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RESUMO

Durante as ultimas décadas a incidéncia de obesidade e diabetes tipo 2
vem aumentando assustadoramente, principalmente, em criangas. Recentes
estudos sugerem que a hiperglicemia cronica, situagdo comum em diabéticos
sem controle sobre a glicemia, altera mecanismos intracelulares, incluindo
aumento na via dos polidis, ativacdo da proteina quinase C, aumento da via
das hexosaminas e aumento na formagdo de produtos finais da glicagao
avangada (AGEs). Complicagdes vasculares como a nefropatia e a neuropatia
sdo comumente encontradas em pacientes diabéticos, assim como falha na
funcdo cardiaca e hepatica. Os AGEs est&o relacionados com o aumento de:
estresse oxidativo, dano ao ADN, citocinas pro-inflamatérias e resisténcia a
insulina. Nos ultimos anos muitas drogas tém sido testadas para prevencéo ou
diminui¢cao dos efeitos das glicotoxinas, principalmente no diabetes, entretanto
poucas obtiveram sucesso. Na presente tese, demonstramos que as
glicotoxinas enddgenas e exogenas afetam o metabolismo de alguns
aminoacidos e o metabolismo energético do sistema nervoso central de
maneira a prejudicar sua homeostase. Podemos concluir, também, que os Q3-
PUFAs demonstraram melhorar o estado redox no figado e no rim de ratos
diabéticos alimentados com uma dieta hiperlipidica aquecida. Estes resultados
podem sugerir que os acidos graxos poli-insaturados Omega 3 (Q3-PUFAS)
possam ser adjuvante no tratamento de algumas doencas como diabetes
mellitus e resisténcia a insulina.
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ABSTRACT

During the last decades the incidence of obesity and type 2 diabetes has
increased alarmingly, especially in children. Some studies suggest that chronic
hyperglycemia, a situation common in diabetics with no control over blood
glucose levels, alters intracellular mechanisms, including increased polyol
pathway, activation of protein kinase C, increased of Hexosamines pathway
and increased formation of advanced glycation end products (AGEs). Vascular
complications such as nephropathy and neuropathy are commonly found in
diabetic patients, as well as cardiac and liver failure. AGEs are related to the
increase: oxidative stress, DNA damage, proinflammatory cytokines and insulin
resistance. In recent years several drugs have been tested for preventing or
mitigating the effects of glycotoxins, especially in diabetes, but few have
succeeded. In this thesis, we demonstrate that endogenous and exogenous
glycotoxins affect metabolism of some amino acids and energy metabolism of
the central nervous system in a manner detrimental homeostasis. We can also
conclude that Q3-PUFAs shown to improve the redox state in liver and kidney
of diabetic rats fed a heated fat diet. These results may suggest that
polyunsaturated fatty acids Omega 3 (Q3-PUFAs) can be used as adjuvant in
the treatment of some diseases such as diabetes mellitus and insulin
resistance.
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1. Introducao

1.1. Resisténcia a Insulina

A resisténcia a insulina é definida como uma resposta inadequada dos
tecidos em que a insulina atua. Tecidos como o0 musculo esquelético, figado e
tecido adiposo, podem ter os efeitos fisiolégicos da insulina circulante
prejudicados. As principais caracteristicas da resisténcia a insulina nesses
tecidos sédo a diminuicdo da captagdo de glicose estimulada pela insulina no
musculo esquelético, prejuizo na inibig&do, por efeitos da insulina, de produgao
de glicose no figado e diminuigdo na habilidade da insulina de inibir a lipdlise
no tecido adiposo (Schenk et al., 2009).

O processo pelo qual se desenvolve a resisténcia a insulina € complexo
e ainda ndo esta totalmente estabelecido. A obesidade e dietas ricas em
gordura podem ativar vias intracelulares como a IKK/NF-kB e a via da JNK em
adipdcitos, hepatocitos e outros tipos celulares. Ligantes de TNF-a e IL-1,
receptores Toll ou de AGEs, quando acionados aumentam a formacao de
espécies reativas de oxigénio, ativagdo de diversas vias da proteina cinase C
(PKC), estresse de reticulo endoplasmatico e via das ceramidas. Esse
processo resulta em ativagao da IkB cinase (IKKB) e consequente ativagéo do
fator nuclear kB (NF-kB), que aumenta a expressdo de diversos marcadores
inflamatorios que resultam na resisténcia a insulina. A obesidade também
promove a ativagao da via da JNK, que promove a fosforilagdo do receptor de
insulina em serina, que regula negativamente sua atuacado (Shoelson et al.,
2006).

Estudos em humanos obesos e resistentes a insulina mostram
claramente a relacdo entre ativagdo crbnica de vias de sinalizagao

inflamatdrias e decréscimo da sensibilidade a insulina. Por exemplo, elevados
1



niveis de Fator de necrose tumoral — alfa (TNF-a), Interleucina 6 (IL-6) e
Interleucina 8 (IL-8) foram encontrados em pacientes diabéticos e com

resisténcia a insulina (Roytblat et al., 2000; Sartipy e Loskutoff, 2003).

A resisténcia a insulina aumenta a produgédo hepatica de glicose que
determina uma maior producdo de insulina pelas células B-das ilhotas de
Langerhans, num primeiro momento ha hipertrofia e hiperplasia das células (3.
Com o aumento da lipotoxicidade, glicotoxicidade e do estresse oxidativo nas

células 3 ha uma morte acentuada das mesmas (Unger e Orci, 2000).

A resisténcia a insulina, associada ao diabetes mellitus, parece ser
geneticamente determinada, mas sua ocorréncia € claramente afetada por
fatores ambientais e processos secundarios a diabetes mellitus. A
resisténcia a insulina € um dos primeiros fatores etiolégicos na patogénese
da doenga micro vascular na diabetes mellitus e sua implicagcdo em

complicagbes macro vasculares posteriores.
1.2. Diabetes Mellitus

O diabetes mellitus (DM) corresponde a um grupo de alteragdes
metabdlicas caracterizadas principalmente pela hiperglicemia, resultado de

defeitos na agcéo ou secregao de insulina, ou em ambos.

O Diabetes Mellitus do tipo | (DM1), também conhecido como Insulino-
dependente, inclui todas as formas que sao causadas por destruicdo primaria
auto-imune das células 3 do pancreas ou algum outro tipo de defeito primario
da funcao deste tipo celular, que leve a uma secrecao de insulina insuficiente
para os tecidos periféricos alvo. As primeiras alteragées dessa patologia séo a
cetoacidose (concentragdo aumentada de corpos cetdnicos) e a glicemia

elevada, com valores acima de 125 mg/dL em jejum (ADA, 2009). Varios
2



sintomas podem estar associados como a sede, poliuria, polidipsia e perda de

peso (Alberti et al., 1998).

Ja o Diabetes Mellitus do tipo Il (DM2), chamado de diabetes n&o
insulino-dependente, é resultante da resisténcia dos tecidos periféricos alvo a
acao da insulina, combinada a uma secrec¢ao inadequada de tal hormoénio.
Essa resisténcia geralmente esta associada com a obesidade, como
demonstrado em um estudo envolvendo adultos com média de idade de 62.5
anos, com DMZ2, no qual foi relatado que 68% dos pacientes tinham
sobrepeso, e 32% obesidade. Esses valores também estavam associados a
niveis inadequados de pressdo arterial, perfil lipidico e controle glicémico

(Daousi et al., 2005).

.Em 2008, segundo a Organizagdo Mundial de Saude (OMS) estima-se
que cerca de 250 milhdes de pessoas sejam diabéticas, o que significa 7,9%
da populagdo adulta. Segundo proje¢cdes da OMS, a populagdo de individuos
diabéticos a nivel mundial vai aumentar até 2025 em mais de 50%,
representando cerca de 380 milhdes de pessoas. Pacientes com diabetes tipo
| ou Il ttm uma propensao de cerca de 40% para complicagbes diabéticas
microvasculares, mesmo tendo um controle de glicemia aceitavel (UK
prospective diabetes study group, 1998; Narayan et al., 2003). A maior causa
de mortalidade em pessoas com diabetes mellitus tipo Il sdo as doencas
cardiovasculares (Kannel e McGee, 1979).

No Brasil, entre 1999 e 2001, foram gastos com internagbes de
individuos com DM cerca de 243,9 milhdes de reais. Existe a especulacéo de
que se as medidas minimas de prevencdo e controle da doenca fossem

aplicadas corretamente, poderia haver uma reducdo de 50% nesse valor



(Gellar and Nansei, 2009) de quinze a vinte e quatro anos de idade (Artal et
al., 2010). Com os altos indices dessa doenga por todo o pais, € natural
que haja um grande custo na manutengdo da melhor qualidade de vida

possivel desses pacientes.

A morbidade causada pelo DM é tradicionalmente classificada em
doengas micro e macrovasculares (Huebschmann et al., 2006). Embora as
complicagdes macrovasculares tenham recebido maior atengdo, as
complicagbes microvasculares s&o caracteristicas no diabetes e a
hiperglicemia contribui para o seu desenvolvimento. Varios mecanismos
relativos a hiperglicemia cronica s&o, hipoteticamente, intermediarios de
complicagdes micro e macrovasculares, que incluem a via do poliol, mediada
pela aldolase redutase, a via das hexosaminas, a ativacédo da proteina cinase
C, a geracéao de estresse oxidativo, ativagdo da poli (ADP ribose) polimerase
(PARP) e o acumulo de produtos avancados de glicagao (Brownlee, 2001;

Beckman et al., 2002).

As complicagbes crénicas do DM compreendem a nefropatia, com
possivel evolucdo para faléncia renal, retinopatia, com possibilidade de
cegueira, cardiopatia, com possibilidade de falha cardiaca, neuropatia, com
possibilidade de neurodegeneragdo e artropatias, com risco de ulceras nos
pés, amputacdes, entre outras. Pessoas com diabetes apresentam elevado
risco de doencga vascular aterosclerética, como doengas coronarianas, arterial

periférica e vascular cerebral (Beckman et al., 2002).

Grande parte do dano tecidual e morte celular associada com a
hiperglicemia crénica no diabetes s&o mediadas por radicais livres. Na

hiperglicemia de pacientes diabéticos, o estresse oxidativo gerado & devido,



primeiramente, ao excesso de produgdo de radicais livres e, em segundo
lugar, ao aumento da oxidagdo de substratos (agucares, gorduras nao
saturadas, proteinas glicadas), aumento da auto-oxidagdo da glicose e a um

decréscimo de antioxidantes (Brownlee, 2004).

A ligacdo entre estresse oxidativo e os Produtos Avangados de
Glicagdo (do inglés Advanced Glycation End Products — AGEs) pode, em
parte, ser explicada pela relagdo entre hiperglicemia e disfungdo endotelial e
dano tecidual. Estudos demonstraram que a interacdo entre AGEs e seu
receptor (RAGE) induz a ativagao de estresse oxidativo, estimula a produgéo e

liberacao de citocinas, amplificando seu dano tecidual (Wautier et al., 1994).
1.3. Produtos Avancgados de Glicagao (AGEs)

Os Produtos Avangados de Glicaggdo (AGEs) sao um grupo
heterogéneo de moléculas, produzidas por glicagdo e oxidagdo ndo enzimatica
in vivo. A glicagdo € a principal causa espontédnea de dano a proteinas
celulares e extracelulares em sistemas fisiolégicos, acometendo cerca de 0,1
a 0,2 % de residuos de arginina e de lisina (Thornalley, 1999a; Thornalley et

al., 2003).

Na figura 1, podemos ver a glicagéo protéica (conhecida como Reagéo
de Maillard) ocorrendo entre agucares redutores e grupos amino livres das
proteinas, via adigdo nucleofilica, formando bases de Schiff. Essas bases sao
rearranjadas para uma forma mais estavel e essencialmente irreversivel,
chamada de produtos de Amadori. Durante esta reorganizagdo, grupos
intermediarios carbonila sdo acumulados. Estes compostos sao conhecidos
como a-dicarbonilas ou oxoaldeidos, incluindo a 3-deoxiglicosona e o
metilglioxal (Baynes e Thorpe, 1999). As a-dicarbonilas tém a habilidade de

5



reagir com grupos amino, sulfidrila e guanidina em proteinas (Lo et al., 1994;

Frye et al., 1998). As a-dicarbonilas podem também reagir com grupos lisina e

arginina de proteinas, formando compostos estaveis como os aductos N-&-

(carboximetil) lisina (Basta et al., 2008).
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Figura 1. Etapas da Reacao de Maillard.

Devido a heterogeneidade de estruturas de AGEs, pode ocorrer
formagdo de ligagdes cruzadas. As proteinas afetadas por este processo
geralmente sao estaveis e de longa vida como o colageno. A formacao de

ligacdes cruzadas induzida por ligagdo de AGEs aumenta a rigidez da matriz



protéica, impedindo seu funcionamento, bem como aumenta a resisténcia a
remogao por processos proteoliticos, afetando o processo de reposicao
tecidual. Esses processos permitem o avancgar do envelhecimento e aceleram

o diabetes (Paul e Bailey, 1999).

Atualmente, sao conhecidos diferentes tipos de AGEs, sendo
classificados de acordo com a sua origem. Takeuchi et al., (2004),
reconheceram seis classes distintas de AGEs: os derivados de glicose (AGE-
1), os derivados de outros carboidratos, como os de gliceraldeido (AGE-2), os
de alfa-dicarbonila, como os glicoaldeidos (AGE-3), metilglioxal (AGE-4),

glioxal (AGE-5), 3-deoxiglicosona (AGE-6).

Glioxal, metilglioxal e 3-deoxiglicosona sdo formados na glicagdo de
proteinas por glicose, entretanto, glioxal € também formado na peroxidagéo de
lipidios, metilglioxal pela fragmentagédo de trioses fosfato e pelo catabolismo
da acetona e de treonina, e a 3-deoxiglicosona a partir de glicose-3-fosfato.
Em alguns casos, a glicagdo esta envolvida ndo somente com a glicose, mas
também com compostos formados pela glicagdo por outros compostos ja
formados por glicoxidagdo. A partir da glicose, a via n&o oxidativa pode gerar
pirralina; na via oxidativa pode gerar pentosidina e N-6-carboximetilisina

(Niwa, 1999).

Os AGEs sao importantes na etiopatogenia do diabetes tipo Il porque
modificam proteinas intracelulares, de matriz celular e proteinas circulantes
(Brownlee, 2004). Os AGEs sao os principais responsaveis pela retinopatia,
nefropatia e neuropatia diabética, ja que se formam intracelularmente e

extracelularmente (Ahmed, 2005), sdo provenientes de alimentos (Vlassara e



Uribarri, 2004), cigarro (Cerami et al, 1997) e sao prejudiciais

independentemente da hiperglicemia.

Estes produtos de glicagdo sdo formados em excesso, principalmente
durante o envelhecimento e o diabetes mellitus (DM).No caso do DM, uma das
consequéncias prejudiciais da hiperglicemia crénica e do constante estresse
oxidativo, causados por um controle glicémico inadequado, € a formagao
acelerada dos AGEs in vivo, via reagcédo de Maillard (Lapolla et al., 2005). Esta
hiperglicemia cronica pode resultar em um significante acumulo de AGEs em
certas proteinas de vida longa como as do cristalino. O cristalino esta sujeito a
uma progressiva modificagdo por AGEs, ocorrendo um escurecimento
lenticular e acumulo de ligagdes cruzadas (Monnier et al., 1981). O resultado
dessa opacificacdo € a formacdo de cataratas, processo associado com

diabetes e envelhecimento.

Os AGEs acumulam-se em proteinas da matriz extracelular, como no
processo fisiolégico de envelhecimento (Frye et al., 1998); entretanto, isso
ocorre mais rapidamente em individuos com diabetes mellitus do que em
individuos ndo diabéticos (Schleicher et al., 1997). Também foi demonstrado
que ha uma grande correlagdo entre a importancia dos depdsitos de AGEs e a

severidade das complica¢des diabéticas (Brownlee et al., 2001).

Como ja foi citado anteriormente, a formacdo e o acumulo de AGEs s&o
caracteristicas em tecidos de individuos mais idosos (envelhecimento) e em
pacientes com diabetes mellitus, sendo que esses produtos estdo implicados
com a patogénese das complicagbes micro e macrovasculares no diabetes
(Brownlee, 2001). A disfungdo microvascular, incluindo o espessamento da

membrana basal, aumento da permeabilidade vascular estado pré-trombético,



e reducédo de fluxo sanguineo, € uma caracteristica onipresente na doencga

microvascular da retina, rins e nervos periféricos (Singh et al., 2001).

O aumento de AGEs séricos esta associado com o aumento da doencga
arterial coronariana em individuos com diabetes tipo Il (Kilhovd et al., 1999).
Os AGEs podem estar relacionados com a aterosclerose de varias maneiras,
incluindo aumento da disfungao endotelial, aumento de LDL vascular, aumento
da desestabilizacdo de placas ateroscleréticas, proliferagdo neointima
(membrana interna) (Zhou et al., 2003) e inibicdo da recuperagdo vascular
apos injuria.

A inflamagdo e disfungdo endotelial fornecem condi¢cées favoraveis
para a progressao gradual de ateroma em individuos diabéticos (Basta et al.,
2004b). Os mecanismos ateroscleroticos mediados por AGEs incluem a 6xido
nitrico sintase induzivel (INOS) (Bucala et al., 1993), resisténcia a regeneragao
vascular do colageno em crosslinks, redugdo da remocédo do LDL e pela
reducdo do reconhecimento do receptor de LDL pelo LDL modificado por

AGEs (Bucala et al. 1994; Brownlee et al., 1991).

Os AGEs tém sido identificados também, a partir de fontes exdgenas
como tabaco e em certos alimentos, principalmente aqueles que sofrem
aquecimento. (O’brien e Morrissey, 1989). Estes AGEs exdgenos sdo os
principais causadores destes efeitos deletérios ao organismo, podendo ser

mais deletérios do que os AGEs enddgenos (Huebschmann et al., 2006).
1.3.1. Fontes endégenas

Pessoas diabéticas tém niveis mais elevados de AGEs do que as nao
diabéticas porque tanto a hiperglicemia como o estresse oxidativo contribuem

para esse acumulo. Estudos mostram niveis de AGEs 20 a 30% mais
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elevados em pessoas com diabetes sem complicagdes e niveis de 40 a 100%
mais altos em pessoas com diabetes tipo Il com complicagdes por doencga

arterial coronariana ou microalbuminuria (Sharp et al., 2003).

Individuos com doenga renal em estagio final apresentam aumento
significativo de AGEs circulantes comparados com individuos saudaveis (cinco
a dez vezes) (Raj et al., 2000). O transplante renal normalizou os niveis de
AGEs em individuos com doenga renal terminal (Makita et al., 1991). A
literatura indica que o turnover de AGEs é dinamico e que os AGEs
endogenos sao determinados pela produgdo de AGEs através da

hiperglicemia cronica e estresse oxidativo.
1.3.2. Fontes exdégenas

A formagéo de AGEs geralmente é enddgena, porém, estes podem ser
derivados de fontes exdgenas como tabaco e alimentos (Vlassara et al., 2002;

Cerami et al., 1997).

Os AGEs derivados da dieta sdo similares aos AGEs endogenos no
que diz respeito a suas propriedades pré-oxidantes e inflamatoérias (Cai et
al.,2002; Vlassara e Uribarri, 2004). Aminolipidios provenientes de dietas
hiperlipidicas (4-hidroxinonenal, N-carboximetilisina (CML) e seus analogos)
sdo também alvos de peroxidagéo (Bucala et al., 1993; Fu et al., 1996). Assim,
a ingestao de produtos de glicagéo e lipoxidagdo pode acelerar a geragao de
radicais livres induzindo ao estresse oxidativo via carbonilagdo (Miyata et al.,
2003). A auto-oxidacdo da glicose também é acompanhada pela geragao de
espécies ativas de oxigénio, tal como o radical superéxido (Wolff e Dean,

1987).
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Em humanos, diabéticos ou ndo, uma unica refeicdo com alto teor de
AGEs leva a uma aumento significativo de AGEs séricos, comparado a uma
refeicdo com baixo nivel de AGEs. Cerca de 10% dos AGEs s&o absorvidos, e
2/3 do total absorvido € retido (Koschinsky et al., 1997). O epitélio intestinal
absorve derivados primarios (Produtos de Amadori), assim como AGEs
intermediarios e tardios (Finot, 2005). Mono, di ou tripeptideos modificados por
AGEs podem ser prontamente transportados através da parede intestinal
levando consigo um ou mais produtos de glicagdo. A presencga, na maioria dos
alimentos, de dois produtos derivados da formacdo dos AGEs (Metilglioxal e
N-Carboximetilisina) permitiu estudos que confirmam seu papel toxico em
sistemas de multiplas finalidades (Cai et al., 2002; Lin et al., 2002; Peppa et al

2003a; Vlassara e Uribarri, 2004).

Goldberg et al., 2004, em seu trabalho quantificaram para fins
comparativos o conteudo de 250 alimentos comumente utilizados pelos
humanos, alguns deles estdo listados na Tabela 1. A coccdo a altas
temperaturas (exemplo: assado, grelhado, fritura e cozimento) aumenta
significativamente os indices dos produtos finais de glicagdo avangada
(Goldberg et al., 2004), enquanto o cozimento dos alimentos a temperaturas
mais baixas, por menor tempo e com maior conteudo de agua (fervura ou
vapor) permitem um menor aumento destes produtos. (Goldberg et al., 2004;

Uribarri et al., 2005).

Tabela 1. Conteudo de AGEs em alimentos preparados por métodos de
cozimento padrao. (* AGEs foram quantificados através de um anticorpo para

N-Carboximetilisina). Adaptado de Goldberg et al., 2004.
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Alimentos AGE* (kU/g ou /ml de alimento)

Gorduras
Améndoas, assadas 66,5 kU/g
Oleo de Oliva 120 kU/ml
Manteiga 265 kU/g
Maionese 94 kU/g

Proteinas
Peito de frango, grelhado x 15 min 58 kU/g
Peito de frango, frito x 15 min 61 kU/g
Carne, fervida x 60 min 22 kU/g
Carne, grelhada x 15 min 60 kU/g
Atum, assado 6 kU/g
Atum, grelhado 51 kU/g
Queijo americano 87 kU/g
Queijo 56 kU/g
Ovo frito 27 kU/g
Gema de ovo fervida 12 kU/g
Tofu cru 8 kU/g
Tofu grelhado 41 kU/g

Carboidratos

Pao integral de trigo 0.54 kU/g
Panqueca caseira 10 kU/g
Leite de vaca integral 0.05 kU/mL
Leite humano integral 0.05 kU/mL
Emfamil (féormula infantil) 4.86 kU/mL
Maca 0.13 kU/g
Banana 0.01 kU/g
Cenouras 0.1 kU/g
Feijoes verdes 0.18 kU/g

1.4. Receptores para Produtos Avangados de Glicagao

A importdncia em compreender a relagdo dos AGEs com seus
receptores esta no fato de que estes desempenham papéis negativos e
positivos nas ag¢des e destinos dos AGEs (Huebschmann et al., 2006). No seu
papel positivo, alguns receptores normalmente ajudam na retirada dos AGEs
da circulacdo e podem auxiliar a atenuar os efeitos pré-oxidantes dos AGEs.

