UNIVERSIDADE FEDERAL DO RIO GRANDE DO SUL
INSTITUTO DE CIENCIAS BASICAS DA SAUDE

DEPARTAMENTO DE BIOQUIMICA

CURSO DE POS GRADUACAO EM CIENCIAS BIOLOGICAS: BIOQUIMICA

Efeitos do consumo de uma dieta hiperpalatdvel e uma dieta hiperpalatavel aquecida sobre
parametros indicadores de resisténcia periférica a insulina, estresse oxidativo, defesa
antiglicagdo e dano ao DNA em ratos Wistar.

Mestranda: Débora Kurrle Rieger Venske

Orientador: Prof. Dr. Marcos Luiz Santos Perry

Porto Alegre, 2010.



Débora Kurrle Rieger Venske

Efeitos do consumo de uma dieta hiperpalatdvel e uma dieta hiperpalatavel aquecida sobre
parametros indicadores de resisténcia periférica a insulina, estresse oxidativo, defesa
antiglicagdo e dano ao DNA em ratos Wistar.

Orientador: Prof. Dr. Marcos Luiz Santos Perry

Dissertacdo apresentada ao programa de poés graduacdo em
Ciéncias Bioldgicas: Bioquimica, como requisito para obten¢dao do
grau de Mestre em Bioquimica.

Porto Alegre, 2010.



Este trabalho foi realizado no Departamento de Bioquimica do Instituto de Ciéncias
Bésicas da Saude da Universidade Federal do Rio Grande do Sul, sendo financiado pelo
Conselho Nacional de Desenvolvimento Cientifico e Tecnologico (CNPq) e pela Pro-Reitoria

de pesquisa desta Universidade (PROPESQ/UFRGS).



DEDICATORIA

Dedico este trabalho a minha familia: Meu pai Rubem Rieger, Minha mde So6nia
Kurrle Rieger, minhas irmas Priscila e Damaris. Exemplos de dedicacdo, fé e perseveranca.
Apoio presente em todos os momentos. E também dedico este trabalho ao meu marido José
Carlos Venske, com quem quero formar minha nova familia.



AGRADECIMENTOS

Agradeco ao meu orientador, professor Perry, por me receber em seu laboratorio, pela
preocupagdo que sempre demonstrou, ndo apenas pela minha formagdo cientifica, mas
também pela minha formagao intelectual, sempre incentivando a boa leitura. Também pelos
momentos de conversas e boas risadas, e pelos “puxdes de orelha”, aprendi muito contigo! Es

um exemplo que sempre terei comigo de professor e pesquisador, obrigada!

Aos meus amigos e colegas do laboratdrio 27, Betina, Simone, Ana Lucia, Fernanda Hansen,
Fernanda Sordi, Julia, pelas valiosas contribui¢cdes durante este trabalho, seja durante os
experimentos, ou pelas horas de conversas ou ainda pela companhia nos almogos do RU. Em
especial quero agradecer a Cris, que chegou quase no final, mas sua contribuicdo foi

fundamental para os resultados finais deste trabalho, obrigada pela tua amizade.

Aos meus amigos Adriano e Aline, ndo tenho palavras para agradecer o apoio, a conpanhia, a
parceria e disponibilidade constante de voc€s em me ajudar e socorrer, grande parte deste

trabalho eu dedico a vocés.

A Cintia, parceira de muitos momentos, amiga de todas as horas, obrigada por encarar a rotina

junto comigo e por seres quem tu €s, te admiro muito.

A minha amiga Carol, que me “aguenta” desde a faculdade, obrigada pela tua paciéncia, por

me animares sempre, tua amizade ¢ muito importante para mim!

Aos meus amigos, Nica, Davi, Doug e Paula, simplesmente por existirem na minha vida, e

discutirem bioquimica comigo, mesmo sem nunca terem estudado bioquimica!

A MO, pela paciéncia de ler este trabalho, valeu pela forca prima!



A professora Liane pelo auxilio com as analises plasmaticas, ao professor Chico pela
dosagem de insulina, professora Regina Pureur, doutoranda Luana ¢ doutora Samantha, por
me receberem em seu laboratério para realizacdo da técnica de Western Blotting, aos

Professores Carlos Alberto e Carmen, pelas analises de dano ao DNA.

Aos Funcionarios do departamento e do biotério, Cléa, Claudia, Bebel, Patricia, seu
Waldemar, Sérgio, sem vocés a bioquimica da UFRGS ndo seria a mesma, vocés foram

otimos!

A Universidade Federal do Rio Grande do Sul (UFRGS), ao Conselho Nacional de
Desenvolvimento Cientifico e Tecnologico (CNPq) e ao Departamento de Bioquimica da
UFRGS, por possibilitarem a realizacdo deste trabalho e proporcionarem um ambiente

excelente de estudo e aprendizado.

A minha Familia, meus pais Rubem e Sonia e minhas irmas Priscila e Damaris. Pelo amor

incondicional, pelo apoio constante, amo vocés mais hoje do que ontem.

Ao meu Marido Carlinhos, pela paciéncia, por me esperar sempre nos finais de semana e pela
cumplicidade. Estamos comegando a caminhar juntos agora, e que seja eterno. Obrigada pelo

teu amor.

A Deus, grande responsavel pela minha existéncia, e por guiar a minha vida.

\



"Mire veja: o mais importante e bonito, do mundo, € isto:

que as pessoas ndo estdo sempre iguais, ainda ndo foram terminadas |[...]"

Grande Sertdo Veredas,
de Guimaraes Rosa

il



SUMARIO

PARTE | .ot e e e e s e e re e r e e 2
RESUMO ...ttt h e bt ekttt e e h b e e bt e s bb e e be e saeeenbeesrneenee e 3
AB ST R A CT et ne e 4
LISTA DE FIGURAS ...ttt ettt ettt e i e e be e e e e eee e 5
LISTADE ABREVIAGOES ..ottt s st 6
LINTRODUGAO ...ttt sttt senens 7
1.1 DIGDETE MEITITUS ...t 7
1.2 ReSIStENCIA & INSUTING ......cuiiiiiiit e 9
1.3 SECreCa0 de INSUIINA .......cciiieee et e e e e nreanee s 10
I I T o To) (o) (o] o F=To [ SRR RPR PRSP 12
1.5 GlICOTOXICIAAUE ...ttt 14
1.6 Produtos Finais de Glicagdo Avangada (AGES) .........cccoiiiiiiiiiiiiieeeee, 17
1.6.1 FOrmacao @NAOZENA.......ccueieuieruiieiieiieeieeeiie et e eite et e s teeteesaaeenbeesebeeseessseenseessseeseessseans 18

1.6.1.1Reacao de Maillard..............oooieuiiiiiociee e et 18

1.6.1.2 Process0S OXIAAtIVOS......eeeuieriieeiieniieetiesiteeteesiteeteeseteeseeseaeenseesssesnseesnseenseessnesnseas 20
1.6.2 FOIMAGAO EXOZENA. ....ccccuvieeereeeireeeiieeeieeesteeesteeessseeassseeessseeassseeassseesssseesssseessseeessseeensses 20
1.6.3 Danos causados Pelos AGES ........cooiiiiiiiiiiiiieecee e 21
1.6.4 Receptores de AGES ...ttt e 22
1.6.5 Defesa antigliCaACA0. ......ceruiiiiierieeiieiie ettt ettt ettt ste et eseteebeeeabeebeessaeeseeenaaens 23

1.6.5.1 Sistema GHOXAASE ......eeeeiuiieiiiieciieeeiie et e e s 23

1.7 Espeécies Reativas de OXIigénio (ERO) ......cccccveeiieiieie s 23
1.7.1 Danos provocados por EROS........cccuiiiiiiiiiii ittt 25
1.7.2 Defesas antioXIANTES ........ocvierieeiiieniieeieerie ettt ettt ee et e saeeteesaeeebeessbeeseesnnaans 25

1.7.2.1 Superdoxido dismutase (SOD) ....cccuvieeciiieeiiieeieeee et 26

1.7.2.2 Catalase (CAT) ..cccueeeeeiee ettt ettt et et e e e et e e e e e e e veeeeeveeeeans 26

1.7.2.3 Sistema GIUtAtioNa.........cccuvieeiiieeeiieeciie e eetee et e e ereeeaaeeeeaeesaaeesaeeesnseeennnes 27
1.7.3 Fontes de EROS N0 DIADELE.........cccuieriiiiiiiiiieiiesie ettt 27
2 OBJIETIVOS ...ttt b ettt s ket b e e e b et et e she e e be e ne e ne e 30
2.1 ODJEUIVO GEIAl ...ttt e e te e e s re e reeneenres 30
2.2 ODJetiVOS EXPECITICOS ...vviiieiieieieie sttt 30
PARTE T ettt ettt bt et e ke et e s b e e et e e sbe e e ne e naeeenes 32
3 MATERIAIS, METODOS E RESULTADOS........coosvetiieieeeeeeeeeeeses s sesisses s, 33
KT8 RO o 11 {0 [ 1 OSSPSR 34
K B0 O o 11 (1 | [0 1SR 72
PARTEIIL ..ot e e r e e 94
B DISCUSSAD ..ottt 95
B CONCLUSODES.........ooieeeeeee ettt sttt 103
6 REFERENCIAS BIBLIOGRAFICAS ......oovieveeeieteeeees e issen s 104



PARTE |



RESUMO

O estilo de vida baseado no sedentarismo e no consumo de dietas palataveis com alto
conteudo de carboidratos (principalmente sacarose) e lipideos tem sido associado com o
aumento na incidéncia do diabetes e das suas complicagdes. As complicacdes do diabetes tém
uma origem multifatorial, mas em particular, o processo bioquimico de formacdo dos
Produtos Finais de Glicacdo Avancada (AGEs), acelerado no diabetes como resultado de uma
hiperglicemia cronica, tem um papel importante nestas complicagdes. Glicagdo avancada
envolve a geracdo de um grupo heterogéneo de moléculas quimicas conhecidas como AGEs,
esta formacao ¢ resultado da reagdo ndo enzimatica da glicose com proteinas, lipideo e acidos
nucléicos e envolve intermedidrios altamente reativos como o metilglioxal. AGEs sdo
responsaveis pelas complicagdes do diabetes, por alterarem a estrutura e a funcdo de
moléculas nos sistemas biologicos e pelo aumento do estresse oxidativo. Exposicdo dos
alimentos ao calor ¢ um importante mecanismo gerador de AGEs. O consumo de alimentos
termolizados aumenta a concentragdo de AGEs na circulagdo e isso ¢ acompanhado pelo
aumento no estresse oxidativo (EO). Estuda-se uma relagdo positiva entre estresse oxidativo e
o aumento do dano ao DNA os quais podem estar associados com o diabete melitus tipo 2 e
suas complicagdes. O objetivo deste estudo foi investigar o efeito da ingestdo de uma dieta
hiperpalatavel e uma dieta hiperpalatavel aquecida (com a finalidade de torna-la enriquecida
em AGEs), sobre parametros de resisténcia a insulina e estresse oxidativo, bem como
diminui¢do na defesa antiglicante e aumento no dano ao DNA. Ratos machos com 8 semanas
de vida foram submetidos a uma dieta controle, uma dieta hiperpalatdvel, aquecida
(130°C/30minutos) ou nao, durante quatro meses. Pardmetros metabolicos, dano ao DNA,
atividade da enzima Glioxalase I, parametros de estresse oxidativo e quantifica¢do da proteina
RAGE foram avaliados. Os resultados sdao apresentados sempre em relagdo ao grupo controle.
O consumo das dietas hiperpalatdvel (HP) e hiperpalatdvel aquecida (HPTD) levou a um
aumento no peso corporal e tecido adiposo e diminuiu a tolerancia a glicose. O grupo HPTD
reduziu a sintese de glicogénio no figado e a oxidag¢do de glicose e sintese de lipideos no
tecido adiposo. Os grupos HP e HPTD apresentam aumento significativo peroxidagao lipidica
e carbonilagdo de proteinas no figado, rim e plasma e a diminuicdo dos grupos tiol nao
protéicos no figado e rim, bem como mudancas na atividade das enzimas Catalase (CAT),
diminuida em ambos tecidos, figado e rim, e Superdxido dismutase (SOD), diminuida no
figado e aumentada no rim. O consumo das dietas causou um aumento na atividade da
Glioxalase I no rim e a sua diminuicdo no figado. Observamos ainda um aumento na
quantificagdo da proteina RAGE no grupo HPTD no figado. Dano ao DNA no sangue foi
significantemente maior nos animais submetidos a uma dieta hiperpalatavel, mas o dano
provocado pela dieta aquecida foi ainda maior. A partir destes dados concluimos que a
ingestdo de uma dieta hiperpalatdvel prejudica a tolerancia a glicose, altera parametros de
estresse oxidativo e a defesa antiglicacdo, e aumenta o dano ao DNA. O processo de
aquecimento agrava esta condi¢do possivelmente pela elevacdo dos niveis de AGEs,
confirmando o papel importante dos AGEs na patogénese das complicagdes do diabetes pelo
aumento do estresse oxidativo e reducao da defesa antiglicagao.



ABSTRACT

In modern societies the consumption of high fat and high sugar diets as well as a sedentary
life style has been associated with the increased of the incidence of diabetes and its
complications. Diabetic complications appear to be multifactorial in origin, but in particular,
the biochemical process of advanced glycation, which is accelerated in diabetes as a result of
chronic hyperglycemia, has been postulated to play a central role in these disorders. Advanced
glycation involves the generation of a heterogenous group of chemical moieties known as
advanced glycated end-products (AGEs), this process occurring as a result of a non-enzymatic
reaction of glucose interacting with proteins, lipids and nucleic acids, and involves key
intermediates such as methylglyoxal. Advanced glycation end products (AGEs) are implicated
in the complications of diabetes by alter the structure and function of molecules in biological
systems and increase oxidative stress. Heat exposure of animal and human food is an
important generator of variable amounts of glycoxidants, or advanced glycation end products,
which are absorbed (about 10%) and partly are retained in the body or eliminated in the urine.
An ingestion of an advanced glycation end products (AGEs) rich diet is accompanied by
increased oxidative stress (OS) and induced inflammation. Many studies have demonstrated a
positive relationship of oxidative stress and an increased in DNA damage, this may be
associated with type 2 diabetes mellitus (T2DM) and its complications. The aim of this study
was to investigate the acute effects of dietary AGEs on parameters of insulin resistance and
redox state, as well as impairment of antiglycation defense, increased in RAGE and in DNA
damage. Male rats 8 week old was submitted to a high palatable diet, heated (130°C/30minut)
or not, during 4 month. Metabolic parameters, DNA damage, Glyoxalase I activity and
oxidative stress status were evaluated. The high palatable diet (HP) and high palatable
thermolyzed diet (HPTD) showed increased body weight and adipose mass, and impaired
glucose tolerance at the studied time-points in glucose tolerance test (GTT). We show which
HPTD have the capacity to reduce glycogen synthesis in liver and reduced glucose oxidation
and lipid syntesis in adipose tissue. HP and HFTD promoted lipid peroxidation and protein
carbonylation in kidney, liver and plasma, and oxidation of non protein thiol groups in kidney
and liver, as well as change in catalase (CAT), superoxide dismutase (SOD) and Glyoxalase I
activity in kidney and liver. HFTD promoted increased im RAGE concentration in liver.
Blood DNA damage was significantly higher in animals subjected to High palatable diets, and
the highest damage was observed in animals that received the high palatable termolizated diet.
Ingestion of a high palatable diet impairs the glucose tolerance, altered the redox homeostase
and antiglication defense and increased DNA damage. And the thermolyzation process
aggravates such a condition because of the elevated levels of AGEs, in addition to playing a
role in the pathogenesis of diabetic complications by the impairs of redox homeostasis and
reduced antiglycation defense. This model of treatment simulate a nutritional condition that is
very common in an important percentage of the population, observed concerning the
consequences of its consumption must be carefully evaluated and considered.
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1. INTRODUCAO
1.1 DIABETE MELLITUS

O aumento do Diabete Melitus (DM) nas ultimas décadas pode ser atribuido ao
excesso da ingesta de alimentos altamente palataveis (Smyth and Heron, 2006). Outros
fatores importantes sao obesidade, sedentarismo e o envelhecimento da populagao (Smyth and
Heron, 2006). O niimero de diabéticos estimado pela WHO para o ano de 2005 foi de 217

milhdes e para o ano 2030 o ntimero estimado ¢ de 366 milhdes.

Mesmo com o aumento das estratégicas terapéuticas, o custo do diabetes ainda ¢
elevado. A mortalidade ¢ cinco vezes maior em diabéticos do que em ndo diabéticos, ¢ a
hiperglicemia cronica, caracteristica fisiopatologica do DM, ¢ muito associada com danos em
varios tecidos, especialmente coragdo, circulagdo sanguinea, retina, rins € nervos (American

Diabetes Association, 2006 ¢ 2001).

O ntmero de casos do diabetes mellitus tipo 2 tem aumentado significativamente nos
paises ocidentais e esta relacionado ao aumento da incidéncia da obesidade e sedentarismo

(Zimmet, 2001).

Diabetes mellitus tipo 2 ¢ caracterizado por hiperglicemia, acompanhada por
resisténcia a insulina nos tecidos periféricos e deficiéncia na secrecdo de insulina pelas células
[ das ilhotas do pancreas. Estes defeitos t€m um componente genético reconhecido e também
componentes adquiridos que incluem: idade, obesidade, sedentarismo, glicotoxidade e

lipotoxidade (Kashayp & DeFronzo, 2007).

A primeira anormalidade observada ¢ a diminuicdo na habilidade dos tecidos em
responder a insulina (resisténcia a insulina) isso ¢ contrabalanceado por um aumento
compensatorio da secrecdo de insulina pelas células B do pancreas (hiperinsulinemia) para
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manter a tolerancia a glicose normal. A célula B responde a um aumento da glicose
plasmatica com um aumento da secrecdo de insulina, ¢ esta resposta ¢ modulada pela
severidade da resisténcia a insulina. A hiperinsulinemia, desenvolvida em resposta a

resisténcia a insulina, precede o desenvolvimento do diabetes mellitus tipo 2 (DeFronzo,

2004).

Enquanto as células  do pancreas sdo habeis em aumentar a secre¢do de insulina para
compensar a resisténcia a insulina, a tolerancia a glicose se mantém normal (Diamond, et.al
1995); contudo, com o tempo estas células comegam a falhar. Inicialmente, os niveis pos-
prandiais de glicose e subsequentemente as concentragdes de glicose plasmaticas em jejum
comecam a aumentar, levando ao comego da manifestacdo do diabetes (Lillioja, et.al. 1988;
Lyssenko, et.al. 2005).

Quando a concentragdo de glicose plasmatica de jejum excede 140mg/dL (7.7mmol/L)
a célula f ndo consegue manter por muito tempo a taxa de secre¢do de insulina e a sua
concentracdo plasmadtica no jejum cai progressivamente, resultando em dano na tolerancia a
glicose e eventualmente diabetes do tipo 2. E importante notar que nestas concentragdes de
glicose, os niveis plasmaticos de insulina ainda se mantém elevados, mas a hiperinsulinemia
ndo ¢ mais suficiente para compensar a severa resisténcia a insulina, levando ao estado de
diabetes. Apenas, quando o estado de diabetes se deteriora ainda mais e as concentragdes de
glicose plasmatica de jejum excedem valores de 180-200mg/dl (9.9-11.0 mmol/L) os niveis
de insulina em resposta as quantidades de glicose tornam-se reduzidos em termos absolutos.
Esta dindmica entre a secrecdo de insulina e resisténcia a insulina ja ¢ bem estabelecida

(Kashyap & DeFronzo, 2007).



1.2 RESISTENCIA A INSULINA

Encontra-se na literatura evidéncias quantitativas diretas que o desenvolvimento do
DM esta ¢ associado com o desenvolvimento de resisténcia a insulina severa (DeFronzo,
2004).

No figado, a resisténcia a insulina ¢ manifestada pelo significativo aumento na
glicogeogénese que ¢ responsavel pela hiperglicemia (Gloop, et al., 1989).

Aproximadamente 80% do uso total de glicose pelo corpo ocorre no musculo
esquelético em resposta ao aumento fisioldgico de insulina no plasma. A resisténcia a insulina
diminui a utilizagdo da glicose mediante diminui¢do do transporte e reducdo da sintese de
glicogénio (Kelley, et al., 2002).

Uma caracteristica da resisténcia a insulina ¢ o aumento de acidos graxos livres (AGL)
circulantes (Guilherme, et al., 2008). As células adiposas se tornam resistentes ao efeito
antilipolitico da insulina. O aumento dos AGL estimula a produgdo hepatica de glicose e
prejudica o uso da glicose pelo musculo e figado, além de inibir a secre¢do de insulina nas
células B pancreaticas. Os acidos graxos livres depositam-se em tecidos que ndo o adiposo,
como no musculo esquelético, musculo cardiaco onde comprometem a sinalizacao da insulina
(Hajer, et al., 2008).

Para que ocorra a agdo da insulina é necessaria primeiramente a sua liga¢do ao
receptor de insulina através da fosforilagdo de residuos de tirosina na cadeia  do receptor.
Isso resultara na translocacdo do substrato do receptor de insulina (IRS-1) para a membrana
plasmatica onde a sua interagdo com o receptor de insulina fard com que o IRS-1 também seja
fosforilado em tirosinas, levando a ativa¢do de enzimas como a PI 3K e Akt, resultando no
transporte de glicose para dentro da célula, ativagdo da oOxido nitrico sintase para vaso

dilatacdo arterial e o estimulo de multiplos processos metabolicos intracelulares. (Prada, et al.,



2005) A glicose livre que entra na célula ¢ subsequentemente metabolizada por uma série de
passos enzimaticos que também sdo regulados pela insulina. Destes os mais importantes sdo:
fosforilacdo da glicose (catalisada pela hexoquinase), glicogénio sintase, (levando a sintese de
glicogénio), fosfofrutocinase (PKF) e piruvato desidrogenase (PDH) que regulam a glicolise e
a oxidacdo de glicose respectivamente (Saad, 1994). Ambos, defeito no receptor e na

sinalizagdo pos-receptor contribuem para a resisténcia a insulina em individuos com DM.

1.3 SECRECAO DE INSULINA

A secrecdo de insulina ¢ estimulada por substratos energéticos metabolizaveis pela
célula B pancredtica, sendo a glicose o secretagogo mais importante. A glicose € transportada
para o interior da célula B pelo transportador Glut2. Apos entrar na célula B, a glicose é
fosforilada a glicose-6-fosfato (G-6-P). O destino preferencial da G-6-P ¢ a glicolise. O
metabolismo de glicose gera ATP, e a fragdo ATP/ADP aumenta no citoplasma. Essa relagao
ATP/ADP aumentada provoca o fechamento dos canais de potdssio e a consequente
despolarizacdo da membrana celular que abre canais de célcio, sensiveis a voltagem. O
aumento do influxo de célcio para a célula B resulta em despolarizagio da membrana
plasmatica desencadeando o processo exocitdtico, onde as vesiculas de insulina migram para

a membrana plasmatica para liberar insulina (Machetti, et al., 2008).
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Pancreatic beta-cell

Figura 1: Mecanismo de indugdo da secrecdo de insulina pela glicose nas células B do pancreas

(Marchetti,P. et al., 2008)

Uma célula B funcionante pode compensar a resisténcia a insulina por determinado
tempo, mas a progressiva perda da sua fungdo ¢ crucial para o desenvolvimento da diabetes
do tipo 2. Um conjunto de fatores genéticos e ambientais implica no progressivo prejuizo na
secrecdo de insulina pelas células f pancredticas (Poitoutan & Robertson, 2008).

As células B pancreaticas estdo em constante estado de mudanga, com a continua
regeneracdo das ilhotas e simultdnea apoptose celular. Muitas anormalidades interrompem o
delicado balanco entre neogénese e apoptose das ilhotas. Pesquisas demonstram uma redugao
(50%) na massa das células f em pacientes com diabetes do tipo 2. Em modelos animais de
diabetes, existem evidéncias de que a neogénese das ilhotas é reduzida e a apoptose das
células B ¢ acelerada (Wajchenberg, 2007; DeFronzo, 2009).

Os maiores fatores para progressiva perda do funcionamento das células B e a
diminui¢do na sua massa sao:

- O aumento na secre¢do de citocinas proinflamatdrias responsaveis por causar
apoptose, e a exposi¢do cronica das ilhotas a leptina, também consideradas uma citocina
préinflamatoria (Otero, et al., 2005), levando a um aumento da liberagdo de IL-1B que

também gera apoptose;
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- Diminuicdo na a¢do de hormonios incretinas, GIP e GLP-1. Estes horménios sdo
secretados das células enddcrinas do duodeno e jejuno em resposta a ingestao de carboidratos,
estimulando a secrec¢do de insulina (Chang-Chen, et al., 2008);

- A hipersecre¢ao do polipeptideo amiloide das ilhotas (IAPP) e deposicao amiloide
nas células B, que ¢ uma das caracteristicas histopatoldgicas do diabetes tipo 2 e estd
correlacionado com a severidade e duragdo do DM2 (Butler, et al., 2003);

- E também a glicotoxidade e lipotoxidade (Marchetti, et al., 2008).

1.4 LIPOTOXIDADE

Através de varios estudos, pesquisadores demonstram uma forte relagdo entre o tecido
adiposo subcutaneo e visceral com a resisténcia a insulina. O aumento do deposito de gordura
nestes tecidos, principalmente no tecido visceral, ¢ associado com diminui¢do da sensibilidade
a insulina (Fontanal, et al., 2007; Cancello, et al., 2006; Navasa, et al., 1998). Varios fatores
presentes na obesidade (&cidos graxos livres elevados na circulagdo, diminuicdo de
adiponectina ¢ aumento da liberacdo de adipocitocinas) sdo responsaveis pela indugdo da
resisténcia a insulina (Lazar, 2005).

A sensibilidade normal a insulina ¢ a homeostase da glicose requerem um tecido
adiposo funcional e em propor¢des adequadas ao tamanho corporal, para secre¢ao apropriada
de adipocitocinas que influenciam nos tecidos € no controle neuroenddcrino, e para controle
do armazenamento dos lipideos como triglicerideos. Alteragdes no tecido adiposo mudam a
dindmica entre liberagdo e utilizagdo dos acidos graxos por outros tecidos (Després &
Lemieux, 2006).

O tecido adiposo ¢ um importante 6rgdo endocrino que secreta muitas substancias

biologicamente ativas como leptina, adiponectina, fator de necrose tumoral a (TNF-a) e
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proteina quimioatrativa de monocitos (MCP-1), denominadas adipocitocinas. Em individuos
obesos ha uma produgdo desregulada de adipocitocinas proinflamatorias e antiinflamatdrias.
Matsuzawa, et al., (1999) e Hotamisligil, et al., (1993) demonstraram que no tecido adiposo
de individuos obesos ha um aumento na secrecdo de TNF-o ¢ MCP-1 ¢ uma diminuic¢do na
secrecdo de adiponectina, e estas alteracdes inflamatorias podem contribuir para o
desenvolvimento de diabetes e arterosclerose. Weisberg, et al., (2003) e Xu, et al., (2003)
demostraram um aumento da infiltragdo de macrofagos no tecido adiposo de obesos.
Macréfagos sdo importantes fontes de inflamacdo no tecido adiposo, contribuindo para a
elevacdo de marcadores inflamatérios na circulagdo, incluindo TNF-a e IL-6. A natureza
inflamatoria do tecido adiposo na obesidade é considerada um possivel mecanismo para
resisténcia a insulina (Suganami, et al., 2005).

Acidos graxos livres aumentados na circulagdo levam ao acimulo de triglicerideos e
acidos graxos ativados na forma de AcilCOA de cadeia longa e diacilglicerol (DAG) no
musculo, figado e células B pancredticas prejudicando o metabolismo normal nestes tecidos
(Guilherme, et al., 2008).

No musculo esquelético acidos graxos livres prejudicam o transporte de glicose e
fosforilacdo, através de um mecanismo que envolve acumulo intramiocelular de DAG, 4cidos
graxos AcilCOA de cadeia longa , ativagdo da PKC e diminui¢do da fosforilagdo em tirosina
do substrato receptor de insulina IRS-1 e 2 (Chunli Yu, 2002).

No figado, o mecanismo pelo qual os acidos graxos livres causam resisténcia a
insulina ¢ via ativagdo da PKC-£. O aumento da concentragdo de insulina e glicose inibem a
oxidagdo de acidos graxos livres (via aumento da formagdo de Malonil-CoA) que leva a um
aumento na viabilidade citosélica de AcilCoA de cadeia longa para esterificagdo e aumento na

formagao de DAG que ativa PKC-£.
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Nas células B, o aumento da oxidagao de acidos graxos livres diminui a atividade da
Piruvato Desidrogenase (PDH) causando diminui¢do da oxidacdo da glicose. Aumento de
acidos graxos livres diminui a producdo de insulina pelas células B, inibem a expressdo do
RNA mensageiro da insulina, diminui o estimulo pela glicose para libera¢do de insulina e o

conteudo de insulina nas ilhotas (Carpentier, et al., 2000).
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Figura 2: Lipotoxicidade: Inflamagdo cronica do tecido adiposo e o actmulo intramiocelular de AGL

(Guilherme, A. et al., 2008).

1.5 GLICOTOXIDADE

A Glicotoxicidade consiste em danos estruturais e funcionais causados nas células 3
pancreaticas e em tecidos alvo da insulina, pela hiperglicemia cronica. Nas células
pancreaticas a concentragao de glicose ¢ o maior determinante para regulacao da sua funcgao.
Células B pancreaticas expostas a altas concentragdes de glicose in vitro tém a transcrigdo
genética da insulina prejudicada, levando a uma diminuicdo da sua sintese e secrecdo

(DeFronzo, 2004).
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Glicotoxicidade causa disfuncdo e altera a massa das células f. Os mecanismos
propostos incluem disfungdo mitocondrial com a produgdo de espécies reativas de oxigénio
(EROs). A geracao de EROs ativa rotas como a do fator de transcricdo NF-kB , c-jun n-
terminal cinase (JNK) e hexosaminas. A ativagdo de JNK inibe a sinalizag@o da insulina via
fosforilacdo de IRS-1 em serina 307. Outro mecanismo proposto ¢ o aumento nos niveis
intracelulares de calcio que sdo considerados pro-apoptoticos. A producdo de IL — 1 também ¢
considerada uma rota apoptdtica ativada pela glicose.

Em outros tecidos alvo, células sem habilidade de controlar o transporte de glicose,
quando expostas a hiperglicemia, aumentam sua concentracdo intracelular e ativam vias
alternativas.

Com o aumento da concentragdo de glicose no interior da célula, mais glicose ¢
oxidada no Ciclo de Krebs, levando a um aumento na relacio NADH/NAD" ¢ FADH,/FAD
que doardo seus elétrons na cadeia transportadora de elétrons. Com isso o gradiente de
voltagem pela membrana aumenta atingindo um limiar critico. Neste ponto a transferéncia de
elétrons no complexo III da cadeia ¢ bloqueada, causando o retorno dos elétrons para
coenzima Q que transfere os elétrons para oxigénio molecular, gerando superdxido
(Brownlee, 2004).

Esta superprodugdo de superdxido pela mitocondria diminui a atividade da enzima
gliceraldeido-3-fosfatodesidrogenase (GAPDH) pela ativagdo da enzima poli ADP-ribose
polimerase (PARP). O aumento de EROs na mitocondria induz dano ao DNA e assim
ativando PARP. Através da diminui¢do da atividade da enzima GA6PDH ha um aumento da
concentragdo de metabolitos glicoliticos anteriores a ela, como gliceraldeido-6-fosfato, frutose
-6-fosfato e glicose.

Aumento da concentragdo de gliceraldeido-3-fosfato ativa a rota de formagdo de

AGEs, isto porque o maior precursor intracelular de AGEs, metilglioxal, ¢ formado a partir de
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gliceraldeido-3-fosfato. Também ativa a enzima PKC, pelo aumento na formacdo de DAG a
partir de gliceraldeido-3 fosfato. Quando PKC ¢ ativada ela demonstra varios efeitos na
expressao de genes, como por exemplo, diminui¢do da oxido nitrico sintase endotelial (eNOS)
e aumento de endotelina-1, além de ativagdo de Nf-KB e da NAD(P)H oxidase (Brownlee,
2004).

O aumento da concentragdo de Frutose-6-fosfato leva ao aumento do fluxo através da
rota das hexosaminas onde Frutose-6-fosfato ¢ convertida pela enzima Glutamina frutose-6-
fosfato amidotransferase (GFAT) em UDP-N-acetilglicosamina resultando em mudancas
patoldgicas na expressdo genética (Sayeski, et AL., 1996).

Além disso, o aumento intracelular de glicose aumenta o fluxo pela via do poliol. A
enzima Aldose redutase tem a funcdo de reduzir aldeidos toxicos na célula em alcodis
inativos. Quando a concentragdo de glicose na célula ¢ muito alta, a Aldose redutase também
reduz glicose a sorbitol, o qual ¢ oxidado a frutose. Neste processo, a enzima consome
NADPH, um cofator essencial para regenerar a glutationa reduzida, um potente antioxidante.
Diminuindo a quantidade de glutationa reduzida, a via do poliol aumenta a susceptibilidade de

desenvolvimento de estresse oxidativo intracelular (Lee, et al., 1999).
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Figura 3: Glicotoxicidade: Superproducdo mitocondrial de superdxido ativa quatro rotas responsaveis pelos

danos da Hiperglicemia pela diminui¢do de GAPDH (Brownlee, M. 2004).

1.6 PRODUTOS FINAIS DE GLICACAO AVANCADA (AGEs)

AGEs constituem um grupo de moléculas heterogéneas produzidas
endogenamente pela glicagao ndo enzimatica de proteinas, lipideos e acidos nucléicos. Alguns
fatores sdo cruciais para a formagdo de AGEs, a taxa de renovacdo das proteinas, o nivel de
hiperglicemia e o estresse oxidativo. Se uma destas condi¢des esta presente, ambas, proteinas
intracelulares e extracelulares sdo passiveis de serem glicadas e oxidadas.

Existe um consenso geral de que muitas fontes e mecanismos de formagao dos AGEs
in vivo envolvem vias oxidativas e ndo oxidativas como, a reacdo de Maillard, bases de
Schiff, aductos de Amadori, 4cido ascoérbico e intermediarios metabdlicos (Baynes & Thorpe,

1999). Os AGEs também podem ser formados a partir de intermediarios a-dicarbonil
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altamente reativos, conhecidos como Glioxal, metilglioxal e 3-deoxiglicosona (Yen Goh &

Cooper, 2008).

1.6.1Formagdo enddgena

1.6.1.1Reacao de Maillard

A glicacdo ndo enzimdtica de proteinas, reacdo de Maillard, ¢ um processo que
relaciona a hiperglicemia crdnica as alteragdes fisiopatologicas consideradas importantes no
desenvolvimento das complicagdes do diabetes. A reagdo de Maillard ