANG
et al., 2012). Sob condi¢des hiperglicémicas, o fluxo metabdlico mitocondrial
aumentado aliado a desregulagcdo da bomba de prétons resulta em um
aumento na formagdo de ER, incluindo radicais peroxinitrito, superoxido e
hidroxil (BROWNLEE, 2001; VINCENT et al., 2002; BROWNLEE, 2005). Essas

ER estéo relacionadas com a peroxidagao dos lipideos de membrana, nitragao
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de proteinas e danos as moléculas de DNA (VINCENT & FELDMAN, 2004).
Danos oxidativos mitocondriais mais a diminuicdo da acdo da insulina e do
suporte neurotréfico contribuem para a despolarizagdo da membrana
mitocondrial, swelling da mitocéndria, liberagdo do citocromo ¢ no citosol e
ativacao de caspases em neurbnios ganglionares dorsais (RUSSELL et al.,
2002; SCHMEICHEL et al., 2003; VINCENT et al., 2004); estando, ja, todas
essas caracteristicas associadas a danos neuronais e axonais (KISHI et al.,
2002; HUANG et al., 2003; RUSSEL et al., 2008). Estudos in vitro mostraram
que tanto a inibicdo da geracdo de ER induzida pela glicose a nivel de cadeia
transportadora de elétrons, como a estabilizagdo do potencial de membrana
mitocondrial, bloqueiam os danos aos neurénios sensoriais (RUSSELL et al.,,
2002; LEINNINGER et al., 2004; VINCENT & FELDMAN, 2004; RUSSELL et
al., 2012). Tratamentos com insulina ou antioxidantes como acido a-lipéico (JIN
et al., 2007), GSH (UENO et al., 2002), eritropoietina (BIANCHI et al., 2004),
quelantes de metais de transicdo como desferroxamina e trientina (CAMERON
& COTTER, 1995), vitamina E (SKALSKA et al., 2008), acido docosaexaenoico
(COSTE et al., 2003), N-acetilcisteina (KAMBOJ et al., 2010) estao associados
com melhorias na fungcdo das células nervosas; porém, outros antioxidantes

classicos falharam em mostrar beneficios efetivos (SHELTON et al., 2005).

1.5 AS GLICOTOXINAS GLIOXAL, METILGLIOXAL E GLICOLALDEIDO

Os processos envolvidos no dano a células neuronais pela hiperglicemia
sao complexos e provavelmente envolvem varias caracteristicas como
excitotoxicidade, disfuncdo mitocondrial, agregagdo proteica anormal, e

inflamacao; entretanto a formacdo de ER é um processo relacionado a todos

16



esses fendbmenos (EDWARDS et al.,, 2008). Formados endogenamente como
produto intermediario da via glicolitica ou, também, de forma n&o-enzimatica
pelas reagdes de fragmentacdo de acgucares (THORNALLEY, 1996),
compostos carbonil reativos, como o metilglioxal (MG), glioxal (GO) e
glicolaldeido (GA) devem contribuir para a toxicidade da hiperglicemia nao
controlada (SHUVAEV et al., 1998; GARCIA DE ARRIBA et al, 2006), como

ilustrado na figura 1.
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Fig. 1: O esquema ilustra as vias que levam a produgédo de compostos carbonil
reativos e AGEs, e os mecanismos pelos quais os AGEs causam disfuncao
neuronal. (Adaptado de JACK & WRIGHT, 2011) AGE: produtos finais de
glicacdo avancada, RAGE: receptor de AGE, NF-kB: fator de transcricdo

nuclear kappa B, ER: espécies reativas.
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O a-cetoaldeido MG é um dos compostos carbonil mais estudados, ele
acumula em condi¢gdes como hiperglicemia ou quando existem impedimentos
no metabolismo normal da glicose; causando estresse oxidativo (GARCIA DE
ARRIBA et al., 2007). O MG é um intermediario reativo da rede metabdlica,
sendo sempre produzido pelo metabolismo, mesmo em condi¢gdes normais.
Existem muitas vias para sua producdo, envolvendo reacgdes catalisadas
enzimatica e ndo-enzimaticamente (PHILLIPS & THORNALLEY, 1993a;
RICHARD, 1991). O MG ¢é formado pela fragmentagéo e eliminagao do fosfato
da forma fosfo-eno-diolato do gliceraldeido-3-fosfato e da diidroxiacetona-
fosfato. Isto pode acontecer enzimaticamente pelo vazamento do fosfo-eno-
diolato do sitio ativo da triosefosfato isomerase (POMPLIANO et al., 1990) e
pela metilglioxal-sintase (RAY & RAY, 1981).

Também, pode ser formado a partir da acetona pelo citocromo P450
2E1, o qual catalisa a formagao sequencial da hidroxiacetona e MG
(REICHARD et al., 1986; KOOP & CASAZZA, 1985), e pela oxidagado da
aminoacetona formada no catabolismo da treonina (LYLES & CHALMERS,
1992). Entretanto, a principal fonte de MG é a fragmentagdo ndo-enzimatica de
triosefosfatos (PHILLIPS & THORNALLEY, 1993b). A sua detoxificacdo se da
pelo sistema glioxalase através da catalise da GSH, compreendendo duas
enzimas: a glioxalase | e Il (MANNERVIK & RIDDERSTROM, 1993), como
ilustrado na figura 2.

Sabe-se que o MG interage com os grupamentos sulfidril das proteinas e
que forma adutos hemetioacetal com a GSH. Devido a essa alta reatividade
com sulfidrilas ele acaba inibindo a atividade de muitas enzimas, inclusive das

que participam da eliminac&o de radicais livres.
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Fig. 2: O sistema glioxalase € composto por duas enzimas, glioxalase | e
glioxalase Il. Compostos diacarbonil reativos, como MG e GO, séao
efetivamente detoxificados através dessa via metabdlica. A enzima glioxalase
catalisa a conversdo de a-oxoaldeidos no correspondente a-hidroxiacidos.
Nesta figura esquematica, MG reage com GSH e é convertido a S-D-
Lactoilglutationa pela glioxalase |. Depois, este intermediario é hidrolisado em
D-lactato pela glioxalase Il e a GSH é reciclada. (JACK & WRIGHT, 2011)

Assim, quando presente em altas concentragdes, este composto carbonil
reativo acaba depletando GSH, o qual tem um papel importantissimo na
protecdo da célula contra danos oxidativos, e inibindo as enzimas
antioxidantes, o que leva a célula a uma situacdo de estresse oxidativo
(KALAPOS et al., 2008). Existem diversos estudos mostrando que pré-
tratamentos com GSH, aminoguanidina ou N-acetilcisteina podem proteger as
células do estresse oxidativo e dos danos celulares gerados pelo MG (WU &

JUURLINK, 2002; AMICARELLI ET AL, 2003; FUKUNAGA et al., 2004).
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A sua exata concentracdo intracelular nos neurbnios ainda nio é
conhecida, mas o MG tem sido encontrado em fluidos corporais e tecido de
pacientes e animais diabéticos em uma concentracdo de cerca de 400 yM
(Lapolla et al., 2003a). Quanto aos neurdnios, a exata concentracao intracelular
de MG ainda ndo é conhecida. Concentracbes por volta de 300 uyM foram
mensuradas na linhagem de células CHO derivadas de ovario de hamster
chinés, a maior parte ligado a residuos de cisteina e GSH (GARCIA DE
ARRIBA et al., 2007).

O GA, um a-hidroxialdeido altamente reativo, € produzido pela
fragmentagao de agucares nos estagios iniciais da glicosilagdo nao-enzimatica
e é responsavel por parte da producao de AGEs, podendo levar, muitas vezes,
a complicagbes diabéticas (AL-ENEZI et al., 2006). Sua formagao pode se dar
pela degradagdo oxidativa da glicose a partir de proteinas glicadas,
peroxidacao lipidica, oxidagdo de aminoacidos e pelos neutrdfilos durante a
fagocitose (AL-ENEZI et al., 2006). Devido ao fato de que o grupo carbonil do
GA nao pode ser bloqueado por ciclizacdo, ele é suscetivel a enolizacéo
seguida de oxidacdo com concomitante produgcdo de GO e radical superéxido
(SAKURAI & TSUCHIYA, 1988).

O GO é altamente reativo e pode interagir com proteinas, lipidios e
acidos nucléicos (KASPER et al., 2000; THORNALLEY, 2002; SHANGARI et
al., 2003; THORNALLEY, 2003). Ele também é formado como produto da
peroxidacao lipidica, sendo um importante agente glicador nos sistemas
fisioloégicos e formador de AGEs (TURK, 2010). Devido a sua alta reatividade
com proteinas, a sua mensuragao em amostras biolégicas é bastante dificil de

ser feita (NAKAJIMA et al., 2007); entretanto, existem estudos que detectaram

20



este composto carbonil em altos niveis no plasma de pacientes diabéticos
(LAPOLLA et al., 2003b, HAN et al, 2007). Existe um AGE que ¢é
especificamente derivado do GO, o dimero glioxal-lisina (GOLD); que é
formado através do crosslinking de duas moléculas de lisina e uma de GO. O
GOLD tem sido encontrado em grandes quantidades em pacientes diabéticos
(SHAMSI & NAGARAJ 1999; SADY et al., 2000).

Reagdes nao enzimaticas entre agucares redutores ou oxaldeidos e
proteinas/lipideos resultam em AGEs (AHMED, 2005; TOTH et al., 2008). Trés
vias principais sdo responsaveis pela formacao de radicais dicarbonis reativos
(precursores de AGEs): a oxidacdo da glicose para formar GO; a degradagao
de produtos de Amadori (adutos frutose-lisina); e 0 metabolismo aberrante de
intermediarios glicoliticos do MG (EDWARDS et al, 2008). AGEs séo
biomoléculas modificadas de forma heterogénea, intra ou extracelularmente.
Dentro das células tanto adutos proteicos, como de DNA alteram a funcéo e
transporte celular. AGEs proteicos extracelulares podem danificar proteinas
plasmaticas e de matriz, rompendo adesdes celulares e ativando o receptor
para AGEs (RAGE) (RAMASAMY et al., 2007). A interacdo AGE-RAGE ativa a
transcricdo do NF-kB, o qual esta relacionado ao processo inflamatério e a
ativagdo da apoptose (RAMASAMY et al.,, 2005). Também, a ativagcado de
RAGE neuronal induz estresse oxidativo devido ao aumento da atividade da
NADPH-oxidase (VINCENT et al., 2007). Niveis aumentados de AGEs e RAGE
foram encontrados em estudos feitos com tecido de humanos diabéticos
(TANJI et al., 2000). Camundongos diabéticos knockout para RAGE mostraram
uma significante melhora na ND e diminuida expressdao de NF-kB e PKC

comparados com o modelo de animais wildtype (TOTH et al., 2008). Com uma
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visdo geral, pode-se dizer que os danos bioquimicos induzidos por AGEs
resultam em fluxo sanguineo nervoso insuficiente, suporte neurotréfico
diminuido e diminuicdo do transporte axonal (WADA & YAGIHASHI, 2005). A
glicagdo € um processo enddégeno que participa das modificacbes pos-
traducionais das proteinas. O estagio inicial da glicagdo envolve a reacao da
glicose com o grupo amino de residuos de lisina das proteinas para formar
bases de Schiff e frutosaminas (THORNALLEY et al., 1999), que sao
posteriormente convertidos em AGEs. A glicagao e a formagdo de AGEs tém
sido muito estudadas em relacdo a DM e as complicacbes relacionadas a DM,;
mas, esta claro que a glicagcdo e os AGEs também tém relagdo as doengas
neurodegenerativas como Alzheimer, Parkinson e esclerose amiotréfica lateral
(KIKUCHI et al., 1999). A formagao de AGEs tem sido caracterizada como um
marcador intracelular da doenca de Alzheimer nos emaranhados neurofibrilares
(WONG et al., 2001) e doencga de Parkinson nos corpos de Lewi (LO et al.,
2004), sugerindo que estes depdsitos proteicos foram expostos a precursores
de AGEs. Existem estudos prévios que investigaram o mecanismo de indugéo
de morte celular em células de neuroblastoma SH-SY5Y por AGEs
(DEUTHER-CONRAD et al., 2001; GARCIA DE ARRIBA et al., 2003). Nestes
estudos, a toxicidade dos AGEs foi prevenida por aminoguanidina, um
scavenger de carbonil j4 bem estabelecido. Devido ao fato de compostos
carbonil serem mediadores comuns de estresse oxidativo em eventos
patolégicos presentes em doencas neurodegenerativas, foi sugerido que o uso
de antioxidantes combateria os efeitos negativos gerados por eles (DURANY et

al., 1999; KIKUCHI et al., 1999).
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Doengas neurodegenerativas como Alzheimer e Parkinson, e a DM
estdo associadas com uma formacdo aumentada de AGEs (GARCIA DE
ARRIBA et al., 2006) e, portanto, com o acumulo de MG, o qual € o mais
importante precursor fisiolégico de AGEs (AHMED et al., 2003; AHMED et al.,
2005). Entretanto, a contribuicdo da toxicidade do MG e outras glicotoxinas

para a degeneragao neuronal ainda ndo esta bem compreendida.

1.6 MODELO EXPERIMENTAL: A LINHAGEM SH-SY5Y

A linhagem de neuroblastoma humano SH-SY5Y €& um subclone
derivado do neuroblastoma SK-N-SH. Essas células, quando em cultura, se
assemelham com neuroblastos do sistema simpatico, apresentando morfologia
epitelial com citoplasma escasso (BIEDLER et al., 1978). Células dessa
linhagem estdo estacionadas nos estagios iniciais da diferenciagdo neuronal e
sao caracterizadas bioquimicamente pela escassez de marcadores neuronais
(CONROY & BERG, 1995; GILANY et al., 2008). Essas células apresentam
caracteristicas dopaminérgicas, pois expressam baixos niveis de enzimas da
via de sintese das catecolaminas, incluindo a tirosina-hidroxilase (TH),
dopamina-B-hidroxilase e transportador de dopamina (DAT) (XIE et al., 2010).

A linhagem SH-SY5Y pode ser definida como neuroblastos imaturos
que proliferam durante um grande periodo de tempo. Isso é uma grande
desvantagem, pois o0s neurbnios apresentam baixas taxas de proliferagéo
(LUCHTMAN & SONG, 2010). Apesar da origem tumoral, muitos estudos
mostraram que as células de neuroblastoma SH-SY5Y podem ser
diferenciadas em neurdnios dopaminérgicos através do tratamento com &cido
retindico (AR) (PAHLMAN et al., 1984). O AR é a forma biologicamente ativa da

vitamina A necessaria para o desenvolvimento normal, incluindo apoptose,
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diferenciagao e morfogénese de diversos 6rgaos e sistemas, como o sistema
nervoso (BAIN et al., 1995). O papel dessa neurotrofina na diferenciagéo
neuronal € mediado através de receptores ao acido retindico (RAR) e
receptores retindides X (RXR) (MARK et al., 2006). In vitro, o AR promove a
diferenciagao e inibe a divisao celular, bloqueando a fase G1/S do ciclo celular
(MALIK et al., 2000). Dessa forma, o AR regula a transicdo das células
precursora para a célula diferenciada pos-mitética (ROSS et al., 2000), como

ilustra a Figura 3.

Linhagem de Agente de Fendétipo Resultante
Neuroblastoma Diferenciacéo

Yo >

SH-SY5Y 10 M de AR
Diminuigdo do SFB para 1% Neurénio

Dopaminérgico

Fig. 3: Diferenciacdo in vitro do neuroblastoma humano SH-SY5Y induzida por
AR (Adaptada de Edsjo et al, 2007). AR: acido retindico, SFB: soro fetal

bovino.

A inducdo do processo de diferenciagdo ocorre pelo aumento da
produgao de noradrenalina, pelo aumento da expressao da enzima enolase e
pela expressao de fatores de crescimento. Isso leva a formagao de projecdes
citoplasmaticas (neuritos), induzindo as células a modificarem sua morfologia

epitelial para uma forma estrelada.
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Células SH-SY5Y diferenciadas com AR durante 7 dias sdo um modelo
adequado de estudo de doencgas que acometem neurbnios, uma vez que elas
passam a apresentar caracteristicas morfolégicas como formato estrelado com
crescimento de neuritos alongados e caracteristicas bioquimicas como
expressar marcadores neuronais como TH, enolase-neurdnio-especifica (NSE)
e proteina nuclear especifica de neurénio (NeuN) com concomitante diminuigéo

de marcadores de células nao diferenciadas (LOPES et al., 2010).
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2. OBJETIVOS

2.1 OBJETIVO GERAL

Pesquisas tém mostrado como a exposigao prolongada a altas taxas de
glicose no sangue causam danos ao sistema nervoso e o estresse oxidativo
parece ter um papel fundamental nesse processo (Kumar et al, 2009; Fioretto
et al, 2009). Ja esta bastante evidenciado que ha comprometimento da funcéo
celular devido a toxicidade das ER geradas pela hiperglicemia em pacientes
com DM tipo | e Il ndo controlada (Evans et al, 2002; Robertson et al, 2003;
Nishikawa & Araki, 2007); no entanto, os fatores e mecanismos da
glicotoxicidade nas células neurais permanecem desconhecidos, pois néo se
tém dado muita atengéo a essa relagéo (Obrosova, 2009).

O objetivo deste estudo foi investigar os mecanismos celulares
envolvidos com a neurotoxicidade das glicotoxinas. Utilizamos a linhagem
diferenciada do neuroblastoma humano SH-SY5Y desafiadas com as
glicotoxinas MG e GA. A sequéncia de eventos moleculares que leva a morte
seletiva desses neurdnios pela agdo dessas glicotoxinas ainda nado esta
estabelecida, portanto a identificacdo dos seus mecanismos de oxidagao pode

gerar novas oportunidades terapéuticas associadas ao combate a ND.
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2.2 OBJETIVOS ESPECIFICOS

- Realizar testes de brometo de metiltiazolildifenil-tetrazolium (MTT) para
avaliar a viabilidade celular apés tratamento com diferentes concentracbes de
MG e GA, determinando os respectivos valores de DLsy (dose da toxina que

leva a uma perda de 50% da viabilidade celular) apds 24 horas de exposi¢ao;

- Estimar a producdo de ER das células diferenciadas tratadas com o
DLsp das glicotoxinas através do teste de oxidagdo da sonda 2,7-

diclorofluoresceina (DCF) em tempo real;

- Quantificar a variacdo no conteudo de GSH total nos extratos celulares
apos 15, 45, 90, 180 e 360 minutos de exposicdo a dose correspondente ao

DLsg do MG ou do GA;

- Caracterizar o tipo de morte celular (apoptose, necrose) que esta
sendo induzida pelo tratamento através da quantificacdo da lactato-
desidrogenase (LDH) no sobrenadante, do ensaio de marcagdo com os
compostos fluorescentes hoechst 33342 e iodeto de propideo (IP) e da

atividade das caspases 3,8 ¢ 9;

- Analisar a contribuicdo de diferentes sistemas antioxidades na
detoxificagdo das glicotoxinas com a utilizacdo de inibidores da tioredoxina-
redutase (TrxR) e glutationa-redutase (GR), tratamento com doses subletais

das toxinas e posterior avaliagao da viabilidade celular com o teste de MTT.
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3. RESULTADOS

Os principais resultados dessa dissertacao estado apresentados na forma

de artigo cientifico.
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Abstract

In the nervous system, hyperglycemia causes damages to axons and myelin sheaths leading to impaired
neuron function. Its known the accumulation of advanced glycation endproducts (AGE) is related to the
pathogenesis of the diabetic neuropathy, but it is not well established what pathways are involved.
Methylglyoxal (MG) and glycolaldehyde (GA) are reactive dicarbonyl compounds that are elevated under
hyperglycemia conditions, they potentially induce oxidative stress and lead to cell growth arrest,
apoptotic or necrosis death. These glycotoxins interact with sulfhydryl-groups of glutathione (GSH)
molecules and enzymes, inhibiting their activity; however, the molecular mechanism underlying MG and
GA cytotoxic effects are not fully understood. And, the contribution of antioxidant enzymes which
catalyze the reduction of sulthydryl groups like glutathione reductase (GR) and thioredoxin reductase
(TrxR) in the neuronal defense against MG and GA cytotoxicities have not been investigated before. So,
we have used the differentiated human neuroblastoma SH-SYS5Y cells to evaluate the oxidative stress
participation on the toxicity of these MG and GA and the role of GR and TrxR in the cells defense. In this
study we show that MG and GA treatments lead to a fast increase in reactive species production with
concomitant decrease in GSH content of the cells. Both MG and GA induce caspase-8 and -9 activation
after 15 minutes of exposition, although just MG activate caspase-3, what happens after 90 minutes of
exposition. Also, we reveal that TrxR has a most important role in cell defense against MG than GA,
meanwhile there is no difference in the GR role. Our results show that oxidative stress is an important
mechanism in the MG and GA toxicities and sulfhydryl reductors are very important in the cellular
defense against these glycotoxins.

Keywords Diabetic Neuropathy @ Methylglyoxal e Glycolaldehyde e Oxidative Stress ® Neurotoxicity
o SH-SYSY cells

Introduction

Long-term hyperglycemia leads to functional and structural deficits in both peripheral and
central nervous system. Several studies have clearly identified hyperglycemia as a key feature involved in
the pathogenesis of diabetic neuropathy (DN) (Tesfaye et al. 1996; Pop-Busui et al. 2010). In the nervous
system, hyperglycemia is responsible for increased production of free radicals (Vincent et al. 2004;
Edwards et al. 2008) that, together with a decreased neurotrophic support, damages axons and myelin
sheaths (El Boghdady and Badr 2012).

The prevalence of neuropathy is estimated to be about 8% in newly diagnosed patients and
greater than 50% in patients with long-standing disease (Boulton et al. 2005). Even though the
pathogenesis of DN is likely multifactorial, investigations about the molecular and biochemical
pathophysiology of DN have focused on glucose metabolic pathways that are related to the accumulation
of AGEs (Ahmed 2005; Brownlee 2005; Huebschmann et al. 2006; Ahmed and Thornalley 2007),
imbalance in the mitochondrial redox state of the cell (Zherebitskaya et al. 2009) and excess formation of
reactive oxygen species (ROS) (Beisswenger et al. 2005; Fernyhough et al. 2010).

The accumulation of AGEs, was not only identified as a biologic phenomenon in the
pathogenesis of DN, but also in the aging process and in degenerative conditions including cataracts and
Alzheimer’s disease (Amicarelli et al. 2003; Kikuchi et al. 1999; Shinpo et al. 2000). AGEs commonly
arise from reaction of reducing sugars, such as glucose and short chain aldehydes, with amino groups
(Ahmed 2005; Toth et al. 2008). The sugar moiety of an early glycation product can undergo chemical
reactions, consequently producing low molecular weight carbonyls such as MG, glyoxal and GA
(Thornalley 2005).

MG is inevitably produced in the course of metabolism even under normal conditions (Phillips &
Thornalley 1993a; Richard 1991), by both enzymatic and non-enzymatic reactions, but the major source
of MG is the nonenzymatic fragmentation of triosephosphates (Phillips & Thornalley 1993b). GA is a
short-chain aldehyde formed as a by-product of protein glycation and also by the myeloperoxidase
activity upon amino acids (Tobler and Koeffler 1991; Al-Enezi et al. 2006). These oxyaldehydes
contribute significantly to intracellular AGE formation, since they are extremely reactive (Glomb and
Monnier 1995; Turk 2010; Wang and Ho 2012). They can interact with the SH-groups of proteins,
inhibiting the activity of several enzymes (including the antioxidant ones) and critical cellular proteins
that can potentially lead to cell growth arrest, apoptotic or necrotic death (Ramasamy et al. 2006).
However, the molecular mechanisms underlying this cytotoxic effect are not yet fully understood.
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MG forms a hemithioacetal adduct with GSH, which plays an important role in the protection of
cells against oxidative damage (Di Loreto et al. 2004; Di Loreto et al. 2008; Kalapos et al. 2008).
Furthermore, MG is mainly detoxified by the GSH-dependent glyoxalase system which may lead to
cellular GSH depletion (Thornalley 2003). Together, both the depletion of intracellular GSH and the
inhibition of several antioxidant defense enzymes make cells more susceptible to oxidative stress (Di
Loreto et al. 2008; Kalapos et al. 2008). Thus, enzymes that can act as sulfthydryl group reductases must
be important in the defense against MG and GA toxicities. GR is anenzyme that
reduces glutathione disulfide (GSSQG) to the sulfhydryl form GSH; and TrxR is the enzyme that catalyzes
the reduction of thioredoxins - proteins with important thiol-specific antioxidant role (Acimovic et al.
2010). However, the contribution of these antioxidant enzymes on neuron cells defense against
glycotoxins was never evaluated before.

There are many studies evaluating the cytotoxic features of glycotoxins, but there is little
information regarding their effects over the central nervous system and neuronal cells models, such as
differentiated human neuroblastoma SH-SY5Y cells. Thus, we used the differentiated human SH-SY5Y
neuroblastoma cell line to explore the mechanisms underlying MG and GA induced neurotoxic effects
and the contribution of TrxR and GR antioxidant systems in the defense against this toxins. This
experimental model is well characterized and has been used as an in vitro system to investigate the
pathological effects of various neurotoxic compounds (Lopes et al. 2010; Lopes et al. 2012). In addition,
SH-SYSY cells constitutively express a receptor for AGEs and they also are highly sensitive to MG
challenge (Garcia de Arriba et al. 2007; Li et al. 2011).

Experimental Procedures
Chemicals

Materials used in cell culture were acquired from Gibco/Invitrogen (Sdo Paulo, SP Brazil). Other reagents
and solvents were purchased from Sigma Chemical Co. (St. Louis, MO, USA).

Cell Culture and Neuronal Differentiation

Exponential growing human neuroblastoma cell line SH-SY5Y, obtained from ATCC (Manassas, VA,
USA), were maintained in a mixture 1:1 of Ham’s F12 and Dulbeco Modified Eagle Medium (DMEM)
supplemented with 10% heat-inactivated fetal bovine serum (FBS), 2 mM glutamine, 10000 units/mL of
penicillin, 10000 pg/mL of streptomycin, and 25 pg/mL of amphotericin B in a humidified atmosphere of
5% of CO2 in air at 37°C. Cell medium were replaced every three days and cell were sub-cultured once
they reached 80% confluence. After 24 hours of cell plating, differentiation was induced by lowering the
FBS in culture medium to 1% plus the addition of 10 uM retinoic acid (RA) during 7 days. This treatment
was replaced each 3 days to replenish RA in culture media, as previously described (Lopes et al., 2010).
All treatments were performed when cells were ~75% confluence. For the MTT, LDH, DCF and
peroxidases inhibition assays the cells were plated in a 24-well plate at density of 7 x 10* cells per well.
For caspase activity; GSH, GR and TrxR quantification cells were seeded into bottles of 75 cm” at density
of 5 x 10° cells.

Cell Viability Assay

Cell viability was assessed by MTT method. MG and GA solutions were freshly prepared in cell culture
medium. Drug cytotoxicities were evaluated by exposing cells to different concentrations of these
glycotoxins for 24 hours at 37°C, and cell viability was estimated by the quantification of the 3-(4,5-
Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) reduction to a blue formazan product
by cellular dehydrogenases. At the end of the treatments, the medium was discarded and the cells were
washed with phosphate buffered saline (PBS). A new medium containing 0.5 mg/ mL of MTT was added.
These cells were incubated for 1 hour at 37°C. This medium was discarded and DMSO was added to
solubilize the formazan crystals for 30 minutes. Absorbance was determined at 560 nm and 630 nm in a
SoftMax Pro Microplate Reader (Molecular Devices®, USA). Viability values were expressed as
percentage of control.
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Measurement of Reactive Species Generation

The cellular reactive species was quantified using DCF assay. 2,7-dichlorofluorescein diacetate (DCF) 1,1
mM solution was made freshly in PBS from a stock solution (30 mM) made in DMSO. The solution was
added to the cells in medium to a final concentration of 100 uM, and the plates were incubated for 1 hour
in an atmosphere of 5% CO2 at 37°C to load cells with DCF. Then, the medium was discarded and a new
medium with the treatments was added. DCF was excited at 485 nm, and fluorescence emission at 538
nm was recorded using a SoftMax Pro fluorescence plate reader (Molecular Devices®, USA).

Total GSH Cellular Content

Total GSH (t-GSH) content was measured using a assay based in the GSH recycling system by 5,5-dithio-
(2-nitrobenzoic acid) (DTNB). DTNB and GSH react to generate 2-nitro-5-thiobenzoic acid and GSSG.
Then, GSH is regenerated from GSSG by GR and react with DTNB again to produce more 2-nitro-5-
thiobenzoic acid. Therefore, the concentration of GSH was determined by measuring absorbance of 2-
nitro-5-thiobenzoic acid at 412 nm. Cells were treated with MG or GA LDs, for 15, 45, 90, 180 and 360
minutes. Then, were scraped out from de culture flask, collected by centrifugation at 1000 g for 5 min and
the supernatant was discarded. The pellet was washed with PBS and centrifugated again. The supernatant
was discarded and the cells were resuspended in Hepes 20 mM. CHAPS was added to a final
concentration of 1 % and cells were incubated for 30 minutes in ice. The lysates were centrifuged at 1000
g for 5 minutes and the supernatants were collected. The protein content was measured. Proteins were
precipitated with perchloric acid (PCA) in a final concentration of 0,5 M. Centrifugation was performed
at 15000 g for 5 min and supernatant was collected. 30 uL of each sample was diluted in 0,1 M K,HPO,,
1 mM EDTA buffer for neutralization. In a 96 wells plate were pipetted 37,5 pL of neutralized samples,
200 pL of assay buffer (K,HPO, 0,25 M, EDTA 2,5 mM, NADPH 100 mM, DTNB 5 mM), 12,5 uL of
GR (5 U/mL) and the assay was performed using SoftMax Pro plate reader (Molecular Devices®, USA)
at 412 nm for 5 minutes.

Hoechst 33342 and Propidium Iodide dual-labeled dyeing

To analyse the occurrence of apoptosis/necrosis events induced by the LDsy doses of MG or GA after 24
h, Tpg/mL per well of the fluorescent dye Hoechst 33342 was added and incubated for 15 minutes in a
humidified atmosphere of 5% of CO2 in air at 37°C. Then, the medium was descarted, cells were
whashed with PBS and pictures were obteined in a fluorescence microscope. Propidium iodide (PI) was
added imediately before the picture capture in a final concentration of 25 pg/mL. Fields of cells were
photographed by using appropriate filters to examine Hoechst 33342 and PI fluorescence staining.

Lactate Dehydrogenase Activity

For determination of lactate dehydrogenase (LDH) released from cells, the culture medium was collected
after a 24 h incubation period with LDs, doses of MG or GA and placed on ice until be used. LDH was
measured by a LDH assay kit from Labtest®, following manufacturer’s instructions. LDH release was
calculated and expressed as a percentage of the LDH measured in untreated cells (control).

Caspase-3, -8 and -9 Activities

Caspase-3, -8 and -9 activities were determined by the cleavage of the fluorescent substrates Ac-DEVD-
AFC, Ac-IETD-AFC and Ac-LEHD-AFC respectively. Cells were treated with the MG or GA LDs, for
15, 45, 90, 180 and 360 minutes. Then, were scraped out from de culture flask, collected by centrifugation
at 1000 g for 5 min and the supernatant was discarded. The pellet was washed with PBS and centrifuged
again. The supernatant was discarded and the cells were resuspended in lyses buffer (50 mM HEPES, 100
mM NaCl, 1 mM DTT, 100 mM EDTA, pH 7.4 ). CHAPS was added to a final concentration of 0,2 %.
After that, cells were frozen at -80°C and thawed three times. Cells extracts were centrifuged at 14000 g
for 15 minutes and the supernatant was collected. The protein content was measured. In a 96 wells black
plate, were pipetted 20 pg of protein per well and assay buffer (50 mM HEPES, 100 mM NaCl, 0.1%
CHAPS, 10 mM DTT, 100 mM EDTA , 10% glycerol, pH 7.4) to a final volume of 100 pL, then
fluorescent caspase substrate 3, 8 or 9 were added to a final concentration of 50 uM. The plate was
incubated at 37°C for 2 hours before reading. Samples were assayed using SoftMax Pro fluorescence
plate reader (Molecular Devices®, USA).
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Inhibition Studies

Differentiated SH-SYSY cells were pretreated for 30 minutes with acetylamino-3-[4-(2-acetylamino-2-
carboxyethylsulfanylthiocarbonylamino)phenylthiocarbamoylsulfanyl]propionic acid hydrate S,S'-[1,4-
Phenylenebis(iminocarbonothioyl)]bis[N-acetyl-L-Cysteine] hydrate) (2-AAPA), or auranofin (AU) -
inhibitors of GR and TrxR, respectively - and the specific enzymatic activity and cell viability was
measured. A non lethal dose of each drug, able to inhibit their respective enzymes activities, was
established. The contribution of each enzymatic system in MG and GA toxicity was evaluated, the
differentiated cells were pretreated for 30 min with the inhibitors (10 uM of 2-AAPA or 0,5 uM of AU)
and exposed to sublethal doses of MG (625 pM) or GA (25 uM) for 24 hours. Cell viability was
determinated by MTT assay.

Antioxidant Enzyme Assays

For antioxidant enzyme assays, the differentiated SH-SYSY cells were homogenized in Hepes 20 mM,
pH 7.0, and centrifuged at 15,000 g for 30 minutes at 4 °C. Enzyme activities were then determined in the
supernatant according to standard methods (Arnér et al. 1999; Carlberg and Mannervik 1985) for GR, or
TrxR activity, respectively. Enzyme activities were expressed as a percentage of untreated samples.

Protein Quantification

The proteins contents were measured by the Bradford assay (Bradford, 1976), using bovine serum
albumin as standard.

Statistical Analysis

All data were expressed as mean + SD. GraphPad Prism 5 was used to determine statistical significance.
Difference between two groups was analyzed by two-tailed Student’s ¢ test, difference among three or
more groups was analyzed by two-way anova and differences among different treatments times were
analyzed by repeated measures ANOVA. P <0.05 was considered statistically significant.

Results
Determination of Methylglyoxal and Glycolaldehyde LDs, in Differentiated SH-SHS5Y Cells

To evaluate the MG and GA toxicities in differentiated SH-SYS5Y cells and in order to establish a
standard concentration of these glycotoxins for this study, we set the concentration of each toxin able to
decrease fifth percent of cells viability (LDsg). Cells were treated with different doses of MG or GA for
24 hours and the toxicity was evaluated using the MTT assay. A dose response curve was obtained and a
dose dependent cell death can be observed (Fig. la and 1b). The LDs, in differentiated SH-SHSY cells
was established as 1350+16 uM for MG and as 115£3.37 pM for GA for 24 hours of exposition.

MG and GA Treatment Led to an Increase in Reactive Species (RS) Production

In order to investigate if oxidative stress is involved in MG and GA cytotoxycities we performed a real
time DCF oxidation assay in treated cells. The increase in DCF fluorescence is a current method to
measure the production of intracellular RS in neurons. Time course experiment was performed using the
DCF dye to evaluate the generation of reactive species by glycotoxins (Fig. 2a). In the first six hours of
treatment with LDsy value of GA was detected a fast increase in DCF fluorescence detection when
compared to control. Treatment with MG LDs, value has not caused a significant RS increase in the first
six hours; however, both glycotoxins have increased RS generation after 24 hours of exposition (Fig. 2b).

MG and GA Treatments Caused a Fast Decrease in t-GSH Content
Aiming to corroborate with the involvement of oxidative stress in MG and GA neuronal citotoxycities,
we evaluated the total GSH cell content in treated cells. T-GSH content significantly decreased

immediately after both treatments with LDs, values, but rapidly recovered to almost normal levels in GA
treated cells. MG caused a more accentuated and lasting reduction in t-GSH content (Fig. 2c).
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Apoptosis is the Main Cell Death Mode Induced by MG and GA Treatments

The cells were stained with color combination of DNA-specific dyes Hoechst 33342 and PI. Control cells
demonstrated an intact structure, they excluded PI and stained mostly with Hoechst in blue color,
indicative of cell membrane integrity. In the occurrence of apoptosis the nuclear morphology was
disrupted and those cells were more brightly stained indicative of chromatin condensation in globular or
crescent-shaped figures. In necrosis was observed the staining with PI in red color, indicative of loss of
membrane integrity. Also, was noticed the occurrence of late apoptosis with chromatin condensation and
PI staining. Cells treated with MG demonstrated the occurrence of the three phenomenoms; however
apoptosis is the more prevalent one. In cells treated with GA only apoptosis was observed (Fig. 3a).

MG and GA Treatments Caused a Slight Increase in LDH Release

The membrane integrity of the cells was evaluated by measuring the release of intracellular

LDH into the cultura medium. This enzyme converts pyruvate to lactate by consuming NADH, which is
kinetically measured in the supernatant, which directly correlates to the amount of LDH released, which
is used as a necrotic index. MG and GA led to a slight increase in the amount of LDH released, especially
in MG-treated cells (Fig. 3b).

MG and GA Activate Caspase-3, -8 and -9

To test if apoptosis was responsible for the death of differentiated SH-SHSY cells observed after MG and
GA treatments, we investigated caspases-3, -8 and -9 activities in these cells using a synthetic substrate
that contains the cleavage site recognized by these proteases. A time curve among 15 minutes and 6 hours
had been performed in order to determine the kinetics of caspase activation. MG caused a 3,5 fold
increase in caspase-8 activity and = 2,5 fold increase in caspase-3 and -9 (Fig. 3c). GA caused = 2,5 fold
increase in caspase-8 and -9 activities and ~ 1,4 fold increase in caspase-3 (Fig. 3d). After 15 minutes of
exposition to the glycotoxins both caspase-8 and -9 are activated. MG treatment has led to caspase-3
activation after 90 minutes and GA treatment did not cause significant activation of this caspase.

Inhibition of GR and TrxR Improve MG and GA Toxicities

To evaluate the contribution of different peroxidases systems in the defense of differentiated SH-
SYSY cells against MG and GA cytotoxicities we inhibited GR and TrxR activities, challenged the cells
with sublethal doses of these glycotoxins and evaluated the cell viability after 24 hours. For this purpose,
we first established the best conditions to specifically inhibit each peroxidase systems and to determine
the toxicities of these inhibitors (Fig. 4a, b and c). The pretreatment of differentiated SH-SHSY cells for
30 min with inhibitors of GR (2-AAPA) and TrxR (AU) decreased the corresponding activity by 10—85%,
depending on the enzyme and concentration of the inhibitor (Figs. 4a and b). Fig. 4c shows that cell
viability was significantly decreased by 2-AAPA doses higher than 10 uM and AU doses higher than 0,5
M, so these doses were established for the inhibition induction. The pretreatment with AU contributed to
a decrease in cell viability of 31% in MG treatment and of 15% in GA treatment, suggesting that TrxR
system is more important in the detoxification of MG than GA (Fig. 4e and g). The pretreatment with 2-
AAPA contributed to a decrease in cell viability of 25% in both treatments, not showing difference of
importance in the detoxification of these glycotoxins (Fig. 4d and f).

Discussion

The pathological process of diabetic neuropathy is complex, involving many different factors
like glucose flux through the polyol pathway (Yagihashi et al. 2001; Obrosova et al. 2002);
excess/inappropriate activation of protein kinase C (PKC) isoforms (Price et al. 2004); poly (ADP-ribose)
polymerase (PARP) overactivation (Li et al. 2005; Obrosova et al. 2008), accumulation of AGE (Tanji et
al. 2000), oxidative/nitrosative stress (Cameron et al. 2001; Coppey et al. 2001; Obrosova et al. 2001) and
mitochondrial dysfunction (Zhang et al. 2012). Reactive carbonyl compounds, which are either products
of glucose metabolism or oxidative damage to lipids, contribute to GSH depletion and antioxidant
enzymes inactivation, leading to a toxic burden in already stressed neurons (Kalapos et al. 2008). In
particular, dicarbonyl compounds such as MG and GA have been suggested as neurotoxic mediators of
oxidative damage in the progression of diabetic’s complications, neurodegenerative diseases and even in
aging processes (Garcia de Arriba et al. 2006). In addition, diabetic patients showed plasma MG
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concentrations of about 400 uM (Lapolla et al. 2003b). As well, the exposure of rats to increased MG
doses (50-75 mg/kg) in vivo was associated with the onset of microvascular damages and other diabetic-
like complications within a normoglycemic context (Berlanga et al. 2005). Cytotoxicity of MG and
glicolaldehyde has already been reported for fibroblasts, macrophages, insulin-secreting cells,
hepatocytes, neurons and many others mammalian cells (Amicarelli et al. 2003; Al-Enezi et al. 2005;
Wang et al. 2009; Yang et al. 2011; Koizumi et al. 2011). It has been shown that MG inhibits several key
enzymes, such as ATPases (Mira et al. 1991; Derham et al. 2003), glyceraldehyde 3-phosphate
dehydrogenase (Halder et al. 1993), complex I of the mitochondrial respiratory chain (Biswas et al. 1997,
Rosca et al. 2002), glutathione reductase, and lactate dehydrogenase (Morgan et al. 2002).

Some recent studies have shown that SH-SYS5Y neuroblastoma cells show greater sensitivity to
MG challenge due to a defective antioxidant and detoxifying ability (Lee et al. 2012; Li et al. 2011;
Garcia de Arriba et al. 2007; Kuhla et al. 2006), but there is no study investigating GA toxicity in SH-
SYSY cells. In primary neuron culture, it was demonstrated that GA can affect neuronal survival, neurite
density and cell morphology (Luo et al. 2002). However, there isn’t any study involving glycotoxicity in
differentiated SH-SYS5Y neuroblatoma cells, even though 7-day-RA-differentiated form of SH-SYS5Y
cells represents a more suitable experimental model for studying the molecular and cellular mechanisms
underlying the pathophysiology of neurodegenerative processes. This experimental model has a neuronal
morphology and express several neuronal markers such as tyrosine hydroxylase, neuron specific enolase
(NSE) and neuronal nuclei protein (NeuN) (Lopes et al. 2010). So the main goal of this study was to
understand the molecular mechanism underlying the responses to MG and GA toxicities, using the
differentiated SH-SYSY cells, and establish the contribution of several peroxidase systems in drug
detoxification.

In the present study we clearly demonstrated that MG and GA treatments have cytotoxic effects
on differentiated SH-SYSY cells by inducing oxidative stress and apoptotic death. MG and GA
cytotoxicities in differentiated SH-SY5Y cells were dose and time dependent (data not shown). It is
known that in neurons high concentrations of MG and long incubation periods (up to 24 h) are required to
induce cytotoxicity (Shangari and O’Brien 2004; Shinpo et al. 2000; Kikuchi et al. 1999); this is in
accordance to our findings where a dose of 1350 pM of MG is necessary to kill fifth percent of the cells
in 24 hours of treatment. Otherwise, GA seems to be more toxic, probably due to its high chemical
reactivity to amino residues of proteins, so much that the direct determination of GA is practically
impossible (Glomb and Monnier 1995).

It is already stated that MG accumulation is responsible for detrimental effects on neurons
viability through the induction of reactive oxygen species (ROS) leading to oxidative damage mediated
cell death (Di Loreto et al. 2004; Koizumi et al. 2011). Studies from antioxidant capacity have been
demonstrated that the susceptibility of neuronal cells to MG is mainly due to a strong weakening of
antioxidant systems, consequence of the impairment in catalase, SOD and GPx activities and the strong
depletion in intracellular GSH (Di Loreto et al. 2004; Di Loreto et al. 2008). There are some reports of
oxidative stress involvement in GA toxicity too. Increases of superoxide radical production, lipid
peroxidation, and accumulation of protein carbonyl had already been described as consequences of GA
treatment (Al-Enezi et al. 2005; Lorenzi et al. 2010a; Lorenzi et al. 2010b).

In this study, MG and GA cytotoxicities were preceded by a depletion of GSH levels and
increased RS production, both events occurred in the first 90 minutes of exposition to the glycotoxins.
The extensive and early RS production found after MG and GA treatments suggests that oxidative stress
may be a major contributor to MG and GA toxicities and, that RS might act as primary factors in the cell
signaling pathway triggered by MG and GA, as already suggested for other cell types (Du et al. 2001;
Okado et al. 1996). This fast redox imbalance has been reported by others researches (Amicarelli et al.
2003; Garcia de Arriba et al. 2006; Di Loreto et al. 2008; Okouchi et al. 2009). Although after 6 hours of
treatment the GSH levels are almost restored to untreated levels, high RS generation was maintained after
24 hours. This may be consequence of protein and lipid glycation by MG and GA, producing AGEs that
feed the oxidative process. MG has induced a greater and long lasting decrease in GSH levels than GA,
and a possible explanation to this could be the detoxifying system involved with each toxin. MG is
enzymatically metabolized by the glyoxalase system (Thornalley 1996; Thornalley 2003), which consists
of two enzymes: glyoxalase I and glyoxalase II. This system uses GSH as a cosubstrate to convert MG to
the harmless compound D-lactate. High doses of MG could over-activate this system, leading to GSH
depletion. Nevertheless, the mechanism of GA detoxification and its metabolic fate remained largely
unknown, however a recent study showed that the alcohol dehydrogenase, which is capable of reducing
short-chain aldehydes such as acetaldehyde and formaldehyde, can convert GA to ethylene glycol by
using NADH as cofactor (Jayakody et al. 2012). Taken together the result of the decreased GSH levels
and the increased RS production on cells exposure to MG and GA, oxidative stress appears to be involved
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with the mechanisms of cytotoxicity of these glycotoxins, and its seems to be an early event on the death
process.

To better investigate this, we evaluated the activation status of caspases-3, -8 and -9; all they had
previously been related to MG or GA toxicity (Amicarelli et al. 2003; Okouchi et al. 2009; Moheimani et
al. 2010). Our Hoechst 33342 and PI staining image data show that apoptosis is the main type of death
triggered by MG and GA, and the massive caspase activation corroborate to that. Treated differentiated
SH-SYS5Y undergoes programmed cell death through both extrinsic and intrinsic pathways, demonstrated
by the activation of caspases-8 and -9, respectively. Previous data reports that MG-mediated apoptosis
occurs via the intrinsic pathway, typically triggered by oxidative stress, growth factor withdrawal,
chemotherapeutic agents and irradiation (Amicarelli et al. 2003; Okouchi et al. 2009). Moreover, the MG
activation of the extrinsic pathway had already been reported and supported by the increase of
proinflammatory cytokines and TNF-a, well known caspase-8 regulator (Di Loreto et al. 2008). Actually,
it seems that the treatment of differentiated SH-SYS5Y cells with MG and GA induces apoptosis through
the activation of both routes; the mitochondrial, since it was well established that MG and GA induce
oxidative cell injury. Furthermore, we found that MG treatment activates caspase-3 after 90 minutes of
exposition. This quite early activation could explain why we found cells that have condensed chromatin
and also PI incorporation; it could explain either the increase in LDH release, once LDH release had been
quantified only 24 hours after treatment. If apoptosis occurred promptly, the apoptotic bodies could be
deteriorated at this time - event called late apoptosis (Poon et al. 2010). GA treatment had not been
detected significant caspase-3 activation, probably because it would happen latter and only the first six
hours of exposition have been analyzed.

Several studies show that different cell lines have diverse sensitivities to MG and GA, this could
be ascribed to cell-type-specific differences in the capacity to counteract the adverse effects of RS. Due to
the fact that undifferentiated and differentiated SH-SYSY cells don’t have the same redox profile (Lopes
et al, unpublished results) this study brings novel data over MG and GA toxicities. In order to further
study this aspect, we evaluated the contribution of antioxidants systems in the metabolisms of MG and
GA. It was performed by the TrxR and GR inhibitions since cellular protection against oxidative damage
of proteins involves two this thiol-disulfide oxidoreductase systems - the thioredoxin (Trx) and
glutaredoxin (Grx) systems (Berndt et al. 2007). The inhibition was followed by an exposition to
sublethal doses of these glycotoxins. Our data suggest the TrxR has a more important role in cellular
defense against MG than against GA, because the inhibition of TrxR has increased cellular death in 31%
in the MG essays but in the GA essays this increase was of only 15%. Meanwhile, GR inhibition seems to
have the same importance in MG and GA death mechanisms, since it has potentiated the lost of viability
in 25% in both glycotoxins essays.

Our results show that MG and GA treatments have led to a fast decrease in cellular GSH content,
increased RS production and early caspase activation. Taken together, our findings support the idea that
MG and GA treatments shift the cellular environment towards a more oxidized state. Also, we can say
that MG and GA have distinct detoxification processes in differentiated SH-SYSY cells, and our results
may provide some novel insights into the molecular mechanisms underlying these glycotoxins induced
neurodegeneration.

Acknowledgments

This study was supported by the Brazilians founds FINEP/IBN-Net (01060842-00),
PRONEX/FAPERGS (1000274), and MCT/CNPq INCT-TM (573671/2008-7). The authors would like to
thank Prof. José Claudio Fonseca Moreira for gently provide the methylglyoxal and glycolaldehyde used
in this study.

36



References

Acimovic JM, Stanimirovic BD, Todorovic N, Jovanovic VB, Mandic LM (2010) Influence of the
microenvironment of thiol groups in low molecular mass thiols and serum albumin on the reaction
with methylglyoxal. Chem Biolog Interac 188:21-30

Aebi H (1984) Catalase in vitro. Methods Enzymol 105:121-126

Ahmed N (2005) Advanced glycation endproducts — role in pathology of diabetic complications.
Diabetes Res Clin Pract 67(1):3—-21

Ahmed N and Thornalley PJ (2007) Advanced glycation endproducts: what is their relevance to diabetic
complications? Diabetes Obes Metab 9(3):233-245

Al-Enezi KS, Alkhalaf M, Benov LT (2005) Glycolaldehyde induces growth inhibition and oxidative
stress in human breast cancer cells. Free Radic Biol Med 40:1144-1151

Amicarelli F, Colafarina S, Cattani F, Cimini A, Di Ilio C, Ceru MP, Miranda M (2003) Scavenging
system efficiency is crucial for cell resistance to ROS-mediated methylglyoxal injury. Free Rad
Biol Med 35:856-871

Arnér ESJ, Zhong L, Holmgren A (1999) Preparation and assay of mammalian thioredoxin and
thioredoxin reductase. Methods Enzymol 300:226-239

Beisswenger PJ, Drummond KS, Nelson RG, Howell SK, Szwergold BS, Mauer M (2005) Susceptibility
to diabetic nephropathy is related to dicarbonyl and oxidative stress. Diabetes 54:3274—-3281

Berlanga J, Cibrian D, Guillén I, Freyre F, Alba JS, Lopez-Saura P, Merino N, Aldama A, Quintela
AM, Triana ME, Montequin JF, Ajamieh H, Urquiza D, Ahmed N, Thornalley PJ. (2005)
Methylglyoxal administration induces diabetes-like microvascular changes and perturbs the
healing process of cutaneous wounds. Clin Sci (Lond) 109(1):83-95

Berndt C, Lillig CH, Holmgren A. (2007) Thiol-based mechanisms of the thioredoxin and glutaredoxin
systems: implications for diseases in the cardiovascular system. Am J Physiol Heart Circ
Physiol 292(3):H1227-H1236

Biswas S, Ray M, Misra S, Dutta DP, Ray S (1997) Selective inhibition of mitochondrial respiration and
glycolysis in human leukaemic leucocytes by methylglyoxal. Biochem J 323:343-348

Boulton AJM (2005) Management of diabetic peripheral neurophaty. Clinical Diabetic 23(1):9-15

Brownlee M (2005) The pathobiology of diabetic complications: a unifying mechanism. Diabetes
54(6):1615—1625

Cameron NE, Tuck Z, McCabe L, Cotter MA (2001) Effect of the hydroxyl radical scavenger,
dimethylthiourea, on peripheral nerve tissue perfusion, conduction velocity and nociception in
experimental diabetes. Diabetologia 44:1161-1199

Carlberg I and Mannervik B (1985) Glutathione reductase. Methods Enzymol 113:484-490

Coppey LJ, Gellett JS, Davidson EP, Dunlap JA, Lund DD, Yorek MA (2001) Effect of antioxidant
treatment of streptozotocin-induced diabetic rats on endoneurial blood flow, motor nerve
conduction velocity, and vascular reactivity of epineurial arterioles of the sciatic nerve. Diabetes
50:1927-1937

Derham BK, Ellory JC, Bron AJ, Harding JJ (2003) The molecular chaperone alpha-crystallin
incorporated into red cell ghosts protects membrane Na/K-ATPase against glycation and oxidative
stress. Eur J Biochem 270:2605— 2611

Di Loreto S, Caracciolo V, Colafarina S, Sebastiani P, Gasbarri A, Amicarelli F (2004) Methylglyoxal
induces oxidative stress-dependent cell injury and up-regulation of interleukin-1beta and nerve
growth factor in cultured hippocampal neuronal cells. Brain Res 1006(2):157-167

Di Loreto S, Zimmitti V, Sebastiani P, Cervelli C, Falone S, Amicarelli F (2008) Methylglyoxal causes
strong weakening of detoxifying capacity and apoptotic cell death in rat hippocampal neurons. Int J
Biochem Cell Biol 40(2):245-257

Du J, Suzuki H, Nagase F, Akhand AA, Ma XY, Yokoyama T, Miyata T, Nakashima I (2001)
Superoxide-mediated early oxidation and activation of ASKI1 are important for initiating
methylglyoxal-induced apoptosis process. Free Radic Biol Med 31:469-478

Edwards JL, Vincent AM, Cheng HT, Feldman EL (2008) Diabetic neuropathy: Mechanisms to
management. Pharmac & Therapeut 120:1-34

El Boghdady NA and Badr GA (2012) Evaluation of oxidative stress markers and vascular risk factors in
patients with diabetic peripheral neuropathy. Cell Biochem Funct doi:10.1002/cbf.2808

Fernyhough P, Roy Chowdhury SK, Schmidt RE (2010) Mitochondrial stress and the pathogenesis of
diabetic neuropathy. Expert Rev Endocrinol Metab 5:39-49

Garcia de Arriba S., Stuchbury G., Yarin J., Burnell J., Loske C., Miinch G (2007) Methylglyoxal impairs
glucose metabolism and leads to energy depletion in neuronal cells—protection by carbonyl
scavengers. Neurobiol Aging 28:1044-1050

37


http://www.ncbi.nlm.nih.gov/pubmed?term=Ahmed%20N%5BAuthor%5D&cauthor=true&cauthor_uid=17391149
http://www.ncbi.nlm.nih.gov/pubmed?term=Thornalley%20PJ%5BAuthor%5D&cauthor=true&cauthor_uid=17391149
http://www.ncbi.nlm.nih.gov/pubmed/17391149
http://www.ncbi.nlm.nih.gov/pubmed?term=Beisswenger%20PJ%5BAuthor%5D&cauthor=true&cauthor_uid=16249455
http://www.ncbi.nlm.nih.gov/pubmed?term=Drummond%20KS%5BAuthor%5D&cauthor=true&cauthor_uid=16249455
http://www.ncbi.nlm.nih.gov/pubmed?term=Nelson%20RG%5BAuthor%5D&cauthor=true&cauthor_uid=16249455
http://www.ncbi.nlm.nih.gov/pubmed?term=Howell%20SK%5BAuthor%5D&cauthor=true&cauthor_uid=16249455
http://www.ncbi.nlm.nih.gov/pubmed?term=Szwergold%20BS%5BAuthor%5D&cauthor=true&cauthor_uid=16249455
http://www.ncbi.nlm.nih.gov/pubmed?term=Mauer%20M%5BAuthor%5D&cauthor=true&cauthor_uid=16249455
http://www.ncbi.nlm.nih.gov/pubmed?term=Berlanga%20J%5BAuthor%5D&cauthor=true&cauthor_uid=15755259
http://www.ncbi.nlm.nih.gov/pubmed?term=Cibrian%20D%5BAuthor%5D&cauthor=true&cauthor_uid=15755259
http://www.ncbi.nlm.nih.gov/pubmed?term=Guill%C3%A9n%20I%5BAuthor%5D&cauthor=true&cauthor_uid=15755259
http://www.ncbi.nlm.nih.gov/pubmed?term=Freyre%20F%5BAuthor%5D&cauthor=true&cauthor_uid=15755259
http://www.ncbi.nlm.nih.gov/pubmed?term=Alba%20JS%5BAuthor%5D&cauthor=true&cauthor_uid=15755259
http://www.ncbi.nlm.nih.gov/pubmed?term=Lopez-Saura%20P%5BAuthor%5D&cauthor=true&cauthor_uid=15755259
http://www.ncbi.nlm.nih.gov/pubmed?term=Merino%20N%5BAuthor%5D&cauthor=true&cauthor_uid=15755259
http://www.ncbi.nlm.nih.gov/pubmed?term=Aldama%20A%5BAuthor%5D&cauthor=true&cauthor_uid=15755259
http://www.ncbi.nlm.nih.gov/pubmed?term=Quintela%20AM%5BAuthor%5D&cauthor=true&cauthor_uid=15755259
http://www.ncbi.nlm.nih.gov/pubmed?term=Quintela%20AM%5BAuthor%5D&cauthor=true&cauthor_uid=15755259
http://www.ncbi.nlm.nih.gov/pubmed?term=Triana%20ME%5BAuthor%5D&cauthor=true&cauthor_uid=15755259
http://www.ncbi.nlm.nih.gov/pubmed?term=Montequin%20JF%5BAuthor%5D&cauthor=true&cauthor_uid=15755259
http://www.ncbi.nlm.nih.gov/pubmed?term=Ajamieh%20H%5BAuthor%5D&cauthor=true&cauthor_uid=15755259
http://www.ncbi.nlm.nih.gov/pubmed?term=Urquiza%20D%5BAuthor%5D&cauthor=true&cauthor_uid=15755259
http://www.ncbi.nlm.nih.gov/pubmed?term=Ahmed%20N%5BAuthor%5D&cauthor=true&cauthor_uid=15755259
http://www.ncbi.nlm.nih.gov/pubmed?term=Thornalley%20PJ%5BAuthor%5D&cauthor=true&cauthor_uid=15755259
http://www.ncbi.nlm.nih.gov/pubmed?term=Berlanga%20%5Bfirst%20author%5D%202005%20diabetes
http://www.ncbi.nlm.nih.gov/pubmed?term=Berndt%20C%5BAuthor%5D&cauthor=true&cauthor_uid=17172268
http://www.ncbi.nlm.nih.gov/pubmed?term=Lillig%20CH%5BAuthor%5D&cauthor=true&cauthor_uid=17172268
http://www.ncbi.nlm.nih.gov/pubmed?term=Holmgren%20A%5BAuthor%5D&cauthor=true&cauthor_uid=17172268
http://www.ncbi.nlm.nih.gov/pubmed/17172268
http://www.ncbi.nlm.nih.gov/pubmed/17172268
http://www.ncbi.nlm.nih.gov/pubmed?term=Di%20Loreto%20S%5BAuthor%5D&cauthor=true&cauthor_uid=15051519
http://www.ncbi.nlm.nih.gov/pubmed?term=Caracciolo%20V%5BAuthor%5D&cauthor=true&cauthor_uid=15051519
http://www.ncbi.nlm.nih.gov/pubmed?term=Colafarina%20S%5BAuthor%5D&cauthor=true&cauthor_uid=15051519
http://www.ncbi.nlm.nih.gov/pubmed?term=Sebastiani%20P%5BAuthor%5D&cauthor=true&cauthor_uid=15051519
http://www.ncbi.nlm.nih.gov/pubmed?term=Gasbarri%20A%5BAuthor%5D&cauthor=true&cauthor_uid=15051519
http://www.ncbi.nlm.nih.gov/pubmed?term=Amicarelli%20F%5BAuthor%5D&cauthor=true&cauthor_uid=15051519
http://www.ncbi.nlm.nih.gov/pubmed/15051519
http://www.ncbi.nlm.nih.gov/pubmed?term=Di%20Loreto%20S%5BAuthor%5D&cauthor=true&cauthor_uid=17869161
http://www.ncbi.nlm.nih.gov/pubmed?term=Zimmitti%20V%5BAuthor%5D&cauthor=true&cauthor_uid=17869161
http://www.ncbi.nlm.nih.gov/pubmed?term=Sebastiani%20P%5BAuthor%5D&cauthor=true&cauthor_uid=17869161
http://www.ncbi.nlm.nih.gov/pubmed?term=Cervelli%20C%5BAuthor%5D&cauthor=true&cauthor_uid=17869161
http://www.ncbi.nlm.nih.gov/pubmed?term=Falone%20S%5BAuthor%5D&cauthor=true&cauthor_uid=17869161
http://www.ncbi.nlm.nih.gov/pubmed?term=Amicarelli%20F%5BAuthor%5D&cauthor=true&cauthor_uid=17869161
http://www.ncbi.nlm.nih.gov/pubmed/17869161
http://www.ncbi.nlm.nih.gov/pubmed/17869161

Garcia de Arriba S, Regenthal R, Vissiennon Z, Verdaguer E, Lewerenz A, Garcia-Jorda E, Pallas
M, Camins A, Miinch G, Nieber K, Allgaier C (2006) Carbonyl stress and NMDA receptor
activation contribute to methylglyoxal neurotoxicity. Free Rad Biol Med 40:779-790

Glomb MA and Monnier VM (1995) Mechanism of protein modification by glyoxal and glycolaldehyde,
reactive intermediates of the Maillard reaction. J Biol Chem 270(17):10017-10026

Halder J, Ray M, Ray S (1993) Inhibition of glycolysis and mitochondrial respiration of Ehrlich ascites
carcinoma cells by methylglyoxal. Int J Cancer 54:443— 449

Huebschmann AG, Regensteiner JG, Vlassara H, Reusch JE (2006) Diabetes and advanced glycoxidation
end products. Diabetes Care 29(6):1420-1432

Jayakody LN, Horie K, Hayashi N, Kitagaki H. (2012) Improvement of tolerance of Saccharomyces
cerevisiae to hot-compressed water-treated cellulose by expression of ADHI. Appl Microbiol
Biotechnol 94(1):273-283

Kalapos MP (2008) The tandem of free radicals and methylglyoxal. Chem Biologic Interact 171: 251-271

Kikuchi S, Shinpo K, Moriwaka F, Makita K, Miyata T, Tashiro K (1999) Neurotoxicity of
Methylglyoxal and 3-Deoxyglucosone on Cultured Cortical Neurons: Synergism Between
Glycation and Oxidative Stress, Possibly Involved in Neurodegenerative Diseases. J] Neurosc Res
57:280-289

Koizumi K, Nakayama M, Zhu WJ, Ito S. (2011) Characteristic effects of methylglyoxal and its degraded
product formate on viability of human histiocytes: a possible detoxification pathway
of methylglyoxal. Biochem Biophys Res Commun 407(2):426-431

Kuhla B, Liith HJ, Haferburg D, Weick M, Reichenbach A, Arendt T, Miinch G.

(2006) Pathological effects of glyoxalase I inhibition in SH-SYS5Y neuroblastoma cells. J Neurosci Res
83(8):1591-1600

Lapolla A, Dalfra MG, Masin M, Bruttomesso D, Piva I, Crepaldi C, Tortul C, DallaBarba B, Fedele D
(2003a) Analysis of outcome of pregnancy in type 1 diabetics treated with insulin pump or
conventional insulin therapy. Acta Diabetol 40(3):143-149

Lapolla A, Flamini R, Vedova AD, Senesi A, Reitano R, Fedele D (2003b) Glyoxal and methylglyoxal
levels in diabetic patients: quantitative determination by a new GC/MS method. Clin Chem Lab
Med 41:1166-1173

Lee JY, Song J, Kwon K, Jang S, Kim C, Back K, Kim J, Park C. (2012) Human DJ-1 and its homologs
are novel glyoxalases. Hum Mol Genet doi:10.1093/hmg/dds155

Li G, Chang M, Jiang H, Xie H, Dong Z, Hu L (2011) Proteomics analysis of methylglyoxal-induced
neurotoxic effects in SH-SYS5Y cells. Cell Biochem Funct 29(1):30-35 doi:10.1002/cbf.1714

Lopes FM, Londero GF, de Medeiros LM, da Motta LL, Behr GA, de Oliveira VA, Ibrahim M, Moreira
JC,de Oliveira Porciincula L,da Rocha JB,Klamt F (2012) Evaluation of the
neurotoxic/neuroprotective role of organoselenides using differentiated human heuroblastoma SH-
SYS5Y cell line challenged with 6-hydroxydopamine. Neurotox Res doi:10.1007/s12640-012-9311-
1

Lopes FM, Schréder R, da Frota ML Jr, Zanotto-Filho A, Miiller CB, Pires AS, Meurer RT, Colpo
GD, Gelain DP, Kapczinski F, Moreira JC, Fernandes MDA C, Klamt F. (2010) Comparison
between proliferative and neuron-like SH-SYSY cells as an in vitro model for Parkinson disease
studies. Brain Res 1337:85-94

Lorenzi R, Andrades ME, Bortolin RC, Nagai R, Dal-Pizzol F, Moreira JCF (2010a) Glycolaldehyde
Induces Oxidative Stress in the Heart: A Clue to Diabetic Cardiomyopathy? Cardiovasc Toxicol
10:244-249

Lorenzi R, Andrades ME, Bortolin RC, Nagai R, Dal-Pizzol F,eca Moreira (2010b) Circulating
glycolaldehyde induces oxidative damage in the kidney of rats. Diab res and clinic prac 89:262—
267

Luo ZJ, King RH, Lewin J, Thomas PK (2002) Effects of nonenzymatic glycosylation of extracellular
matrix components on cell survival and sensory neurite extension in cell culture. J Neurol
249(4):424-431

Mira ML, Martinho F, Azevedo MS, Manso CF (1991) Oxidative inhibition of red blood cell ATPases by
glyceraldehyde. Biochim Biophys Acta 1060:257-261

Moheimani F, Morgan PE, van Reyk DM, Davies MJ (2010) Deleterious effects of reactive aldehydes
and glycated proteins on macrophage proteasomal function: Possible links between diabetes and
atherosclerosis. Biochim Biophys Acta 1802:561-571

Morgan PE, Dean RT, Davies MJ (2002) Inactivation of cellular enzymes by carbonyls and protein-
bound glycation/glycoxidation products. Arch Biochem Biophys 403:259—- 269

38


http://www.ncbi.nlm.nih.gov/pubmed?term=Regenthal%20R%5BAuthor%5D&cauthor=true&cauthor_uid=16520230
http://www.ncbi.nlm.nih.gov/pubmed?term=Vissiennon%20Z%5BAuthor%5D&cauthor=true&cauthor_uid=16520230
http://www.ncbi.nlm.nih.gov/pubmed?term=Verdaguer%20E%5BAuthor%5D&cauthor=true&cauthor_uid=16520230
http://www.ncbi.nlm.nih.gov/pubmed?term=Lewerenz%20A%5BAuthor%5D&cauthor=true&cauthor_uid=16520230
http://www.ncbi.nlm.nih.gov/pubmed?term=Garc%C3%ADa-Jord%C3%A1%20E%5BAuthor%5D&cauthor=true&cauthor_uid=16520230
http://www.ncbi.nlm.nih.gov/pubmed?term=Pallas%20M%5BAuthor%5D&cauthor=true&cauthor_uid=16520230
http://www.ncbi.nlm.nih.gov/pubmed?term=Pallas%20M%5BAuthor%5D&cauthor=true&cauthor_uid=16520230
http://www.ncbi.nlm.nih.gov/pubmed?term=Camins%20A%5BAuthor%5D&cauthor=true&cauthor_uid=16520230
http://www.ncbi.nlm.nih.gov/pubmed?term=M%C3%BCnch%20G%5BAuthor%5D&cauthor=true&cauthor_uid=16520230
http://www.ncbi.nlm.nih.gov/pubmed?term=Nieber%20K%5BAuthor%5D&cauthor=true&cauthor_uid=16520230
http://www.ncbi.nlm.nih.gov/pubmed?term=Allgaier%20C%5BAuthor%5D&cauthor=true&cauthor_uid=16520230
http://www.ncbi.nlm.nih.gov/pubmed?term=Glomb%20MA%5BAuthor%5D&cauthor=true&cauthor_uid=7730303
http://www.ncbi.nlm.nih.gov/pubmed?term=Monnier%20VM%5BAuthor%5D&cauthor=true&cauthor_uid=7730303
http://www.ncbi.nlm.nih.gov/pubmed/7730303
http://www.ncbi.nlm.nih.gov/pubmed?term=Huebschmann%20AG%5BAuthor%5D&cauthor=true&cauthor_uid=16732039
http://www.ncbi.nlm.nih.gov/pubmed?term=Regensteiner%20JG%5BAuthor%5D&cauthor=true&cauthor_uid=16732039
http://www.ncbi.nlm.nih.gov/pubmed?term=Vlassara%20H%5BAuthor%5D&cauthor=true&cauthor_uid=16732039
http://www.ncbi.nlm.nih.gov/pubmed?term=Reusch%20JE%5BAuthor%5D&cauthor=true&cauthor_uid=16732039
http://www.ncbi.nlm.nih.gov/pubmed/16732039
http://www.ncbi.nlm.nih.gov/pubmed?term=Jayakody%20LN%5BAuthor%5D&cauthor=true&cauthor_uid=22311646
http://www.ncbi.nlm.nih.gov/pubmed?term=Horie%20K%5BAuthor%5D&cauthor=true&cauthor_uid=22311646
http://www.ncbi.nlm.nih.gov/pubmed?term=Hayashi%20N%5BAuthor%5D&cauthor=true&cauthor_uid=22311646
http://www.ncbi.nlm.nih.gov/pubmed?term=Kitagaki%20H%5BAuthor%5D&cauthor=true&cauthor_uid=22311646
http://www.ncbi.nlm.nih.gov/pubmed/22311646
http://www.ncbi.nlm.nih.gov/pubmed/22311646
http://www.ncbi.nlm.nih.gov/pubmed?term=Koizumi%20K%5BAuthor%5D&cauthor=true&cauthor_uid=21402052
http://www.ncbi.nlm.nih.gov/pubmed?term=Nakayama%20M%5BAuthor%5D&cauthor=true&cauthor_uid=21402052
http://www.ncbi.nlm.nih.gov/pubmed?term=Zhu%20WJ%5BAuthor%5D&cauthor=true&cauthor_uid=21402052
http://www.ncbi.nlm.nih.gov/pubmed?term=Ito%20S%5BAuthor%5D&cauthor=true&cauthor_uid=21402052
http://www.ncbi.nlm.nih.gov/pubmed?term=Koizumi%20%5Bfirst%20author%5D%202011%20methylglyoxal
http://www.ncbi.nlm.nih.gov/pubmed?term=Kuhla%20B%5BAuthor%5D&cauthor=true&cauthor_uid=16555297
http://www.ncbi.nlm.nih.gov/pubmed?term=L%C3%BCth%20HJ%5BAuthor%5D&cauthor=true&cauthor_uid=16555297
http://www.ncbi.nlm.nih.gov/pubmed?term=Haferburg%20D%5BAuthor%5D&cauthor=true&cauthor_uid=16555297
http://www.ncbi.nlm.nih.gov/pubmed?term=Weick%20M%5BAuthor%5D&cauthor=true&cauthor_uid=16555297
http://www.ncbi.nlm.nih.gov/pubmed?term=Reichenbach%20A%5BAuthor%5D&cauthor=true&cauthor_uid=16555297
http://www.ncbi.nlm.nih.gov/pubmed?term=Arendt%20T%5BAuthor%5D&cauthor=true&cauthor_uid=16555297
http://www.ncbi.nlm.nih.gov/pubmed?term=M%C3%BCnch%20G%5BAuthor%5D&cauthor=true&cauthor_uid=16555297
http://www.ncbi.nlm.nih.gov/pubmed?term=kuhla%20%5Bfirst%20author%5D%202006%20sh-sy5y
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lapolla%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Dalfr%C3%A0%20MG%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Masin%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bruttomesso%20D%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Piva%20I%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Crepaldi%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Tortul%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Dalla%20Barba%20B%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Fedele%20D%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/14605971
http://www.ncbi.nlm.nih.gov/pubmed?term=Lee%20JY%5BAuthor%5D&cauthor=true&cauthor_uid=22523093
http://www.ncbi.nlm.nih.gov/pubmed?term=Song%20J%5BAuthor%5D&cauthor=true&cauthor_uid=22523093
http://www.ncbi.nlm.nih.gov/pubmed?term=Kwon%20K%5BAuthor%5D&cauthor=true&cauthor_uid=22523093
http://www.ncbi.nlm.nih.gov/pubmed?term=Jang%20S%5BAuthor%5D&cauthor=true&cauthor_uid=22523093
http://www.ncbi.nlm.nih.gov/pubmed?term=Kim%20C%5BAuthor%5D&cauthor=true&cauthor_uid=22523093
http://www.ncbi.nlm.nih.gov/pubmed?term=Baek%20K%5BAuthor%5D&cauthor=true&cauthor_uid=22523093
http://www.ncbi.nlm.nih.gov/pubmed?term=Kim%20J%5BAuthor%5D&cauthor=true&cauthor_uid=22523093
http://www.ncbi.nlm.nih.gov/pubmed?term=Park%20C%5BAuthor%5D&cauthor=true&cauthor_uid=22523093
http://www.ncbi.nlm.nih.gov/pubmed/22523093
http://www.ncbi.nlm.nih.gov/pubmed?term=Li%20G%5BAuthor%5D&cauthor=true&cauthor_uid=21264887
http://www.ncbi.nlm.nih.gov/pubmed?term=Chang%20M%5BAuthor%5D&cauthor=true&cauthor_uid=21264887
http://www.ncbi.nlm.nih.gov/pubmed?term=Jiang%20H%5BAuthor%5D&cauthor=true&cauthor_uid=21264887
http://www.ncbi.nlm.nih.gov/pubmed?term=Xie%20H%5BAuthor%5D&cauthor=true&cauthor_uid=21264887
http://www.ncbi.nlm.nih.gov/pubmed?term=Dong%20Z%5BAuthor%5D&cauthor=true&cauthor_uid=21264887
http://www.ncbi.nlm.nih.gov/pubmed?term=Hu%20L%5BAuthor%5D&cauthor=true&cauthor_uid=21264887
http://www.ncbi.nlm.nih.gov/pubmed/21264887
http://www.ncbi.nlm.nih.gov/pubmed?term=Lopes%20FM%5BAuthor%5D&cauthor=true&cauthor_uid=22271527
http://www.ncbi.nlm.nih.gov/pubmed?term=Londero%20GF%5BAuthor%5D&cauthor=true&cauthor_uid=22271527
http://www.ncbi.nlm.nih.gov/pubmed?term=de%20Medeiros%20LM%5BAuthor%5D&cauthor=true&cauthor_uid=22271527
http://www.ncbi.nlm.nih.gov/pubmed?term=da%20Motta%20LL%5BAuthor%5D&cauthor=true&cauthor_uid=22271527
http://www.ncbi.nlm.nih.gov/pubmed?term=Behr%20GA%5BAuthor%5D&cauthor=true&cauthor_uid=22271527
http://www.ncbi.nlm.nih.gov/pubmed?term=de%20Oliveira%20VA%5BAuthor%5D&cauthor=true&cauthor_uid=22271527
http://www.ncbi.nlm.nih.gov/pubmed?term=Ibrahim%20M%5BAuthor%5D&cauthor=true&cauthor_uid=22271527
http://www.ncbi.nlm.nih.gov/pubmed?term=Moreira%20JC%5BAuthor%5D&cauthor=true&cauthor_uid=22271527
http://www.ncbi.nlm.nih.gov/pubmed?term=Moreira%20JC%5BAuthor%5D&cauthor=true&cauthor_uid=22271527
http://www.ncbi.nlm.nih.gov/pubmed?term=de%20Oliveira%20Porci%C3%BAncula%20L%5BAuthor%5D&cauthor=true&cauthor_uid=22271527
http://www.ncbi.nlm.nih.gov/pubmed?term=da%20Rocha%20JB%5BAuthor%5D&cauthor=true&cauthor_uid=22271527
http://www.ncbi.nlm.nih.gov/pubmed?term=Klamt%20F%5BAuthor%5D&cauthor=true&cauthor_uid=22271527
http://www.ncbi.nlm.nih.gov/pubmed/22271527
http://www.ncbi.nlm.nih.gov/pubmed?term=Lopes%20FM%5BAuthor%5D&cauthor=true&cauthor_uid=20380819
http://www.ncbi.nlm.nih.gov/pubmed?term=Schr%C3%B6der%20R%5BAuthor%5D&cauthor=true&cauthor_uid=20380819
http://www.ncbi.nlm.nih.gov/pubmed?term=da%20Frota%20ML%20Jr%5BAuthor%5D&cauthor=true&cauthor_uid=20380819
http://www.ncbi.nlm.nih.gov/pubmed?term=Zanotto-Filho%20A%5BAuthor%5D&cauthor=true&cauthor_uid=20380819
http://www.ncbi.nlm.nih.gov/pubmed?term=M%C3%BCller%20CB%5BAuthor%5D&cauthor=true&cauthor_uid=20380819
http://www.ncbi.nlm.nih.gov/pubmed?term=Pires%20AS%5BAuthor%5D&cauthor=true&cauthor_uid=20380819
http://www.ncbi.nlm.nih.gov/pubmed?term=Meurer%20RT%5BAuthor%5D&cauthor=true&cauthor_uid=20380819
http://www.ncbi.nlm.nih.gov/pubmed?term=Colpo%20GD%5BAuthor%5D&cauthor=true&cauthor_uid=20380819
http://www.ncbi.nlm.nih.gov/pubmed?term=Colpo%20GD%5BAuthor%5D&cauthor=true&cauthor_uid=20380819
http://www.ncbi.nlm.nih.gov/pubmed?term=Gelain%20DP%5BAuthor%5D&cauthor=true&cauthor_uid=20380819
http://www.ncbi.nlm.nih.gov/pubmed?term=Kapczinski%20F%5BAuthor%5D&cauthor=true&cauthor_uid=20380819
http://www.ncbi.nlm.nih.gov/pubmed?term=Moreira%20JC%5BAuthor%5D&cauthor=true&cauthor_uid=20380819
http://www.ncbi.nlm.nih.gov/pubmed?term=Fernandes%20Mda%20C%5BAuthor%5D&cauthor=true&cauthor_uid=20380819
http://www.ncbi.nlm.nih.gov/pubmed?term=Klamt%20F%5BAuthor%5D&cauthor=true&cauthor_uid=20380819
http://www.ncbi.nlm.nih.gov/pubmed/20380819
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Luo%20ZJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22King%20RH%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lewin%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Thomas%20PK%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=glycolaldehyde%20neuron%20culture

Obrosova 1G, Mabley JG, Zsengelle” r Z, Charniauskaya T, Abatan OI, Groves JT (2001) Role for
nitrosative stress in diabetic neuropathy: evidence from studies with a peroxynitrite decomposition
catalyst. FASEB J 19:401-403

Obrosova IG, Van Huysen C, Fathallah L, Cao XC, Greene DA, Stevens MJ (2002) An aldose reductase
inhibitor reverses early diabetes-induced changes in peripheral nerve function, metabolism, and
antioxidative defense. FASEB J 16:123-125

Obrosova IG, Xu W, Lyzogubov VV, llnytska O, Mashtalir N, Vareniuk I (2008) PARP inhibition or
gene deficiency counteracts intraepidermal nerve fiber loss and neuropathic pain in advanced
diabetic neuropathy. Free Radic Biol Med 44:972-981

Okado A, Kawasaki Y, Hasuike Y, Takahashi M, Teshima T, Fujii J, Taniguchi N ( 1996) Induction of
apoptotic cell death by methylglyoxal and 3-deoxyglucosone in macrophage-derived cell lines.
Biochem Biophys Res Commun 225:219-224

Okouchi M, Okayama N, Aw TY (2009) Preservation of Cellular Glutathione status and Mitochondrial
Membrane Potential by N-cetylcysteine and Insulin SensitizersPrevent Carbonyl Stress-Induced
Human Brain Endothelial Cell Apoptosis. Curr Neurovasc Res 6(4):267-278

Phillips SA and Thornalley PJ (1993a) The formation of methylglyoxal from triose phosphates.
Investigation using a specific assay for methylglyoxal. Eur J Biochem 212:101-105

Phillips SA and Thornalley PJ (1993b) Formation of methylglyoxal and D-lactate in human red blood
cells in vitro. Biochem Soc Trans 21:163S

Poon IKH, Hulett MD, Parish CR (2010) Molecular mechanisms of late apoptotic/necrotic cell. Clear Cell
Death and Different 17:381-397

Pop-Busui R, Herman WH, Feldman EL, Low PA, Martin CL, Cleary PA, Waberski BH, Lachin
IM, Albers JW, DCCT/EDIC Research Group (2010) DCCTand EDIC studies in type 1 diabetes:
lessons for diabetic neuropathy regarding metabolic memory and natural history. Curr Diab Rep
10:276-282

Price SA, Agthong S, Middlemas AB, Tomlinson DR (2004) Mitogen-activated protein kinase p38
mediates reduced nerve conduction velocity in experimental diabetic neuropathy: interactions with
aldose reductase. Diabetes 53:1851-1856

Ramasamy R, Yan SF, Schmidt AM (2006) Methylglyoxal comes of AGE. Cell 124:258-260

Richard JP (1991) Kinetic parameters for the elimination reaction catalyzed by triosephosphate isomerase
and an estimation of the reaction's physiological significance. Biochem 30:4581-4585

Rosca MG, Monnier VM, Szweda LI, Weiss MF (2002) Alterations in renal mitochondrial respiration in
response to the reactive oxoaldehyde methylglyoxal. Am J Physiol Renal Physiol 283:F52-F59

Shangari N and O’Brien PJ (2004) The cytotoxic mechanism of glyoxal involves oxidative stress.
Biochem Pharmacol 68:1433—-1442

Shinpo K, Kikuchi S, Sasaki H, Ogata A, Moriwaka F, Tashiro K (2000) Selective vulnerability of spinal
motor neurons to reactive dicarbonyl compounds, intermediate products of glycation, in vitro:
implication of inefficient glutathione system in spinal motor neurons. Brain Res 861:151-159

Tanji N, Markowitz GS, Fu C, Kislinger T, Taguchi A, Pischetsrieder M (2000) Expression of advanced
glycation end products and their cellular receptor RAGE in diabetic nephropathy and nondiabetic
renal disease. ] Am Soc Nephrol 11(9):1656—1666

Tesfaye S, Stevens LK, Stephenson JM, Fuller JH, Plater M, Ionescu-Tirgoviste C, Nuber A, Pozza
G, Ward JD (1996) Prevalence of diabetic peripheral neuropathy and its relation to glycaemic
control and potential risk factors: the EURODIAB IDDM Complications Study. Diabetolog
39:1377-1384

Thornalley PJ (1996) Pharmacology of methylglyoxal: formation, modification of proteins and nucleic
acids, and enzymatic detoxification—A role in pathogenesis and antiproliferative chemotherapy.
Gen Pharmacol 27:565-573

Thornalley PJ (2003) Protecting the genome: defence against nucleotide glycation and emerging role of
glyoxalase I overexpression in multidrug resistance in cancer chemotherapy. Biochem Soc Trans
31:1372-1377

Thornalley PJ (2005) Measurement of protein glycation, glycated peptides, and glycation free adducts.
Perit Dial Int 25(6):522-33

Tobler A and Koeffler HP (1991) Myeloperoxidase: localization, structure and function. In Blood Cell
Biochemistry 3: Lymphocytes and Granulocytes. Harris JR Ed 255-288

Toth C, Rong LL, Yang C, Martinez J, Song F, Ramji N (2008) RAGE and Experimental Diabetic
Neuropathy. Diabetes 57:1002—1017

Turk Z. (2010) Glycotoxines, Carbonyl Stress and Relevance to Diabetes and Its Complications. Physiol
Res 59:147-156

39


http://www.ncbi.nlm.nih.gov/pubmed?term=Pop-Busui%20R%5BAuthor%5D&cauthor=true&cauthor_uid=20464532
http://www.ncbi.nlm.nih.gov/pubmed?term=Herman%20WH%5BAuthor%5D&cauthor=true&cauthor_uid=20464532
http://www.ncbi.nlm.nih.gov/pubmed?term=Feldman%20EL%5BAuthor%5D&cauthor=true&cauthor_uid=20464532
http://www.ncbi.nlm.nih.gov/pubmed?term=Low%20PA%5BAuthor%5D&cauthor=true&cauthor_uid=20464532
http://www.ncbi.nlm.nih.gov/pubmed?term=Martin%20CL%5BAuthor%5D&cauthor=true&cauthor_uid=20464532
http://www.ncbi.nlm.nih.gov/pubmed?term=Cleary%20PA%5BAuthor%5D&cauthor=true&cauthor_uid=20464532
http://www.ncbi.nlm.nih.gov/pubmed?term=Waberski%20BH%5BAuthor%5D&cauthor=true&cauthor_uid=20464532
http://www.ncbi.nlm.nih.gov/pubmed?term=Lachin%20JM%5BAuthor%5D&cauthor=true&cauthor_uid=20464532
http://www.ncbi.nlm.nih.gov/pubmed?term=Lachin%20JM%5BAuthor%5D&cauthor=true&cauthor_uid=20464532
http://www.ncbi.nlm.nih.gov/pubmed?term=Albers%20JW%5BAuthor%5D&cauthor=true&cauthor_uid=20464532
http://www.ncbi.nlm.nih.gov/pubmed?term=DCCT%2FEDIC%20Research%20Group%5BCorporate%20Author%5D&cauthor=true&cauthor_uid=20464532
http://www.ncbi.nlm.nih.gov/pubmed?term=Thornalley%20PJ%5BAuthor%5D&cauthor=true&cauthor_uid=16419322
http://www.ncbi.nlm.nih.gov/pubmed/16419322

Vincent AM and Feldman EL (2004) New insights into the mechanisms of diabetic neuropathy. Rev
Endo Metabol Dis 5:227-236

Wang H, Liu J, Wu L (2009) Methylglyoxal-induced mitochondrial dysfunction in vascular smooth
muscle cells. Biochem Pharmacol 77(11):1709-1716

Wang Y and Ho CT (2012) Flavour chemistry of methylglyoxal and glyoxal. Chem Soc
Rev doi:10.1039/c2¢s35025d

Yagihashi S, Yamagishi SI, Wada Ri R, Baba M, Hohman TC, Yabe-Nishimura C, Kokai Y (2001)
Neuropathy in diabetic mice overexpressing human aldose reductase and effects of aldose
reductase inhibitor. Brain 124:2448-2458

Yang K, Qiang D, Delaney S, Mehta R, Bruce WR, O'Brien PJ. (2011) Differences in glyoxal
and methylglyoxal metabolism determine cellular susceptibility to protein carbonylation and
cytotoxicity. Chem Biol Interact 191(1-3):322-329

Zhang L, Zhao H, Blagg BSJ, Dobrowsky RT (2012) C-Terminal Heat Shock Protein 90 Inhibitor
Decreases Hyperglycemia-induced Oxidative Stress and Improves Mitochondrial Bioenergetics in
Sensory Neurons. J Proteome Res 11(4):2581-2593

Zherebitskaya E, Akude E, Smith DR, Fernyhough P (2009) Development of selective axonopathy in
adult sensory neurons isolated from diabetic rats: role of glucose-induced oxidative stress. Diabetes
58:1356-1364

40


http://www.ncbi.nlm.nih.gov/pubmed?term=Wang%20H%5BAuthor%5D&cauthor=true&cauthor_uid=19428325
http://www.ncbi.nlm.nih.gov/pubmed?term=Liu%20J%5BAuthor%5D&cauthor=true&cauthor_uid=19428325
http://www.ncbi.nlm.nih.gov/pubmed?term=Wu%20L%5BAuthor%5D&cauthor=true&cauthor_uid=19428325
http://www.ncbi.nlm.nih.gov/pubmed/19428325
http://www.ncbi.nlm.nih.gov/pubmed?term=Wang%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=22508009
http://www.ncbi.nlm.nih.gov/pubmed?term=Ho%20CT%5BAuthor%5D&cauthor=true&cauthor_uid=22508009
http://www.ncbi.nlm.nih.gov/pubmed/22508009
http://www.ncbi.nlm.nih.gov/pubmed/22508009
http://www.ncbi.nlm.nih.gov/pubmed?term=Yagihashi%20S%5BAuthor%5D&cauthor=true&cauthor_uid=11701599
http://www.ncbi.nlm.nih.gov/pubmed?term=Yamagishi%20SI%5BAuthor%5D&cauthor=true&cauthor_uid=11701599
http://www.ncbi.nlm.nih.gov/pubmed?term=Wada%20Ri%20R%5BAuthor%5D&cauthor=true&cauthor_uid=11701599
http://www.ncbi.nlm.nih.gov/pubmed?term=Baba%20M%5BAuthor%5D&cauthor=true&cauthor_uid=11701599
http://www.ncbi.nlm.nih.gov/pubmed?term=Hohman%20TC%5BAuthor%5D&cauthor=true&cauthor_uid=11701599
http://www.ncbi.nlm.nih.gov/pubmed?term=Yabe-Nishimura%20C%5BAuthor%5D&cauthor=true&cauthor_uid=11701599
http://www.ncbi.nlm.nih.gov/pubmed?term=Kokai%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=11701599
http://www.ncbi.nlm.nih.gov/pubmed?term=Yang%20K%5BAuthor%5D&cauthor=true&cauthor_uid=21334317
http://www.ncbi.nlm.nih.gov/pubmed?term=Qiang%20D%5BAuthor%5D&cauthor=true&cauthor_uid=21334317
http://www.ncbi.nlm.nih.gov/pubmed?term=Delaney%20S%5BAuthor%5D&cauthor=true&cauthor_uid=21334317
http://www.ncbi.nlm.nih.gov/pubmed?term=Mehta%20R%5BAuthor%5D&cauthor=true&cauthor_uid=21334317
http://www.ncbi.nlm.nih.gov/pubmed?term=Bruce%20WR%5BAuthor%5D&cauthor=true&cauthor_uid=21334317
http://www.ncbi.nlm.nih.gov/pubmed?term=O'Brien%20PJ%5BAuthor%5D&cauthor=true&cauthor_uid=21334317
http://www.ncbi.nlm.nih.gov/pubmed?term=Yang%20%5Bfirst%20author%5D%202011%20methylglyoxal

FIG. 1: MG and GA viability curves in differentiated human neuroblastoma cell line SH-SYS5Y.
Cells were treated with different concentrations of (a) methylglyoxal or (b) glycolaldehyde for 24 h, and
the cytotoxicities were evaluated using the MTT assay, as described in experimental procedures section.
Results were calculated as a percentage control (untreated) cells. LDs, values were obtained for both
glicotoxins. The data represent means+SD for three experiments carried out in quadruplicates.

FIG. 2: MG and GA redox consequences in differentiated human neuroblastoma cell line SH-
SYS5Y. To reactive species generation assess, cells charged with DCFDA were treated with LDs, values
of m methylglyoxal and V¥ glycolaldehyde, than DCF fluorescence was assayed as described in
experimental procedures section. Fluorescence was measured (a) during the first 6 hours and (b) after 24
hours of glycotoxins treatments. Different from untreated by repeated measures ANOVA *P<0,05;
**P<0,01; ***P<0,001. (c) To time curve measurement of total glutathione, cells were treated with LDs
values of e methylglyoxal and V¥ glycolaldehyde, and t-GSH was assayed as described in experimental
procedures section. Measurements of total GSH were performed after 15, 45, 90, 180 and 360 minutes of
glycotoxins treatments. Different from untreated by repeated measures ANOVA ***P<0,001 The data
represent means+SD for three experiments carried out in quadruplicates.

FIG. 3: Neuroblastoma cell line SH-SY5Y death induction by MG and GA. (a) Fluorescence imaging
for determination of cell death mode induced by the MG and GA LDs, values. The cells were treated for
24 hours and then stained with the Hoechst 33342 and PI. The first line shows the contrast phase, the
second line shows the Hoechst 33342 staining and the third line shows the PI staining of the
corresponding columns: left, untreated cells; middle, MG treated cells; and right, GA treated cells. The
white arrows show apoptosis, the light gray arrows show necrosis and the dark gray arrows show late
apoptosis. The images are representative of three experiments carried out in quadruplicates. (b) To
evaluate LDH release, cells were treated with LDs, values of methylglyoxal and glycolaldehyde and after
24 hours supernatant medium was collected. LDH release was assayed as described in experimental
procedures section. Different from untreated by one-way ANOVA ***P<(0,0001. To time curve
measurement of caspase-3, -8 and -9 activation, cells were treated with LDs, values of (¢) methylglyoxal
and (d) glycolaldehyde, and caspases-3, -8 and -9 activation was assayed as described in experimental
procedures section. Measurements were performed after 15, 45, 90, 180 and 360 minutes of glycotoxins
exposition. Different from untreated by repeated measures ANOVA *P<0,05; ***P<0,001. The data
represent means + SD for three independent experiments.

FIG. 4: Antioxidants systems contribution in defense against MG and GA toxicities in
differentiated human neuroblastoma cell line SH-SYSY. Cells were pretreated for 30 minutes with Au
or AAPA, the TrxR and GR inhibitors, respectively. The specific enzymatic activity of (a) TrxR and (b)
GR were measured. And, (c¢) the cell viability was assayed. Different from untreatment by repeated
measures ANOVA *P<0,01; **P<0,001; ***P<0,0005. Then, cells pretreated for 30 minutes with (d)
AAPA or (e) Au were exposed to sublethal doses of methylglyoxal (625 uM). And cells pretreated for 30
minutes with (f) AAPA or (g) Au were exposed to sublethal doses of glycolaldehyde (25 uM) for 24
hours, and cell viability was assayed. Different from control treatment by two-way ANOVA
**%P<0,0005. Results were calculated as a percentage of values obtained for control cells. The data
represent mean =SD for three experiments carried out in quadruplicates.
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4. DISCUSSAO

A neuropatia € uma complicagdo comum tanto da DM tipo 1, como da
DM tipo 2. A prevaléncia da ND é de cerca de 8% em pacientes recentemente
diagnosticados e, maior do que 50% em pacientes que ja tém a doenga ha
mais de 25 anos (BOULTON et al., 2005). Além disso, existem evidéncias de
que mesmo em um estagio de pré-diabetes ja existe a ocorréncia da ND
(FRANKLIN et al., 1990; SINGLETON et al., 2003). Essa complicagdo da
diabetes DM é a principal causa da amputacdo de membros (THOMAS, 1999);
e, seus custos anuais chegam a 11 bilhdes de ddlares nos EUA (GORDOIS et
al., 2003), segundo pais com maior ocorréncia dessa doenga
(INTERNATIONAL DIABETES FEDERATION, 2008). O processo patologico da
ND é complexo, e ja foram descritos o envolvimento de diversos mecanismos
como: superativagao da via do poliol (YAGIHASHI et al., 2001; OBROSOVA et
al., 2002), ativagao inadequada da PKC (PRICE et al., 2004) e PARP (LI et al.,
2005; OBROSOVA et al., 2008), producado e acumulo de AGEs (TANJI et al.,
2000), estresse oxidativo/nitrosativo (CAMERON et al., 2001; COPPEY et al.,
2001; OBROSOVA et al., 2001) e disfuncdo mitocondrial (ZHANG et al., 2012).
Compostos carbonil reativos podem causar a deple¢cao de GSH e inativacio de
enzimas antioxidantes, levando os neurdnios a um estado pré oxidativo
(KALAPOS et al., 2008).

O MG, por ser um produto do metabolismo intermediario, € sempre
produzido mesmo em condi¢gdes normais, sendo a sua principal fonte a
fragmentacdo n&o-enzimatica de triosefosfatos (PHILLIPS & THORNALLEY,

1993b). A sua exata concentracéo intracelular nos neurdnios ainda ndo é
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conhecida, mas o MG tem sido encontrado em fluidos corporais e tecido de
pacientes e animais diabéticos em uma concentragcdo de cerca de 400 yM
(LAPOLLA et al., 2003a). Na linhagem de células CHO, derivadas de ovario de
hamster chinés, concentracbes por volta de 300 uyM foram mensuradas, a
maior parte ligado a residuos de cisteina e GSH (GARCIA DE ARRIBA et al.,
2007). O GA é formado pela degradagédo oxidativa da glicose, a partir de
proteinas glicadas, peroxidagéo lipidica, auto-oxidagdo de aminoacidos e pelos
neutrofilos durante a fagocitose (AL-ENEZI et al., 2006; TOBLER &
KOEFFLER, 1991). O GA sofre enolizagado e auto-oxidagdo, dando origem ao
GO com concomitante producao de radical superoxido (ROBERTSON et al.,
1981; SAKURAI & TSUCHIYA, 1988).

Compostos dicarbonil como MG, GA e GO tém sido citados como
possiveis mediadores de danos oxidativos na progressao da ND, além terem
sido associados a doengas neurodegenerativas e ao processo de
envelhecimento (GARCIA DE ARRIBA et al., 2006). A citotoxicidade dessas
glicotoxinas ja foi descrita em fibroblastos, macrofagos, células beta
pancreaticas, neurdnios e outras células de mamiferos (AMICARELLI et al,
2003; AL-ENEZI et al, 2005; WANG et al., 2009; YANG et al., 2011; KOIZUMI
et al., 2011). Sabe-se que o MG inibe varias enzimas chave do metabolismo,
como ATPases (MIRA et al., 1991, DERHAM et al., 2003), gliceraldeido-3-
fosfato-desidrogenase (HALDER et al. 1993), complexo | da cadeia respiratoria
mitocondrial (BISWAS et al., 1997; ROSCA et al., 2002), GR e LDH (MORGAN
et al., 2002). Estudos recentes mostraram que as células de neuroblastoma
SH-SY5Y sao bastante sensiveis ao MG devido a ineficiéncia de sua habilidade

antioxidante e detoxificante (LEE et al., 2012; LI et al., 2011; GARCIA DE
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ARRIBA et al., 2007; KUHLA et al., 2006). Ainda n&o existem estudos
investigando a toxicidade do GA as células SH-SY5Y, porém demonstrou-se
em cultura primaria de neurbnios que essa glicotoxina afeta a sobrevivéncia
neuronal, a produgao de neuritos e a morfologia celular (LUO et al., 2002).

O tratamento da linhagem de neuroblastoma humano SH-SY5Y com AR
durante 7 dias induz a diferenciagdo dessas células, as quais passam a
apresentar morfologia neuronal e a expressar marcadores como TH, NSE e
NeuN (LOPES et al, 2010). No entanto, apesar das células SH-SY5Y
diferenciadas parecerem ser um modelo mais apropriado para estudos de
mecanismos moleculares envolvidos em processos neurodegenerativos, a
toxicidade de compostos carbonil reativos, como MG e GA, nunca foi testada
neste modelo experimental. Assim sendo, o objetivo deste estudo foi investigar
0s mecanismos oxidativos envolvidos na toxicidade do MG e GA em células
SH-SY5Y diferenciadas. Nossos dados serdo discutidos em comparagdo com
resultados obtidos através do tratamento da linhagem diferenciada de
neuroblastoma humano SH-SY5Y com a neurotoxina 6-hidroxidopamina (6-
OHDA) (vide anexo). A 6-OHDA é uma toxina muito bem estabelecida como
oxidante de células neuronais (BOVE et al., 2005) e, assim sendo, é possivel
que a sequéncia de eventos moleculares que leva a morte celular pela agao da
6-OHDA e pelas glicotoxinas seja similar.

Nossos resultados demonstraram que o tratamento com compostos
carbonil reativos tém efeitos citotdoxicos nas células SH-SY5Y diferenciadas,
induzindo estresse oxidativo e morte celular por apoptose. As citotoxicidades
do MG e GA mostraram-se dose dependente. Sabe-se que em neurdnios altas

concentracdes de MG e grandes periodos de incubagado sdo necessarios para
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induzir citotoxicidade (SHANGARI & O’BRIEN, 2004; SHINPO et al., 2000;
KIKUCHI et al., 1999); esse dado da literatura estda de acordo com o nosso
resultado de que uma dose de 1350 yM de MG é necessaria para induzir a
perda de viabilidade de 50% das células em um tratamento de 24 horas. Por
outro lado, o GA parece ser bem mais toxico, possuindo um valor de DLsg=
115uM, provavelmente, devido ao fato dessa glicotoxina ser altamente reativa.
O GA reage tao rapidamente com residuos proteicos que a quantificagdo de
sua forma livre é praticamente impossivel (GLOMB & MONNIER, 1995). No
entanto, ao compararem-se os dados de citotoxicidade das glicotoxinas com os
da a 6-OHDA, em que o valor de DL5sy € de apenas 15 pM, verifica-se que esta
ultima possui um potencial de dano muito maior (ver Figura 1 do anexo1).

Ja estd bem estabelecido que os efeitos prejudiciais do MG em
neurdnios sao devidos a indugao da producédo de ER, o que leva as células a
uma morte por estresse oxidativo (DI LORETO et al., 2004; KOIZUMI et al.,
2011). Estudos sobre a capacidade antioxidante demonstraram que a
suscetibilidade dos neurdnios ao MG esta relacionada a sua acao debilitante
sobre os sistemas antioxidantes, causando a diminuicdo da atividade de
enzimas como da catalase, superoxido-dismutase (SOD) e GPx e, também, a
deplegdo do GSH intracelular (DI LORETO et al., 2004; 2008). Relatos da
toxicidade do GA, também, tém relacionado o envolvimento do estresse
oxidativo, sendo descritos fendbmenos como o aumento do radical superéxido,
peroxidagao lipidica, e acumulo de proteinas carboniladas (AL-ENEZI et al.,
2006; LORENZI et al., 2010a; LORENZI et al., 2010b). A 6-OHDA, uma vez
dentro da célula, auto-oxida-se gerando inumeras ER e induzindo massivo

estresse oxidativo (GOMEZ-LAZARO et al., 2008).
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Neste estudo, as citotoxicidades do MG e GA foram precedidas da
diminuicdo dos niveis de GSH e aumento da produgcao de ER, sendo que os
dois eventos ocorreram nos primeiros 90 minutos de exposicdo a essas
glicotoxinas. Este rapido aumento na producado de ER sugere que o estresse
oxidativo possa ser um dos principais culpados pela toxicidade do MG e GA; e,
essas ER podem estar atuando como sinalizadoras da morte celular como ja foi
sugerido em estudos feitos com outros tipos celulares (DU et al., 2001; OKADO
et al., 1996). A ocorréncia deste rapido desequilibrio redox tem sido relatada
por varios pesquisadores (AMICARELLI et al., 2003; GARCIA DE ARRIBA et
al., 2006; DI LORETO et al., 2008; OKOUCHI et al., 2009). Isto ndo ocorre
quando as células sao tratadas com a 6-OHDA. Apesar de saber-se ser essa
neurotoxina um oxidante muito mais potente, o aumento da producdo de ER
leva cerca de uma hora e meia para comecar; entretanto, uma vez iniciado
verifica-se que ele € bastante intenso, gerando valores de fluorescéncia bem
maiores do que os obtidos com o tratamento com as glicotoxinas (ver Figura 2
do anexo). Este atraso no inicio da deteccdo do aumento do DCF deve-se,
provavelmente, a necessidade da 6-OHDA ser primeiramente transportada
para dentro das células pelos DAT.

Passadas seis horas do tratamento, os niveis de GSH estdo voltando
aos valores normais, entretanto, a deteccdo de ER pelo DCF continua
aumentada, mesmo passadas 24 horas do tratamento. Provavelmente isto
ocorra como uma consequéncia da glicagao proteica e lipidica causada pelo
MG e GA, que produz AGEs e leva ao estresse oxidativo. O MG induziu uma
maior € mais duradoura diminuicdo nos niveis de GSH do que o GA. Este

resultado pode ser explicado através na analise do tipo de sistema de
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detoxificagdo envolvido com cada glicotoxina. O MG € enzimaticamente
metabolizado pelo sistema da glioxalase, o qual € composto por duas enzimas:
a glioxalase | e a glioxalase Il (THORNALLEY, 1996; THORNALLEY, 2003).
Este sistema utiliza GSH como um substrato para converter MG a D-lactato.
Assim, altas doses de MG podem gerar uma hiperatividade deste sistema
causando a deplecao de GSH. Todavia, o0 mecanismo de detoxificacdo do GA
ainda permanece desconhecido. Um estudo recente mostrou que a alcool
desidrogenase, enzima capaz de reduzir pequenas moléculas de aldeidos
como o acetaldeido e formaldeido, pode converter o GA em etileno glicol
usando NADH como cofator (JAYAKODY et al., 2012).

A diminuicdo nos niveis de GSH e o aumento de ER gerados pelos
tratamentos com MG e GA sugerem que ha o envolvimento do estresse
oxidativo na citotoxicidade dessas glicotoxinas e, que isto € um evento inicial
do processo de morte. Para investigar melhor essa relagdo, foi avaliada a
ativagdo das caspases-3 -8 e -9; sendo que todas elas ja foram relacionadas
aos mecanismos de morte celular do MG ou GA (AMICARELLI et al., 2003;
OKOUCHI et al., 2009; MOHEIMANI et al., 2010). A marcagdo com o0s
compostos fluorescentes Hoechst 33342 e iodeto de propideo mostraram que a
apoptose é o principal tipo de morte celular gerada por essas glicotoxinas,
resultado esse que foi complementado pela intensa ativagcdo de caspases
encontrada. As células SH-SY5Y diferenciadas ao serem tratadas com MG ou
GA sofrem morte celular programada através de ambas as vias: a intrinseca e
a extrinseca, como foi demonstrado pela ativacdo da caspase-9 e -8,
respectivamente. A maior parte dos dados existentes na literatura relata que a

apoptose mediada pelo MG ocorre pela via intrinseca, a qual é tipicamente
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ativada pelo estresse oxidativo (AMICARELLI et al., 2003; OKOUCHI et al.,
2009). Mesmo assim, a ativacado da via extrinseca da apoptose pelo MG ja foi
relatada (DI LORETO, 2008). Em células SH-SY5Y parece que MG e GA
induzem apoptose por ambas as vias, a mitocondrial e a citosélica, o que nao é
verificado no tratamento com a 6-OHDA, a qual ativa apenas a via intrinseca de
apoptose, o que é bastante caracteristico de moléculas que induzem grande
estresse oxidativo. Além disso, podemos notar que o tratamento com MG ativa
caspase-3 a partir dos 90 minutos de exposicdo. Essa rapida ativacdo da
apoptose pode explicar porque encontramos células com o nucleo condensado
que sofreram a incorporacdo de iodeto de propideo; e, explica também, a
ocorréncia de um aumento na liberagao de LDH. Lembrando que a liberagao de
LDH foi quantificada apenas apds 24 horas de tratamento, se a apoptose
ocorreu muito rapidamente, no momento da deteccdo os corpos apoptéticos
poderiam estar deteriorados — o que podemos chamar de apoptose tardia
(POON et al., 2010). No tratamento com GA nao foi detectado aumento
significativo da ativagcado da caspase-3, provavelmente, isto deve-se ao fato da
analise ter sido feita apenas nas primeiras 6 horas de exposicédo, podendo essa
caspase estar sendo ativada posteriormente.

A literatura diverge bastante quanto ao tempo de perda do potencial da
membrana mitocondrial (MMP) gerado pelo MG e GA. OKOUCHI (2009)
mostrou que a liberagao do citocromo ¢ ocorre nos primeiros 30 minutos apés o
tratamento com MG, enquanto GARCIA DE ARRIBA (2006) verificou a perda
do potencial da membrana mitocondrial 24 horas depois da exposi¢cao ao MG.
Possivelmente essas diferencas sao devidas ao tipo celular estudado e suas

respectivas capacidades antioxidantes. As células tratadas com 6-OHDA
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apresentam a perda do MMP apds 6 horas de tratamento, dado que coincide
com o tempo em que se verifica a ativagdo da caspase-3 (ver Figura 4 do
anexo). Este dado reforgca que a toxidade da 6-OHDA é extremamente via
estresse oxidativo, afetando principalmente a mitocdndria.

Analisando resultados de outros estudos podemos observar que
diferentes tipos celulares tém diferentes sensibilidades ao MG e GA, o que
pode ser atribuido a uma variabilidade tipo-celular especifica na capacidade de
combater os efeitos adversos das ER. Para ir mais fundo neste quesito,
avaliamos a contribuicdo de diferentes sistemas antioxidantes no metabolismo
do MG e GA, isto foi feito através da inibicdo das enzimas TrxR e GR. Foram
escolhidas estas enzimas, porque as mesmas fazem parte dos sistemas
tiorredoxina (Trx) e glutarredoxina (Grx), respectivamente; e, estes sistemas
sao os principais envolvidos na protecdo contra danos oxidativos a sulfidrilas
(BERNDT et al., 2007), como pode ser visto na figura 4, sendo que esta bem
descrito que o MG tem alta reatividade com este grupamento (DI LORETTO et
al., 2008).

A inibicdo dessas enzimas foi seguida de um tratamento com doses
subletais do MG e GA. Através dos resultados obtidos podemos concluir que a
TrxR tem um papel de maior importancia na defesa das células SH-SY5Y
diferenciadas contra a citoxicidade do MG do que contra o GA. Isto pode ser
inferido, porque a inibicdo dessa enzima aumentou em 31% a morte celular
frente ao desafio com MG, enquanto o aumento da toxicidade do GA foi de
apenas 15%. Entretanto, a GR parece ter a mesma importéncia na defesa
celular contra MG e GA, ja que sua inibicdo potencializou a perda de

viabilidade celular em 25% para ambas glicotoxinas. A inibicdo de ambas as
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enzimas aumentou a citotoxicidade da 6-OHDA; provavelmente, pelo fato
dessa neurotoxina induzir um estresse oxidativo muito intenso qualquer

alteracao na capacidade antioxidante é extremamente danosa a célula.

Fig. 4: Acdo coordenada de sistemas antioxidantes na defesa frente o
tratamento com MG, tendo como molécula central a GSH (figura adaptada de
HASANUZZAMAN et al, 2012). Oy radical superdxido, SOD: superéxido
dismutase, H202: perdxido de hidrogénio, CAT: catalase, APx: peroxidase,
AsA: ascorbato, MDHAR: monodeidroascorbato-redutase, MDHA:
monodeidroascorbato, DHA: deidroascorbato, DHAR: deidroascorbato-
redutase, GSH: glutationa reduzida, GSSH: glutationa oxidada, GR: glutationa-
redutase, GST: glutationa-S-transferase, GPX: glutationa-peroxidase, MG:
metilglioxal, Gly I: glioxalase |, Gly Il: glioxalase Il, SLG: S-D-Lactoilglutationa.

Nossos resultados trazem novos dados sobre as vias envolvidas na
toxicidade do MG e do GA, sendo essas vias potenciais alvos terapéuticos para

a ND.
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5. CONCLUSAO

Nossos resultados mostraram que o tratamento das células
diferenciadas SH-SY5Y com MG ou GA causou uma rapida diminuicido do
conteudo de GSH, um aumento na producdo de ER, que levou a uma rapida
ativacdo de caspase- 8 e -9 e, posterior ativacdo da caspase-3.
Conjuntamente, estes dados sustentam a hipdtese de que o MG e o GA
provocam a formag¢do de um ambiente pré-oxidante nas células. Entretanto, o
estresse oxidativo induzido por essas glicotoxinas € muito menos intenso do
que o produzido pela neurotoxina 6-OHDA. Ainda, as vias de toxicidade e
morte celular ativadas por MG e GA nao sao as mesmas. Podemos dizer que o
MG e o GA possuem diferentes formas de detoxificagéo, sendo este estudo um
novo insight sobre os mecanismos moleculares envolvidos na neurotoxicidade

dessas glicotoxinas.
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6. PERSPECTIVAS

Como perspectivas deste trabalho temos:

- a verificagdo da atividade das caspases, principalmente a caspase-3,
em tempos de tratamento com o MG e o GA superiores a seis horas;

- a realizagcdo do ensaio de JC-1 durante as primeira 24 horas de
tratamento com MG e GA, para avaliar melhor a participagao da disfuncao
mitocondrial na citotoxicidade dessas glicotoxinas;

- avaliagao da atividade das glioxalases | e Il apds o tratamento com MG
e GA, para verificar a importancia de sua participacao na detoxificagcdo dessas

glicotoxinas.
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8. ANEXOS

8.1 ANEXO 1

O artigo cientifico elaborado conforme as normas da revista The
Journal of Biological Chemistry.

"OXIDATIVE STRESS AND PEROXIDASE SYSTEMS IN 6-
HYDROXYDOPAMINE NEUROTOXICITY IN DIFFERENTIATED HUMAN SH-
SY5Y NEUROBLASTOMA CELLS: INSIGHTS INTO THE PATOPHYSIOLOGY

OF PARKINSON DISEASE ™
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Running read: Redox proteome and neurotoxicity

Oxidative stress is related to many
neurodegenerative processes as
Parkinson disease. It can activate
signaling pathways and modulate a
variety of cellular activities. These effects
are believed to involve, at a molecular
level, the reversible post-translational
modification of critical protein thiols.
However many of the initial targets of
oxidation remain unidentified. In an
effort to discover novel oxidant sensitive
proteins we adapted a technique to
fluorescently label oxidized thiol proteins
then separate them by two-dimensional
electrophoresis (2-DE). Cells were
disrupted in the presence of N-
ethylmaleimide (NEM) to block the
reduced thiol proteins and tris(2-
carboxyethyl)phosphine (TCEP) was
added to reduce the oxidized thiol
proteins before labeling with 5-
iodoacetamidofluorescein (5-IAF). 2-DE
was used to resolve the labeled samples.
We applied the method to differentiated
SH-SY5Y human neuroblastoma cells
and examined the effect of 6-
hydroxydopamine (6-OHDA) treatment
on the oxidized and reduced thiol protein
profiles. A small percentage of protein
thiols were already oxidized in untreated
cells. Exposure of cells to 15 uM 6-
OHDA (LDsy value of this drug) for 6 h
led to a dramatic increase in reactive
species formation, caspase-3 and -9
activation, mitochondrial depolarization
and thiol protein oxidation. The
antioxidant enzymes glutathione
reductase (GR) and tioredoxin reductase
(TrxR) have the same importance in 6-
OHDA detoxification. These results are
useful in  gaining insight into

pathophysiological mechanisms of
neurodegeneration mediated by 6-
OHDA.

Oxidative stress is defined as the
imbalance between biochemical processes
leading to the production of reactive
oxygen species (ROS)' and those
responsible for the removal of ROS, the so-
called antioxidant cascade'. The central
nervous system is particularly vulnerable to
oxidative insult on account of the high rate
of O, utilization, the relatively poor
concentrations of classical antioxidants and
related enzymes, and the high content of
polyunsaturated lipids®>. In addition, there
are regionally high concentrations of redox-
active transition metals capable of the
catalytic generation of ROS’. Thus, it is not
surprising that oxidative stress is a common
discussion point for neurodegenerative
disease, where damage to neurons can

! List of Abbreviations used: ROS, reactive
oxygen species; AD, Alzheimer’s disease;
PD, Parkinson’s disease; ALS, amyotropic
lateral sclerosis; DA, dopamine; 6-OHDA,
6-hydroxydopamine; JC-1, 5,5, 6,6-
tetrachloro-1,1°, 3,3’-
tetraethylbenzimidazolcarbocyanine iodide;
FBS, fetal bovine serum; RA, retinoic acid;
DCEF-DA, 2,7-dichlorofluorescein diacetate;
MTT, 3-(4,5-dimethylthiazole-2-yl)-2,5-
diphenyltetrazolium bromide; 5-IAF, 5-
iodoacetamidofluorescein; NEM, N-
ethilmaleimide; TCEP, tris(2-
carboxyethyl)phosphine; LDs, letal dose to
50% of the cells; 2-DE, two dimension
electroforesis; IEF, isoeletric-focusing;
DMSO, dimethilsulphoxide; RS, reactive
species.
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reflect both an increase in oxidative
processes and a decrease in antioxidant
defenses”.

Progressive degeneration of a subset of
neurons is the pathologic hallmark of adult-
onset neurodegenerative disorders such as
Alzheimer’s disease (AD), Parkinson’s
disease (PD), and amyotrophic lateral
sclerosis (ALS)’. Growing evidence points
to the involvement of reactive species in
mediating neuronal death in these diseases’.
Elucidation of the intracellular pathways
involved in the formation of oxidants in
neurons may be important not only for
understanding the pathophysiologic basis
for neuronal death in these disorders, but
also for devising rational pharmacologic
strategies to slow or prevent neuronal
degeneration.

Parkinson’s disecase (PD) is an age-
related neurodegenerative disease,
characterized by relatively selective
nigrostriatal dopaminergic degeneration’.
The clinical symptoms of PD are resting
tremor, rigidity, bradykinesia and postural
instability. The pathological characteristics
are loss of dopamine (DA) neurons and the
presence in the substantia nigra of
intracytoplasmic inclusions, known as
Lewy bodies, which are consistently
immunostained with antibodies to a-
synuclein and ubiquitin®.

6-OHDA, an oxidative metabolite of
dopamine, is a neurotoxin, which has been
broadly used to generate experimental
models of Parkinson's disease’''. Although
there is a consensus in the ability of 6-
OHDA to induce cytotoxicity in different
cell types, the mechanism involved is still
controversial >"*. Among the mechanisms
discussed, the generation of ROS is the
most accepted'”.

Thiol groups are critical parts of proteins
involved in cell signaling pathways, their
oxidation alters the activity or binding
properties of proteins. Although some
proteins have been identified as redox-
sensitive, it is not clear how many proteins
become oxidized in a cell during signaling,
or which changes are critical to the
subsequent response™.

In this study we validated a sensitive
technique for identifying thiol proteins that
become oxidized in cells during normal
metabolism or after being challenged with

6-OHDA. For these purposes we used the
differentiated human neuroblastoma cell
line SH-SYS5Y as experimental model. We
previously demonstrated that these cells
present all desired neuronal markers (e.g.
extensive neurites outgrown and the
biochemical markers tyrosine hydroxilase -
TH, neuron nuclear protein - NeuN, neuron

specific enolase - NSE) with the
concomitant absence of undifferentiated
cellular markers (e.g. nestin

immunocontent), being considered a more
suitable experimental model for studying
the molecular and cellular processes that
conzllmit dopaminergic neuronal cell, like
PD".

EXPERIMENTAL PROCEDURES

Chemicals — JC-1 and SilverQuest™
Staining Kit were from Invitrogen
(Carlsbad, CA). TCEP was from Pierce
(Rockford, IL). Complete protease inhibitor
cocktail tablets was from Roche®”
(Mannheim, Germany). Micro Bio-Spin 6
chromatography columns were from
BioRad. 7 ecm IPG Strips pH 3-10 were
from GE Healthcare Bioscience (Uppasala,
Sweden). IPG buffer, pH 3-10NL was from
Amersham Biosciences (Uppasala,
Sweden). DCEF, 5-
iodoacetamidofluorescein, iodoacetamide,
DTT, NEM, MTT, ultrapure urea, thiourea
and the other reagents were from Sigma
(Saint Louis, MO).

Materials used in cell culture were
acquired from Gibco®/Invitrogen (Sdo
Paulo, SP Brazil).

Cell culture and differentiation -
Exponential growing human neuroblastoma
cell line SH-SY5Y, obtained from ATCC
(Manassas, VA, USA), were maintained in
a mixture 1:1 of Ham’s F12 and Dulbeco
Modified Eagle Medium (DMEM)
supplemented with 10% heat-inactivated
fetal bovine serum (FBS), 2 mM glutamine,
0.28 pg/uL  gentamicin and 250 pg
amphotericin B, in a humidified atmosphere
of 5% of CO; in air at 37°C. Cell medium
were replaced every three days and cell
were sub-cultured once they reached 80%
confluence. After 24 hours of cell plating,
differentiation was induced by lowering the
FBS in culture medium to 1% plus the
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addition of 10 uM retinoic acid (RA) during
7 days. This treatment was replaced each 3
days to replenish RA in culture media. All
treatments were performed when cells were
~75% confluence. For the MTT and DCF
assay the cells were plated in a 96-well
plated at density of 2 x 10* cells per well.
For 2D-electrophoresis, the cells were
seeded into bottles of 75 cm” at density of 5
x 10° cells.

6-OHDA cytotoxicity — 6-OHDA was
freshly prepared in 0.1% ascorbic acid to
avoid oxidation. Cytotoxicity of 6-OHDA
was evaluated by exposing cells to different
concentrations of this neurotoxin for 24
hours at 37°C, and cell viability was
estimated by the quantification of the 3-
(4,5-dimethylthiazole-2-yl)-2,5-
diphenyltetrazolium  bromide = (MTT)
reduction to a blue formazan product by
cellular dehydrogenases™. At the end of the
treatment, the medium was discarded and
the cells were washed three times with
phosphate buffer (PBS). A new medium
containing 0.5 mg/mL MTT was added.
These cells were incubated for 1 hour at
37°C. This medium was discarded and
DMSO was added to solubilize the
formazan crystals for 30 minutes.
Absorbance was determined at 560 nm and
630 nm in a SoftMax Pro Microplate
Reader (Molecular Devices®, USA).

Total  reactive  species —  2,7-
dichlorofluorescein diacetate (DCF-DA)
1,1 mM solution was made freshly in PBS
from a stock solution (30 mM) made in
DMSO. The solution was added to the
cells in medium to a final concentration of
100 uM, and the plates were incubated for
1 hour in an atmosphere of 5% CO, at 37°C
to load cells with DCF. Then, the medium
was discarded and a new medium was
added with 6-OHDA LDs, value (15 uM)
and cotreated with 5 mM of glutathione
(GSH) or not. DCF was excited at 485 nm,
and fluorescence emission at 538 nm was
recorded using a SoftMax Pro fluorescence
plate reader (Molecular Devices”, USA).

Mitochondrial ~Membrane  Potential
(AY,) — Differentiated SH-SYS5Y cells
were treated by different times with the
LDs value of 6-OHDA (15 pM) to evaluate
the mitochondrial depolarization, as
previously described®. Cells (0.5 x 10°
cells/mL) were incubated for 20 minutes at

37°C with 10 pg/uL a lipophilic cationic
probe 5,5°, 6,6’-tetrachloro-1,1’, 3,3’-
tetracthylbenzimidazolcarbocyanine iodide
(JC-1), centrifuged, washed once with PBS,
transferred to a 96-well plate (10’
cells/well), and assayed using SoftMax Pro
fluorescence plate reader (Molecular
Devices®, USA) with the following
settings: excitation at 485 nm, emission at
540 and 590 nm, and cut-off at 530 nm.
AY,, was estimated using the ratio of 590
nm (J-aggregates)/540 nm (monomeric
form).

Inhibition Studies- Differentiated SH-
SYS5Y cells were pretreated for 30 minutes
with aminotriazole (AT), acetylamino-3-[4-
(2-acetylamino-2-
carboxyethylsulfanylthiocarbonylamino)ph
enylthiocarbamoylsulfanyl]propionic  acid
hydrate S,S'-[1,4-
Phenylenebis(iminocarbonothioyl)]bis[N-
acetyl-L-Cysteine] hydrate) (2-AAPA), or
auranofin (AU) - inhibitors of catalase, GR
and thioredoxin reductase TrxR,
respectively - and the specific enzymatic
activity and cell viability was measured. A
non lethal dose of each drug, able to
inhibit their respective enzymes activities,
was established (data not shown). The
contribution of each enzymatic system in 6-
OHDA toxicity was evaluated, the
differentiated cells were pretreated for 30
min with the inhibitors (10 uM of 2-AAPA
or 0,5 uM of AU) and exposed to a
sublethal dose of 6-OHDA (uM) for 24
hours. Cell viability was determinated by
MTT assay.

Fluorescence labeling of thiol proteins —
Cells were scraped out from de culture
flask, collected by centrifugation at 1000g
for 5 min and the supernatant was
discarded. The pellet was washed with PBS
and centrifugated again at 1000g for 5 min.
The supernatant was discarded and the cells
were resuspended in extract buffer (10 mM
Tris, protease inhibitors, pH 7.4). The
extract was sonicated and the protein
content was measured. Reduced protein
thiols were blocked by incubating the
extract with 100 mM N- ethylmaleimide
(NEM) solution for 20 minutes. After,
NEM excess was removed by three times
iced acetone precipitation. The pellet was
resuspended in extract buffer. Oxidized
thiols (disulphides or sulphenic acid
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groups) were reduced by adding Tris(2-
carboxyethyl) phosphine (TCEP) to a final
concentration of 1 mM and incubated for 15
minutes in ice. A stock solution of 10 mM
5-iodoacetamidofluorescein (5-IAF) was
made up in DMSO and added to the extract
to a final concentration of 200 puM. The
extract was incubated in the dark on ice for
15 min. Subsequent steps were carried out
with minimal exposure of the samples to
light. To remove excess 5-IAF and salts
another three times iced acetone
precipitation was proceed and the pellet
was resuspended in rehydration solution (7
M urea, 2 M thiourea, 10 mM DTT, 4%
CHAPS w/v, 0.2% Biolytes 3—-10 NL v/v
and  bromophenol blue) for 2-D
Electrophoresis.

2-D  Electrophoresis ~ —  Extracts
containing 50 pg of protein in rehydration
solution were absorbed overnight onto pH
3—-10/NL Immobiline Drystrips. Isoelectric
focusing (IEF) was carried out with 9083
Vh. For the second dimension, focused IPG
strips were equilibrated for 15 min in
equilibration solution (6 M urea, 36%
glycerol v/v, 2% SDS w/v, 0.002%
bromophenol blue and 50 mM Tris-HCI,
pH 6.8) containing 2% DTT w/v, then for
15 min in equilibration solution containing
2.5% iodoacetamide. The strips were placed
on SDS-PAGE gels (10% separating gel
and a 4% stacking gel) and a 0.5% agarose
solution w/v was placed onto the strips.
SDS-PAGE was carried out in the dark
with a constant current of 20 mA per gel.
After completion of electrophoresis, gels
were scanned using a Galiance 600
PerkinElmer” imaging system. Gels were
then fixed and stained with silver nitrate or
Comassie Brilliant blue.

Protein quantification — The proteins
contents were measured by Bradford
assay”’.

RESULTS

Citoxicity of 6-OHDA in differentiated
SH-SHS5Y cells — Cytotoxicity was
evaluated using the MTT assay. Cells were
treated with different concentrations of 6-
OHDA for 24 hours and 15 uM represent
the LDs, drug value for this cell line, as

previously established. 0.1% ascorbic acid
was tested as vehicle control. A decreased
survival was seen in cells treated with 6-
OHDA when compared to control (Fig. 1).

Reactive species (RS) production — Time
course experiment were performed using
the DCF dye to evaluate the generation of
reactive species by 6-OHDA (Fig. 2). The
6-OHDA treatment caused an increase in
RS production. This increase started
between 2 to 6 h (Fig. 2A) of treatment and
followed for 24 h (Fig. 2B) and it was
reduced by GSH cotreatment.

Mitochondrial membrane potential —
Since mitochondria dysfunction is a
landmark of many neurodegenerative
diseases, including PD, we performed a
time course experiment to determine the
loss of mitochondrial membrane potential
in differentiated SH-SY5Y cells challenged
with 6-OHDA (Fig. 3A). In accordance to
RS  production data (Fig. 2A),
mitochondrial depolarization occurred 6
hours after 6-OHDA treatment (Fig. 3A).
Taken into account the time course data on
RS  generation and  mitochondrial
dysfunction, we decided to use protein
extract isolated from cells treated by 6 h
with 6-OHDA treatment to perform redox
proteome analysis.

6-OHDA activate Caspase-9 and -3 -To
test if apoptosis was responsible for the
death of differentiated SH-SHSY cells
observed after 6-OHDA treatment and what
pathway is involved, we investigated
caspases-3, -8 and -9 activities in these cells
using a synthetic substrate that contains the
cleavage site recognized by these proteases.
A time curve among 1,5 hours and 12 hours
had been performed in order to determine
the kinetics of caspase activation. 6-OHDA
treatment has activated caspase-9 after 1,5 h
and caspase-3 after 6 hours (Fig. 3 B). No
difference was detected in the caspase-8
activity.

Inhibition of GR and TrxR improve 6-
OHDA  toxicity- To  evaluate the
contribution of different peroxidases
systems in the defense of differentiated SH-
SYSY cells against 6-OHDA cytotoxicity
we inhibited GR and TrxR activities,
challenged the cells with sublethal doses of
this neurotoxin and evaluated the cell
viability after 24 hours. For this purpose,
we first established the best conditions to
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specifically inhibit each peroxidase systems
and to determine the toxicities of these
inhibitors  (data not shown). The
pretreatment with both enzymes inhibitors,
AU and 2-AAPA, have increased 6-OHDA
toxicity in 25%, not showing difference of
importance in the detoxification this
neurotoxin (Fig. 4).

Redox Proteome Validation — Firstly we
performed a validation of the redox
proteome protocol (Fig. 5), were we
perform the blockage of reduced thiols and
then the reduction of oxidized thiols
(NEM/TCEP) (lanel), the total reduction
and then the total blockage of thiols (TCEP
/NEM) (lane 2) and we treated cells with
200 uM of H,O, for 1 hour and then
performed the blockage and reduction like
lane 1 (H,O, /NEM/TCEP) (lane 3). Then
20 pg of each treated protein extract was
labeled with 5-IAF and used to perform
SDS-PAGE.

A series of intense bands were observed
in lane 1 (Fig. 5), indicative of the large
number of reduced thiol proteins present in
cells. In lane 2 (Fig. 5) we can notice that
the majority of these reduced thiols were
blocked comparing with lane 1. When cells
extracts were treated with 200 uM of H,O,
more bands appeared when compared with
control (compare lane 3 with lane 1, Fig. 5).
Thus we demonstrate that our redox
proteome protocol is suitable to analyze
fluctuations in the redox status of proteins
thiols.

2D-Electrophoresis — To visualize the
different oxidation target proteins we
performed the redox proteome.
Differentiated cells were treated with the 6-
OHDA LDs,, redox proteome protocol was
performed and this extract was run in
parallel with untreated samples (Fig. 6).
When control and treated samples were
separated in two dimensions by isoelectric
focusing (IEF) and SDS-PAGE (Fig. 6, A
and B), it was possible to detect many
individual oxidized thiol proteins. Some
proteins showed an increase in 5-IAF
labeling after treatment of cells with 6-
OHDA.

Total protein staining of the gels with
Coomassie brilliant blue or silver nitrate
revealed a markedly different protein
pattern indicating the specific labeling of
oxidized thiol proteins by 5-IAF (data not

shown). Protein staining showed that
protein loading was comparable for treated
and untreated cells (not shown) so would
not account for the increase in observed 5-
IAF labeling.

DISCUSSION

Thiol proteins are important in cellular
antioxidant defenses and redox signaling.
Reactive oxidants cause selective thiol
oxidation and can modulate cellular
function, but relative sensitivities of
different cell proteins and critical targets
are not well characterized. The technique to
fluorescently label oxidized thiol proteins
and separation by 2-DE is a useful tool to
discover novel oxidant sensitive proteins
for further validations experiments to get
into the mechanisms of redox signaling.

Using a fluorescence labeling procedure,
we have detected changes in the pattern of
reversibly oxidized thiol proteins in
differentiated human neuroblastoma SH-
SYS5Y cells after treatment with 6-OHDA.
The viability assay showed a comparable
decrease in cell survival in 6-OHDA
treatment. Moreover it induced an increase
in RS production that is involved with the
decrease in cell viability.

Time course experiments showed that
mitochondrial depolarization occurs 6 hours
after 6-OHDA treatments. Interestingly, in
DCF experiments we can note that the
amount of reactive species (RS) has a great
increase at this time. As previously
described, the resultant oxidative stress can
potentially triggers the activation of p38
MAPK cascade, leading to lost of A¥Ym and
cytochrome c release which results in
caspase 9 and 3-dependent apoptosis. Also,
we can see that caspase-9 was activated
after 1,5 h of 6-OHDA exposition and
caspase-3 after 6 hours. Caspase-8 was not
activated by 6-OHDA treatment. Caspase-9
activation indicates a  mitochondrial
induced death, what is usual for toxins that
cause massive oxidative stress. Caspase-3
activation happens at the same time of
mitochondrial despolarization. Moreover,
using our redox proteome protocol we were
able to detect various oxidation targets in 6-
OHDA treatment.
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We have not attempted to characterize
oxidant sensitive proteins in this study.
However, once susceptible spots are
identified, they can be subjected to standard
proteomic analysis to give their isoeletrict
point (pI) and molecular mass (Mr) and be
characterized using techniques such as
sequencing or in-gel proteolytic digestion
followed by MALDI-TOF MS of extracted
peptides.

In conclusion, 2-DE analysis of IAF
labeled oxidized thiol proteins is useful in
identifying novel targets of oxidation as
well as to map patterns of changes in
protein oxidation with different types of
treatments.
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FIGURES LEGENDS

FIG. 1: 6-OHDA cytotoxicity in differentiated human neuroblastoma SH-SYSY cell line.
Cells were exposed for 24 hours at 37°C, and the cytotoxicity was evaluated using the MTT
assay, as described in experimental procedures section. The data represent means + SD for three
experiments carried out in quadruplicates.

FIG. 2: Time course measurements of reactive species generation in differentiated human
neuroblastoma SH-SYSY cell line by 6-OHDA treatment. Cells were challenged with LDs
value of 6-OHDA (15 uM) and cotreated with SmM of GSH. DCF assay was performed as
described in experimental procedures section. Fluorescence was measured (A) during the first 6
hours and (B) after 24 hours of treatments. The data represent means + SD for three experiments
carried out in quadruplicates.

FIG. 3: Mitochondrial membrane potential (A¥Ym) and caspases activation in
differentiated human neuroblastoma SH-SYSY cell line challenged by 6-OHDA treatment.
(A) Loss of membrane potential in differentiated cells of the neuroblastoma cell line SH-SYS5Y
challenged with 6-OHDA. Cells were treated with respective 6-OHDA LDs, value, harvested
and incubated with JC-1 (10 pg/mL) at 37 °C for 15 min. (B) Caspases-3, -8 and -9 activation
was assayed as described in experimental procedures section. Measurements were performed
after 1,5, 3h, 6h, 9h and 12h of 6-OHDA LDs, value exposition. The data represent means = SD
for three experiments carried out in quadruplicate.

FIG. 4: Antioxidants systems contribution in defense against 6-OHDA toxicity in
differentiated human neuroblastoma cell line SH-SY5Y. Cells were pretreated for 30
minutes with (A) Au or (B) AAPA, the TrxR and GR inhibitors, respectively. Then, cells were
exposed to a sublethal dose of 6-OHDA for 24 hours, and cell viability was assayed. Results
were calculated as a percentage of values obtained for control cells. The data represent
mean+SD for three experiments carried out in quadruplicates.

FIG. 5: Optimization of experimental conditions for NEM blocking and IAF labeling of
oxidized protein thiols, using SDS-PAGE. Lane 1: Reduced thiols were first blocked with
NEM and then the oxidized thiols were reduced with TCEP. Lane 2: Thiols were totally reduced
with TCEP and then the total blockage was done with NEM. Lane 3: Cells were previously
treated with 200 uM H,O, for 1 hour and then the blockage and reduction like lane 1 was
performed. 20 pg of each treated protein extract was labeled with 5-IAF and used to perform
SDS-PAGE.

FIG. 6: 2-D PAGE separation of IAF labeled oxidized proteins in differentiated human
neuroblastoma SH-SYSY cell line without (A) and with (B) 6-OHDA treatment.
Differentiated cells were treated with the 6-OHDA LDs,, and redox proteome protocol was
executed and this extract was run in parallel with an untreated or 6-OHDA-treated extract. Data
present a representative experiment carried out in triplicates.
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Instructions for Authors

Manuscript submission
Manuscript Submission

Submission of a manuscript implies: that the work described has not been published
before; that it is not under consideration for publication anywhere else; that its
publication has been approved by all co-authors, if any, as well as by the responsible
authorities — tacitly or explicitly — at the institute where the work has been carried out.
The publisher will not be held legally responsible should there be any claims for
compensation.

Permissions

Authors wishing to include figures, tables, or text passages that have already been
published elsewhere are required to obtain permission from the copyright owner(s) for
both the print and online format and to include evidence that such permission has been
granted when submitting their papers. Any material received without such evidence will
be assumed to originate from the authors.

Online Submission

Authors should submit their manuscripts online. Electronic submission substantially
reduces the editorial processing and reviewing times and shortens overall publication

times. Please follow the hyperlink “Submit online” on the right and upload all of your
manuscript files following the instructions given on the screen.

Title page
Title Page
The title page should include:
e The name(s) of the author(s)
e A concise and informative title
o The affiliation(s) and address(es) of the author(s)
e The e-mail address, telephone and fax numbers of the corresponding author

Abstract

Please provide an abstract of 150 to 250 words. The abstract should not contain any
undefined abbreviations or unspecified references.

Keywords

Please provide 4 to 6 keywords which can be used for indexing purposes.
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Text
Text Formatting
Manuscripts should be submitted in Word.

e Use a normal, plain font (e.g., 10-point Times Roman) for text.

e Use italics for emphasis.

o Use the automatic page numbering function to number the pages.

e Do not use field functions.

o Use tab stops or other commands for indents, not the space bar.

o Use the table function, not spreadsheets, to make tables.

o Use the equation editor or MathType for equations.

e Save your file in docx format (Word 2007 or higher) or doc format (older Word
versions).

e Word template (zip, 154 kB)

Manuscripts with mathematical content can also be submitted in LaTeX.

e LaTeX macro package (zip, 182 kB)

Headings

Please use no more than three levels of displayed headings.

Abbreviations

Abbreviations should be defined at first mention and used consistently thereafter.
Footnotes

Footnotes can be used to give additional information, which may include the citation of
a reference included in the reference list. They should not consist solely of a reference
citation, and they should never include the bibliographic details of a reference. They
should also not contain any figures or tables.

Footnotes to the text are numbered consecutively; those to tables should be indicated by
superscript lower-case letters (or asterisks for significance values and other statistical
data). Footnotes to the title or the authors of the article are not given reference symbols.
Always use footnotes instead of endnotes.

Acknowledgments

Acknowledgments of people, grants, funds, etc. should be placed in a separate section
before the reference list. The names of funding organizations should be written in full.

Scientific style

o Please always use internationally accepted signs and symbols for units (SI
units).
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o Nomenclature: Insofar as possible, authors should use systematic names similar
to those used by Chemical Abstract Service or [IUPAC.

e Genus and species names should be in italics.

e Generic names of drugs and pesticides are preferred; if trade names are used, the
generic name should be given at first mention.

o Please use the standard mathematical notation for formulae, symbols, etc.:

Italic for single letters that denote mathematical constants, variables, and
unknown quantities

Roman/upright for numerals, operators, and punctuation, and commonly defined
functions or abbreviations, e.g., cos, det, e or exp, lim, log, max, min, sin, tan, d
(for derivative)

Bold for vectors, tensors, and matrices.

References
Citation
Cite references in the text by name and year in parentheses. Some examples:

e Negotiation research spans many disciplines (Thompson 1990).

e This result was later contradicted by Becker and Seligman (1996).

o This effect has been widely studied (Abbott 1991; Barakat et al. 1995; Kelso and
Smith 1998; Medvec et al. 1999).

Reference list

The list of references should only include works that are cited in the text and that have
been published or accepted for publication. Personal communications and unpublished
works should only be mentioned in the text. Do not use footnotes or endnotes as a
substitute for a reference list.

Reference list entries should be alphabetized by the last names of the first author of each
work.

e Journal article
Gamelin FX, Baquet G, Berthoin S, Thevenet D, Nourry C, Nottin S, Bosquet L
(2009) Eftect of high intensity intermittent training on heart rate variability in
prepubescent children. Eur J Appl Physiol 105:731-738. doi: 10.1007/s00421-
008-0955-8

Ideally, the names of all authors should be provided, but the usage of “et al” in
long author lists will also be accepted:

Smith J, Jones M Jr, Houghton L et al (1999) Future of health insurance. N Engl
J Med 965:325-329

e Article by DOI
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Slifka MK, Whitton JL (2000) Clinical implications of dysregulated cytokine
production. J Mol Med. doi:10.1007/s001090000086

e Book
South J, Blass B (2001) The future of modern genomics. Blackwell, London
e Book chapter

Brown B, Aaron M (2001) The politics of nature. In: Smith J (ed) The rise of
modern genomics, 3rd edn. Wiley, New York, pp 230-257

e Online document

Cartwright J (2007) Big stars have weather too. [OP Publishing PhysicsWeb.
http://physicsweb.org/articles/news/11/6/16/1. Accessed 26 June 2007

e Dissertation

Trent JW (1975) Experimental acute renal failure. Dissertation, University of
California

Always use the standard abbreviation of a journal’s name according to the ISSN List of
Title Word Abbreviations, see

e www.issn.org/2-22661-LTWA-online.php

For authors using EndNote, Springer provides an output style that supports the
formatting of in-text citations and reference list.

o EndNote style (zip, 3 kB)

Tables

o All tables are to be numbered using Arabic numerals.

o Tables should always be cited in text in consecutive numerical order.

o For each table, please supply a table caption (title) explaining the components of
the table.

o Identify any previously published material by giving the original source in the
form of a reference at the end of the table caption.

» Footnotes to tables should be indicated by superscript lower-case letters (or
asterisks for significance values and other statistical data) and included beneath
the table body.

Artwork and Illustrations Guidelines

For the best quality final product, it is highly recommended that you submit all of your
artwork — photographs, line drawings, etc. — in an electronic format. Your art will then
be produced to the highest standards with the greatest accuracy to detail. The published
work will directly reflect the quality of the artwork provided.
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Electronic Figure Submission

e Supply all figures electronically.

o Indicate what graphics program was used to create the artwork.

e For vector graphics, the preferred format is EPS; for halftones, please use TIFF
format. MS Office files are also acceptable.

e Vector graphics containing fonts must have the fonts embedded in the files.

e Name your figure files with "Fig" and the figure number, e.g., Figl.eps.
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e Definition: Black and white graphic with no shading.

e Do not use faint lines and/or lettering and check that all lines and lettering
within the figures are legible at final size.

e All lines should be at least 0.1 mm (0.3 pt) wide.

e Scanned line drawings and line drawings in bitmap format should have a
minimum resolution of 1200 dpi.

e Vector graphics containing fonts must have the fonts embedded in the files.

Halftone Art
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e Definition: Photographs, drawings, or paintings with fine shading, etc.

o If any magnification is used in the photographs, indicate this by using scale bars
within the figures themselves.

o Halftones should have a minimum resolution of 300 dpi.
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o Definition: a combination of halftone and line art, e.g., halftones containing line
drawing, extensive lettering, color diagrams, etc.
o Combination artwork should have a minimum resolution of 600 dpi.

Color Art

e Color art is free of charge for online publication.

o Ifblack and white will be shown in the print version, make sure that the main
information will still be visible. Many colors are not distinguishable from one
another when converted to black and white. A simple way to check this is to
make a xerographic copy to see if the necessary distinctions between the
different colors are still apparent.

o If'the figures will be printed in black and white, do not refer to color in the
captions.

e Color illustrations should be submitted as RGB (8 bits per channel).

Figure Lettering

e To add lettering, it is best to use Helvetica or Arial (sans serif fonts).

e Keep lettering consistently sized throughout your final-sized artwork, usually
about 2-3 mm (8-12 pt).

e Variance of type size within an illustration should be minimal, e.g., do not use 8-
pt type on an axis and 20-pt type for the axis label.
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e Avoid effects such as shading, outline letters, etc.
o Do not include titles or captions within your illustrations.

Figure Numbering

e All figures are to be numbered using Arabic numerals.

o Figures should always be cited in text in consecutive numerical order.

e Figure parts should be denoted by lowercase letters (a, b, c, etc.).

o Ifan appendix appears in your article and it contains one or more figures,
continue the consecutive numbering of the main text. Do not number the
appendix figures, "Al, A2, A3, etc." Figures in online appendices (Electronic
Supplementary Material) should, however, be numbered separately.

Figure Captions

o Each figure should have a concise caption describing accurately what the figure
depicts. Include the captions in the text file of the manuscript, not in the figure
file.

o Figure captions begin with the term Fig. in bold type, followed by the figure
number, also in bold type.

e No punctuation is to be included after the number, nor is any punctuation to be
placed at the end of the caption.

o Identify all elements found in the figure in the figure caption; and use boxes,
circles, etc., as coordinate points in graphs.

o Identify previously published material by giving the original source in the form
of a reference citation at the end of the figure caption.

Figure Placement and Size

e When preparing your figures, size figures to fit in the column width.

e For most journals the figures should be 39 mm, 84 mm, 129 mm, or 174 mm
wide and not higher than 234 mm.

e For books and book-sized journals, the figures should be 80 mm or 122 mm
wide and not higher than 198 mm.

Permissions

If you include figures that have already been published elsewhere, you must obtain
permission from the copyright owner(s) for both the print and online format. Please be
aware that some publishers do not grant electronic rights for free and that Springer will
not be able to refund any costs that may have occurred to receive these permissions. In
such cases, material from other sources should be used.

Accessibility

In order to give people of all abilities and disabilities access to the content of your
figures, please make sure that

e All figures have descriptive captions (blind users could then use a text-to-speech
software or a text-to-Braille hardware)
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o Patterns are used instead of or in addition to colors for conveying information
(color-blind users would then be able to distinguish the visual elements)
e Any figure lettering has a contrast ratio of at least 4.5:1

Electronic Supplementary Material

Springer accepts electronic multimedia files (animations, movies, audio, etc.) and other
supplementary files to be published online along with an article or a book chapter. This
feature can add dimension to the author's article, as certain information cannot be
printed or is more convenient in electronic form.

Submission

e Supply all supplementary material in standard file formats.

e Please include in each file the following information: article title, journal name,
author names; affiliation and e-mail address of the corresponding author.

o To accommodate user downloads, please keep in mind that larger-sized files
may require very long download times and that some users may experience
other problems during downloading.

Audio, Video, and Animations
e Always use MPEG-1 (.mpg) format.
Text and Presentations
e Submit your material in PDF format; .doc or .ppt files are not suitable for long-

term viability.
e A collection of figures may also be combined in a PDF file.

Spreadsheets
e Spreadsheets should be converted to PDF if no interaction with the data is
intended.
o If'the readers should be encouraged to make their own calculations, spreadsheets
should be submitted as .xls files (MS Excel).

Specialized Formats

e Specialized format such as .pdb (chemical), .wrl (VRML), .nb (Mathematica
notebook), and .tex can also be supplied.

Collecting Multiple Files
e Itis possible to collect multiple files in a .zip or .gz file.
Numbering

o If supplying any supplementary material, the text must make specific mention of
the material as a citation, similar to that of figures and tables.
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e Refer to the supplementary files as “Online Resource”, e.g., "... as shown in the
animation (Online Resource 3)", “... additional data are given in Online
Resource 4”.

o Name the files consecutively, e.g. “ESM_3.mpg”, “ESM_4.pdf”.

Captions

e For each supplementary material, please supply a concise caption describing the
content of the file.

Processing of supplementary files

e Electronic supplementary material will be published as received from the author
without any conversion, editing, or reformatting.

Accessibility

In order to give people of all abilities and disabilities access to the content of your
supplementary files, please make sure that

e The manuscript contains a descriptive caption for each supplementary material
e Video files do not contain anything that flashes more than three times per second
(so that users prone to seizures caused by such effects are not put at risk)

Integrity of research and reporting
Ethical standards

Manuscripts submitted for publication must contain a statement to the effect that all
human studies have been approved by the appropriate ethics committee and have
therefore been performed in accordance with the ethical standards laid down in the 1964
Declaration of Helsinki. It should also be stated clearly in the text that all persons gave
their informed consent prior to their inclusion in the study. Details that might disclose
the identity of the subjects under study should be omitted.

The editors reserve the right to reject manuscripts that do not comply with the above-
mentioned requirements. The author will be held responsible for false statements or
failure to fulfill the above-mentioned requirements.

Conflict of interest

Authors must indicate whether or not they have a financial relationship with the
organization that sponsored the research. This note should be added in a separate section
before the reference list.

If no conflict exists, authors should state: The authors declare that they have no conflict
of interest.

Does Springer provide English language support?
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Manuscripts that are accepted for publication will be checked by our copyeditors for
spelling and formal style. This may not be sufficient if English is not your native
language and substantial editing would be required. In that case, you may want to have
your manuscript edited by a native speaker prior to submission. A clear and concise
language will help editors and reviewers concentrate on the scientific content of your
paper and thus smooth the peer review process.

The following editing service provides language editing for scientific articles in:
Medicine, biomedical and life sciences, chemistry, physics, engineering,
business/economics, and humanities

o Edanz Editing Global

Use of an editing service is neither a requirement nor a guarantee of acceptance for
publication.

Please contact the editing service directly to make arrangements for editing and
payment.

After acceptance

Upon acceptance of your article you will receive a link to the special Author Query
Application at Springer’s web page where you can sign the Copyright Transfer
Statement online and indicate whether you wish to order OpenChoice, offprints, or
printing of figures in color.

Once the Author Query Application has been completed, your article will be processed
and you will receive the proofs.

Open Choice

In addition to the normal publication process (whereby an article is submitted to the
journal and access to that article is granted to customers who have purchased a
subscription), Springer provides an alternative publishing option: Springer Open
Choice. A Springer Open Choice article receives all the benefits of a regular
subscription-based article, but in addition is made available publicly through Springer’s
online platform SpringerLink.

e Springer Open Choice

Copyright transfer

Authors will be asked to transfer copyright of the article to the Publisher (or grant the
Publisher exclusive publication and dissemination rights). This will ensure the widest
possible protection and dissemination of information under copyright laws.

Open Choice articles do not require transfer of copyright as the copyright remains with
the author. In opting for open access, the author(s) agree to publish the article under the
Creative Commons Attribution License.

Offprints

Offprints can be ordered by the corresponding author.
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Color illustrations

Online publication of color illustrations is free of charge. For color in the print version,
authors will be expected to make a contribution towards the extra costs.

Proof reading

The purpose of the proof is to check for typesetting or conversion errors and the
completeness and accuracy of the text, tables and figures. Substantial changes in
content, e.g., new results, corrected values, title and authorship, are not allowed without
the approval of the Editor.

After online publication, further changes can only be made in the form of an Erratum,
which will be hyperlinked to the article.

Online First
The article will be published online after receipt of the corrected proofs. This is the

official first publication citable with the DOI. After release of the printed version, the
paper can also be cited by issue and page numbers.
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Instructions for Authors

General requirements

All submitted manuscripts should contain original research not previously published
and not under consideration for publication elsewhere. Papers may come from any
country but must be written in English. All submissions must be accompanied

by abstracts of the authors' manuscripts on related subjects that are in press or under
editorial review. Electronic reprints of related published papers by the authors or
manuscripts in press also may be helpful to the reviewers.

Manuscripts may be submitted for consideration as regular papers or reports. The
journal also publishesminireviews, which are by invitation only.

Authors are urged to keep the length of regular papers to six pages or

fewer. Reports (formerly known as Accelerated publications) can be no longer than
30,000 characters, including spaces, 2 figures and/or tables, and references. For every
figure or table over two, an additional 2,000 characters must be removed from the
text. References may include titles.

As a condition of publication, all authors must transfer copyright to the American
Society for Biochemistry and Molecular Biology Inc. Manuscripts submitted under
multiple authorship are reviewed on the assumption that all listed authors concur in
the submission and that the final version has been seen and approved by all authors.

There is a per-page charge for all published manuscripts. It is $80 per page for the
first nine pages and $160 starting with the 10th page. All page and color fees must be
paid by the authors. ASBMB will consider requests for waiver of publication charges if
research funds are not available for publication costs. Waiver requests must be made
prior to the time the paper is accepted for publication and the request must be co-
signed by an institutional official certifying that the authors do not have research funds
available for publication costs.

How to submit
Authors are required to submit manuscripts electronically at http:/submit.jbc.org/. All

manuscripts must be submitted in PDF format.
Initial manuscript submission

1. Prepare the text in Microsoft Word 6.0 (Word 2001 for Mac) or a later version.

Format the manuscript similar to a published paper. If your manuscript is accepted, a
PDF version of it is published as one of the JBC Papers in Press, and the formatting will
yield a more attractive, readable publication. The document should have the
approximate appearance and layout shown (below):
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The pH Dependence of Hairpin Ribozyme Catalysis Reflects lonization of an Active Site Adenine®
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title: Carr

pandence of functional and microscopic pK, values in a ribozyme
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Keywords: RNA catalysis; ribozyme; fluorescence

Background: The hairpin ribozyme is a prototype
of RMA enzymes that mediate catalysis without
divalent cation cofactors.

Results: Self-cleavage activity decreases as the
fraction of the protonated form of an active site
adenosine increascs.

Conclusion: The neutral, unprotonated form of
adenosine interacis with the nucleophilic- or
leaving-group oxygen to facilitate catalysis.
Significance: Learning how RNA functional
groups participate in catalysis is crucial for
understanding RNA-mediated processes in biology.

SUMMARY

Und ding how self-cleaving ribozymes
mediate catalysis is crucial in light of compelling
evidence that human and bacterial gene
expression can be regulated through RNA self-
cleavage. The hairpin - ribozyme catalyzes
reversible phosphodiester bond cleavage through
a mechanism that does not reavire divalent

Microscopic and apparent pK, values were
virtually the same, evidence that A3S
protonation  accounts for the decrease in
catalytic activity with decreasing pH. These
results implicate the newtral, unprotonated
form of A38 in a transition state that involves
formation of the 5'-oxygen-phosphorus bond.

Hairpin ribozymes (Hp Res) belong to one of
several families of small self-cleaving RNAs that
serve as useful models of RNA catalysis because
they are relatively simple and amenable 1o
chemogenetic analyses (1). The Hp Rz remains
functional in the absence of divalent metals,
relying exclusively on nucleotide functional
groups for catalytic chemistry (2-5). High
resolution structures of the Hp Rz bound o
transition state mimics show wo active site
purines, G8 and A38, positioned in a similar
manner to the two histidines in RNase A that
mediate general acid base catalysis of the same
reactinn (A.R1 (Fie 1AV leading tn the aranncal

The text should be single-spaced with one-inch margins on the left and right sides.
Once the text of the manuscript is completed in Word, convert the “Capsule/Abstract”
through “Discussion” sections from a single-column format to double column format.
Select those sections, click on “Format,” and then “Columns” from the drop-down
menu. Select two columns and equal column width, and then change the spacing to
0.25 inches. Title and running title sections, as well as references, footnotes, figure
legends and tables, should remain in single-column format.

Use 11-point Times New Roman font, and select size and bolding to mimic the
appearance shown above for the title section.

Do not imbed graphics in the Word document, but add them at the end of the PDF as
described below.

2. Prepare figures at publication-quality resolution, using only applications capable of
generating high-resolution TIFF or EPS files. Number each figure. For important
requirements for the preparation of figures, go tohttp:/art.cadmus.com/da/jbc/index.jsp. An
application called Rapid Inspector allows authors to check their figure files against JBC

standards for format, resolution, color space and other figure requirements. Click here to
download Rapid Inspector

3. Using Adobe Acrobat (see http://adobe.com/products/main.html for information), save your
manuscript text and figures in a single file in PDF format with the figures at the end.
The file name should be one word with no spaces and have a .pdf extension (e.g.
manuscript.pdf ). Authors are responsible for assuring the accuracy and quality of the
PDF. Please consult your Adobe Acrobat manual for instructions regarding PDF file
creation.
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4. Print the PDF file and carefully review text and figures. It is the author's
responsibility to make sure that the manuscript is suitable for review. Manuscripts that
do not have figures of sufficient quality for scientific review will be returned to authors.
Check the PDF file size. Most files should be around 1 MB but not larger than 10 MB. If
the file is larger than 10 MB, you may adjust the settings of Adobe Acrobat to create a
smaller size file. We will not process your submission if your PDF is larger than 10 MB.
If you need help, please contact us at jbc@asbmb.org

5. Submit your manuscript at http:/submit.jbc.org. You will need:

Contact information for the submitting author

Information about the authors and the manuscript

A cover letter with information for the Editor and Associate Editors

Single PDF file of your manuscript under 10 MB in size. This file should contain text and
figures but NOT SUPPLEMENTAL DATA.

Back to the top

Revised manuscript submission

Revised manuscripts are prepared as described above and submitted

via http://submit.jbc.org/. Responses to raised concerns should be transmitted in the cover

letter and not in the PDF file of the manuscript.
Report submission (formerly known as Accelerated publication)

Reports are concise but complete papers that present information on topics of
exceptional novelty, significance and broad interest to readers of the JBC. To undergo
expedited review and be featured as a report, the quality of an article must fall within
the top 5 percent of all articles published in the journal. Reports are not simply short
versions of regular papers, and the existence of competing manuscripts under
concurrent review is not sufficient to merit report status. Articles that do not meet the
criteria as a report may be returned to authors without a full review. Reports must be
five pages or fewer, including all figures, references and tables. (A standard five-page
paper contains 30,000 characters, including spaces, plus two tables or figures.)

Final submission of an accepted manuscript

If your manuscript is accepted for publication by JBC, the final PDF version will be
published as one of the JBC Papers in Press within 24 hours of acceptance.

You are then required to send the final version as source files, including a Word file for
text and graphic TIFF and EPS files for the figures, to Cadmus Professional
Communications via its FTP site. Instructions will follow acceptance of the manuscript.
Those files must be the same files from which the final PDF was prepared; otherwise,
they will be rejected, delaying publication.

Source files for supplemental data are not needed at the time of acceptance. We will
use the files included with your submission.

Organization of the manuscript

1. Formatted for standard 8.5-by-11-inch paper

2. Single spacing throughout

3. Two-column page format, including “Capsule/Abstract” through “Discussion”
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sections. Title section as well as references, footnotes, figure legends and tables at the
end of the manuscript are in single-column format. Click here to see an example.

4. One-inch left and right margins and 0.25-inch spacing between columns
5. Text typed in 11-point Times New Roman
6. Manuscript is to be arranged in the following order:

(a) title, author(s), complete name(s) of institution(s) and running title
(b) capsule/abstract

(c) introduction

(d) experimental procedures

(e) results

(f) discussion

(g) references

(h) footnotes

(i) figure legends

(j) tables

(k) figures

(1) supplemental data (If applicable, submit file(s) in the Supplemental Data section of the submission
site.)

7. Number all pages, including those with figures. Note: Any paper submitted without
page numbers will be deleted, and you will be asked to resubmit with pages numbers.

Text

Title section

It is important that the major findings of your study are intelligible to all JBC readers,
including those who are not specialists in the field. The title should be as short and
informative as possible (not to exceed two lines). If acronyms or abbreviations are
used, the name/term should be first indicated in full followed by the short
form/acronym (e.g., Visualization of Polarized Membrane Type 1 Matrix Metalloproteinase (MTI-
MMP) Activity in Live Cells by Fluorescence Resonance Energy Transfer (FRET) Imaging.) A full
name is not required for the most common biochemical abbreviations (e.g. ATP). Please

review your title and abstract carefully to make sure they convey your essential points
succinctly and clearly.

Authors

Contains names of all authors and their complete mailing addresses and identifies who
will receive correspondence regarding the

a) name
b) telephone and fax numbers
¢) e-mail address

JBC authors whose names are normally represented by non-Latin characters can now
incorporate those characters into the author area of the article. Only characters that
can be encoded in Unicode such as Chinese, Japanese, Korean, Cyrillic and Arabic are
acceptable. These characters can only be used for author names, not author affiliations
or titles.

The non-Latin characters can be added into the manuscript PDF at submission. After
acceptance, the non-Latin characters should be included in the source file (Word
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document). Non-Latin characters should be enclosed in parenthesis after the
transliterated version (.

Running title
Will be at the top of each page and cannot exceed 60 characters and spaces
Capsule

Each paper published in the Journal of Biological Chemistry includes a brief summary
known as a “Capsule.” A “Capsule” reports the core findings of a paper in a way that
makes clear to all JBC readers how those findings significantly advance the
understanding of a biological process.

How to write the Capsule
The “Capsule” is highly visible component of a JBC publication so it should be crafted with great care
and precision. Using language with which all readers are familiar will make the findings accessible to a
broad scientific community and to the general public. The Capsule and the abstract have quite different
purposes and audiences, so the Capsule is not simply a truncated version of the abstract.
A Capsule should have 60 words or less and four parts that communicate the following to readers of all
levels of interest and expertise:
1. Background: A complete sentence that explains the impetus and context of the work.

Results: A complete sentence that summarizes the major findings.

Conclusion: A complete sentence that summarizes the interpretation of the findings.

Significance: A complete sentence about the paper's impact on the field and its long-term
implications.

Ealb i

After the Capsule is written, it may be helpful to do the following:

° Spell out acronyms that would not be understood by all JBC readers.

° Honestly answer this question: “Will readers walk away from what you’ve written with a clear
understanding of what you’ve found and its significance?” If your answer is “no” or “maybe,” it’s
probably best to begin again.

° Ask a nonspecialist to read your draft “Capsule” to make sure that it is clear and communicates
the essence of your paper to a general reader.

Example of a Capsule

° Background: Metabolite binding to riboswitch RNAs regulates expression of metabolic genes.

° Result: Inhibitory and activating ligands interact with the same riboswitch.

° Conclusion: Riboswitches integrate information about the overall metabolic state of the cell.

° Significance: This might be the first sign of a complex RNA-metabolite interactome.
Summary

° Should succinctly and clearly describe the major findings reported in the manuscript

° Must not exceed 250 words
Introduction

° Presents the purpose of the studies reported and their relationship to earlier work in the field

° Should not be an extensive review of the literature nor, in general, exceed one typed page

Experimental procedures
Brief but sufficiently complete to permit a qualified reader to repeat the experiments reported
Only truly new procedures should be described in detail
Cite previously published procedures in references
Modifications of previously published procedures not given in detail except when necessary to
repeat the work
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Results

° Presented in figures and tables

° Some results not requiring documentation given solely in the text
Discussion

° Concise (usually less than two typed pages)

° Focused on the interpretation of the results rather than a repetition of the “Results” section

Back to the top

References

° Cited in text by number and not by author, title, and/or date

° Titles should be included in references

° Numbered consecutively in the order of appearance

° References for journals and books should be in the following styles:

1. MacDonald, G.M., Steenhuis, J.J., and Barry, B.A. (1995) A difference Fourier transform infrared
spectroscopic study of chlorophyll oxidation in hydroxylamine-treated photosystem II. J. Biol.

Chem. 270, 8420—8428

2. Sambrook, J., Fritsch, E.F., and Maniatis, T. (1989) Molecular Cloning: A Laboratory Manual, 2nd
Ed., Cold Spring Harbor Laboratory, Cold Spring Harbor, NY

3. References appearing as e-pubs should be in the following style: Aphasizheva, 1., Aphasizheva, R., and
Simpson, L. (April 1, 2004) RNA editing terminal uridylyl transferase 1: identification of functional
domains by mutational analysis. J. Biol. Chem. 10.1074/jbc.M401234200

4. Farrell, C. (1992) The Role of SecB during Protein Export in Escherichia coli. Ph.D. thesis, The Johns
Hopkins University

Journal names are abbreviated according to Chemical Abstracts (http://www.cas.org/).

Authors are responsible for the accuracy of the references.

Miscellaneous

° Footnotes are used to cite manuscripts in preparation, unpublished observations and personal
communications. Authors are responsible for obtaining written approval for all personal
communications and sending a copy of the manuscript to those cited. The Editor may request proof
of such approval.

° Abbreviations used in the text must be defined in a single footnote immediately after the first
abbreviation is cited. The abbreviations of some important biochemical compounds, e.g. ATP,
NADH, DNA, and amino acids in proteins, need not be defined. A complete list is available on
the abbreviations page. Names of enzymes are usually not abbreviated except in terms of the
substrates for which there are accepted abbreviations, e.g. ATPase and RNase.

° The trivial and systematic names of enzymes should be those recommended by the
Nomenclature Committee of the International Union of Biochemistry and Molecular Biology
(IUBMB) in “Enzyme Nomenclature, Recommendations, 1992 (1992, Academic Press).

Notes added in proof to a manuscript only with the consent of the Associate Editor.

Errors in a published paper will be corrected in the journal in “Additions and Corrections.”

Back to the top

Tables and figures

The number of tables and figures used to present data essential to illustrate or prove a
point should be kept to a minimum. Very complex or large tables should be submitted
as figures or as supplemental data. (For example, amino acid or nucleic acid sequences
with alignments — see below).

Tables should have titles and sufficient experimental detail in a legend immediately
following the title to be understandable without reference to the text. Each column in a
table must have a heading, and abbreviations, when necessary, should be defined in
the legend.

Figures should have titles and legends containing sufficient detail to make the figure
easily understood. Legends should be organized consecutively in a separate section of
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the manuscript. Authors are responsible for providing digital art that has been properly
sized and cropped. Appropriately sized numbers, letters, and symbols should be used
so they are no smaller than 2 mm after reduction to a single column width (21 picas,
8.9 cm, 3.5 inches), a 1.5-column width (30 picas, 12.7 cm, 5 inches), or a full two-
column width (43 picas, 18.2 cm, 7.2 inches). Superscript and subscript characters are
not excluded from this rule. Numbers, letters and symbols used in multipaneled
figures must be consistent. The abscissa and ordinate should be clearly labeled with
appropriately sized type, and units of measurement must be given. Failure to comply
with these specifications will require new figures and delay publication. Scales for plotting the
data should be marked by short index lines, but every index line need not be
numbered. Use standard symbols found in Microsoft Word with symbols and curves
identified in the legend and not on the figure. Indicate the figure number on each
figure.

All figures should be created with applications that are capable of preparing high-
resolution TIFF or EPS files acceptable for publication. Although you will initially submit
figures with the text in a single PDF file, we will require submission of figures as
separate TIFF or EPS files at publication-quality resolution for online publication if your
paper is accepted. For important information on the preparation of figures in TIFF or
EPS, go tohttp://art.cadmus.com/da/jbc/index.jsp. The list of acceptable graphic Mac OS and
Microsoft Windows applications may be found at http://art.cadmus.com/da/jbc/applications.jsp.
These applications can be used to successfully create high-quality TIFF and EPS files,
and you will find instructions on how to save them properly. Because more applications
are added as testing continues, please review this list periodically. It is the author's
responsibility to verify the quality of the graphics in the PDF that has been prepared
and that compression of the files for submission does not distort the images.

While image manipulation is often desirable for clarity and/or brevity of presentation,
manipulation for deceptive purposes either to unfairly enhance or eliminate or
otherwise obscure data is misconduct and will be resolved according to JBC policy.

For graphic material, we have adopted a policy taken from The Journal of Cell Biology.

“No specific feature within an image may be enhanced, obscured, moved, removed, or introduced. The
groupings of images from different parts of the same gel, or from different gels, fields or exposures must
be made explicit by the arrangement of the figure (e.g. using dividing lines) and in the text of the figure
legend. Adjustments of brightness, contrast, or color balance are acceptable if and as long as they do not
obscure or eliminate any information present in the original. Nonlinear adjustments (e.g. changes to
gamma settings) must be disclosed in the figure legend.”

Please be aware of several key issues when preparing graphics for

publication:

1.The JBC is now in an RGB (Red, Green, Blue) workflow for color figures.Prior to June 1, 2005,
authors were required to submit figures in CMYK (Cyan, Magenta, Yellow, blacK) color mode, as
this is the native color mode for the printing process and thus optimizes color for press. Today, all
color figures should be submitted in RGB format to retain the brilliant reds, greens and blues for
online publication. To learn more, please see http://art.cadmus.com/da/jbc/index.jsp.

2.Images supplied in EPS format should have all fonts converted to outlines/paths.If fonts are not
converted to paths or outlines, there is a possibility of character substitutions or that your graphic
may have to be converted to a bitmap, which can affect online image quality.
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The following screenshot demonstrates how to convert fonts to outlines/paths in
Adobe Illustrator:

3. Excessive file compression for submission can distort images, so PDFs should be carefully
checked.

4. Images containing both grayscale and bitmap areas must be supplied at a minimum resolution of
600 dpi. If possible, it is best to prepare such images as vector files for the line art areas, with
embedded TIFF images for the grayscale portions.

5. We cannot accept figure files in certain applications, such as Microsoft Office (PowerPoint,
Word, Excel, Access), Corel Perfect Office (WordPerfect, Quattro Pro, Presentations), and Lotus
SmartSuite (Freelance Graphics, 1-2-3, Approach, and WordPro). They are not intended for high-
resolution imaging necessary for publication. For example, problems with PowerPoint that affect
both the visual quality and accuracy of print reproduction include:

Poor color reproduction: PowerPoint files are intended for screen display (RGB color model). Colors
that are represented in a PowerPoint presentation may not be possible to reproduce on printing.

Lack of resolution control: PowerPoint is intended for screen displays rather than print production, so it
does not offer full control over resolution. Lettering and other figure parts may appear jagged.

Poor font management: If a computer does not have a font in a PowerPoint presentation created on
another computer, it will substitute the font (usually with nonsense) without warning.

To learn how to convert PowerPoint images to an acceptable format for publication,
please seehttps://rapidsubmission.cadmus.com/jbc/JBC%20PowerPoint%20Update.pdf

Below are examples of a good-quality figure and a poor-quality figure. The good-
quality figure has all the wording on the figure in proportion, whereas the poor-quality
figure has a wide variety of lettering sizes.

After a manuscript is judged acceptable for publication by JBC, the figure TIFF and EPS
files as well as the Word text file will be submitted online at a FTP site maintained by
Cadmus Professional Communications. Specific instructions will follow acceptance of
the manuscript.

There will be a no charge for publication of halftone figures. We encourage authors to
use color figures when they will enhance the presentation of the data. The cost is $150
for each illustration containing color. (Note: When using the electronic submission
system, any figure submitted in color will be reviewed and processed with the
understanding that the figure will be published in color.)

If you require further information, please contact jbc@asbmb.org
Back to the top
Supplemental data

Manuscripts must be complete, stand-alone, and NOT dependent on supplemental
data. The JBC Online does, however, allow authors to include supplemental (or
supporting) data. This includes data that would be important and useful to specialists
as exemplified by chemical structures, spectra, and kinetic plots that are not critical to
the manuscript. Links to author or third-party sites for such information are not
allowed because they lack permanence, though links to “official” databases like
GenBank are encouraged.
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We encourage authors to include such things as videos, long lists of primers, 3-D
structures/images (though it is now possible to include 3-D PDFs in the manuscript),
sequence alignments, and data sets that are very large, such as those obtained with
microarray hybridization experiments or mass spectrometry studies.

Supplemental data will be reviewed as a part of the normal manuscript review process
and will be judged by the same rigorous criteria to be important but not essential to
the stand-alone manuscript. Only data that are deemed appropriate for the online
journal and substantially contribute to the manuscript will be accepted. Supplemental
data submitted during review will require that the paper be reviewed again thus
extending the review process. Supplemental data submitted after the paper has been
accepted will not be published.

Supplemental Data should NOT contain preliminary data that simply extends the scope
of the study, unnecessary “control” data, or data that are thought to be not rigorous
enough for the main text. Some novel methodology may be presented in detail in the
Supplemental Data, but it should not be viewed as a “depository” for most methods;
the main text should contain sufficient methodology for an experienced investigator to
replicate the experiments. Authors should carefully review the Supplementary Data for
factual, grammatical, and typographical issues since this material will not be
professionally copyedited but permanently posted “as is.”

All compatible data files MUST BE combined into a single PDF for submission. Movies
and large Excel files should be submitted in their native formats.

3-D images embedded in PDFs are accepted as part of manuscripts. Please alert the JBC
office by email at the time of submission (this option will be offered to you) if you plan
on submitting a 3-D image so that the files can be handled properly. If the file size is
too large for the system due to a 3-D image, ASBMB staff will allow the file through.
For more information on how to create 3-D files for submission, see this tutorial or read

the how-to transcript.
Source files for supplemental data are NOT needed at the time of acceptance. We will

use the files included in your submission. Supplemental files cannot be added after

acceptance.
Back to the top

Publication charges

Page charges: $80 per journal page for the first nine pages; $160 per page starting with the 10th page
Color figures: We encourage authors to use color figures when they will enhance the presentation of the
data. The cost is $100 for each illustration containing color. (Note: When using the electronic submission
system, any figure submitted in color will be reviewed and processed with the understanding that the
figure will be published in color.)

Discounts on Publication Fees: Regular ASBMB members who publish as the corresponding author in
JBC will receive discounts of $10 per page and $50 per color figures, saving an average of $240 per
publication.

Reprints: Pricing is based upon the quantity ordered.

Halftones: No charge.

NIH-funded articles: Automatically deposited in PubMed Central. More info on JBC and PubMed.
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All page and color fees must be paid by the authors. ASBMB will consider requests for
waiver of publication charges if research funds are not available for publication costs.
Waiver requests must be made prior to the time the paper is accepted for publication
and the request must be co-signed by an institutional official certifying that the
authors do not have research funds available for publication costs.

Author Choice option: $1,500 for ASBMB members; $2,000 for nonmembers. (Join ASBMB
now here.)
Note: If the author choice option is selected after publication, an additional $250 fee

applies.
Back to the top

Chemical and mathematical usage

Numerical data should be reported with the number of significant digits that
corresponds to the magnitude of experimental uncertainty. Table | lists the
abbreviations for units of measurement and certain physical and chemical quantities
used by the JBC without definition. Also listed are the prefixes that can be added to
names of units and the multipliers indicated by each prefix.

Chemical equations, structural formulas and mathematical equations should be
placed between successive lines of text. In general, the rules and recommendations of
the IUBMB and the International Union of Pure and Applied Chemistry (IUPAC) will be
used for abbreviation of chemical names, nomenclature of chemical compounds,
enzyme nomenclature, isotopic compounds, optically active isomers, and
spectroscopic data. We recommend the use of the classification, nomenclature, and
structural representation of lipids used by the LIPID MAPS Initiative (see Fahy et al. J. Lipid
Res. 2005 46: 839-862). You can download lipid structures directly from the LIPID
MAPS Structure Database (http://www.lipidmaps.org). This database draws structures de
novo, allowing you to insert them into your documents. Table 1I lists references to
publications of the rules and recommendations of the International Scientific Unions
that may be consulted for detailed information.

Enzyme activity data

Papers reporting kinetic and thermodynamic data concerning enzymes and other
catalytic proteins and nucleic acids should include the identity of the enzymes,
additional biological information (e.g. species and tissue normally found in, post-
translational modification), preparation and criteria of purity, assay conditions,
methodology, activity, and any other information relevant to judging the
reproducibility of the results. See the Beilstein Institut/STRENDA (standards for
reporting enzymology data) commission Web site (http://www.strenda.org/documents.html)

for more details and suggestions.

Enzyme activity (steady-state) generally should be reported in terms of V... (nmol or
pmol product formed per amount ((protein)) per time) or, when possible,

as ke (Ve divided by molar enzyme concentration), in min™ or s’'. K,, units are given in
molarity.
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Any other units of activity (absorbance, % change) should be converted to units of
molarity to express ke Or Vi Values of ke (Viw) and K, should be estimated using
nonlinear fitting (and the software system cited).

Parameters should include estimates of error (e.g. SE). The use of linear transformation
for Michaelis—-Menten parameters is recognized to be inaccurate and use of an
alternate method should be justified (e.g., graphical presentation of inhibition).

A lack of activity should be defined in terms of a limit of detection. In a series of
comparisons to a basal or “control” level of activity (e.g., set as unity or “100%"), this
activity should be indicated, in the units mentioned above, along with estimates of
error.

The inclusion of examples of some of the raw data is encouraged, at least as part of a
Supplemental Data section. Please refer to the STRENDA Web site regarding enzyme

inhibition (http://www.strenda.org/documents.html). Kivalues are preferred to ICs,.
Back to the top
Protein and nucleic acid sequences

Newly reported nucleotide or protein sequences must be deposited in GenBank or
EMBL databases, and an accession number must be obtained before the paper is
accepted by the Associate Editor. Access to the information in the database must be
available at the time of publication.

Authors are responsible for arranging release of data at the time of publication. The authors also must
provide a statement in the manuscript that this sequence has been scanned against the database and all
sequences with significant relatedness to the new sequence identified (and their accession numbers
included).

Authors of accepted papers containing nucleotide sequences must submit the
sequence data, preferably in computer-readable form or by e-mail, and a copy of the
paper to one of the following:

GenBank Submissions

National Center for Biotechnology Information
8600 Rockville Pike, Building 38A

Room 8N-805

Bethesda, MD 20894

Phone: 301-496-2475

http://www.ncbi.nlm.nih.gov/Genbank/index.html

Or

EMBL Nucleotide Sequence Submissions
European Bioinformatics Institute

Hinxton Hall

Hinxton, Cambridge CB10 1SD, UK

Phone: 44-1223-494401

Fax: 44-1223-494472

E-mail: support@ebi.ac.uk

http://www.ebi.ac.uk
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Or

DNA Data Bank of Japan

Center for Information Biology
National Institute of Genetics
Mishima, Shizuoka, 411, Japan
Phone: 81-559-81-6853

Fax: 81-559-81-6849
http://www.ddbj.nig.ac.jp

A footnote will be included in the paper indicating that such a deposit has been made.
Submission to any data bank is sufficient to ensure entry in all. When nucleotide
probes are used, the ends of the probes should be explicitly identified by reference to
published nucleotide number or restriction maps, or, if unpublished, the information
should be included in the “Experimental Procedures” section.

Back to the top
Genomic and proteomic studies
Authors of papers that include genomic, proteomic or other high-throughput data are
required to submit their data to the NCBI gene expression and hybridization array data
repository (GEO, http://www.ncbi.nlm.nih.gov/geo/) and to provide the GEO accession
number. The data must be submitted and an accession number obtained before the
Associate Editor accepts the paper. Release of the information in the database must be
available at the time of acceptance, because they are published immediately as Papers
in Press. Access to the information in the database must be available at the time of
publication.
GEO has a Web-based submission route, suitable for a small number of samples, or a
batch submission tool (called SOFT). GEO is accessible
from http://www.ncbi.nlm.nih.gov/geo/.

Submission frequently asked questions are

at http://www.ncbi.nlm.nih.gov/geo/info/general faqg.cgi.

Submitted data is encouraged to follow the MIAME checklist. For more information,
seehttp://www.mged.org/Workgroups/MIAME/miame.html.
Proteomic Data

The JBC requires that authors of manuscripts

1. Document in the methods section the mass spectrometers and experimental
protocols used for peptide/protein analysis, as well as the programs used and the size
and version details of the sequences databases used for matching peak lists to protein
or peptide sequences. This should include details of the mass tolerances allowed in the
matching process and explicitly provide thresholds and values specific to judging the
certainty of each identification. The authors should explain any statistical analysis
applied to validate the results and provide a determination of false-positive detection
rates for large-scale experiments.

2. Justify any conclusions citing quantitative proteomic results with how the biological
reliability of measurements was validated using biological replicates, statistical
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methods and independent experiments, and provide proper estimates of uncertainty
and the methods used for the error analysis.

3. Provide as supplemental data: tables of accession numbers, score(s) and any
associated statistical information obtained from searches conducted. This should
include sequence coverage and the total number of nonredundant peptides assigned
to the protein.

4. Provide as supplemental data: annotated mass spectra when post-translational
modifications are claimed or single-peptide identifications are critical for the
conclusions of the manuscript.

The JBC considers the recommendations

( http://mcponline.org/site/misc/ParisReport_Final.xhtml ) and checklist
(http://www.mcponline.org/site/misc/CheckList.pdf ) of Molecular & Cellular Proteomics a
helpful guide for authors of manuscripts containing proteomic data.

The JBC encourages submission of MS/MS spectral data by the authors to group Web
sites and/or public repositories for access by both reviewers and readers.

Back to the top
Structural studies
For papers describing structures of biological macromolecules, the atomic coordinates
and the related experimental data (structure factor amplitudes/intensities and/or NMR
restraints and chemical shifts) must be deposited at a member site of the Worldwide
Protein Data Bank (wwpdb.org; info@wwpdb.org), RCSB PDB (rcsb.org), PDBe (pdbe.org)
PDBj (www.pdbj.org) or BMRB (www.bmrb.wisc.edu).

The PDB ID assigned after deposition should be included in the manuscript. Authors
must also submit the PDB Validation Report (provided after annotation by the wwPDB)
to JBC for review.

PDB data must be released before final acceptance of the manuscript. No data is to be
withdrawn from PDB once a paper has been accepted and published as a Papers in
Press article. As of December 2006, PDB no longer accepts coordinates for model
structures determined by computational methods. The coordinates must be included
as a supplement to the online paper and formatted just as if it were a PDB submission.

Click here for additional guidelines

Back to the top
Database accession hyperlinks for JBC Online

The electronic version of the journal employs direct hyperlink access to entries in
databases like GenBank. Authors must provide accession numbers to databases for all
newly described molecular structures reported in their manuscripts.
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In addition, authors are strongly encouraged to include accession numbers for any
database information that would aid a reader in understanding the paper, regardless of
who deposited the database information.

For database hyperlinks to be generated, the citation must appear as a footnote and be
written as follows:

GenBank = GenBank Accession Number XYYYYY

Molecular Modeling Database = MMDB # XYYY

NCBI Protein Database = NCB Accession # XXXXX

Swiss Protein Database = Swiss-Prot # XXXX

Enzyme Collection Number = xx.yy.zz.bb

6. Research Collaboratory for Structural Bioinformatics Protein Databank = PDB # XXXX

The molecule or structure for an accession number can be identified through the NCBI

W=

Entrez utility athttp://www.ncbi.nlm.nih.gov/Entrez/.

The following shows how references to databases should be written in a footnote:

The nucleotide sequence for the artificial sperm whale myoglobin gene has been
deposited in the GenBank database under GenBankAccession Number (Reference). The
amino acid sequence of this protein can be accessed through NCBI Protein Database
under NCBI Accession # 2311060 (Reference). The atomic coordinates for the crystal
structure of this protein are available in the Molecular Modeling Database

(http://www.ncbi.nlm.nih.gov/sites/entrez?db=structure) under MMDB # 5MBN(Reference).
Back to the top

Authors may include their e-mail addresses and homepage URLs. However, authors
cannot cite in the manuscript that additional data not presented in the manuscript are
available on the Web. Homepage URLs will not be hyperlinked.
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