Em contrapartida, o receptor para AGE (RAGE) e outros receptores parecem
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ativar uma resposta estressante, desecandeando inflamacdo e disfungao

celular.

As principais moléculas AGE-ligantes descritas incluem o complexo
AGE-receptor especifico, composto por R1, R2 e R3 (Li et al., 1996), receptor
para AGE (RAGE) e receptores como o CD-36 (Ohgami et al., 2002) e SCR-II

(Araki et al., 1995).

Entre os receptores de AGEs que aumentam sua remogao (pretensa
acao benéfica), incluem-se AGE-R1 e lisozima (Li et al., 1996; Lu et al., 2004).
O AGE-R1 é ativo em ligacdo e degradagdo de AGE-ligante especifico. A
baixa expressao de AGE-R1 em rins de camundongos diabéticos ndo obesos
€ associada a altos niveis de AGEs nos tecidos e com doenga renal. Da
mesma forma, células mononucleares circulatorias humanas de individuos
diabéticos com complicagdes diabéticas severas apresentaram baixa
expressdo de AGE-R1 e alto nivel de AGEs séricos (He et al., 2001). AGE-R1
pode exercer uma acgao protetora contra a ativacdo celular promovida por

AGEs e RAGE.

RAGE é um membro multiligante da superfamilia das imunoglobulinas
de superficie celular, que foi primeiramente descrito como um receptor para
aductos modificados por glicosilagdo ndo enzimatica entre proteinas e lipidios,
que ocorre principalmente no diabetes mellitus (Neeper et al., 1992). RAGE é
expresso em uma grande quantidade de tecidos, mas principalmente no
coracgao, pulmdes e musculo esquelético. Este receptor € uma proteina de
aproximadamente 45 kDa, originalmente isolada do endotélio pulmonar bovino
(Schmidt et al., 1992). Este receptor consiste de 403 aminoacidos em

humanos, ratos e camundongos. A regido extracelular deste receptor consiste
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em um dominio imunoglobulina tipo V, seguido por dois dominios
imunoglobulina tipo C, estabilizadas por duas pontes dissulfeto entre residuos

de cisteina (Dattilo et al., 2007).

A via de sinalizacdo do RAGE pode ser inicializada por diversos
ligantes, como AGEs, proteinas S100, anfoterina, proteina beta amildide, entre
outros (Schmidt et al., 2001; Chavaskis et al., 2003). O sistema de receptores
AGEs podem ser regulados por fatores relacionados ao diabetes mellitus,
assim como glicose, insulina, AGEs e espécies ativas de oxigénio

(Shanmugam et al., 2003; Muller et al., 2004).
1.5. Glioxal e Metilglioxal

O glioxal e o metilglioxal s&do espécies reativas de carbonilas
com potente acdo de glicagdo. Eles sdo formados pela degradacéo de
proteinas glicadas, intermediarios glicoliticos e peroxidagao lipidica e
reagem com proteinas para formar os AGEs (Thornalley et al., 2005).

Os efeitos toxicos do glioxal e do metilglioxal sdo fatores que podem
contribuir para a etiopatogenia da doenga cardiovascular, do diabetes
mellitus, da doenga de Parkinson e da doenca de Alzheimer (O’brien et al.,
2005; Shangary et al., 2003). As concentragdes de glioxal e metilglioxal
estdo aumentadas em pacientes com diabetes mellitus e uremia. Estas
dicarbonilas sdo em torno de 2000 vezes mais reativas que a glicose em
reacdes de glicagado (Zeng et al, 2006).

O (glioxal &€ um dialdeido altamente reativo que se origina
endogenamente da autoxidagdo da glicose e ascorbato, da oxidagdo do
DNA e da peroxidagdo lipidica (Shangari et al., 2003, Wells-Knecht et al.,

1995). A peroxidagao lipidica é conhecida por ser uma cadeia de reagdes
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iniciada por lipideos oxidados por radicais livres (Halliwell et al., 2000). Na
presenca de ERO os lipidios reagem com o oxigénio para produzir radicais
alquila e peroxila que se propagam por uma cadeia de radicais livres e
formam hidroperoxidos como produtos primarios (Droge et al., 2002). Os
radicais alcoxil e peroxil podem causar danos as membranas protéicas das
células levando a modificagdo da estrutura e diminuicdo da fluidez da
membrana celular resultando na alteracdo das suas propriedades
fisiologicas. A destruicdo da membrana celular causa a perda da fun¢do das
organelas podendo levar a morte celular (Droge et al., 2002). A peroxidagao
lipidica resulta em uma mistura complexa de hidroperdxidos e produtos
secundarios de oxidagao, incluindo peréxidos ciclicos.

O metilglioxal é formado a partir do gliceraldeido-3-P e da
dihidroxiacetona-P, do catabolismo da glicina e treonina e do metabolismo
da acetona (Kalapos et al., 1999). No jejum 37% do acetoacetato &
transformado em acetona, na cetoacidose diabética esta porcentagem atinge
50% (Owen et al., 1982; Reichard et al., 1986). Tanto o metilglioxal quanto o
glioxal s&o agentes alcoilantes bifuncionais que reagem n&o
enzimaticamente com grupos amino e sulfidril de biomoléculas, formando
AGEs (Thornalley et al., 2001). Produtos de ligagdo cruzadas séo formadas
quando os propagadores (compostos como o glioxal, metilglioxal e 3-
deoxiglicosona provenientes da degradagao dos AGEs) reagem com a lisina;
enquanto derivados do imidazol sdo formados com residuos da arginina
(Westwood et al., 1997). Glioxais reagem também com os grupos amino de
DNA/RNA e lipidios (Roberts et al., 2003).

O acumulo do glioxal, metilglioxal e de outros a-oxaldeidos nas

células levam a modificagdo do DNA, dando espago a mutagénese e
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apoptose e a modificagdo de proteinas podendo levar a degradagao de
proteinas, inibicdo de enzimas e, ainda, respostas imunes mediadas por
citocinas. O acumulo celular de a-oxaldeidos é esperado em contribuir para
a toxicidade associada com a oxidagao do GSH, na toxicidade quimica, e em
patologias crbénicas, como a diabetes mellitus, onde a formagao do glioxal e
do metilglioxal esta aumentada. Sendo assim, o0 aumento da glicagao por a-
oxaldeidos é vista como uma consequéncia do estresse oxidativo. (Abordo
et al, 1999).

O glioxal e o metilglioxal constituem uma parte significante dos
compostos carbonilas liberados pelos veiculos automotores (Grosjean,

1984).
1.6. Sistema Glioxalase

O glioxal e o metilglioxal sdo detoxicificados endogenamente pelo
sistema da glioxalase, que é presente no citosol de todas as células de
mamiferos (Abordo et al., 1999). O sistema das redutases & menos
importante na detoxificagdo dos glioxais, este sistema inclui a aldeido
redutase e a carbonil redutase. O sistema da glioxalase converte o glioxal a
glicolato e o metilglioxal a D-lactato na presenca de glutationa (GSH). Este
sistema € dependente de duas enzimas (a glioxalase | e glioxalase Il) e
ainda da glutationa (Shangari et al., 2004). Os efeitos citotdxicos do glioxal e
do metilglioxal nas células e tecidos ocorrem na maioria das vezes através
da indugéo de espécies ativas de oxigénio (EAO) (Di Loreto et al., 2004) Sob
condigbes de estresse oxidativo, como na situagdo de hiperglicemia, onde

citocinas estdo sendo liberadas, os niveis de GSH diminuem e isto prejudica

16



a detoxificagdo do glioxal e metilglioxal através do sistema da glioxalase

(Shangari et al., 2005).
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Figura 2. Sistema das Glioxalases.
1.7. Metabolismo do Sistema Nervoso Central

O diabetes mellitus (DM) € uma doenga complexa, envolvendo
multiplos o6rgdos, que estdo implicados em uma grande variedade de
comunicagdo cruzada. Além do pancreas endocrino, muitos orgaos
desempenham um papel no metabolismo da glicose e na desregulagao
metabdlica, incluindo o figado, musculos, tecido adiposo, intestino e rim.
Inimeros artigos tém sido publicados descrevendo os respectivos papéis dos
orgaos mais importantes na fisiopatologia da DM tipo Il (De Fronzo, 2009) e as
complicagbes associadas com DM que podem ocorrer em diversos O0rgaos
periféricos (Melendez-Ramirez, 2010). No entanto, o cérebro [sistema nervoso
central (SNC)] é muitas vezes esquecido nessa literatura. No entanto, o

cérebro pode ser considerado o maestro da orquestra de todos os 6rgaos
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envolvidos na regulagéo da glicose e do metabolismo energético (Figura 3).
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Figura 3. Regulacao da glicose e do metabolismo energético.

A alta prevaléncia de complicagées no SNC decorrentes do DM é um
problema que esta ganhando mais aceitagéo e atengdo. N&o s6 complicagdes
agudas bem conhecidas (por exemplo, coma, acidente vascular cerebral), mas
também doengas crbénicas (por exemplo, encefalopatias deméncia) foram

recentemente descritas detalhadamente (Sima, 2010; Stiles e Seaquist, 2010).

Evidéncias recentes sugerem alteragbes morfoldgicas, eletrofisioldgicas
e cognitivas associadas a hiperglicemia cronica. Muitas das alteragbes
observadas no SNC de pacientes diabéticos e modelos animais de diabetes
lembram mudangas observadas no envelhecimento normal. Os pontos
centrais em comum entre o diabetes e as mudancas do SNC relacionadas a
idade levaram a teoria do envelhecimento cerebral avangado em pacientes
diabéticos (Wrighten et al., 2009).

O cérebro representa apenas 2% do peso corporal total, mas que
recebe 15% do fluxo total de sangue fornecido pelo sistema cardiovascular,

além disso, consome pelo menos 25% de toda a glicose circulante e 20% do
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oxigénio disponivel no corpo em condigdes de repouso (Magistretti et al.,
1999).

Lactato é conhecido como o produto final da glicélise sob condigdes
anaerobicas (ou condigbes insuficientes de oxigenagéo). Este € o caso dos
musculos que produzem grandes quantidades de lactato a partir da glicose
durante episédios de alta intensidade de atividade fisica. No cérebro, apesar
do fato de que o lactato foi por muito tempo considerado um desperdicio
metabalico e potencialmente um composto téxico, ele é hoje reconhecido nado
s6 como um substrato energético valioso para o0s neurdnios, mas
possivelmente até mesmo como fonte preferencial de energia em certas
circunstancias (Pellerin, 2003; Wyss et al., 2011; Draouli e Fuon, 2011).

O lactato, assim como os corpos cetbnicos sdo membros da familia de
compostos conhecidos como acidos monocarboxilicos. Uma vez que sao
moléculas hidrofilicas, eles ndo podem cruzar membranas celulares por
difusdo simples. Assim, transportadores especificos sdo necessarios para
estes compostos serem transportados por diferentes tipos celulares. Uma
familia de protons ligados a transportadores foi identificada nos ultimos anos e
sdo conhecidos coletivamente como os transportadores de acidos
monocarboxilicos ou MCTs (Pierre e Pellerin, 2005). Os astrocitos expressam
MCT1, mas também exibem MCT4 (Pellerin et al., 2005). Ambos os
transportadores estdo mais provavelmente envolvidos na liberagao de lactato
pelos astrocitos. No entanto, estes dois transportadores diferem em sua
afinidade para o lactato, o MCT1 exibe um menor K, do que o MCT4 para
este substrato (3.5 vs 34.7 mM, respectivamente). Em contraste, na grande
maioria dos neurdnios foi encontrado um transportador alta afinidade o MCT2

(Km = 0,7 mM) (Pierre et al., 2002).
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1.8. Estresse Oxidativo

Como revisado extensamente por Droge (2002), durante o processo de
producao de ATP pela cadeia respiratoria, ocorrido na matriz mitocondrial, o
oxigénio tem a funcdo de receber elétrons para formar agua e dar
prosseguimento ao processo de fosforilagdo oxidativa. No entanto, durante
esse processo, pode ocorrer a formagdo de Espécies Ativas de Oxigénio
(EAQO). Entre eles, o mais comumente encontrado é o Radical Superoxido (O2
). Essas moléculas possuem um elétron desemparelhado na sua ultima
camada de valéncia, o que faz com que se tornem altamente reativas, pois
buscam a estabilidade através retirada de um elétron de outras moléculas.
Entretanto esse processo pode causar dano a diversos tecidos e componentes
celulares. Os metabdlitos gerados a partir do O,,como o peroxido de
hidrogénio (H202), n&o sao radicais livres, pois n&o possuem um elétron
desemparelhado, mas séo altamente reativos, sendo entdo conhecidos como
Espécies Ativas de Oxigénio (EAQO). Ainda existem outras fontes de espécies
reativas, ndo necessariamente provenientes do O,, e sdo conhecidas de um
modo geral como Radicais Livres (RL).

Os RL séo produzidos em diversas situagées do nosso metabolismo, e
sdo altamente reativos, podendo proporcionar dano ao acido
desoxirribonucléico (ADN), a proteinas e a lipideos de membranas
plasmaticas (Aladag et al., 2009).

Liu (2008), em sua revisdo, estabelece que as células possuem
meétodos para se defender e conter os maleficios gerados a partir das EAOs.
Entre elas podemos agrupar as defesas enzimaticas das enzimas superéxido
desmutase (SOD), catalase (CAT) e glutationa peroxidase (GPx), e as defesas

nao enzimaticas das vitaminas A, C, E, flavonodides, acido uUrico, entre outros.
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Um organismo encontra-se em uma situagédo de estresse oxidativo quando ha
um desequilibrio entre os sistemas antioxidantes e pro-oxidantes, sendo que
os ultimos estdo de forma aumentada.

A enzima SOD é capaz de converter imediatamente o O2"a H205, que é
detoxificado a agua tanto pela CAT quanto pela GPx na mitocdndria. Outra
enzima importante para a manutengao do estado redox € a glutationa redutase
que regenera glutationa que foi usada como doador de hidrogénio pela GPx
durante a eliminagdo do H»O, (Johansen et al., 2005). Na figura 4 esta

ilustrada cada uma das reacdes enzimaticas.

20, +2 H

H,0, + O,
CAT

2 H,0, 2H,0 + 0,

GPx
2H,0, +2GSH ——— GSSG+ 2H,0

Figura 4. Reagoes promovidas pelas enzimas antioxidantes ( Superéxido
dismutase — SOD; Catalase — CAT e Glutationa peroxidase — GPx).

Na Patologia do diabetes mellitus, o estresse oxidativo participa
ativamente da maioria dos eventos deletérios ao paciente. As EAOs estao
presentes de forma a incentivar a via dos polidis, sdo resultado da producao
intracelular de produtos de glicagdo avangada e frutos da ativagdo da PKC
(Brownlee, 2005).

Como intensamente revisado por Maiese (2007), tanto o processo de
dano celular no DM1, quanto o processo de resisténcia a insulina no DM2,
estdo ligados a presenca de estresse oxidativo celular. Um aumento de EAOs
devido a elevagdes nos niveis da glicose circulante também é uma das causas

que leva a esse quadro de estresse oxidativo. Isso esta associado a uma
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diminuigdo na sensibilidade a insulina e destruicdo das células produtoras de
insulina no pancreas.

Em um trabalho em que sessenta e trés pacientes com diabetes
mellitus do tipo 2 fizeram parte, foram avaliados padrdées de atividade
enzimatica de SOD e GPx, para comparar com um grupo controle de trinta e
sete individuos nao diabéticas. O resultado € que as enzimas antioxidantes se
encontram em maior atividade no grupo diabético, provando assim que esses
pacientes se encontram em um estado de desbalanco redox (Liu et al., 2008).

Ja em um estudo com pacientes com DM1, em que fizeram parte trinta
e cinco criangas, sendo vinte com saude normal e quinze com DM1, foi feito
um perfil do estado redox desses individuos, sendo avaliados parédmetros de
lipoperoxidacdo, oxidagédo de proteinas e defesas antioxidantes enzimaticas e
nao-enzimaticas. A lipoperoxidagdo foi encontrada aumentada no estado
diabético. Todos os parametros de defesas antioxidantes nido-enzimaticas e
enzimaticas foram encontrados diminuidos no grupo diabético (Ramakrishna e
Jailkhani, 2007).

O estresse oxidativo também esta ligado a uma série de doengas que
sdo as principais causas de mortes na atualidade. Entre elas podemos citar as
doengas cardiovasculares, o derrame cerebral, doengas neurodegenerativas

como o Alzheimer e Parkinson, e o cancer (Rahman, 2007).
1.9. Acidos Graxos Poli-insaturados

Os acidos graxos poli-insaturados de cadeia longa (LC-PUFA),
chamados de acido eicosapentaenodico (EPA; 20:5 n-3) e acido
docosaexaenoico (DHA; 22:6 n-3), que sdo abundantemente encontrados em

peixes marinhos, tem ac&o hipolipidémica, reduzem eventos cardiacos e
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regridem a progressdo da aterosclerose (Ruxton et al., 2004). Pesquisas
recentes onde os Q3-PUFAs foram incluidos na dieta de diabéticos
demonstraram grandes efeitos sobre o perfil lipidico e os parametros corporais
dos pacientes (Nettleton e Katz, 2005). Muitos estudos em humanos obesos
observaram que apos a suplementacdo com Q3-PUFAs houve uma grande
reducdo da adiposidade. Ja em pacientes diabéticos com o mesmo tipo de
suplementacdo n&o houve diferenca em relagdo a glicemia. Em roedores
alimentados com uma dieta hiperlipidica os Q3-PUFAs foram eficazes em
prevenir a obesidade e melhoraram a tolerancia a glicose (Neschen et al.,
2007).

Muitos dos efeitos benéficos dos Q3-PUFAs sdo amplamente atribuidos
ao Receptor Ativador da Proliferacdo de Peroxisomos (PPAR) (Sanderson et
al., 2008).

Atualmente, a recomendacdo do comité nutricional da Associacio
Americana do Coragdo (AHA) especifica que pacientes sem doenga
coronariana documentada devem ingerir 6leo de peixe duas vezes por
semana. Ja pacientes com doenga coronariana documentada devem ingerir
cerca de 1g de EPA:DHA diariamente, de preferéncia a partir de 6leo de peixe,
contudo, suplementos podem ser usados, e individuos com hipertrigliceridemia
devem ingerir de 2 a 4g de EPA:DHA diariamente em capsulas (Thorsdottir et
al., 2007).

Neste sentido, embora estudos com a suplementagdo destes acidos
graxos em longo prazo sejam necessarios, os Q3-PUFAs da dieta ou
suplementados devem ser considerados como parte de uma estratégia efetiva

no tratamento de doengas como diabetes, obesidade e sindrome metabdlica.
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2. Objetivos
2.1. Objetivo Geral

Tendo em vista a grande prevaléncia do diabetes mellitus na populagao
mundial que a tornou uma das principais doengas da atualidade, gerando
grande impacto na sociedade, economia e na saude coletiva; da ampla
utilizagcdo de alimentos aquecidos a altas temperaturas pela sociedade; do
facil acesso a alimentos ricos em gorduras; e de poucas estratégias eficazes
no combate desta doenca; o objetivo geral desta tese foi responder a
seguinte questao central: quais sdo os efeitos das glicotoxinas (enddgenas e
exogenas) sobre o metabolismo energético do sistema nervoso central e o
estado redox do sistema periférico de ratos diabéticos e nido diabéticos, e
ainda se podem ser alterados através da dieta com os acidos graxos poli-

insaturados 6mega 37?

Para responder a esta questdo procuramos avaliar os parametros

abaixo que se caracterizaram como nossos objetivos especificos.
2.2, Objetivos especificos

1. Verificar os efeitos in vitro do glioxal e metilglioxal (400 uM) sobre o
metabolismo dos aminoacidos glicina (0,2 mM), leucina (0,2 mM), alanina (0,2
mM), glutamina (2 mM), glutamato (0,2 mM) e glucose (5 mM), lactato (10
mM), acetato (1 mM) em cortex cerebral de ratos de 10 dias de idade pos-

natal e de ratos adultos (3 meses de idade pds-natal).

2. Estudar os efeitos in vivo de uma dieta rica em produtos avancados de
glicagdo e do acréscimo do acido graxo poliinsaturado 6mega 3 nesta dieta

sobre a oxidagdo de glicose, lactato, betahidroxibutirato, captacdo de 2-
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deoxiglicose e transportadores de acido monocarboxilico em hipocampo de

ratos adultos diabéticos e nao diabéticos.

3. Detectar os efeitos in vivo de uma dieta rica em produtos avangados de
glicagdo e do acréscimo do acido graxo poliinsaturado 6mega 3 nesta dieta
sobre o estado redox, conteudo de lipidios e metabolismo do glicogénio em

figado de ratos adultos diabéticos e ndo diabéticos.

4. Determinar os efeitos in vivo de uma dieta rica em produtos avangados de
glicagcdo e do acréscimo do acido graxo poliinsaturado 6mega 3 nesta dieta
sobre o estado redox e os produtos avangados de glicagdo em rim de ratos

adultos diabéticos e ndo-diabéticos.
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3. Resultados

Os resultados desta tese serao apresentados na forma de 2 artigos

publicados e na forma de 2 manuscritos a serem submetidos a publicagao.

3.1. Artigo publicado na revista Brain Research (2009).

Effects of glyoxal or methylglyoxal on the metabolism of amino acids,

lactate, glucose and acetate in the cerebral cortex of young and adult rats.

DOI: 10.1016/j.brainres.2009.12.008
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1, Introduction

Cardiovascular disease isone of the main causes of martality
amangdiabetic patients (Hobbs, 2006). High levels of advanced
glymton end products (AGEs) induce sgnfiant axdative
stress and play an important role in the pathogenesis of
diabetic cardiovascular disease (Brownlee, 2001).

Although it is well known that AGEs are a product of
hyperglycemia, these compounds are ako denved from
speafic diet types. In fact, Hods with high lipid and prowin
contents result in the highest AGE levels. This may be caused
by highlevelks of free radicals released in the course of vanious
lipoxddation reactions, which catalyze the farmation of AGEs
and advanced lipaxidation end products (ALEs) from amine-
containing lipids duning cookingof fats and meats Glycoxida-
tion and lipoxidation are promoted by heat, the absence of
maisture, and the presence of metaks ({Galdberg etal, 2005).

The pathological effects of AGEs are related to their ability
to modify the chemical and biological properties of native
malecules by orming cross-linked species and their ability to
bindto severalcellular receptars (Schmidtetal 1994, Viassara,
2001). Ghxose and other reducing sugars can react with the
amino group of prowins, nucleic acids and ipids, forming a
relatively unstable Schiff base (almidine) thatis soon enolized
to 2 mare stable form in an Amadorirearrangement b createa
keoamine known as an “Amadon compound”. In the subse-
quent second half reaction, the Amadori compound is
subjected to complex reactions such as dehydration, rear-
rangement, and cndensation to produce carbonyl com-
pounds such as glyoxal and methylglyaxal, which are much
mare reactive than the parentsugars (Lapallaet al, 2005). The
main sowrce of methylglyaxal in physiological systems comes
to degradation of tniosephosphates (Lapolla et al, 2005).

Glyaxal and methyl g yoxal appearto playimpoartant rales in
the pathogenesis of angiopathies in disbetes, aging and
neundepenentive procesmses (Coldin et al, 2005 Ramasamy
et al, 05). These aldehydes ax capable of induang cdhular
damage and protein glycation, leadingto the Hmation of AGEs
(Thamalley, 2005), which, in tumn, may alo contdbute to
cytotandcity and lead to proinflammatbry responses. Cdhular
concentration of methylgyoxal and glyoxal is 12 @M and
madian ©xc concentrations are 300 M-1 mM (Dobler et al,
2005). Although the central nervous system is a target of these
compounds (i Loreo et al, 2008), thare are no data in the
lieratue concerning the effects of glyoxal and methylglyoxal
on energetic metabal ism in this tissue. In the presentstudy, the
in vitro effects of glyoxal and methylglyoxal an the metabolism
of the amino adds ghycine, alanine, Jeucine, glutamine and
glutamate, as well as an the metabolism of the energetic fuels
glucaose, lactate and acetate, were evahiated in cortico-cerebral
shices from young(10day-old) and adult (3-month-old) rats.

2, Results

2.1.  Experiments with corticocerebral dices derived from
young rats

Considening the critical role of amino acid axddation in the
energetic homeosta s of the ONS(Schel p and Bunini, 1995), we

first investigated the effects of 400 M glyoxal or methyl
glyoxal on the rates of alanine, leucine and glycine oxidation
to CO; in cartico-cerebral slices derived from young (10-day-
ald) rats (Fig. 1). Glyoxal significanfly increased (around 40%)
the axidation of these three amino acids © C0;. Methyl glyoxal
sgnifiantly increased (around 30%) alanine oxdation © CO,.

Fig. 2depicts the effects of 400 M glyoxalormethyl gyoxal
an the rate of alanine, Jeucine and glyane conversion © hpids
in crtiom-cerebral slices derived from young (10-day-old) rats.
No significant effects were observed With respect to the
incarporation of amino acads into proteins (Fig. 3), 400 M
ghyoxal significantly decreased the synthesis of proteins from
alanine, Jeucine and glycine (around 30%, 25% and 65%,
respectively). However, methylglyoxal did not show signifi-
cant effects (Fig. 3).

22  Bpeoimets with cortico-cerebral shices derived from
adult rats

Taking into account that the deweloping CNS i more
susceptible to pro-cxddative damage, when compared © the
adult one ({Costa et al, 2004), we ako perormed experiments
using cartico-cerebral shices derived from adult (3-month-ald)
rats in order to compare with experiments using young
animals. Fig. 4 shows the effects of 400 M glyoxal ar
methylglyoxal on the rate of glycine metabolism in cartico-
cerebral shices derived from adult rats. Neither glyoxal nar
methylglyoxal affected the conversion of glycine © (D, hipids
or pro®ins Moreover, glyoxal did not affect the oxidation
rates of glumse, lactate or acetate to (D in the cartico-
cerebral shices derived from adult rats (Fig. 5). Due to the
crucial role of ghutamine in the maintenance of the metabalic
and neurotransmission in glhitamatergic newons, we ako
performed 2 comparative study on the effects of 400 M
ghyoxal ar methylglyoxal an therate of gluta mine axadation to
0, in the cartico-cerebral slices derved from both youngand
adult rats (Fig. 6). Both glyoxal and methylglyaxal (at 400 M)

Aminoacids cxicized 1o CO2 in young rals

09 & ool
B3 Ghyoonl
0 - B3 Mettrighyaeal

Fig.1-Effects of glyoxal or me thylgiyoxal on the axidation of
amino acids to CO, in cortico-cerebral slices from young rats.
For incubation detadls, see Experimental procedures. Amino
acid oxidation is expressed as pmal of amino acid oxidized to
COy/'h/mg tissue and represented as mean=: SEM

{n=6 per group). Different Jetters indicate statistical
differences betwe en groups in each amino add oxidation
assay, as evaluated by one-way analysis of variance ollowed
by the Duncanmultiple-range st (assuming p«<0.05).
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Aminca cids converted in lipids in young rats
[ B Covmad
2 Glyooaal
C3 Motrwighpoal

Lewcine

Fig. 2 ~Effects of glyoxal ar methylglyaxal on the conversion
of amino acids to lipids in cartico-cercbral slices from young
rats. For incubation details, see Experimental procedures.
Data are expressed as pmol of amino acid converted into

Hpids/h/mg of tissue and represented as mean = SEM
{n=6 per group). No statistica] differences were found

between groups in each amino add assay of Hpid

incorporation, as evaluated by one-way analysis of
variance followed by the Duncan multiple-range test

(assuming p<0.05).

signi ficantly decreased (20-25%) glutamine axddation to O, in
the cortico-cerebral slices denved from young animals.
However, no such effect was observed in the cartical shices
from adult animals. Neither glyaxal nar methylglyoxal mod-
ified the axidation of ghutamate to CO; in the cortico-cerebral
slices from young and adult animal (Fig. 7).

3. Discussion

The mast important finding of this study was that glyoxal
which has been reparted to contribute to the formation of
advanced glycation end products (AGEs) (Thomalley, 2009,
inaeased the rawe of OO, production from the amino acds
alanine, Jeucine and glycine in cartico-cerebral sices derived
from young rats. Conversely, the incarporation of these amino
adds into proteins was decreased after glyoxal exposure.
Although it has been reparted that glyaxals are able to affect
the energetic metabolism, which can lead to decreased ATP
levels and mitochandrial dysfunction (de Armiba et al, 2007),
there are no dats in the hterature on the effects of glyoxals
(methylglyoxal or glyoxal) on the metabalism of amino adds
in cerebral tissues.

Although the exact intracellular concentration of glyoxals
in neurons is notyet nown, methyl glyoxal concentrations of
up © 300 Mhave been measured in cultured CHO cells, most
of it bound to cysteine residues and glutathione (Chaplen et
al, 1938). In addition, the concentration of these aldehydes
@n increase when the concentrations of their precursars
(tnosephosphates) are elevated, such as in triosephosphate
deficiency, hyperglycemia and impaired glicose utiizmtion
(Ahmed et al, 2003). Therefare, the ghyoxal concentration
(400 oM) used in owr study appears to be relevant from a
physialogical paint of view.

The metbalism of amino acids is extremely impartant ©
the homeostasis of the central nervous system (CNS). In

Amincacids incorporsted in pealsin s young rets
165+ B Commrod
e 3 Ghyosnl

Fig.3 - Effects of g lyoxal ormethyl glyoxal on the incorparation
of aminoacids © proteins in cortico-cerebral sli ces from young
rats. For incubation details, see Experime ntal

proce dures. Data are expessed as pmal of amino add
incorparated into proteins/h/mg of tissue and represented as
mean:SEM (n=6 per group). Difierent Jete = indicate
significant difference s (p < 0.05) by one-way analyssof
variance followed by the Duncan muliple-range w®st.
Different letie rs indicate statistical difie mnces between

groups in each amino acid assmy of protein incarparation, as
evaluat®ed by one-way analysis of variance followed by the

Duncan multiple range st (assuming p<0.05).

addition to their crucdal rales as precursors of neurotrans-
mitters and proweins, all of the amino acids can be oxidized
to CO; and H;O, contributing to the energetic homeostasis of
the ONS (Schelp and Burini, 1995). The increased oxadation of
alanine, glycine and Jeucine observed in the cartico-cembral
shces expased © glyoxal was an unexpected event observed
in our experimental protocol de Armiba et al (2007) showed
that methylghyoxal induced a decrease in mitochondsal
membrane potential and intracellular ATP levels in cultured

Glycine Metabolism in adull rats
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Fig.4 - Effects of glyoxal ormethylgl yoxal on the metabalism
of glydne in cartico-cercbral slices from adultrats. For
incubation details, see Experimental proce dures. Glycine
axidation is expresed as pmol of amino add oxidized ©
COy/h/mg tissue. Glydne conversion © lipids and
incorparation into proteins are e xpressed as pmal of glycine
converted into lipids/h/mg of issue and pmol of amino add
incorparated into proteins/h/mg of issue, respectively. Data
are represented as mean : SEM (n=6 per group). No statistical
differences in oxidation ar incrporation were found
between groups in each glycine asmy, as evaluated by
one-way analysis of variance followed by the Duncan

multiple-rang e test (assuming p«<0.05).
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SH-SYSY newoblasoma cells, supgpesting that the axddative
(mitochondrial) metabolism is decreased afer exposure to
glyoxals However, owr results showed inceased (D pro-
duction from alanine glyane and leucine. This effect might
represent a compensatory response to the inhibition of
glyceraldehyde-3.phosphate dehydrogenase by glyoxals
(Morgan et al, 2003, which is responsble for deceased
oxidation of glhicase, the main substrate for newrans.
Although the rates of alanine, Jeuane and glycine cxddation
to CO; were increa sed in the cartico-cerebral shices from young
amma ks afeer glyoxal exposure, therate of glutamine coadation
was decmased Thelattereffect was observeda fterexposures ©
both glyoxal and methylglyoxal Thisindicates that the effects
of glyaxals an the axidative profile of the amino adds in the
cartico-cerebral shices depend on the speaficamino acid and do
not represent a gmneral phenomenon. Clutamine axd dation is of
particular importance to neurons. In fact, ghutamine can firstbe
generand fom glitamate in astrocytes in a reaction ctalyzed
by the astrocytespecific enzyme, ghtamine synthetase (GS5)
(Martinez Hemandez et al, 1977). Astrocyte derived gluta mine
is used by neurons for the re-synthesis of ghutamate This
glitamate-glutamine pathway constitutes 2 major partion of
the glutamate poal in the brain (Berl et al, 1953). In newrons,
glutamate canbe transported into synaptic vesides butcanalo
be axidized to (D, The lower oxidation rates of glutamine
observed in the cortico-cerebral shices expased © both glyoxals
could be related to either decreased gutamine uptake or
decreased glhitaminase activity. Our results indicate that
ghitamate oxdation to ©O; was not changed by glyoxal or
methylglyoxal exposure in young and adult rats; passidly,
deceased gluta mina se activity reduces glutamine coddation in
young rats It is important © mention that glibmae and
glutamine entrance intothe CNS s insignificant (Yudkoffetal,
200%) and that the endogenous synthessof theseamino acds is
dependent upon pyruvate carbaxylase, an enzyme specifically
found in astrocy®es. Moreover, mare than 1/3ofnitrogeninthe

Substrates oxidized to COZ In young rats
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Lostate
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Fig. 5 -~ Effects of glyoxal on the axidation of glucose, lactawe
and acetate in cartico-cerebral slices from adultrats. For
incubation details, see Experimental procedures. Rates of
oxidation are expressed as pmal of substrate oxidized ©
CO/h/mg tissue and represented as mean : SEM

{n =6 per group). No statistical differences in substae
oxidation were found between groups in each assay, as
evaluated by one-way analysis of variance followed by the
Duncn multiple-range test (assuming p <0.05).

Glutamine oxdized 1o CO2 in young snd adult rals
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Fig.6 -~ Effects of gl yoxal or me thylglyoxal on the axidation of
glutamine © CO; in cortico-cercbral slices from young and
adult rats. For incubation details, see Experimental

proce dures. Glutamine oxidation is expressed as pmal of
glutamine axidized to CO/h/mg tissue and represented as
mean :SEM (n =6 per group). Differentletters indicate
statistical diffe rences between groups for the glutamine
axidation asay in young animals, as evaluated by one-way

analysis of variance followed by the Duncan multiple-range
= (asuming p«<0.05). No diffe rences were found in adult

animals.

ghtamate pool comes from leucine (Yudkoff et al, 1996) and,
therefare, an increment of Jeucine axidation induced by glyoxal
could change the metabalic relationships of the gl mawe-
ghutami ne-Jeucine cycle.

It is impartantto mention that the effects of glyoxaks were
mare pronounced in the cortiomcerebral slices denived from
young rats In contrast, these events were not observed inthe
slices derived from adult animals These resuls sugpest that

the developingbrain is more susceptidle to and less capable of

Gutarmate addiaes to 02 In young and acut rats
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Fig.7 ~Effects of gl yoxal or me thylglyoxal on the axidation of
glutamate to 0D, in cortico-cercbral slices from young and
adult rats. For incubation details, see Experimental
procedures. Glutamate axidation is expressed as pmol of
glutamine axidized to CO»h/mg tissue and represented as
mean :SEM (n =6 per group). No statistical diffe rences were
found in glutamate axidation © CO; between groups in
young and adultrats, as evaluated by one-way analysis of
variance, followed by the Duncan multiple-range st
(assuming p <0.05).
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dealing with glyoxals From a mechanistic paint of view, itis
Inown that glyaxals aninteract with and deplete intracellu-
lar glutathione (Di Lareto et al, 2008). The fict that glyoxals
anly had signifiant effects in the crtico-cerebral shces from
young animals might be related to the bower levek of
glutathione in the cerebral cortex of young animak. In
agreement with this idea, we have previously showed that
weanling pups present low ghitathione levels in the cerebral
corex and that the levels of this important intracellular
antioddantinaease during the early post-natal development
(Stringani et al, 2008). The lower glitathione levels in the
cerebral cortex of young animals might allow for the
ineraction of glyoxals with the sulfhydryl groups of proteins
invalved in energetic metaboliam and antimddant protection
(Morgan etal ,2002). Since glyaneis suppbed by astrocytes ©
neurans in the orm of the dipeptide cyswiny)-glycine, which
contributes to the maintenance of intracellular glitathione
homeostasis (Dringen et al, 1999), the inceased glycine
aadation to OO0; after glyoxal exposure culd akso contribute
© decreased glutathione Jevels in the cartico-cerebral slices of
young rats.In fact, the anly route for glycine catabolism in the
NS invalves the glycine cleavage system, which s specifi-
ally found in astrocytes {Sato et al, 1991; Bommaantiet al,
1935). Therefare, itis possible to conceive that glyaxal caused
an increase in the activity of the ghycine cleavage system.
However,itmaybenoted that energymetbalisms of glucose,
lactate and acetate were preserved.

Altogether, these results indicate that the glyoak
studied here {mainly glyoxal) can alter the energetic
metabolism of amino acids in the rat cerebral corex under
in witro coanditions. Although it i well lnown that glyaxal
and methylglyoxal play important roles in the pathogenesis
of neurodegenerative processes (Ramasamy et al, 2005), the
relationship between the present data with the development
of neuropathalogical conditions represent an unsolved
question. Moreover, it is important to emphasize that only
young anmals were susceptidle © these effects, suggesting
that the immature cerebral coriex is Jess able to deal with
ghyoxaks compared © the mature tissue. Taking into account
that the developing CNS s dependent on amino acids r
neurotransmitters and protein synthesis to a higher extent
than the mature one, additional studies examining the
neurotoxic effects of such aldehydes on the developing

brain appear to be impartant.

4 Experdimental procedures
41. Chonicals

Chlaroform, formic acid and methanal were cbtained from
Merck SA, Paro Alegre, Brazil Hyamine hydroxide was
purchased from ).T. Baker Chemical Company, Phillisburg,
N, USA, and JU-*Clglyane (100 mCimmo]), JU-**CJleucine
323 mCimmal), tjU-*Clalanine (150 mCimmal), oju*qQ
gluose (250350 mCi/mmal), u-*Qlactate (56185 mCV
mmal), and [UMClaceta e (65-60 mCi/mmal) were from Per-
kn-Elmer (Boson, MA, USA). jUu*Clglutamine (250 mCV/
mmal) was fom Amersham Intemational (Buckinghamshire,
ux).

42 Anmmals

Wistar rats (10 days {male or female) or 3 months old {male))
were obtained from our own breeding colony at the Depart-
ment of Bochemistry (Universidade Federal do Ro Grande do
Sul). They were maintained at21-23°C ona 12:12-h hightdark
cycle, with free access to water and commercial laboratary
diet (NUVILAR, Parto Alegre, Brazl).

43  Tisue preparation

Six rats were killed by decapitation in each experiment. The
complete cerebral cartex was dissected, weighed, and cut
into 03-mm shces usng a Mcllwain tissue chopper. The
protocal used in this research Hllowed the guidelines of the
Committee on Care and Use of Experimental Animal
Resources, School of Veterinary Medicine and Animal
Science of the University of S3o Paulo, Brazil, and was
approved by the Ethics Committee {Comité de Eica no Uso
de Animais-UFROS).

44 Incubations

Far the measurement of iipid ar protein synthesis and CO;
production, brain-cartical shces (between 60 and 70 mg)
were incubated in 10 mlL Krebs Ringer bicarbonate (KRb)
buffer pH 7.4, containing either §) 5.0 mM o glucase +0.2 mM
r-alanine 402 pQi -JU-*C] alanine; §i) 50 mM o-glumse
+02 mM r-deucine +0.2 g Qi 1-JU-*'Q Jeucine; (i) 5.0 mM o-
glicose+02 mM glycine +0.2 pQi JU-*C] glycine; {iv) 5.0 mM
o-glicose+02 mM t-deucine+ 02 g 1 {U-*C] leucine; (v)
20 mM ghtamine+ 0.2 pQi t-JU-*Clghutamine; {vi) 100 mM
tlactate+0.2 pCi r-JU-**Cllactate; (vi) 5.0 mM ghlicose
402 pGi o JU-"Clglucose; (Vi) 10 mM acetate+02 pCi
JuiClacetate; () 02 M L-glutamate + 01 pGi L-JU-*C)
glutamate. Before incubation, the reaction medium was
gassed with a 95% 0,S% COO; mixture for 1 min. Flasks
were sealed with rubber aps and parafilm Class center
wells containing a folded 60 mm/4 mm piece of Whatman 3
filter paper were hung from the stoppers Slices were
incubated at 35°C for 1 h in a Dubnoff metabalic shaker (£0
cycles/min) according to the method of Dunlop et al. (1975)
and Ferreira et al. (2007). Glyoxal ar methylglyoxal at final
concentration of 400 @M was added in the incubation media.
Preliminary results india®d that a 1-h pre-incubation
{without radio dabeled substrates) followed by 1-h incubation
with these glyoxak was not different from a single 1.
h incubation in the presence of these glyoxals (data not
shown). Incubations were stopped by adding 0.25 mlL S0%
TCA through the rubber ap. Then 0.20 mL of 1 M sodium
hydroxide was injected into the central wells. The flasks
were shaken for an additional 30 min at 35°C to trap CO,.
Afterwards, the contents of the central well were transferred
to viaks and assayed for CO; radibactivity in a liqud-
santillation counter. The flask contents were hamogenized
and transferred © tubes Afer centrifugation, the precpitate
was washed three times with 10% TCA, and hpids were
extracted with chloroform methanol (2:1). The chlarofarm/
methanol phase was evaparated in viak and radioactivity
was measured The resulting precipita®e was dissalved in
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concentrated formic acid and radioactivity was measured.
This radioactivity represents protein synthesis from amino
aads. All the results were expressed with respect © the
initial specific activity of the incubation medium. The CO;
production rate and the hpid and protein synthess were
constant over 30, 60 and 90 min of incubation.

45. Statistical analyss
Data were analyzed by one-way analysis of variance, fallowed

by the Dunan multiple-range test Differences were consid-
ered significantwhen p<0.05.
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Diabetes mellitus (DM), a state of chronic hyperglycemia, is a common disease
and one of the leading causes of morbidity and mortality in developed
countries. The aim of this study was to evaluate the effect of high fat
thermolyzed diet on monocarboxylate transporters and energetic metabolism in
the hippocampus of diabetic rats and the benefits of the Q3 polyunsaturated
fatty acids. Diabetes was induced by an intraperitoneal (i.p.) injection of alloxan
(150 mg kg™ b.w.). Rats were divided into six groups: (1) the control group (C,
n=10), which received standard laboratory rat chow; (2) the control diabetic
group (D, n=10), which received an injection of alloxan and the same diet as
group 1; (3) the high fat thermolyzed diet group (HFTD, n=10), which received
a diet enriched with fats that had been heated for 60 min at 180 °C to which a
vitamin mixture was added after heating; (4) the high fat thermolyzed diet
diabetic group (D+HFTD, n=10), which received an injection of alloxan and the
same diet as group 3; (5) the high fat thermolyzed diet + Q3 polyunsaturated
fatty acid group (HFTD+Q3), which received a diet enriched with fats that had
been heated for 60 min at 180 °C to which a vitamin mixture and an omega 3
fatty acid supplement was added after heating; and (6) the high thermolyzed
fat diet + Q3-polyunsaturated fatty acid diabetic group (D+HFTD+Q3, n=10),
which received an injection of alloxan and the same diet as group 5. After one
month of diet the rats were sacrificed by decapitation and the hippocampi
quickly removed and processed for further analysis. In the glucose oxidation to
CO; we didn’t observe statistical differences. However, we note that the HFTD
diet and diabetes increases the B-hydroxybutyrate oxidation to CO,, and we
have a decrease in the lactate oxidation only in D+HFTD group. In western
blot, we observed an increase in the MCT1 and MCT2 immunocontent only in

the D+HFTD group. A high fat thermolyzed diet decreased lactate oxidation
34



and increased B-hydroxybutyrate oxidation, MCT1 and 2 immunocontent in
diabetic rats (D+HFTD) in the hippocampus. We note a relationship between
oxidation this substrates and his transporter. The omega 3 was effective in

normalizing the monocarboxylic acids metabolism.

Keywords: Advanced glycation end products; energetic metabolism; diabetes;

monocarboxylate transporter; Q3-polyunsaturated fatty acids; high fat diet.
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Introduction

A major problem in public health today is the increasing incidence of
age-related chronic diseases, most prominently obesity, diabetes, and
cardiovascular and renal disorders. Some nutritional habits can lead to
metabolic alterations that certainly have a critical influence not only on health in
general but more specifically on brain function. This notion is supported by
recent observations implying that the typical diet of Western countries
nowadays, rich in sugar and saturated fat, and the associated metabolic
consequences for the organism may contribute to cognitive decline in ageing
and accelerate the course of dementia in Alzheimer’s disease (Kalmijn, 2000).
Glucose is classically considered the main energy substrate of the brain. In
recent years, however, evidence has been provided for the notion that the
brain can make use of alternative energy substrates under specific
circumstances. For example, fatty acids provided by the diet readily cross the
blood—brain barrier (BBB) and can contribute significantly to fulfil brain energy
needs (Ebert ef al. 2003). In addition to their direct utilization by the brain, fatty
acids are converted in the liver to ketone bodies, i.e. B-hydroxybutyrate and
acetoacetate, which can be also subsequently oxidized by brain cells. Under
normal circumstances, the concentration of ketone bodies in the circulation is
low and their utilization by the adult brain is considered of little physiological
significance. But it can be reactivated during prolonged ketosis, diabetes and
fasting (Cremer, 1982;Hawkins et al. 1986). Ketone bodies may thus become
an important source of energy for the brain, depending of their blood
concentration (Morris, 2005). In addition to its formation from glucose within the
brain parenchyma, notably by astrocytes (Pellerin, 2003), it was shown that

elevation of blood lactate, as occurs during moderate exercise, is not only
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sufficient to promote its use by the brain (Dalsgaard et al. 2004) but it also
reduces in parallel cerebral glucose consumption (Smith et al. 2003).

Monocarboxylate transporters (MCTs) form a large family of proton-
linked carriers that have the ability to transport lactate, pyruvate and the ketone
bodies (Halestrap & Meredith, 2004; Pierre & Pellerin, 2005). In the central
nervous system, three MCTs have been identified and their distribution
determined at the cellular level. MCT1 is mostly expressed by endothelial cells
and astrocytic processes in rodents (Pellerin et al. 1998; Pierre et al. 2000;
Baud et al. 2003) and in humans (Froberg et al. 2001; Chiry et al. 2006). MCT2
is the major neuronal transporter in the rodent brain (Pierre et al. 2002) while
MCT4 is exclusively expressed in astrocytes (Pellerin et al. 2005).

A common feature of brain circuit components, such as dendrites,
synaptic membranes, and other membranes of the nervous system, is that they
are richly endowed in docosahexaenoic acid (DHA), the main member of the
omega-3 essential fatty acid family. DHA is avidly retained and concentrated in
the nervous system and known to play a role in neuroprotection, memory, and
vision (Bazan et al., 2011).

De Assis et al. 2009, showed that normal rats fed with a high
thermolyzed fat diet for 12 months had significant increases in hippocampus
DNA damage compared to those fed a normal high fat diet. In this study, we
investigated the effect of high fat thermolyzed diet on monocarboxylate
transporters and energetic metabolism (glucose, lactate and -
hydroxybutyrate) in hippocampus of diabetic rats and the benefits of the Q3

polyunsaturated fatty acids
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Methods
Chemicals

Sodium hydroxide was purchased from J.T. Baker Chemical Company,
Phillisburg, NJ, USA. L[U-"*C]lactate (56-186 mCi/mmol) and Optiphase Hi-
Safe 3 were purchased from Perkin-Elmer (Boston, MA, USA). Alloxan
monohydrate and sodium L-lactate were obtained from Sigma-Aldrich, St.
Louis, MO, USA. Electrophoresis/immunoblotting reagents were from Bio-Rad
Laboratories (Hercules, CA, USA). D-[U-"*C]-Glucose (297 mCi/mmol) and L-
[U-"“C]-Lactate (152 mCi/mmol) was purchased from Amersham International
(Little Chalfont, Bucks, UK). [1-"C]-3-Hydroxybutyric acid, sodium salt (50
mCi/mmol) was purchased from American Radiolabeled Chemicals, Inc. (Saint
Louis, MO, USA). We used anti-MCT1 and anti-MCT2 antibody characterized

in Pierre et al. 2000.
Animals and Treatment
Treatments and diets

Diabetes mellitus was induced by an intraperitoneal (i.p.) injection of
alloxan (150 mg kg™ b.w.), and non-diabetic animals received a saline solution
(NaCl 0.9%), also via an i.p. injection. After 10 days, blood samples were
obtained from rats after a 12h fasting to determine the plasma glucose
concentration. Only animals that presented with 15-30 mmol/l glucose
concentration were included in the study.

Sixty adult Wistar rats (male, 60 days old) from the Central Animal
House of the Department of Biochemistry were maintained under a standard
dark—light cycle (lights on between 7:00 a.m. and 7:00 p.m.) at room

temperature (22+2 °C). All experiments were conducted in accordance with
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the Guiding Principles in the Use of Animals in Toxicology, adopted by the
Society of Toxicology in July 1989, and all experiments were approved by our
ethics committee for animal use at the Federal University of Rio Grande do
Sul. Rats were divided into six groups, to see more details Figure 1: (1) the
control group (C, n=10), which received standard laboratory rat chow; (2) the
control diabetic group (D, n=10), which received an injection of alloxan and the
same diet as group 1; (3) the high fat thermolyzed diet group (HFTD, n=10),
which received a diet enriched with fats that had been heated for 60 min at 180
°C to which a vitamin mixture was added after heating; (4) the high fat
thermolyzed diet diabetic group (D+HFTD, n=10), which received an injection
of alloxan and the same diet as group 3; (5) the high fat thermolyzed diet + Q3
polyunsaturated fatty acid group (HFTD+Q3), which received a diet enriched
with fats that had been heated for 60 min at 180 °C to which a vitamin mixture
and an omega 3 fatty acid supplement was added after heating; and (6) the
high thermolyzed fat diet + Q3-polyunsaturated fatty acid diabetic group
(D+HFTD+Q3, n=10), which received an injection of alloxan and the same diet
as group 5. Diet thermolyzation was based on the study by Sandu et al., 2005,
which indicated a high AGE content (around 1 unit/ug) in a high fat diet after
thermolyzation. The salt and vitamin compositions used were the same as
those described by Horwitz et al., 1980. During the treatment period of four
weeks, the animals had free access to food and water, to see more details

about diet Table 1.
Tissue Preparation
Rats were killed by decapitation. Blood was collected immediately after

decapitation into heparinized tubes. The whole blood was centrifuged at 2500 x
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g for 10 min to yield the plasma fraction, which was used for subsequent
biochemical analyses.

The brains of the rats were removed in no more than 1 min. These were placed
on a Petri plate dish with filter paper and over ice. The brains were washed
with Krebs Ringer bicarbonate buffer solution, pH 7.4, at 3°C. Hippocampus
was dissected and: (i) weighted and cut into slices to lactate oxidation to CO,
or (i) homogenized in a buffer of 0.32 M sucrose containing Hepes 1mM,
MgCI2 1mM, NaHCO3 1mM, phenyl-methyl-sulphonyl fluoride 0.1mM, pH 7.4,
in the presence of a complete set of protease inhibitors (Complete, Roche,

Switzerland).
Blood Biochemical Parameters

Plasma glucose, lactate (Labtest, MG, Brazil) and B-Hydroxybutyrate (Cayman
Chemical Company, MI, USA) concentrations were measured using

commercial kits. Reactions were performed using the Labmax apparatus.
Substrate Oxidation to CO;

For the measurement of lactate, glucose and B-Hydroxybutyrate oxidation to
COg, hippocampus was dissected, weighed, and cut into 0.3-mm slices using a
Mcllwain tissue chopper. This was incubated in closed bottles in a medium
containing Krebs Ringer bicarbonate buffer (pH 7.4) with 10 mM sodium L-
lactate and 0.2 pCi L[U-"*Cllactate (56-186 mCi/mmol). Incubations were
carried out in flasks after contents were gassed with a 95% 02:5% CO, mixture
for 1 min. Flasks were subsequently sealed with rubber caps. The slices of
tissue were incubated at 37°C for 1 h in a metabolic shaker (60 cycles/min),
according to the method of Dunlop et al., 1975. Incubation was stopped by
adding 0.20 ml TCA 50% through the rubber cap. Subsequently, 0.1 ml of 2 M
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sodium hydroxide was injected into central wells. The flasks were shaken
further for 30 min at 37°C to trap CO,. Next, the contents of the central well
were transferred to vials and assayed for CO, radioactivity in a liquid-
scintillation counter. All results were expressed considering the initial specific
activity of the incubation medium. The CO, production rate was constant

during 30, 60 and 90 min of incubation.

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)

and immunoblot

Proteins (20 uyg) were separated by SDS-PAGE on 10% (w/v)
acrylamide and 0.275% (w/v) bisacrylamide gels and were then
electrotransferred onto nitrocellulose membranes. The membranes were then
incubated in Tris-buffered saline Tween-20 [TBS-T; 20 mM Tris—HCI, pH 7.5,
137 mM NaCl, 0.05% (v/v) Tween 20] containing 1% (w/v) non-fat milk powder
for 1 h at room temperature. Subsequently, the membranes were incubated for
12 h with the appropriate primary antibody (MCT1, 1:800; MCT2, 1:600 (Pierre
et al., 2000) and B-Actin, 1:10000 (Sigma Aldrich)). After washing in TBS-T,
blots were incubated with horseradish peroxidase-linked anti-immunoglobulin
G (IgG) antibodies for 1.5 h at room temperature. Chemiluminescent bands
were detected, and densitometric analysis was performed using Image-J®

software.

Statistical Analyses

Biochemical data are expressed as the mean + S.D. All analyses were
performed using the Statistical Package for the Social Sciences (SPSS 16.0)

software. Likewise, the differences between all groups were analyzed using
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one-way ANOVA and Tukey's post hoc test. P-values were considered

significant when P < 0.05.
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Results

Table 2 shows the biochemical parameters in our experimental groups.
We observed a significant difference (P<0.05) between the plasma glucose of
diabetic and non-diabetic rat, thus demonstrating that our model was effective
in inducing diabetes mellitus. However, diabetic rats fed a HFTD or HFTD+Q3
diet showed a decrease in their glucose concentration. This effect was
attributed to a lower amount of carbohydrate in these diets as compared to the
control diet. However, in adding polyunsaturated fatty acids in the diet, we
noticed a significant increase (P<0.05) in plasma lactate in these groups. We
also evaluated the concentration of B-hydroxybutyrate in plasma and we can
observe that diet and diabetes increased significantly (P<0.05) the amount of
ketone bodies, however omega 3 was effective to prevent this increase just in

non-diabetic rats (HFTD+ Q3).

In the Figure 2, we can observe the effect of different diets on [3-
hydroxybutyrate oxidation to CO, (A) and lactate oxidation to *CO, (B). A
high fat thermolyzed diet increased B-hydroxybutyrate oxidation significantly
(P<0.05) in both diabetic and non-diabetic rats (HFTD and D+HFTD), when we
added omega 3 supplements, we can observe the same increase (HFTD+ Q3
and (D+HFTD+ Q3). Already, in the Figure 2B we can observe a significant
(P<0.05) decrease in lactate oxidation caused by the group D+HFTD in

relation to other groups.

In Figure 3, we show the results of the analysis of glucose metabolism.
We did not find a significant difference in both levels the oxidation (Figure 3A)

and glucose uptake (Figure 3B) among all groups.
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Figure 4 shows the immunocontent of MCT1 (Figure 4A) and MCT2
(Figure 4B). All diabetic groups and groups supplemented with a high fat diet,
showed significant (P<0.05) increases in the immunocontent of MCT1 when
compared to the non-diabetic control group (Figure 4A). This increased was
higher in the D+HFTD in relation to the others groups. In the Figure 4B, only
the diabetic rats that received the high fat thermolyzed diet (D+HFTD) showed
a significant increase (P<0.05) in MCT2 immunocontent when compared to the
non-diabetic control group. However, supplementation of their diet with omega
3 in diabetic group (D+HFTD+Q3) reduced these values to below normal

levels (that of the control).
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Discussion

The high prevalence of CNS complications resulting from DM is a problem
that is gaining more acceptance and attention. Recent evidence suggests
morphological, electrophysiological and cognitive changes associated with
chronic hyperglycaemia. Many of the CNS changes observed in diabetic
patients and animal models of diabetes are reminiscent of the changes seen in
normal aging. The central commonalities between diabetes-induced and age-
related CNS changes have led to the theory of advanced brain aging in
diabetic patients (Wrighten et al., 2009). Furthermore, the patterns of
volumetric and neurocognitive deficits in diabetic populations have been shown
to be rather similar to those reported in populations of individuals with major
depressive disorders (Mclintyre et al., 2010). It is not known, however, whether
these observations may partly explain the known connection between DM and
increased risk of depression (Nouwen et al., 2010).

In our study, we evaluated effect of high fat thermolyzed diet on
monocarboxylate transporters and energetic metabolism in the hippocampus of
diabetic rats and the benefits of the Q3-polyunsaturated fatty acids. The most
prominent results we obtained in this work was that high fat thermolyzed diet
decreased lactate oxidation (Figure 2B) and increased (-hydroxybutyrate
oxidation (Figure 2 A), MCT1 (Figure 4A) and MCT2 (Figure 4B)
immunocontent in diabetic rats (D+HFTD) in the hippocampus. We note a
relationship between oxidation this substrates and his transporter. The omega
3 was effective in normalizing the monocarboxylic acids metabolism. However,
we don’t know if this effect of Q3-PUFAs is a reflection of its peripheral action
or if it actually action in the CNS.

In adulthood, cerebral MCT1 expression was shown to be up-regulated
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after 3 weeks of a ketogenic diet (Leino et al. 2001). Pierre et al., 2007, shows
in your study to describe gradual and extensive changes in the expression of
all three MCT isoforms found in the central nervous system in adult animals
exposed to a high fat diet, as well as elevated expression of the same MCT
isoforms in brains of genetically obese or diabetic mice.

It is widely accepted that central nervous system (CNS) neurons rely on
glucose to maintain metabolism, but several studies have shown that lactate, a
product of the glycolytic pathway, acts as an energy source for rat brain
neurons and astroglia in vitro (Vicario et al., 1991). Lactate can support
synaptic function in the hippocampal slice (Schurr et al., 1988) and appears to
be necessary for recovery of this preparation from hypoxia (Schurr et al.,
1997). Glia release lactate under conditions of hypoxia or hypoglycemia, (Walz
and Mukerji, 1988) and lactate release has also been demonstrated in
conscious rats in response to a variety of metabolic insults (Korf, 1996).

Altogether, these results indicate that high fat thermolyzed diet and
diabetes can affect energetic metabolism, maily lactate metabolism and
monocarboxylate transporters in astrocyte (MCT1) and neuron (MCT2).
Moreover, the Q3-PUFAs seem to normalize the changes promoted by diet
and diabetes, but we can not say exactly whether this effect is central or
peripheral. Further studies are necessary for a better understanding of these

molecular mechanisms.
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Legends

Figure 1. Experimental model. Groups are diabetic and non-diabetic rats fed a
control diet (C), high fat thermolyzed diet (HFTD) and high fat thermolyzed diet
+ Q3 (HFTD+Q3).

Figure 2. B-Hydroxybutyrate oxidation to CO, (A) and Lactate oxidation to
“CO, (B) in hippocampus of diabetic and non-diabetic rats fed a control diet
(C), high fat thermolyzed diet (HFTD) and high fat thermolyzed diet + Q3
(HFTD+Q3). B-Hydroxybutyrate and lactate oxidation is expressed as pmol of
substrate oxidized to CO2/h/mg tissue and represented as the mean = SD
(n=10 per group). Different asterisks on the same row indicate a significant
difference (P< 0.05) all groups were analyzed using one-way ANOVA and
Tukey’s post hoc test.

Figure 3. Glucose oxidation to *CO, (A) and Uptake of 2-deoxy-D-glucose
(B) in hippocampus of diabetic and non-diabetic rats fed a control diet (C), high
fat thermolyzed diet (HFTD) and high fat thermolyzed diet + Q3 (HFTD+Q3).
Uptake of 2-deoxy-D-glucose is expressed as pmol of uptake of 2-deoxy-D-
glucose/30min/mg tissue. Glucose oxidation is expressed as pmol of glucose
oxidized to CO2/h/mg tissue. All results are presented as the mean + SD (n=10
per group). Different asterisks on the same row indicate a significant difference
(P< 0.05) all groups were analyzed using one-way ANOVA and Tukey’s post
hoc test.

Figure 4. Representative and quantitative Western blot analysis of the
hippocampus MCT1 (A) and MCT2(B) immunocontent from diabetic and non-
diabetic rats fed a control diet (C), high fat thermolyzed diet (HFTD) and high
fat thermolyzed diet + Q3 (HTFD+Q3). The graphic represents the means + SD
(n=3 per group). Different asterisks indicate a significant difference (P< 0.05)
all groups were analyzed using one-way ANOVA and Tukey’s post hoc test.

51



Table 1. The composition of control (C), high fat thermolyzed (HFTD) and high
fat thermolyzed + Q3 (HFTD+Q3) experimental diets that were fed to diabetic
and non-diabetic rats.

Composition Control Diet (%) High Fat Thermolyzed Diet High Fat Thermolyzed Diet + Q3

(%) (%)
Commercial bran B 20.5 20.5
Soy Protein Isolate @ 27.0 15.9 15.9
Corn Starch 55,5 - -
Sucrose 5.0 10.0 10.0
Vitamin mix ° 1.0 1.0 1.0
Mineral salt mix® 4.0 2.0 2.0
DL-Methionin ¢ 0.3 0.3 0.3
DL-Lysine © 0.3 0.3 0.3
Soy Oil 5.0 1.0 1.0
Lard - 49.0 46.0
Q 3 Fatty Acid' - - 3.0

2 Soy Protein Isolate, purity 97% (from Solae, Esteio, Brazil).

® Vitamin mixture: mg/100g of diet (from Roche, S&oPaulo, Brazil): vitamin A
(retinyl acetate),4; vitamin D (cholecalciferol), 0.5; vitamin E (DL-a-tocopheryl
acetate), 10; menadione, 0.5; choline, 200; PABA, 10; inositol,10; niacine
(nicotinic acid),4; pantothenicacid (calcium D- pantothenate), 4;riboflavin,
0.8;thiamin  (thiamine  hydrochloride), 0.5;  pyridoxine  (pyridoxine
hydrochloride),0.5; folic acid, 0.2; biotin [D-(+)- biotin], 0.04; vitamin B12,
0.003.

¢ Mineral salt mixture: mg/100 g of diet (from Roche, SdoPaulo, Brazil): NaCl,
557; Kl,3.2 ;KH2PO4, 1556; MgSO,, 229; CaCOs, 1526; FeSO4—7H20, 108;
MnSO,4—H20, 16; ZnSO4—7H,0, 2.2; CuS0O4-5H,0, 1.9; CoCl-6H,0, 0.09.

4 D-L-Methionin (from Merk, Rio de Janeiro, Brazil).

® DL-Lysine (from Merk, Rio de Janeiro, Brazil).

" Fish oil: Docosahexaenoic Acid (DHA) 5 : 1 Eicosapentaenoic Acid (EPA)
(Naturalis SA, Brazil.)

Note: Salt and vitamin composition are according to Horwitz.
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Table 2. Biochemical parameters in diabetic and non-diabetic rats fed a
control diet (C), high fat thermolyzed diet (HFTD) and high fat thermolyzed diet
+ Q3 (HFTD+Q3). Glucose and lactate levels are expressed as nmol/L. -
Hydroxybutyrate concentrations are expressed in mM. All parameters
represented as the mean + SD (n=10 per group). Different asterisks on the
same row indicate a significant difference (P< 0.05) all groups were analyzed
using one-way ANOVA and Tukey’s post hoc test.

Biochemical

Parameters c D HFTD D+HFTD HFTD+®3 D+FTD+®3
Glucose (mmol/L) 52104 222+28* 52105 202+20* 5.07 £1.3 21.9+26*
Lactate (mmol/L) 3.84 £0.93 3.96 £0.75 4.65+0.68 444+069 555+049* 5.51+0.99 *

B'Hydr:’r’;{nb)”tyrate 042+019  203+037* 145+042° 366+146* 045+0022  3.24+117*
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Figure 1.
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Figure 2

['*C]-3-Hydroxybutyrate to " CO, in Hippocampus
200- * *

-
L
-
1
'y

pmol of B-hydroxybutyrate
oxidized in 1"(:()thfmg of tissue I

Q
Qf{\o & o"& o"&
'~} Q@ &

o Q

B L['C]-Lactate oxidized to '*CO, in Hippocampus

_8 3000 -

[«})

S S 2000- *

g é, -

LE-

u5§ 1000 -

£ ¢

o3

0- T T T T
« X X
& o"<< & &
NS

55



Figure 3
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Figure 4.
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Abstract Q3-Polyunsaturated fatty acids (Q3-PUFAs)
are known to act as hypolipidaemics, but the literature is
unclear about the effects that Q3-PUFAs have on oxidative
stress in obese and diabetic patients. In this study. our aim
was to investigate the effects of Q3-PUFAs on oxidative
stress, including antioxidant enzyme activity and hepatic
lipid and glycogen metabolism in the livers of diabetic and
non-diabetic rats fed on a high fat thermolyzed diet. Rats
were divided into six groups: (1) the control group (C), (2)
the control diabetic group (D), (3) the high fat thermolyzed
diet group (HFTD), which were fed a diet that was enriched
in fat that was heated for 60 min at 180°C, (4) the high fat
thermolyzed diet diabetic group (D + HFTD), (5) the high
fat thermolyzed diet + Q3 polyunsaturated fatty acid
group (HFTD + Q3), and (6) the high fat thermolyzed
diet + Q3 polyunsaturated fatty acid diabetic group
(D + HFTD + Q3). The most important finding of this
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study was that Q3-PUFAs are able to reduce triglycerides,
non-esterified fatty acid, lipoperoxidation levels, advanced
glycation end products, SOD/CAT enzymatic ratio, and
CAT immunocontent and increase SOD2 levels in the
livers of diabetic rats fed with a HFTD. However,
Q3-PUFAs did not alter the observed levels of protein
damage, blood glucose, or glycogen metabolism in the
liver. These findings suggest that Q3-PUFAs may represent
an important auxiliary adjuvant in combating some dis-
cases like diabetes mellitus, insulin resistance, and non-
alcoholic fatty liver discase.

Keywords Advanced glycation end products -
Glycogen metabolism - Diabetes - Oxidative stress -
Q3-Polyunsaturated fatty acids - High fat diet

Introduction

Diabetes mellitus affects people worldwide and poses
major public health and socioeconomic challenges.
Hyperglycemic states are supposed to induce the overpro-
duction of reactive oxygen species (ROS) through various
mechanisms including the increased non-enzymatic for-
mation of advanced glycation end products (AGEs),
increased polyol pathway flux, and increased O-produc-
tion through the activation of mitochondrial and protein
kinase C (PKC)-dependent NAD(P)H oxidases in many
tissues [1].

Recent studies suggest that oxidative stress increases
with diabetes mellitus. This may be due to a decreased
antioxidant potential, increased free-radical production,
alterations in enzymatic pathways related to the redox state
(such as the polyol and glyoxalase pathways), and changes
in the compartmentalization of metal ions. Together, such

@ Springer

59



152

Mol Cell Biochem (2012) 361:151-160

factors promote increases in oxidative stress levels in dia-
betic patients [2, 3].

Reactive derivatives from non-enzymatic glucose—
protein condensation reactions as well as lipids and
nucleic acids exposed to reducing sugars, such as glucose
or glyceraldehyde. form a heterogencous group of imre-
versible adducts called AGEs [4]. The formation and
accumulation of AGEs in various tissues, which is known
to progress during a normal aging process, is extremely
accelerated in patients with diabetes mellitus [5, 6]. One
important component of AGE accumulation with aging
appears to be the sustained exposure to dietary AGEs
(dAGEs), which contributes to the overloading of anti-
AGE receptors and depletion of anti-oxidant reserves [7].
There is accumulating evidence that an interaction
between AGEs and receptor for advanced glycation end
products (RAGEs) elicits oxidative stress generation and
subsequently modulates gene expression in various types
of cells including hepatocytes and hepatic stellate cells
[8, 9].

The liver is not only a target organ for circulating AGEs
but also an important site for their clearance and catabo-
lism. Indeed, the liver can sequester a number of circulat-
ing senescent macromolecules such as AGEs [10]. It has
long been known that glucose is stored in the liver in the
form of liver glycogen. Early studies on glycogen metab-
olism in type | diabetic patients using liver biopsies
revealed conflicting results, reporting either increased or
decreased liver glycogen concentrations [11].

Epidemiological studies also reported a lower incidence
of type 2 diabetes mellitus in individuals who consumed
Q3-polyunsaturated fatty acids (Q3-PUFAs), while intake
of total saturated and/or monounsaturated fats was associ-
ated with an increased risk of type 2 diabetes in glucose-
intolerant individuals [12]. The beneficial effects of
Q3-PUFAs consumption on liver discase were mainly
attributed to their effects in reducing triglyceride levels,
increasing high density lipoprotein cholesterol, and improv-
ing endothelial function through anti-inflammatory mech-
anisms and reduced platelet aggregation [ 13]. Many studies
show that it is very important to maintain a ratio at Q6 5:1
Q3 allowing a greater conversion of alpha-linolenic acid
to docosahexaenoic acid [14]. However, this recommen-
dation is more common for a normal situation (not
pathological).

Our group has previously demonstrated the deleterious
effects of both endogenous and exogenous AGEs [ 15, 16].
de Assis et al. [17] showed that normal rats fed with a high
thermolyzed fat diet for 12 months had significant increa-
ses in blood DNA damage and liver lipoperoxidation
compared to those fed a normal high fat diet. Thus, the aim
of this study was to investigate the effects of Q3-PUFAs on
oxidative stress, antioxidant enzyme activity, and hepatic

@ Springer

lipid and glycogen metabolism in the livers of diabetic and
non-diabetic rats fed with a high fat thermolyzed diet

Materials and methods
Animals and chemicals

Sixty adult Wistar rats (male, 60 days old) from the Central
Animal House of the Department of Biochemistry were
maintained under a standard dark-light cycle (lights on
between 7:00 am. and 7:00 p.m.) at room temperature
(22 £ 2°C). All experiments were conducted in accor-
dance with the Guiding Principles in the Use of Animals in
Toxicology, adopted by the Society of Toxicology in July
1989, and all experiments were approved by our ethics
committee for animal use at the Federal University of Rio
Grande do Sul. p-[U-"*CJ-Glucose (297 mCi/mmol) was
purchased from Amersham International (Little Chalfont,
Bucks, UK). Alloxan monohydrate and all other chemicals
were obtained from Sigma-Aldrich (St. Louis, MO, USA).

Treatments and diets

Diabetes mellitus was induced by an intraperitoneal (i.p.)
injection of alloxan (150 mg kg™' b.w), and non-diabetic
animals received a saline solution (NaCl 0.9%), also via an
1.p. injection. After 10 days, blood samples were obtained
from rats in fasting state to determine the plasma glucose
concentration. Only animals that presented with
15-30 mmol/l glucose concentration were included in the
study.

Rats were divided into six groups: (1) the control group
(C, n = 10), which received standard laboratory rat chow;
(2) the control diabetic group (D, n = 10), which received
an injection of alloxan and the same diet as group 1; (3) the
high fat thermolyzed diet group (HFTD, n = 10), which
received a diet enriched with fats that had been heated for
60 min at 180°C to which a vitamin mixture was added
after heating; (4) the high fat thermolyzed diet diabetic
group (D + HFTD, n = 10), which received an injection
of alloxan and the same diet as group 3; (5) the high fat
thermolyzed diet + Q3 polyunsaturated fatty acid group
(HFTD + Q3). which received a diet enriched with fats
that had been heated for 60 min at 180°C to which a
vitamin mixture and an 3 fatty acid supplement was
added after heating; and (6) the high thermolyzed fat
diet + Q3-PUFA  diabetic group (D + HFTD + Q3,
n = 10), which received an injection of alloxan and the
same diet as group 5. Diet thermolyzation was based on the
study by Sandu et al. [18]. which indicated a high AGE
content (around 1 unit/pg) in a high fat diet after therm-
olyzation. The salt and vitamin compositions used were the
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same as those described by Horwitz [19]. During the
treatment period of 4 weeks, the animals had free access to
food and water.

Tissue preparation

Rats were killed by decapitation, and the blood was col-
lected immediately in heparinized tubes. Retroperitoneal
and epididymal fat tissues were dissected and weighted.
The whole blood sample was then centrifuged at
2500 g for 10 min to yield the plasma fraction, which was
used for subsequent biochemical analyses. The liver was
dissected and was then either weighed and cut into (.3-mm
slices using a McIlwain tissue chopper for glycogen syn-
thesis or weighed and stored at —80°C for future analyses
of oxidative stress, westemn blotting, glycogen, triglyceride,
and cholesterol concentrations.

Blood biochemical parameters

Plasma glucose, triacylglycerol (TAG), total cholesterol,
and HDL cholesterol levels were measured using com-
mercial kits (Labtest, MG, Brazil). Reactions were per-
formed using the Labmax apparatus (Labtest, MG, Brazil).
The plasma non-esterified fatty acid (NEFA) activity was
measured using a commercial kit (Roche Diagnostics,
Gemmany). To analyze the amount of AGEs, we checked
the concentration of Carboxymethyllysine in serum by
ELISA anti-CML antibodies (R&D Systems, Minneapolis,
MN, USA).

Oxidative stress and antioxidant enzyme activity
Measurement of protein carbonyl

The oxidative damage to proteins was measured by quan-
tifying the number of carbonyl groups by reaction with
2 4-dinitrophenylhydrazine (DNPH). Proteins were pre-
cipitated by the addition of 209 trichloroacetic acid (TCA)
and were resuspended in 10 mM DNPH, and the absor-
bance of the resulting solution at 370 nm was recorded
[20]. Results are expressed as nmol carbonyl/mg protein.

Thiobarbituric acid reactive species (TBARS)

In order to assess the extent of lipoperoxidation, we
detected TBARS formation through a heated and acidic
reaction. This is widely adopted as a method for the
measurement of lipid redox states, as previously described
[21]. The samples were mixed with 0.6 ml of 10% TCA
and 0.5 ml of 0.67% thiobarbituric acid and were then
heated in a boiling water bath for 25 min. The level of
TBARS was determined by measuring the absorbance of

cach sample at 532 nm. The concentration of TBARS in
the samples was then determined from a calibration curve
using 1,1.3.3-tetramethoxypropane (which had been sub-
jected to the same treatment as the supematants) as a
standard. Results are expressed as nanomoles of TBARS
per milligram of protein.

Measurement of non-protein thiol content

An aliquot of the supernatant from homogenates precipi-
tated with 209% TCA was diluted in 0.1% SDS and 0.01 M
5,5 -dithionitrobis-2-nitrobenzoic acid (DTNB) in ethanol
was added. An intense yellow color developed, and the
absorbance at 412 nm was recorded after 20 min [22].
Simultancously, the absorbance of a blank sample, which
was identical to the analyzed samples except for the
absence of DTNB, was also recorded. The non-protein thiol
content of each sample was calculated, after subtraction of
the blank absorbance, using the following equation and the
molar extinction coefficient of 13,600 M 'em™: [(final
absorbance/13,600)V]/1000/Q, where “V” is the volume
(in ml) of the sample used in the assay and “Q” is the
amount of protein (in mg) in the sample used to perform
the assay.

Antioxidant enzyme activity

Catalase (CAT) activity was measured as previously
described [23]. The rate of decrease in absorbance at
240 nm was measured as a function of H,0, degradation
by CAT. Superoxide dismutase (SOD) activity was asses-
sed by quantifying the inhibition of superoxide-dependent
adrenaline autooxidation by recording the absorbance of
the samples at 480 nm [24].

Glycogen metabolism
Hepatic glycogen synthesis

Levels of hepatic glycogen synthesis were measured as
follows. The livers of rats were dissected and cut into
300 pm  slices using a Mcllwain tissue chopper
(100-120 mg). The liver slices were incubated in a beaker
with media containing Krebs-Ringer bicarbonate buffer
(pH 7.4), 5mM glucose, and 0.2 pCi D[U-"*C]glucose.
Incubations were performed at room temperature in media
that had previously been treated with a 95% 0::5% CO,
mixture for 1 h. Liver slices (between 100 and 120 mg)
were then incubated at 37°C for | h in a metabolic shaker
(60 cycles/min) according to the method of Dolnikoff et al.
[25]. The incubations were stopped by placing the bottles
in ice, and subsequently, 1 ml of 60% KOH was added to
cach beaker. After 15 min in a boiling water bath, 3 ml of
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96% ecthanol was added to the tubes to precipitate the
glycogen. After precipitation, glycogen was suspended in
0.2 ml of water, and scintillation liquid (Opti-Phase Hi-
Safe3 from PerkinElmer-USA) was added. The samples
were then assessed in a scintillation liquid counter.

Hepatic glycogen concentration

The hepatic glycogen concentration was measured using
the Krisman method [26].

Hepatic lipids

In order to measure the hepatic lipid content, frozen liver
samples were thawed on ice and homogenized in deionized
water. Extraction and isolation of lipids to yield dried lipid
extracts were performed using the technique described by
Folch et al. [27]. The hepatic cholesterol and triglycerides
content of the lipid extracts were then assayed enzymati-
cally by colorimetry.

Western blotting analysis

Proteins (20 pg) were separated by SDS-PAGE on 10%
(w/v) acrylamide and 0.275% (w/v) bisacrylamide gels and
were then electrotransferred onto nitrocellulose mem-
branes. The membranes were then incubated in Tris-buf-
fered saline Tween-20 [TBS-T; 20 mM Tris-HCI, pH 7.5,
137 mM NaCl, 0.05% (v/v) Tween 20] containing 1%
(w/v) non-fat milk powder for 1 h at room temperature.
Subsequently, the membranes were incubated for 12 h with
the appropriate primary antibody (CAT, 1:6000; Superox-
ide dismutase, 1:2000 and f-Actin, 1:10000). After wash-
ing in TBS-T, blots were incubated with horseradish
peroxidase-linked anti-immunoglobulin G (IgG) antibodies
for 1.5 h at room temperature. Chemiluminescent bands
were detected, and densitometric analysis was performed
using Image-J¥ software.

Statistical analyses

Biochemical data are expressed as the mean £ SD. All the
analyses were performed using the Statistical Package for
the Social Sciences (SPSS 16.0) software. Likewise, the
differences between all groups were analyzed using
ANOVA and Tukey’s post-hoc test. P values were con-
sidered significant when P < 0.05.

Results

In Table 1, non-diabetic groups we had a significant
(P < 0.05) increase in body weight and adipose tissue in
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rats treated with high fat thermolyzed diets (HFTD and
HFTD + Q3), this result was expected for us although
treatment with the diet is only 1 month, for composition
experimental diets details, see Table 2. Already in the
diabetic groups, we had a reduction in body weight of all
rats, though animals that received the high fat thermolyzed
diets (HFTD and HFTD + 3) showed a smaller reduction
in body weight and a significant increased in adipose tissue
in relation to the diabetic control group (D) Table 1.

Table 3 shows the biochemical parameters in our exper-
imental groups. We observed a significant difference
(P < 0.05) between the plasma glucose of diabetic and non-
diabetic rats (an increase of about 400%), thus demonstrat-
ing that our model was effective in inducing diabetes mel-
litus. However, diabetic rats fed a HFTD or HFTD + Q3
diet showed a decrease in their glucose concentration. This
effect was attributed to a lower amount of carbohydrate in
these diets as compared to the control diet. We found no
significant difference in the plasma cholesterol and HDL of
the groups tested. although the groups that received only
HFTD (both diabetic and non-diabetic) appeared to show
higherlevels of cholesterol. Diabetes mellitus and HFTD did
not affect the level of plasma NEFAs but promoted an
increase in plasma triglycerides. However, in adding poly-
unsaturated fatty acids in the diet, we noticed a significant
reduction (P < 0.05) in plasma triglycerides and NEFAs in
these groups. We also evaluated the concentration of AGEs
in serum by measuring Carboxymethyllysine (CML) and we
can observe that diet (HFTD and HFTD + Q3) increased
significantly (P < 0.05) the amount of CML in non-diabet-
ics rats. All diabetic rats had an increase of CML, however,
supplementation with Q3-PUFAs having partially prevented
this increase.

In Table 4, we can observe the effect of different diets
on hepatic lipids and hepatic glycogen metabolism. A high
fat thermolyzed diet (HFTD) significantly increased
(P < 0.05) hepatic triglycerides content in diabetic and
non-diabetic rats. However, supplementation of their diet
with Q3 (HFTD + Q3) reduced these values to normal
levels (that of the control) in the non-diabetic group.
A HFTD increased the levels of hepatic cholesterol,
although this increase only proved to be significant
(P < 0.05) in diabetic rats. In contrast to triglyceride con-
tent, supplementation with Q3 did not affect the levels of
hepatic cholesterol. In addition, we noted increased levels
of hepatic cholesterol in both diabetic groups compared to
the non-diabetic groups, although the values were not sta-
tistically significant. We did not find a significant difference
in the levels of hepatic glycogen metabolism in the exper-
imental groups studied. However, diabetes mellitus has a
tendency to decrease hepatic glycogen concentration.

We show the results of the analysis of oxidative stress and
antioxidant enzyme activity in Table 5. A high fat
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Table 1 Body parameters in diabetic and non-diabetic rats fed a control diet (C), high fat themmolyzed diet (HFTD), and high fat thermol yzed

diet + Q3 (HFTD + Q3)

Body paramelers C D HFTD + Q3 D + HFID + Q3  HFTD D + HFTD
Tnitial body weight (g) 282 4 185 278 4 143 285 + 25.1 284 + 225 275 £ 128 281 4 174
Final body weight (g) 314 £ 232 2264327 331 £489 2524 393% 335 £224 242 4 487%
Body weight gain (g) RAT2 524 126%% 46 +£93% 324 595 60 4+ 11.8%  —39 4 95%+
Retroperitoneal adipose tisse (g) 2.1 4 0.1 0.2+ 0.0* 634+ 1.9%% 28406 86 +£3.1% 32408
Epididymal adipose tissue (g) 124009 02+ 00% 244045 10402 35 4£07% 124 03*

Body weight and adipose tissue weight are expressed as grams (g), all parameters represented as the mean + SD (n = 10 per group). Different
asterisks on the same row indicate a significant difference (P < 0.05) and all groups were analyzed using ANOVA and Tukey’s post-hoc test

Table 2 The composition of control (C), high fat thermolyzed (HFTD), and high fat themnolyzed + Q3 (HFTD + Q3) experimental diets that

were fed to diabetic and non-diabetic rats

Composition Control diet (%) High fat thermolyzed diet (%) High fat thermolyzed diet + Q3 (%)
Commercial bran - 205 2.5
Soy protein isolate® 270 159 159
Com starch 555 - -
Swerose 5.0 10.0 10.0
Vitamin mix" 1.0 10 1.0
Mineml salt mix© 40 20 2.0
pL-Methionin® 0.3 03 0.3
pL-Lysine® 03 03 0.3
Soy oil 50 10 1.0
Lard ~ 49.0 46.0
Q3 fatty acid' -~ ~ 3.0

Salt and vitamin composition are according to Horwitz
* Soy protein isolate, purity 97% (from Solae, Esteio, Brazil)

® Vitamin mixture: mg/100 g of diet (from Roche, SioPaulo, Brazil): vitamin A (retinyl acetate), 4; vitamin D (cholecalciferol), 0.5: vitamin E
(pL-2-tocopheryl acetate), 10: menadione, 0.5; choline, 200; PABA, 10; inositol, 10; niacine (nicotinic acid), 4: pantothenicacid (calcium
p-pantothenate), 4: riboflavin, 0.8; thiamin (thiamine hydrochloride), 0.5: pyridoxine (pyridoxine hydrochloride), 05: folic acid, 0.2; biotin

[D-(+)-biotin], 0.04: vitamin B12, 0.003

€ Mineral salt mixture: mg/100 g of diet (from Roche, SioPaulo, Brazil): NaCl, 557: KI, 3.2; KH,PO;, 1556: MgSO.. 229: CaCO;, 1526:
FeS0:-TH,0, 108: MnSO.~H,0, 16; ZnSO.~7TH,0, 2.2; CuS0.-5H;0, 1.9; CoCI-6H,0, 0.09

4 pL-Methionin (from Merk, Rio de Janeiro, Brazil)
¢ pi-Lysine (from Merk, Rio de Janeir, Brazil)

! Fish oil: docosahexaencic acid (DHA) 5 : 1 eicosapentaenoic acid (EPA) (Naturalis SA, Brazil )

thermolyzed diet increased SOD activity significantly
(P < 0.05) in both diabetic and non-diabetic rats (HFTD and
D + HFTD). When we added Q3 supplements, the SOD
activity was reduced in non-diabetic rats (HFTD + €3), and
this reduction in activity was even more evident (P < 0.05)
in diabetic rats (D + HFTD + Q3). CAT activity in non-
diabetic groups increased only in the HFTD group
(P < 0.05). Diabetes caused an increase in CAT activity in
all diabetic groups (D, D + HFTD + Q3 and D + HFTD)
relative to the non-diabetic rats. We did not find any differ-
encein the SOD/CAT ratio innon-diabetic groups. However,
in analyzing the SOD/CAT ratio in the diabetic groups, for
this ratio, we verfied an increase in the D and D + HFTD
groups and a significant (P < 0.05) decrease in the

D + HFTD + €3 group. The groups that received supple-
mentation with polyunsaturated fatty acids (HFTD + Q3
and D + HFTD + Q) showed significantly (P < 0.05)
lower levels of lipoperoxidation compared to the other
groups. All groups fed high fat thermolyzed diets (HFTD,
D + HFTD/D, HFTD + Q3 and D + HFTD + Q3)
showed asignificant (P < (.05) increase in protein carbonyl
levels relative to the control groups (C and D). We did not
observe any differences in the non-protein thiol content
between groups.

A drastic reduction (P < 0.05) in the hepatic immuno-
content of CAT was observed in groups for which diets
were supplemented with polyunsaturated fatty acids
(Q3-PUFAs) relative to groups that did not receive
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Table 3 Biochemical parameters in diabetic and non<diabetic rats fed a control diet (C), high fat themmolyzed diet (HFTD), and high fat
thermolyzed diet 4+ Q3 (HFTD + Q3)

C D HFTD + 3 D 4+ HFID + Q3  HFTD D + HFTD
Glucase (mmol/l) 54405 275 + 68% 58412 202 + 4.0¢ 56404 199 + 42*
Cholesterol (mg/dl) 5694+ 128 76.1 + 164 590 + 163 66.2 4+ 143 7.1 £259 715 £ 104
Triglycerides (mg/d) 7344232 1473 £ 604% 671+ 186 1047+ 427¢ 1409 + 67.0%¢ 2627 + 78.5%*
HDL (mg/dI) 235+ 53 260 + 48 247 + 56 295+ 6.4 255 457 256 + 2.5
Non-esterified fatty acids ~ 566.1 + 60.5  583.0 + 45.1 3787 + 607% 4277 + 1435% 5236 £ 1265 6164 + 276
(NEFA) (M)
Carboxymethyllysine 100 + 4.1 163.6 £+ 13.9%=* 1122 4+ 63* 1243 + 16.4% 1147 4+ 5.5% 1518 + 11.3%#

(% Control of CML)

Cholesterol, high density lipoprotein (HDL), and triglyceride levels are expressed as mg/dl. Free fatty acid concentrations are expressed in
pM/ml, the glucose concentration is expressed as mmol/l, and catboxymethyllysine are expressed by % of a control group. All the parameters
represented as the mean 4+ SD (n = 10 per group). Different asterisks on the same row indicate a significant difference (P < 0.05) and all groups
were analyzed using ANOVA and Tukey’s post-hoc test

Table 4 Hepatic lipids and glycogen metabolism in diabetic and non-diabetic rats fed a control diet (C), high fat thermolyzed diet (HFTD), and
high fat thermolyzed diet + Q3 (HFTD + Q3)

C D HFTD + Q3 D + HFTD + Q3 HFTD D + HFTD
Hepatic triglycerides (mg/%) 2294034 202+ 051 2904+ 1.41 431 £094% 3.86 + 1.03**= 470 + 117*=
Hepatic cholesterol (mg/%) 1.034£009 110+ 015 126+ 0.13 130 +0.09% 1.24 £+ 0.16 1.31 £+ 0.12#
Hepatic glycogen concentration (mg/%) 55+ 08 48 + 16 42404 31411 424+ 04 36+ 12
Hepatic glycogen synthesis (pmol/mg ™' 7504 101 745 4+ 130 8214+ 64 824 4+ 138 80.0 + 5.6 827 + 89

tissue h™ 1)

Glycogen synthesis from p-{U-'*C]-glucose is expressed in pmol of glucose incorporated into glycogen/100 mg tissue/h. Concentrations of
hepatic glycogen, triglycerides, and cholesterol are expressed in mg/100 mg of tissue and are represented as the mean + SD (n = 10 per group).
Different asterisks on the same row indicate a significant difference (P < 0.05) and all groups were analyzed using ANOVA and Tukey's post-
hoc test

Table 5 Oxidative stress and antioxidant enzymes in the livers of diabetic and non<diabetic rats fed a control diet (C), high fat thermolyzed diet
(HFTD), and high fat thermolyzed diet + Q3 (HFTD + Q3)

C D HFTD + Q3 D + HFTD + Q3 HFID D + HFTD
Superoxide dismutase (U/mg 731 +£ 65 874 + 18.1 926 + 27.1 578479 = 1244 4+ 192%= 1131 + 18.7**
protein)
Catalase (U/mg protein) 395 + 5.1 501 + 11.2 431 + 44 613 + 10.1# 71.1 + 3.8% 642 + 10.6*
SOD/CAT ratio (arbitrary units) 185 4+ 0.1 220 + 06 192 + 05 095 + 0.1* 1754+ 02 212404
Lipoperoxidation (nmol TBARS/  0.055 + 001  0.075 + 003  0.033 4+ 0.01* 0.049 + 001* 0.056 + 0.01 0.074 + 0.01
mg protein)
Protein carbonyl (nmol/mg 059 + 029 053 + 0.15 0.81 £ 0.11*  0.81 + 0.16* 0.85 + 0.13# 0.75 + 0.14%
protein)
Non-protein sulfhydryl groups 0.030 + 0.008 0.033 + 0.006 0.029 + 0.007 0.026 + 0005 0.041 + 0.007 0.037 + 0008

(nmol/mg protein)

SOD and CAT activities are expressed in U/mg protein. The SOD/CAT ratio is expressed in arbitrary units. Lipoperoxidation, protein carbonyl
and non-protein thiol contents are expressed in nmol/mg protein. All results are presented as the mean 4+ SD (n = 10 per group). Different
asterisks on the same row indicate a significant difference (P < 0.05) and all groups were analyzed using ANOVA and Tukey’s post-hoc test

Q3-PUFA supplements (Fig. 1a). All diabetic groups and
groups supplemented with a high fat diet, including groups
that received Q3-PUFAs supplements, showed significant
(P < 0.05) increases in the hepatic immunocontent of
SOD2 when compared to the non-diabetic control group
(Fig. 1b).
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Discussion

In this study. we evaluated the effect of a high fat ther-
molyzed diet on the liver of diabetic rats and the possible
beneficial effect of Q3-PUFAs. The most important finding
of this study was that Q3-PUFAs are able to reduce
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Fig. 1 Representative and A C

D HFTD+13  D+HFTD+013 HFTD D+HFTD

quantitative western blot
analysis of the liver CAT

(a) and SOD2

(b) immunocontent from
diabetic and non<diabetic rats
fed a control diet (C), high fat
thermolyzed diet (HFTD), and
high fat thermolyzed diet + Q3
(HTFD + Q3). The graphic
represents the means + SD

(n =3 per group). Different
asterisks indicate a significant
difference (P < 0.05) and all
groups were analyzed using
ANOVA and Tukey’s post-hoc
test

CATIp-Actin
Arbitrary units

B [

15000 4

10000 +

2
8

car il T SRR
peictn T T AR AR W e . - -

CATALASE

D HFTD+013 D+HFTD+3 HFTD D+HFTD

sopbz

Ty m-“ B FEE o

pactn T A

SOD2/p-Actin
Arbitrary units

triglycerides (in both plasma and the liver), NEFAs, lipo-
peroxidation and modulate antioxidant enzyme activity and
immunocontent in the livers of diabetic rats supplemented
with a high fat thermolyzed diet. However, these Q3-PU-
FAs did not affect the observed levels of protein damage,
blood glucose, or glycogen metabolism in the liver.

The most common cause of obesity in man is a chronic
intake of a hypercaloric diet rich in (saturated) fats. Obesity
can lead to an increase in hepatic import and synthesis of
triglycerides and a decrease in hepatic triglyceride export
and oxidation. This results in the accumulation of triglyc-
erides in hepatocyte, which promotes an increase in oxi-
dative stress and cytokines proinflammation [28, 29]. It is
known that fish oil diminishes the effect of lifestyle-related
discases like diabetes mellitus and hyperlipidermia [30].
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The triglyceride-lowering effects of Q3-PUFAs have been
thoroughly researched [31, 32]. and studies have consis-
tently demonstrated that supplementation with 2-4 g/d of
Q3-PUFAs reduces circulating triglycerides up to 34% in
hypertriglyceridemic patients [33]. In a recent study, Sato
et al. [34] demonstrated that the anti-obesity effect of
Q3-PUFAs in diet-induced obesity is associated with the
suppression of hepatic lipogenesis and steatosis. Corrobo-
rating these authors, our results showed that both diabetes
mellitus and a high fat thermolyzed diet for 1 month
increases the levels of triglycerides in both plasma and the
liver and that 3-PUFAs have been effective in decreasing
these values (Tables 3, 4). These results further emphasize
the beneficial effect of Q3-PUFAs in both the protection
from and the reversal of hyperlipidemia. Although levels of
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NEFAs did not change in diabetic or high fat thermolyzed
groups, we observed a beneficial effect of Q3-PUFAs
(Table 3). These beneficial effects are largely mediated by
peroxisome proliferator-activated receptors  (PPARs).
PPAR-z and PPAR-J (-f§) represent the main targets [35];
however, recent studies have shown the importance of the
inhibition of SREBP-1c¢ [36]. The hypolipidaemic and anti-
obesity effects of Q3-PUFAs probably depends on the in
situ suppression of lipogenesis and on an increase in fatty
acid oxidation in several tissues [37, 38]. This metabolic
switch might reduce accumulation of toxic fatty acid
derivatives while protecting insulin signaling in the liver
[39].

Although we did not observe significant differences in
the metabolism of glycogen, our results suggest a decrease
in the hepatic glycogen content of diabetic rats. This
reduction is more drastic in the diabetic groups that
received a high fat thermolyzed diet (Table 4). An in vitro
study showed that AGEs decreased tyrosine phosphoryla-
tion of IRS-1 and subsequently reduced glycogen synthesis
in insulin-exposed Hep3B cells and the association of the
p85 subunit of phosphatidylinositol 3-kinase with IRS-1
[40]. These results may justify our finding that a high fat
diet enriched in AGEs (HFTD) reduced observed glycogen
concentrations. Insulin promotes storage of glucose in the
form of glycogen, and as expected in this study, alloxan-
induced diabetes mellitus led to decreased glycogen con-
tent in the liver. Human studies have also reported lower
glycogen content in the livers of type 2 diabetics [41, 42].
This phenomenon is already well described in the literature
[43]. but little is known about the impact of hepatic gly-
cogen content on the regulation of glucose metabolism in
the liver from in vivo models. In a recent study. the author
suggests that the beneficial effects of Q3-PUFAs on glu-
cose metabolism are most strongly related to their inter-
action with PPARs. On the other hand, SREBP- 1 ¢ has been
shown to play a more important role in lipid metabolism in
obese mice [44]. Our results demonstrate that lipid
metabolism is more susceptible to the beneficial effects of
supplementation with Q3-PUFAs over a 4-week period
than glucose metabolism. However, studies with longer
periods of supplementation appear to show that Q3-PUFAs
have more beneficial effects on glucose metabolism [45].

Obesity and diabetes mellitus represent chronic inflam-
matory states that lead to increases in ROS, AGEs, and
several immunomodulatory factors that can contribute to
non-alcoholic fatty liver discase (NAFLD) and liver injury
[46]. Many carlier studies have used Q3-PUFAs to prevent
oxidative stress that results from NAFLD, a high fat diet or
diabetes mellitus. However, results in the literature are
contradictory. Some studies suggested that the intake of a
diet high in fish oil results in high Q3-PUFA content in
membrane lipids and enhances lipid peroxidation in the
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organs, blood, and urine of experimental animals and
humans [47, 48]. Some others, however, suggest that low
doses of fish oils do not significantly affect lipid peroxi-
dation in vivo [49, 50]. In our study, we have shown that
Q3-PUFAs were effective in reducing and preventing
increased lipid peroxidation that is promoted by diet and
diabetes mellitus (Table 5). We believe that this beneficial
result is observed as a consequence of the intermediate size
of the dose used in this study (3 g Q3-PUFA/100 g diet)
as compared to data from the literature and the fact that we
used this dose over a short period of time (4 weeks). We
can also correlate the decrease in NEFAs (Table 3) with
the reduction of lipid peroxidation in rats supplemented
with Q3-PUFAs (Table 5) because it is already known that
NEFAs induce a stress-signaling pathway in the liver. In
our study, we identified an increase in protein carbonyl
levels in rats fed with a high fat thermolyzed diet (Table 5),
including rats whose diets were supplemented with Q3-
PUFAs. These findings corroborate the study of Matsuza-
wa-Nagata et al. [51] who reported that protein carbonyl
levels were increased by 35% in the livers of mice fed a
high fat diet, compared to control mice, after 6 weeks. In
our study, we showed that diabetes mellitus, a high fat
thermolyzed diet and Q3-PUFAs could modulate enzyme
activity We observed an increase in SOD activity in HFTD
and D + HFTD, suggesting that O,  production is
increased during treatment with this diets, however, SOD
activity of HFTD + Q3 did not change and D + HFTD +
Q3 decreased suggesting an attenuation in the increase of
SOD activity caused by HFTD. The immunoblot of SOD2
increased in this groups making a regulation in the sub-
strate level and decreasing the enzymatic activity. These
results suggesting that O, production is decreased which
corroborating the result of lesser lipoperoxidation by
HFTD + Q3 (Table 5). Bauer et al. [52] demonstrated that
an increase in NEFA and impaired adiponectin bioactivity
both contribute to reduced levels of SOD2 protein in
monocytes of type 2 diabetes patients. Indeed the study of
Bauer et al. was conducted with subjects with DM2 and our
model (alloxan) is DMI1, however, once installed the
pathology of diabetes mellitus, the pro-inflammatory and
pro-oxidant response are very similar in both types (DMI
and DM2). [53, 54]. The study of Flachs et al. [55]
observed that feeding mice with a high fat diet enriched
with EPA/DHA concentrate (6% EPA, 519% DHA) for
5 weeks leads to elevated systemic concentrations of
adiponectin and suggested that this increase could explain,
to some extent, the anti-diabetic properties of these
Q3-PUFAs.

In this study, supplementation with €3-PUFAs
decreased levels of lipoperoxidation and hepatic lipids and
increased the SOD2 immunocontent. A combination of
prior evidence from the literature and the results presented
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here lead us to propose that Q3-PUFAs reduce the amount
of NEFAs and increase the concentration of adiponectin.
This, in tum, leads to increases in the levels of SOD2,
which subsequently prevents HFTD-mediated increases in
lipoperoxidation and oxidative stress. Our findings confirm
the beneficial effects of Q3-PUFAs on lipid metabolism
and oxidative stress in the liver, which may represent an
important adjuvant to therapies cumrently used in the
treatment of some diseases like diabetes mellitus, insulin
resistance, and non-alcoholic fatty liver disease.
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Abstract

Recent studies suggest that oxidative stress increases with diabetes
mellitus. This may be due to a decreased antioxidant potential, increased free-
radical production, alterations in enzymatic pathways related to the redox state
(such as the polyol and glyoxalase pathways), and changes in the
compartmentalization of metal ions. In this study, we verified a possible
beneficial effect of to prevent the development of renal disease in diabetic rats
fed a high fat thermolyzed diet. Rats were divided into six groups: (1) the
control group (C), (2) the control diabetic group (D), (3) the high fat
thermolyzed diet group (HFTD), which were fed a diet that was enriched in fat
that was heated for 60 min at 180 °C, (4) the high fat thermolyzed diet diabetic
group (D+HFTD), (5) the high fat thermolyzed die t+ Q3 polyunsaturated fatty
acid group (HFTD+Q3), (6) the high fat thermolyzed diet + Q3 polyunsaturated
fatty acid diabetic group (D+HFTD+Q3). Our findings suggest that Q3-PUFAs
reduce reactive species of oxygen, modulate antioxidant defense but not alter
antiglycation defense. Further studies are necessary for a better understanding
of the molecular mechanisms involved in Q3-PUFAs prevent oxidative

damage.

Keywords: Advanced Glycation End Products; Oxidative Stress; Q3-

Polyunsaturated Fatty Acids; Renal disease; Kidney.
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1. Introduction

Recent studies showed a major problem in public health is the
increasing incidence of age-related chronic diseases, most prominently
obesity, diabetes, and renal disorders. These have in common elevated
oxidant stress (OS) linked to a inflammatory state (1,2).

Advanced glycation end products (AGEs) are a heterogeneous group of
compounds with significant prooxidant and proinflammatory actions (3,4). They
form in the body under physiologic conditions produced by the reaction of
reducing sugars and reactive aldehydes with the free amino group of proteins,
lipids, and nucleic acids (5). Their rate of endogenous formation is markedly
enhanced in diabetes mellitus (4). They also form externally during the heat
processing of food (6).

Diet is a major source of AGEs and other oxidants that are generated
during exposure of food to heat (7). The most important determinant of the
levels of AGEs in the food is the method of cooking, especially the cooking
temperature (7). Of course, AGE levels also depend on the content of proteins,
lipids, and carbohydrates. Thus, meals cooked at high temperatures and under
dry conditions have the highest AGE content, especially if there is a high fat
content. We found a close association between the content of AGEs in the diet
and serum AGE levels, OS, and inflammatory mediators across a spectrum of
healthy, diabetic, and renal-failure subjects (7,8,9).

AGEs are modified in the body by enzymatic degradation, innate
defenses, and receptor-dependent uptake and degradation.The major
degradative enzymes involved are the glyoxalase | and Il system. The
glyoxalase system, consisting of glyoxalase |, glyoxalase Il and using a

catalytic amount of reduced glutathione, converts dicarbonyl compounds (-
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oxoaldehydes) to their corresponding hydroxy acids such as methylylglyoxal to
d-lactate (10). Since the reaction of the dicarbonyl compounds (or their thiol
esters) with glyoxalase | is the rate-limiting step, glyoxalase | activity indirectly
determines the rate of AGE formation, and therefore might be of particular
interest in aging and age-related diseases.

Eicosapentaenoic acid (EPA) is one of the Q3 polyunsaturated fatty
acids (Q3-PUFAs) which are contained in fish oil. It was shown that EPA has
many effects such as anti-thrombotic, hypolipidaemic, anti-atherogenic, anti-
inflammatory and anti-mitogenic actions. Moreover, recent studies have shown
that dietary supplementation with Q3-PUFAs retards disease progression in
human and experimental renal diseases. There is also a report that EPA
improved albuminuria in type 2 diabetic patients (11). However, the role of EPA
in the progression of diabetic nephropathy is not fully understood.

It is postulated that one of the effects of Q3-PUFAs on diabetic
nephropathy might be increased antioxidant enzymes and decrease reactive
oxygen species. In this study, we verified a possible beneficial effect of Q3-
PUFAs to prevent the development of renal disease in diabetic rats fed a high

fat thermolyzed diet.
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2. Material and Methods
2.1. Animals and chemicals

Sixty adult Wistar rats (male, 60 days old) from the Central Animal
House of the Department of Biochemistry were maintained under a standard
dark—light cycle (lights on between 7:00 a.m. and 7:00 p.m.) at room
temperature (22+2 °C). All experiments were conducted in accordance with
the Guiding Principles in the Use of Animals in Toxicology, adopted by the
Society of Toxicology in July 1989, and all experiments were approved by our
ethics committee for animal use at the Federal University of Rio Grande do
Sul. Alloxan monohydrate and all other chemicals were obtained from Sigma-
Aldrich (St. Louis, MO, USA). Anti-catalase antibody, anti-superoxide
dismutase 2 antibody and anti-B-actin antibody were obtained from
Calbiochem (Gibbstown, USA), Abcam (Cambridge, MA, USA) and Sigma-

Aldrich (St. Louis, MO, USA), respectively.
2.2. Treatments and diets

Diabetes mellitus was induced by an intraperitoneal (i.p.) injection of
alloxan (150 mg kg™ b.w.), and non-diabetic animals received a saline solution
(NaCl 0.9%), also via an i.p. injection. After 10 days, blood samples were
obtained from rats in fasting state to determine the plasma glucose
concentration. Only animals that presented with 15-30 mmol/l glucose
concentration were included in the study.

Rats were divided into six groups: (1) the control group (C, n=10), which
received standard laboratory rat chow; (2) the control diabetic group (D, n=10),
which received an injection of alloxan and the same diet as group 1; (3) the
high fat thermolyzed diet group (HFTD, n=10), which received a diet enriched

73



with fats that had been heated for 60 min at 180 °C to which a vitamin mixture
was added after heating; (4) the high fat thermolyzed diet diabetic group
(D+HFTD, n=10), which received an injection of alloxan and the same diet as
group 3; (5) the high fat thermolyzed diet + Q3 polyunsaturated fatty acid group
(HFTD+Q3), which received a diet enriched with fats that had been heated for
60 min at 180 °C to which a vitamin mixture and an omega 3 fatty acid
supplement was added after heating; and (6) the high thermolyzed fat diet +
Q3-polyunsaturated fatty acid diabetic group (D+HFTD+Q3, n=10), which
received an injection of alloxan and the same diet as group 5. Diet
thermolyzation was based on the study by Sandu et al. (12), which indicated a
high AGE content (around 1 unit/ug) in a high fat diet after thermolyzation. The
salt and vitamin compositions used were the same as those described by
Horwitz et al., (13). During the treatment period of four weeks, the animals had

free access to food and water.
2.3. Tissue Preparation

Rats were killed by decapitation, and the blood was collected
immediately in heparinized tubes. The whole blood sample was then
centrifuged at 2500 x g for 10 min to yield the plasma fraction, which was used
for subsequent biochemical analyses. The kidney was dissected stored at - 80

°C for future analyses of oxidative stress and western blotting.
2.4, Insulin Tolerance Test

An insulin tolerance test was performed after 26 days of diet treatment. Insulin
(1 U insulin/kg) was injected intraperitoneally after 6 h of starvation, and blood

was collected by a small puncture on the tail immediately prior to the injection,
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as well as 30, 60, and 120 min afterward. Each time, glucose was measured

by a glucometer (AccuChek Active, Roche Diagnostics, USA).

2.5. Oxidative stress and antioxidant enzyme activity

2.5.1. Measurement of ROS

To assess the ROS formation, 2',7'-dichlorofluorescin (DCFH-DA,
Sigma) was used as a probe (14). Within the cell, esterases cleave the acetate
groups on DCFH-DA, thus trapping the reduced probe (DCFH) intracellularly.
ROS in the cells leads to the oxidation of DCFH, vyielding the fluorescent
product DCF. An aliquot of the sample was incubated with DCFH-DA (100 uM)
at 37°C for 30 min, chilling the reaction mixture in ice terminated the reaction.
The formation of the oxidized fluorescent derivative (DCF) was monitored at
excitation and emission wavelengths of 488 and 525 nm, respectively, using a
fluorescence spectrophotometer. The free radical content was quantified using
a DCF standard curve and results were expressed as nanomoles of DCF

formed per milligram of protein.
2.5.2. Measurement of protein carbonyl

The oxidative damage to proteins was measured by quantifying the
number of carbonyl groups by reaction with 2, 4-dinitrophenylhydrazine
(DNPH). Proteins were precipitated by the addition of 20% trichloroacetic acid
(TCA) and were resuspended in 10mM DNPH, and the absorbance of the
resulting solution at 370 nm was recorded (15). Results are expressed as nmol

carbonyl/mg protein.

2.5.3. Thiobarbituric acid reactive species (TBARS)
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In order to assess the extent of lipoperoxidation, we detected
thiobarbituric acid reactive species (TBARS) formation through a heated and
acidic reaction. This is widely adopted as a method for the measurement of
lipid redox states, as previously described (16). The samples were mixed with
0.6 mL of 10% TCA and 0.5 mL of 0.67% thiobarbituric acid and were then
heated in a boiling water bath for 25 min. The level of TBARS was determined
by measuring the absorbance of each sample at 532 nm. The concentration of
TBARS in the samples was then determined from a calibration curve using
1,1,3,3-tetramethoxypropane (which had been subjected to the same treatment
as the supernatants) as a standard. Results are expressed as nanomoles of

TBARS per milligram of protein.
2.5.4. Measurement of non-protein thiol content

An aliquot of the supernatant from homogenates precipitated with 20%
TCA was diluted in 0.1% SDS and 0.01 M 5,5'-dithionitrobis-2-nitrobenzoic
acid (DTNB) in ethanol was added. An intense yellow color developed, and the
absorbance at 412 nm was recorded after 20 min (17). Simultaneously, the
absorbance of a blank sample, which was identical to the analyzed samples
except for the absence of DTNB, was also recorded. The non-protein thiol
content of each sample was calculated, after subtraction of the blank
absorbance, by using the following equation and the molar extinction
coefficient of 13,600 M~' cm™: {[(final absorbance/13,600)V]/1000}/Q, where
“V” is the volume (in mL) of the sample used in the assay and “Q” is the

amount of protein (in mg) in the sample used to perform the assay.

2.5.5. Catalase assay
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Catalase (CAT) activity was measured as previously described (18). The
rate of decrease in absorbance at 240 nm was measured as a function of H,O,

degradation by catalase.
2.5.6. Superoxide dismutase assay

Superoxide dismutase (SOD) activity was assessed by quantifying the
inhibition of superoxide-dependent adrenaline autooxidation by recording the

absorbance of the samples at 480 nm (19).
2.5.7. Glutathione peroxidase assay

GSH-Px activity was measured according to the method described by
Wendel, (20) using tert-butyl hydroperoxide as substrate. Nicotinamide
adenine  dinucleotide phosphate (NADPH)  disappearance  was
monitoredspectrophotometrically at 340 nm in a medium containing 2 mM
glutathione, 0.15 U/ml glutathione reductase, 0.4 mM azide, 0.5 mM tert-butyl
hydroperoxide and 0.1 mM NADPH. One GSH-Px unit is defined as 1 pmol of
NADPH consumed per minute and the specific activity is represented as units

per milligram of protein.

2.6. Measurement of glyoxalase | activity

Glyoxalase | activity was assayed according to Mannervik et al. (21).
The assay was carried out in 96-well microplates using a microplate
spectrophotometer (UV Star - Greiner). The 200 pl/well reaction mixture
contained 50 mM sodium-phosphate buffer pH 7.2, 2 mM methylglyoxal (MG)
and 1 mM glutathione (GSH; pre-incubated for 30 min at room temp). To the
buffer, 10—-20 pg protein from the sample was added per well. The formation of
S-(D)-lactoylglutathione was monitored at 240 nm for 15 min at 25°C. A unit of

glyoxalase | activity is defined as the amount of enzyme that catalyzes the
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formation of 1 pymol of S-(D)-lactoylglutathione per minute. Specific activity is

expressed in units per milligram of protein.

2.7. Western blotting analysis

Proteins (20 uyg) were separated by SDS-PAGE on 10% (w/v)
acrylamide and 0.275% (w/v) bisacrylamide gels and were then
electrotransferred onto nitrocellulose membranes. The membranes were then
incubated in Tris-buffered saline Tween-20 [TBS-T; 20 mM Tris—HCI, pH 7.5,
137 mM NaCl, 0.05% (v/v) Tween 20] containing 1% (w/v) non-fat milk powder
for 1 h at room temperature. Subsequently, the membranes were incubated for
12 h with the appropriate primary antibody (Catalase, 1:6000; Superoxide
dismutase, 1:2000, B-Actin, 1:10000). After washing in TBS-T, blots were
incubated with horseradish peroxidase-linked anti-immunoglobulin G (IgG)
antibodies for 1.5h at room temperature. Chemiluminescent bands were

detected, and densitometric analysis was performed using Image-J® software.

2.8. Statistical Analyses

Biochemical data are expressed as the mean + S.D. All analyses were
performed using the Statistical Package for the Social Sciences (SPSS 16.0)
software. Likewise, the differences between all groups were analyzed using
one-way ANOVA and Tukey's post hoc test. P-values were considered

significant when p < 0.05.
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3. Results

Figure 1 shows the Insulin Tolerance Test in diabetic groups (A), non-
diabetic groups (B) and area under a curve (C). We observed a significant
difference (P<0.05) between the diabetic control group (D) and diabetic groups
supplemented with high fat diet (D+HFTD and D+HFTD+Q3). However,
diabetic rats fed a HFTD or HFTD+Q3 diet showed a decrease in their glucose
concentration. This effect was attributed to a lower amount of carbohydrate in
these diets as compared to the control diet. In both graphs we can notice a
trend in the Q3-PUFAs improve insulin sensitivity.

In Figure 2, we tried to assess the effect of diabetes, high fat
thermolyzed diet and Q3-PUFAs on the lipoperoxidation (A), ROS (B), and
damage to protein (C, D). We did not find a significant difference in the levels
of lipoperoxidation (Figure 2A) and thiol content (Figure 2D) in the
experimental groups studied. However, Q3-PUFAs were significantly (P<0.05)
effective in preventing the increase of reactive species (Figure 2B) in both
groups (HFTD+Q3and D+HFTD+Q3). In addition, we noted significant (P<0.05)
increased levels of protein carbonyl in all diabetic groups compared to the non-
diabetic groups, although Q3-PUFAs had no effect on this parameter.

Figure 3 shows the effect of our experimental model over the antioxidant
enzymes activity, Superoxide dismutase (A), Catalase (B) Glutathione
peroxidase (C) and ratio of them - SOD / CAT + GPx (D). We observe a
significant (P<0.05) decreased of SOD (Figure 3A) and CAT (Figure 3B)
activity in all diabetic groups compared to the non-diabetic groups. Although,
diabetes and HFTD decreased (P<0.05) GPx activity, when added Q3-PUFAs

in the diet we can observe an increased (P<0.05) in GPx activity just in diabetic
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group (D+HFTD+ Q3). In addition, in the SOD / CAT + GPx ratio we noted an
increased in this ratio by high fat thermolyzed diet and a normalizing these
values by Q3-PUFAs.

Figure 4 shows the immunocontent of Catalase (A) and Superoxide
dismutase 2 (B). We observed a significant (P<0.05) decreased in kidney
immunocontent of CAT in diabetic (D) and D+HFTD+Q3. Althogh, only the high
fat thermolyzed diet is able to increased immunocontent of SOD2 in diabetic
and non-diabetic groups (HFTD and D+HFTD).

In the Figure 5, we verified the glyoxalase | activity, one of the anti-
glycation defenses. Only diabetic group (D) increased significant (P<0.05)

glyoxalase | activity in relation other experimental groups.
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4. Discussion

In this study, we evaluated a possible beneficial effect of Q3-PUFAs to
prevent the development of renal disease in diabetic rats fed a high fat
thermolyzed diet. The most important finding of this study was that Q3-PUFAs
are able to modulate antioxidant enzymes and prevent lipoperoxidation,
reducing reactive species of oxygen in kidney of diabetic rats supplemented
with high fat thermolyzed diet. However, these Q3-PUFAs did not affect the
observed levels of glyoxalase | in kidney and insulin sensivity.

We cannot deny a possibility that the correction of metabolic
abnormalities by Q3-PUFAs may contribute to the improvement of diabetic
nephropathy in the present study. However, Shimizu et al. (22) reported that
EPA administration improved urinary ACR without affecting blood pressure
levels, glycaemic control and lipid metabolism (22). In your study, Donadio et
al., (23) showed that dietary supplementation with Q3-PUFAs retards disease
progression in non-diabetic renal diseases including IgA nephropathy.
Therefore, besides the effects of EPA on ITT or hypertriglyceridemia, we
assume that EPA has a direct renal effect on diabetic nephropathy.

Hydrogen peroxide (H20;) is an important contributor of the oxidative
damage which is related with SOD activity. When the hydrogen peroxide
concentration is relatively low within the tissue, this disintegration is made
mainly by the GPx enzyme because of the low Km value of GPx with respect to
CAT (24). However, when its concentration is high enough, both CAT and GPx
enzymes are responsible for the detoxification process (25). According to our
results (Figure 3), the decrease observed in SOD, CAT and GPx activity a
indicated transcriptional repression in diabetic kidney tissues which we have

also observed previously in diabetic liver tissues (26). Corroborating with our
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results that diabetes reduce enzymes antioxidant activy, It has been
demonstrated that AGEs decreases SOD activity in vivo and in vitro (27).
Superoxide dismutase catalyzes the dismutation of radical superoxide anion
radical into oxygen and hydrogen peroxide. A decrease in CAT activity might
be due to a direct inhibition of SOD by AGEs, as superoxide directly inhibits
catalase (28).

In conclusion, our findings suggest that Q3-PUFAs reduce reactive
oxygen species, modulate antioxidant defense, maily a gluthatione peroxidase
activity, but not alter antiglycation defense. Further studies are necessary for a
better understanding of the molecular mechanisms involved in Q3-PUFAs

prevent oxidative damage via inhibtion of reactive oxygen species.
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Legends

Figure 1. Insulin Tolerance Test in the kidney of diabetic (A) and non-diabetic
(B) rats fed a control diet (C), high fat thermolyzed diet (HFTD) and high fat
thermolyzed diet + Q3 (HFTD+Q3). Blood glucose level is expressed in mg/dL.
All results are presented as the mean = SD (n=6 per group). Different asterisks
on the same row indicate a significant difference (P< 0.05) all groups were
analyzed using one-way ANOVA and Tukey’s post hoc test.

Figure 2. Oxidative stress in the kidney of diabetic and non-diabetic rats fed a
control diet (C), high fat thermolyzed diet (HFTD) and high fat thermolyzed diet
+ Q3 (HFTD+Q3). Lipoperoxidation (A), DCFH (B), protein carbonyl (C) and
non-protein thiol contents (D) are expressed in nmol/mg protein. All results are
presented as the mean £ SD (n=10 per group). Different asterisks on the same
row indicate a significant difference (P< 0.05) all groups were analyzed using
one-way ANOVA and Tukey’s post hoc test.

Figure 3. Antioxidant enzymes activity in the kidney of diabetic and non-
diabetic rats fed a control diet (C), high fat thermolyzed diet (HFTD) and high
fat thermolyzed diet + Q3 (HFTD+Q3). SOD (A), CAT (B) and GPx (C)
activities are expressed in U/mg protein. The SOD/CAT+GPx (D) ratio is
expressed in arbitrary units. All results are presented as the mean £ SD (n=10
per group). Different asterisks on the same row indicate a significant difference
(P< 0.05) all groups were analyzed using one-way ANOVA and Tukey’s post
hoc test.

Figure 4. Representative and quantitative Western blot analysis of the kidney
CAT (A) and SOD2 (B) immunocontent from diabetic and non-diabetic rats fed
a control diet (C), high fat thermolyzed diet (HFTD) and high fat thermolyzed
diet + Q3 (HTFD+Q3). The graphic represents the means + SD (n=3 per
group). Different asterisks indicate a significant difference (P< 0.05) all groups
were analyzed using one-way ANOVA and Tukey’s post hoc test.

Figure 5. Glyoxalase | activity in kidney of diabetic and non-diabetic rats fed a
control diet (C), high fat thermolyzed diet (HFTD) and high fat thermolyzed diet
+ Q3 (HFTD+Q3). Glyoxalase | was expressed in U/mg protein. All results are
presented as the mean £ SD (n=10 per group). Different asterisks on the same
row indicate a significant difference (P< 0.05) all groups were analyzed using
one-way ANOVA and Tukey’s post hoc test.
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Figure 4.

A C c\p HFTD HFTD\D HFTD+W3 HFTD+W3\D

. " . R
& il

CATALASE
125001
«» 100004
cE
T35 7500
<
&§ * *
= = 50001
5%
25004
0-
MR P N4
I X O «0
X Qﬂ &
< X e
ox
B c a\p HFTD HFTD\D HFTD+W3 HFTD+W3\D

SOD2 B mmmnm® s el .

SOD2

*

SOD2/g-Actin
Arbitrary units

90



Figura 5.
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4. Discussao

Um possivel mecanismo de dano ao tecido induzido por hiperglicemia
persistente na diabetes mellitus é a formagdo de produtos avancados de
glicacdo (AGEs). Endogenamente, acucares reduzidos reagem nao
enzimaticamente com grupos amino de proteinas, lipideos e acidos
nucléicos através de uma série de reacdes que formam bases de Shiff
seguida da formagéo de produtos de Amadori para a produgdo de AGEs. O
glioxal e o metilglioxal sdo espécies reativas de carbonilas com acdo de
glicacdo, formados pela degradacdo de proteinas glicadas, intermediarios
glicoliticos e peroxidagao lipidica e reagem com proteinas para formar os
AGEs. A preparagao de alimentos a elevadas temperaturas (130°C) é a
principal fonte exdgena dos AGEs. Este processo € dependente do tempo e
da temperatura em que os alimentos sdo aquecidos, bem como da
composi¢cao dos mesmos (Shangari e O’brien, 2004).
Baseado nestes conceitos, este trabalho buscou avaliar os efeitos
causados pelas glicotoxinas no sistema nervoso central e periférico de ratos
em dois principais modelos:
- Estudo in vitro: para verificar o efeito dos glioxais endogenos
diretamente no tecido alvo (SNC). (Item 3.1)

- Estudo in vivo: Diabetes + Dieta Hiperlipidica Aquecida - para
verificar a combinagdo de uma fonte exdégena com uma fonte
endogena de AGEs e seus efeitos em tecidos alvo do diabetes.

(Itens 3.2, 3.3 e 3.4).

4.1. Estudo in vitro

41.1. Efeitos do glioxal e metilglioxal sobre o metabolismo de
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aminoacidos, lactato, glicose e acetato no cortex cerebral de ratos

adultos e ratos jovens.

No item 3.1 desta tese nds verificamos os efeitos do glioxal e
metilglioxal sobre o metabolismo de alguns aminoacidos, lactato, glicose e
acetato em fatias de cortex cerebral de ratos de 10 dias de idade pds-natal e
de ratos adultos (3 meses de idade pos-natal). Embora a concentragao
intracelular exata de glioxal em neurbnios ainda é desconhecida,
concentracdes de metiglioxal até 300 uM foram medidos em cultura de células
CHO, a maioria deles ligado a residuos de cisteina e glutationa (Chaplen et al.,
1998). Além disso, a concentracdo destes aldeidos pode aumentar quando as
concentracbes de seus precursors esta aumentada, como na hiperglicemia
(Ahmed et al., 2005). Contudo, a concentragao de glioxal (400uM) utilizada em
nosso estudo parece ser relevante a partir de um ponto de vista fisioldgico.

No item 3.1, tivemos como achado mais importante que o glioxal, que
tem sido relatado a contribuir para a formagdo de produtos de glicagcado
avangada (AGEs) (Thornalley, 2005), aumentou a taxa de produgao de CO, a
partir dos aminoacidos alanina, leucina e glicina em fatias coértico-cerebrais
derivados de ratos jovens. O fato de que os glioxais sO tiveram efeitos
significativos em cortex dos animais jovens pode estar relacionado com niveis
mais baixos de glutationa. Corroborando com esta idéia, Stringari et al., 2008,
demonstrou que filhotes apos a fase de desmame apresentam niveis baixos
de glutationa no cortex cerebral. Por outro lado, a incorporagdo desses amino
acidos em proteinas foi diminuida apds a exposigao ao glioxal. Embora tenha
sido relatado que os glioxais sdo capazes de afetar o metabolismo energético,

0 que pode levar a diminuigdo dos niveis de ATP e a disfuncdo mitocondrial
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(De Arriba et al., 2007), ndo existem dados na literatura sobre os efeitos dos
glioxais (metilglioxal ou glioxal) sobre o metabolismo de aminoacidos em
tecidos cerebral.

Outro fato de extrema relevancia que pode justificar os efeitos toxicos
dos glioxais somente em ratos jovens € que a enzima glioxalase | parece ter
sua atividade e expressdo de forma idade-dependente, ou seja, tendo seu
intervalo de atividade e expressao dos 18 aos 80 anos de idade (Kuhla et al.,
2004). Como podemos avaliar a Figura 5 na pagina seguinte, seu pico de agao

parece ser por volta dos 55 anos de idade.
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Figura 5. Analise por western blotting do imunoconteudo da Glioxalase |
(Figura 5A), atividade enzimatica da Glioxalase | (Figura 5B) e niveis de RNA
da Glioxalase | determinados por RT-PCR (Figura 5C) em amostras de
cérebros humanos de diferentes idades (area de brodmann 22) (Kuhla et al.,
2004).

Estes dados da Figura 5 em conjunto com os resultados encontrados
no item 3.1., onde os glioxais (principalmente o glioxal) podem alterar o
metabolismo energético de aminoacidos em cortex cerebral de ratos sob
condigdes in vitro, sugerem que organismos jovens, animais ou humanos, sao
mais suscetiveis ao ataque de glioxais devido a menor agdo da glioxalase | e
menor nivel de glutationa no sistema nervoso central.
Observagao: Alguns dos resultados do item 3.1. foram utilizados em uma
dissertagdo de mestrado (Schmidt, 2009). Contudo, novos experimentos foram
feitos e os resultados antigos refeitos afim de confeccionar o artigo para

publicacdo em uma revista internacional indexada. Ainda, o autor da presente
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tese € considerado primeiro autor no artigo do item 3.1.

4.2. Estudo in vivo:

4.2.1. Efeitos da dieta hiperlipidica aquecida sobre o metabolismo

energético do sistema nervoso central em ratos diabéticos

No item 3.2 buscamos investigar os efeitos de uma dieta hiperlipidica
aquecida (rica em AGEs) nos transportadores de acidos monocarboxilicos e
metabolismo energético (lactato, glicose e B-hidroxibutirato) no hipocampo de
ratos diabéticos e os possiveis beneficios da suplementacdo com o acido
graxo poliinsaturado omega 3. Neste manuscrito nés escolhemos trabalhar
somente com o hipocampo, pois Pierre et al., 2007, em seu trabalho
demonstraram que esta estrutura € mais suscetivel a alteracbes promovidas
por dieta hiperlipidica.

Ha pouca informacéo disponivel sobre a regulagdo da expressédo dos
transportadores de acidos monocarboxilicos (MCTs) no sistema nervoso
central, especialmente em relacdo aos diferentes estados metabdlicos. Os
MCTs tém sido implicados na transferéncia intercelular de lactato em
diferentes orgaos, incluindo o cérebro (Brooks, 1986; Pellerin e Magistretti,
1994). Além disso, eles estdo envolvidos na importagdo e na utilizagdo de
substratos energéticos, tais como o lactato e corpos cetbnicos em situagdes
metabdlicas particulares.

A exposicdo a uma dieta hiperlipidica aquecida estabelece um novo
ambiente metabodlico para o cérebro conduzindo a maioria das provaveis
adaptagdes metabdlicas especificas. Em ratos adultos, a expressao de MCT1
mostrou-se aumentada apos trés semanas de alimentagdo com dieta

cetogénica (Leino et al., 2001). A resisténcia a ac&o da insulina é bem descrita
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em tecidos, como musculo esquelético e o figado, mas foi recentemente
proposta também afetando o sistema nervoso central (Isganaitis e Lustig,
2005). As consequéncias metabdlicas especificas da resisténcias a insulina no
cérebro ainda nao foram completamente exploradas, contudo a
superexpressao dos transportadores de acidos monocarboxilicos pelos
astrocitos (MCT1) e neurbnios (MCT2), como observado no item 3.2 poderia
ser uma resposta para superar a resisténcia a insulina cerebral e seu impacto
sobre a utilizagdo dos substratos energéticos pelo sistema nervoso central.
Por outro lado, Mori et al., 2004, em seu estudo com humanos obesos
demonstrou que uma refei¢do diaria rica em Q3-PUFAs em um programa de
reducdo de peso foi capaz de reduzir os niveis de leptina e insulina, assim
como a pressao arterial. Deste modo, podemos supor que as alteragbes dos
Q3-PUFAs sobre a acido da insulina esta diretamente relacionada com os
efeitos destes acidos graxos no metabolismo energético e os transportadores
de acidos monocarboxilicos.

Neste item, podemos observar que a dieta hiperlipidica aquecida foi
capaz de diminuir a oxidacdo de lactato a CO; e aumetar a oxidagao de [3-
hidroxibutirato a CO, ainda esta mesma dieta aumentou o imunoconteudo de
MCT1 e MCT2 em hipocampo de ratos diabéticos. De acordo com este item,
notamos uma relacdo entre a oxidagcdo destes substratos e seus
transportadores. Embora os Q3-PUFAs foram eficazes em normalizar o
metabolismo energético no hipocampo de ratos diabéticos, devido a falta de
trabalhos anteriores na literatura ndo sabemos se este efeito € um reflexo de

sua agao periférica ou se realmente ele tem uma agao central.
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4.2.2. Efeitos da dieta hiperlipidica aquecida sobre o estresse oxidativo,
conteudo lipidico e metabolismo do glicogénio em figado de ratos
diabéticos e a possivel agao protetora do acido graxo poliinsaturado

Omega 3 (Q3-PUFAs)

No item 3.3. tivemos como objetivo principal investigar os efeitos dos Q3-
PUFAs sobre o estresse oxidativo, incluindo a atividade das enzimas
antioxidantes, lipidios hepaticos e do metabolismo do glicogénio no figado de
ratos diabéticos e nao diabéticos alimentados com uma dieta hiperlipidica
aquecida.

Neste, a suplementagdo de 4 semanas com Q3-PUFAs parece ter mais
efeitos sobre o metabolismo lipidico do que o metabolismo glicidico. N6s
observamos que o diabetes e a dieta hiperlipidica aquecida reduzem as
concentragbes de glicogénio hepatico, contudo os Q3-PUFAs parecem nao
alterar este metabolismo.

Por outro lado, os efeitos positivos dos Q3-PUFAs na reducdo de
triglicerideos e colesterol hepaticos demonstrados no item 3.3 tém sido
relatados em diversos estudos utilizando modelos animais (Aguilera et al.,
2004) e humanos (Oh, 2005). Os Q3-PUFAs podem inibir a atividade da
enzima acil-CoA diacilglicerol aciltransferase que é responsavel pela sintese
de triglicerideos (Rustan et al., 1988). Ratos alimentados com Q3-PUFAs
demonstraram niveis séricos de colesterol total mais baixos do que o grupo
controle, devido ao aumento da excregdo biliar (Balasubramaniam et al.,
1985). Estes efeitos hipolipidémicos e anti-obesidade dos Q3-PUFAs
dependem provavelmente da supresséo in situ da lipogénese e o aumento na

oxidagdo de acidos graxos em varios tecidos (Flachs et al., 2005). Estes
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efeitos metabdlicos podem reduzir o acumulo de susbtancias toxicas
derivadas dos acidos graxos, com o diacilglicerol, protegendo a sinalizagdo da
insulina no figado (Neschen et al., 2007).

Neste item 3.3, a suplementacdo com Q3-PUFAs promoveu a diminuicao
dos niveis de lipidios e lipoperoxidagdo hepatica, contudo aumentou o
imunoconteudo de SOD2. Uma combinagdo com evidéncias anteriores na
literatura e os resultados apresentados neste capitulo nos levam a propor que
os Q3-PUFAs reduzem a quantidade de acidos graxos nao-estereificados e
aumentam a adiponectina plasmatica (Bauer et al., 2011). Esta por sua vez
aumenta os niveis de SOD2, que por sua vez previne a lipoperoxidagao
induzida por dieta hipelipidica aquecida.

No item 3.3 confirmamos os efeitos benéficos dos Q3-PUFAs sobre o
metabolismo lipidico e estresse oxidativo no tecido hepatico, o que talvez
possa representar um importante adjuvante nas terapias atualmente utilizadas
no tratamento de algumas doengas como diabetes mellitus e resisténcia a

insulina.

4.2.3. Efeitos da dieta hiperlipidica aquecida sobre o estresse oxidativo e
os produtos avancados de glicacdo em rim de ratos diabéticos e a
possivel acao protetora do acido graxo poliinsaturado Omega 3 (Q3-

PUFAs)

No item 3.4 tivemos como objetivo principal investigar um possivel efeito
benéfico dos Q3-PUFAs em prevenir o desenvolvimento da doenga renal em
ratos diabéticos alimentados com uma dieta hiperlipidica aquecida.

A diabetes mellitus € uma das principais causas de doenca renal crénica.
Cerca de 20-30% dos doentes com diabetes mellitus tipo | e tipo Il
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desenvolvem nefropatia (Rossing et al., 1994). A probabilidade da progressao
para nefropatia € maior na diabetes mellitus tipo 1 (DM1), mas a grande
maioria dos doentes com doencga renal crbnica sdo portadores de diabetes
mellitus tipo 2 (DM2), devido a sua maior prevaléncia. Contudo, no item 4.2.3
nossos achados sugerem que os Q3-PUFAs podem reduzir as espécies ativas
de oxigénio, modular as defesas antioxidantes enzimaticas, principalmente a
glutationa peroxidase, entretanto parecem n&o afetar os sistemas antiglicagéo.

Corroborando com nossos resultados, em um estudo semelhante ao
nosso, foram administradas dietas ricas em diferentes acidos graxos poli-
insaturados (Q3-PUFAs ou Q6-PUFAs) em ratos diabéticos por um longo
periodo (30 semanas), contudo, somente a dieta rica em Q3-PUFAs foi eficaz
em prevenir o desenvolvimento da doenga renal promovida pelo diabetes
mellitus. Os animais que receberam a dieta rica em Q3-PUFAs néao
demonstraram aumento da excrecdo de albumina na urina,
glomeruloesclerose, fibrose tubulointersticial, hipertensdo e inflamagao
caracteristicas da doencga renal promovida pelo diabetes mellitus (Garman et
al., 2009).

A inflamagao é um importante fator patogénico ligado ao desenvolvimento
da doencga renal no diabetes mellitus (Ziyadeh, 2004). Zhao et al., 2007, em
seu estudo demonstrou que o diabetes mellitus € capaz de aumentar a
densidade de macrofagos ativados e a expresséao proteica de IL-6 e MCP-1 no
cortex renal, compativel com o aumento da inflamacgao tecidual. Neste mesmo
trabalho, o tratamento com Q3-PUFAs reverteu estes parametros
demonstrando os efeitos anti-inflamatoérios deste composto sobre o diabetes
mellitus. Ja esta bem descrito na literatura que a inflamagéo esta intimamente

ligada ao estresse oxidativo. De acordo com a literatura e baseado em nossos
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resultados acreditamos que os efeitos anti-inflamatérios dos Q3-PUFAs estédo
relacionados com os dados mostrados no item 3.4. Em resumo, a agéo anti-
inflamatdria dos Q3-PUFAs estaria diminuindo a ativacao de vias inflamatérias
como a via do NFkB, a ativacdo destas vias leva ao aumento de espécias
ativas de oxigénio promovendo o estresse oxidativo tecidual, entretanto uma
diminuicdo destas vias (Zhao et al., 2007) levaria @ uma diminuicdo nas
espécies ativas de oxigénio, resultado encontrado por nés no item 3.4,
representando um menor dano tecidual e prevenindo assim a progresséo da
doenca renal no diabetes mellitus.

Todavia, mais estudos sdo necessarios para melhor entendimento do
mecanimso de acado dos Q3-PUFAs prevenindo danos oxidativos via inibicdo

das espécies ativas de oxigénio.
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5. Conclusoes

Os resultados que foram apresentados na presente tese, sugerem que
as glicotoxinas endogenas e exogenas afetam o metabolismo de alguns
aminoacidos (glicina, leucina, alanina, glutamina e glutamato) e o metabolismo
energético do sistema nervoso central de maneira a prejudicar sua
homeostase. Além disso, observamos que o diabetes mellitus aliado a
glicotoxinas exdgenas alteram principalmente o metabolismo do lactato em
hipocampo de ratos.

Podemos concluir também que os Q3-PUFAs demonstraram melhorar o
estado redox no figado e no rim de ratos diabéticos alimentados com uma
dieta hiperlipidica aquecida. Estes resultados sdao muito promissores uma vez
que muitas das complica¢des do diabetes mellitus tem como causa principal o
aumento de espécies ativas de oxigénio e nitrogénio.

Com relagao aos nossos objetivos especificos concluimos que:

- Nosso estudo in vitro, demonstrou que o cértex cerebral de ratos jovens
€ mais suscetivel a agdo dos glioxais sobre o metabolismo de
aminoacidos, e que o glioxal parece ter um efeito mais nocivo do que o
metilglioxal neste modelo.

- Quando avaliamos os efeitos das glicotoxinas no sistema nervoso
central através da dieta, concluimos que certos estados metabdlicos
como o diabetes e a alimentagdo com uma dieta hiperlipidica aquecida
em conjunto podem diminuir a utilizagdo de certos substratos, assim
como aumentar seus transportadores, acarretando em consequéncias
metabdlicas negativas. Ainda, os Q3-PUFAs de alguma forma ainda
nao bem compreendida parecem ter um efeito benéfico neste modelo.
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Em relagdo ao figado, a suplementagdo com Q3-PUFAs foi eficaz em
reduzir os parametros de estresse oxidativo estudados por nds, assim
como o metabolismo lipidico em ratos diabéticos alimentados com uma
dieta hiperlipidica aquecida. Reforgando o papel benéfico dos Q3-

PUFAs descritos na literatura de forma controvérsa.

- No rim, a suplementacdo com Q3-PUFAs demonstrou prevenir o
aumento do estresse oxidativo causado pela ingesta de uma dieta
hiperlipidica aquecida e o diabetes mellitus, contudo n&o foi eficaz em
modificar o sistema anti-glicagdo da glioxalase. Sabemos que a
nefropatia diabética € uma das doengas que mais acomete pacientes
com diabetes mellitus, nossos resultados demonstram uma acéio
positiva dos Q3-PUFAs perante esta condi¢cdo, esta acdo pode estar
relacionada com o efeito antiinflamatorio ja descrito dos acidos graxos

poli-insaturados.
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6. Perspectivas

- Verificar o efeito in vitro de substancias antioxidantes sobre o metabolismo
energéticos em nosso modelo de incubagdo com glioxal e metilglioxal em
fatias de cortex cerebral.

- Verificar o efeito in vitro de substancias antioxidantes sobre estado redox em
nosso modelo de incubagdo com glioxal e metilglioxal em fatias de cortex
cerebral.

- Estudar o sistema anti-glicacdo das glioxalases em nosso modelo de
incubagéo com glioxal e metilglioxal em fatias de cortex cerebral.

- Avaliar parametros moleculares para verificar o efeito do diabetes e da dieta
hiperlipidica aquecida no metabolismo do lactato.

- Estudar histolégicamente o rim e o figado dos animais diabéticos
alimentados com dieta hiperlipidica aquecida e suplementados com Q3-
PUFAs.

- Estudar o metabolismo do glicogénio em diferentes 6rgdos dos animais

diabéticos.
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8. Anexos
8.1. Instrugdes para o autor — Revista Hippocampus

Author Guidelines

All manuscripts should now be submitted online. Please note: This journal
does not accept Microsoft Word 2007 documents at this time. Please use
Word'’s “Save As” option to save your document as an older (.doc) file type. To
submit a manuscript, launch your web browser and go to
http://mc.manuscriptcentral.com/hipo. Check for an existing user account by
entering your email address in the space beneath the box that reads
"Password Help." If you are submitting for the first time, and you do not find an
existing account, create a new account by clicking on the words "Create
Account" in the top right corner of the screen. Instructions are posted under the
heading "Resources" on the login page and also within the site itself. Please be
sure to read them carefully. If you experience difficulty during the submission
process, contact technical support at ts.mcsupport@thomson.com.

Hippocampus is a member of the Neuroscience Peer Review Consortium. The
Consortium is an alliance of neuroscience journals that have agreed to accept
manuscript reviews from each other. If you submit a revision of your
manuscript to another Consortium journal, we can forward the reviews of your
manuscript to that journal, should you decide this might be helpful. You can
find a list of Consortium journals and details about forwarding reviews at
http://nprc.incf.org .

File Format Instructions for Online Submission
Manuscript file, tables, and figures must be submitted separately.

TEXT
Submit your text in DOC or RTF format. Do not embed figures or tables in this
document; these should be submitted as separate files.

TABLES
Tables should be created with a word processor and saved in either DOC or
RTF format. Do not embed tables in your text.

FIGURES
To ensure the highest print quality, your figures must be submitted in TIF
format according to the following minimum resolutions:

« 1200 dpi (dots per inch) for black and white line art (simple bar graphs,
charts, etc.)

« 300 dpi for halftones (black and white photographs)

« 600 dpi for combination halftones (photographs that also contain line art
such as labeling or thin lines)

Vector-based figures (e.g., figures created in Adobe lllustrator) should be
submitted in EPS format.
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Authors are encouraged to visit http://cpc.cadmus.com/da/ for more information
regarding supported artwork formats.

COLOR FIGURES
In addition to the above resolution guidelines, color figures must be submitted
in a CMYK colorspace. Do not submit color figures as RGB.

UNACCEPTABLE FIGURE FORMATS
Do not submit figures in any of the following formats: JPG, GIF, PSD, CRD,
PCT, PPT, PDF, XLS, DOC, BMP, 123 (or other Lotus formats).

At the end of a successful submission, a confirmation screen with manuscript
number will appear and you will receive an e-mail confirming that the
manuscript has been received by the journal. If this does not happen, please
check your submission and/or contact tech support at
ts.mcsupport@thomson.com .

Forms of Manuscripts

Papers reporting original research will be the major substance of the journal,
but occasional short Commentaries will also be published. The Commentaries
will be of three types: Historical Reviews of individual careers or areas of
research; Updating Reviews that briefly summarize the state of knowledge in a
particular subject area; and Speculative Reviews , in which new perspectives
or hypotheses are outlined. The Speculative Reviews may take the form of
Point-Counterpoint presentations by two or more authors with differing
viewpoints on a topic area. The publication of a Commentary in Hippocampus
will normally follow an invitation to the author(s) from the Editor. However,
anyone interested in contributing a Commentary or suggesting a topic for one
is invited to contact the Editor. The Editor also wishes to encourage
neurobiologists to contribute to the journal by writing short letters, which will be
considered for publication in a separate Letters to the Editor section. This
section will provide a medium for communication and discussion, not only of
points that arise from papers published in Hippocampus , but also of topics of
general interest to the readership of the journal. The Editor reserves the right to
invite replies or comments to such letters at his discretion.

Rapid Communications

Papers submitted as Rapid Communications will receive an expedited review
and priority for publication once accepted. Rapid Communications should
occupy no more than three journal pages including references (generally no
more than 30) and figures. A typical journal page contains approximately 1,200
words. Thus, articles containing one page of illustrative material should
normally be confined to approximately 2,000 words excluding references.

Rapid Communications should begin with an Abstract or Introductory
Paragraph of less than 200 words summarizing the background, goals of the
research, and conclusions. The body of the text should include an expanded
background and rationale for the research and a brief overview of methods that
reference papers providing detailed descriptions of methods. The bulk of the
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text should be devoted to the results and a brief discussion of the significance
and implications of the research. No section headings (e.g., Materials and
Methods, Results) should be used in this format. If, on the rare occasion, a
more extensive description of methods is essential for understanding the
results of the research, this text should be included at the end of the paper and
titted, Detailed Methods. References should be cited and formatted as in
standard Research Papers published in Hippocampus .

To facilitate rapid evaluation of manuscripts, Rapid Communications may be
submitted to Hippocampus in any format as long as the constraints on space
described above are adhered to. Authors are strongly encouraged to submit
manuscripts on disk (MS Word format, Mac or PC is preferable). If a Rapid
Communication is accepted, it will be the author's responsibility to submit a
revised version of the manuscript that fully conforms to the format described
above.

General Information

Papers may be as long as the findings justify. The Editor wishes to encourage
the submission of comprehensive studies of the hippocampal formation.
Manuscripts should be written as concisely as possible, however, and the
number of illustrations should be limited to those necessary to document the
findings. The cost for reproduction of all color illustrations, however, must be
borne by the author.

Review and Production Process

In general, submitted manuscripts will be confidentially refereed by at least two
members of the Editorial Board. If the reviewers disagree on the acceptability
of the manuscript, a third evaluation will be sought. In those cases in which the
content of a manuscript is outside the field of expertise of members of the
Editorial Board, it will be forwarded to qualified reviewers. To facilitate the
review process, authors are invited to suggest the names of reviewers in
addition to members of the Editorial Board whose expertise qualifies them to
referee the paper. The actual selection of the reviewers, however, will be
determined by the Editor, acting on the advice of the Section Editor and the
Editorial Board. Based on the findings of the reviewers, a decision will be made
by the Editor, and the author will be notified as soon as possible. In the case
that revision of the manuscript is required, it should be noted that manuscripts
not resubmitted within 3 months may be treated as new submissions.

Submission of a paper to Hippocampus will be taken to imply that it represents
original research not previously published, except as an abstract, and that it is
not being considered for publication elsewhere in similar form. Upon
acceptance of a paper, the authors are required to sign a statement that attests
to this fact and a copyright assignment agreement, assigning the rights for their
paper to the publisher. Authors will, however, retain the right to use any of their
published material for personal use, including reproduction in reviews, books,
etc. At the time of submission, each manuscript should be accompanied by a
statement from the submitting author that all coauthors agree to having their
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names listed as authors and that colleagues whose unpublished work is
referred to, or who are acknowledged, agree to that.

A single set of page proofs will be sent to the first author or the author
designated for proofreading. All corrections should be clearly marked on the
proofs, which should be returned to the publisher's office within 3 days. Costs
for alterations in the proofs other than corrections of printer's errors may be
charged to the authors. There will be no proofs for the Letters section. Reprints
may be purchased by each author at prices quoted on the reprint order form
accompanying the proofs. Orders should be returned with the proofs.

Preparation of the Manuscript

The manuscripts should be typed double-spaced throughout with a 1" (2.5 cm)
margin on all sides. All pages should be numbered consecutively, beginning
with the title page. Manuscripts should be written using standard American
spelling. The spelling of nontechnical terms should preferably follow that
indicated in Webster's Third International Dictionary . The numbers one
through nine should be spelled out; Arabic numerals should be used for
numbers greater than nine and units of time and measure. All numbers should
be spelled out when they appear as the first word of a sentence. Abbreviations
should never be used at the beginning of a sentence.

Research papers should include a Title Page, Abstract, Introduction, Materials
and Methods, Results, Discussion, References, Acknowledgments, and Figure
Legends. Tables and figures should be submitted as separate files. Footnotes
should not be used. If absolutely essential, they should be incorporated in the
text, in parentheses.

Title Page. The Title Page should include the complete title of the paper,
together with the name(s) of the author(s) and institutional affiliations (to
department level); a running (abbreviated) title, not exceeding 60 characters
and spaces; the number of text pages, figures, and tables; and the name, full
address, telephone number, and, if appropriate, telefax number and/or E-mail
address of the author to whom correspondence, including proofs, should be
sent, and all grant information in the following format: Grant sponsor: ;
Grant number: . A list of five key words that do not occur in the title
should be included for abstracting purposes. The title should represent the
contents of the paper and should not include technical jargon, chemical
formulas, or arbitrary abbreviations.

Abstract. The Abstract should be clearly written in 300 words or less and
should succinctly state the objectives of the study, experimental design, major
observations and conclusions, and their major significance. The abstract
should be intelligible to neuroscientists in general and should thus be free of
specialized jargon and abbreviations. References should generally not be cited
in the abstract, but if they are, the complete citation should be given (e.g.,
Conti F et al., J Comp Neurol 1994; 343:554-565).
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Introduction. The Introduction section should provide sufficient background
information to make clear the rationale and objectives of the reported studies.
Extensive literature reviews are generally not necessary.

Materials and Methods. The Materials and Methods section should be concise
but should adequately describe experimental procedures to allow for
replication of the reported experiments. Wherever possible, references should
be made to published protocols. Excessively detailed descriptions of widely
used techniques or details of procedures that will not be of general interest to
the reader should be avoided. Submission of a paper to Hippocampus implies
that all animal experimentation reported in the paper has been conducted in
accordance with the guidelines laid down by the NIH ( NIH Guide for the Care
and Use of Laboratory Animals ) in the USA or by the European Communities
Council. When human subjects are used, adequate documentation should be
included in the manuscript that the experiments were undertaken with the
understanding and consent of each subject. It is assumed that with the
publication of a paper in Hippocampus the authors will make available,
whenever possible, reagents, such as antibodies, that were used in the
research and are not commercially available.

Results and Discussion. In the Results section, findings should be described
without discussion of their significance. Authors are encouraged to use
subheadings to clarify the organization of this section. In the Discussion,
authors should provide an interpretation and validation of their findings,
conclusions, and their significance in relation to previously published work.
Repetition of the results or extensive review of the literature should be avoided.

References

Wiley's Journal Styles Are Now in EndNote
EndNote is a software product that we recommend to our journal authors to
help simplify and streamline the research process. Using EndNote's
bibliographic management tools, you can search bibliographic databases, build
and organize your reference collection, and then instantly output your
bibliography in any Wiley journal style.

Download Reference Style for this Journal: If you already use EndNote, you
can download the reference style for this journal.
How to Order: To learn more about EndNote, or to purchase your own copy,
click here .
Technical Support: If you need assistance using EndNote, contact
endnote@isiresearchsoft.com , or visit www.endnote.com/support .

It is the responsibility of the author(s) that each reference in the text appears in
the References section and that each reference listed in this section is correct
and cited in the text. References should be cited in the text by author's name
followed by year of publication, thus: Ben-Ari (1981) or (Ben-Ari, 1981); Squire
and Zola (1983) or (Squire and Zola, 1983). In the case that there are more
than two co-authors: Lopes da Silva et al. (1989) or (Lopes da Silva et al.,
1989). A typical citation should follow the form: Data reported by Ben-Ari
(1981) have recently been confirmed by others (Lopes da Silva et al., 1989).
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When more than one reference is cited, the references should be listed in
chronological order. A paper that is in preparation or submitted to a journal but
not yet accepted for publication should not be included in the References
section; reference to a paper of this type should be cited as "unpublished
observations", and the initials and surname(s) must be listed in the text for the
author(s) whose unpublished experiments are cited.

In the References section, papers should be listed in alphabetical order
according to the name of the first author. In the case of several references with
the same first author but more than one co-author, the references should be
listed in chronological order. When references are made to more than one
paper by the same first author published in the same year, the postfix a, b, c,
etc., should be used both in the text and in the References section; for papers
published in different years, the references should be listed in chronological
order. The name of the author(s) should be followed by the full title of the
paper, and the complete source of the reference (abbreviations of journals
should follow those used in Index Medicus), including the year of publication,
volume number, and the first and last pages. The form used in the References
section should be the following:

Journal article:

Hyman JM, Zilli EA, Paley AM. 2005. Medial prefrontal cortex cells show
dynamic modulation with the hippocampal theta rhythm dependent on
behavior. Hippocampus 15:739-749.

Book chapter:
Gilmor ML, Rouse ST, Heilman CJ, Nash NR, Levey Al. 1998. Receptor fusion
proteins and analysis. In: Ariano MA, editor. Receptor localization. New York:
Wiley-Liss. p 75-90.

Book:
Voet D, Voet JG. 1990. Biochemistry. New York: John Wiley & Sons. 1223 p.

Preparation of lllustrations. lllustrations submitted for publication should be the
exact size that they will appear in print. The size of illustrations should not
exceed the dimensions of the journal itself (7" x 9 3/8", or 17.8 cm x 23.8 cm).
All figures, both line drawings and halftones, should be appropriately lettered
and labeled. Lettering should remain at least 1/4" (6 mm) from the edges of
figures to allow for trimming. The cost for printing color art is $950 for the first
page and $500 for each additional page up to four pages. The cost will be
higher if the color art is submitted other than as specified above. Figures
considered to be of insufficient quality for publication will be returned to the
author(s) for correction. All figures must be referred to in the text and must be
numbered and cited consecutively (Fig. 1, Fig. 2, etc.). Each figure should be
accompanied by an explanatory legend that makes the illustration
understandable without need for reference to the text.

Preparation of Tables. Each table should be typed, double-spaced, as a
separate doc or rif file. The table should include an informative title and a
legend that makes the table comprehensible without resorting to the text. Each
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column in the table should have a heading, and the columns should be
formatted to be easily distinguishable by the compositor. If the table is highly
complex, it should be submitted as a graphic in tiff or eps format so as to avoid
introduction of errors during typesetting that would be difficult to detect in the
proofreading stage. In this case, tables should be prepared using the same
considerations one would apply to a line drawing illustration. All tables must be
referred to in the text and must be numbered and cited consecutively (Table 1,
Table 2, etc.).

Units, Symbols, and Abbreviations . For symbols of physical units, the Sl
system (Systéme International d' Unités) should be used. Abbreviations should
not be used excessively in the text, and in all cases the word or words to be
abbreviated should be written in full on the first occurrence, followed by the
abbreviation in parentheses. The same abbreviations should be used in both
the text and figures. If many abbreviations are used, including those used
repeatedly in the tables or figures, they should be listed on a separate sheet,
entitled Abbreviations.

Posters deposited in public access collections will not be considered as prior
publication for the purposes of our acceptance at Hippocampus. However, the
editors reserve the right to ask for the poster to insure that the information
contained in the paper goes beyond or is different from that contained in the
poster in some way and is not a duplicate publication.
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8.2. Instrugoées para o autor — Revista Diabetes Research And Clinical
Practice

Author Guidelines

Manuscript Submission
Manuscripts should be submitted online at =+http://ees.elsevier.com/diab and
the instructions on the site should be followed closely. Authors may submit
manuscripts and track their progress to final decision. Reviewers can download
manuscripts and submit their reports to the Editors.
The full contact details for the Editorial Office are shown below:
Diabetes Research and Clinical Practice Editorial Office, Elsevier Ltd., The
Boulevard, Langford Lane, Kidlington, Oxford, OX5 1GB, UK; Phone: +44 (0)
1865 843753 Fax: +44 (0) 1865 843977 Email: Diab@elsevier.com
Journal Principles
All manuscripts submitted to Diabetes Research and Clinical Practice should
report original research not previously published or being considered for
publication elsewhere, make explicit any conflict of interest, identify sources of
funding and generally be of a high ethical standard.
Submission of a manuscript to this journal gives the publisher the right to
publish that paper if it is accepted. Manuscripts may be edited to improve
clarity and expression. Submission of a paper to Diabetes Research and
Clinical Practice is understood to imply that it has not previously been
published and that it is not being considered for publication elsewhere.
Authorship
The Corresponding Author must submit a completed Author Consent Form to
DRCP with their manuscript. All authors must sign the Author Consent Form.
All authors should have made substantial contributions to all of the following:
(1) the conception and design of the study, or acquisition of data, or analysis
and interpretation of data, (2) drafting the article or revising it critically for
important intellectual content, (3) final approval of the version to be submitted.
Acknowledgements
All contributors who do not meet the criteria for authorship as defined above
should be listed in an acknowledgements section. Examples of those who
might be acknowledged include a person who provided purely technical help,
writing assistance, or a department chair who provided only general support.
Authors should disclose whether they had any writing assistance and identify
the entity that paid for this assistance.
Ethics
Work on human beings that is submitted to the journal should comply with the
principles laid down in the Declaration of Helsinki "Recommendations guiding
physicians in biomedical research involving human subjects”, adopted by the
18th World Medical Assembly, Helsinki, Finland, June 1964 (and its successive
amendments). The manuscript should contain a statement that the work has
been approved by the appropriate ethical committees related to the
institution(s) in which it was performed. Studies involving experiments with
animals must state that their care was in accordance with institution guidelines.
Patients and Study Participants
Studies on patients or volunteers require ethics committee approval and
informed consent which should be documented in your paper.
Patients have a right to privacy. Therefore identifying information, including
patient's photographs, pedigree, images, names, initials, or hospital numbers,
122



should not be included in the submissions unless the information is essential
for scientific purposes and written informed consent has been obtained for
publication in print and electronic form from the patient (or parent, guardian or
next of kin ). If such consent is made subject to any conditions, Elsevier must
be made aware of all such conditions. Written consents must be provided to
the journal on request.

Even where consent has been given, identifying details should be omitted if
they are not essential. Complete anonymity is difficult to achieve. For example,
masking the eye region in photographs of patients is inadequate protection of
anonymity. If identifying characteristics are altered to protect anonymity, such
as in genetic pedigrees, authors should provide assurance that alterations do
not distort scientific meaning and editors should so note.

Clinical Trials

All randomised controlled trials submitted to Diabetes Research and Clinical
Practice whose primary purpose is to affect clinical practice (phase 3 trials)
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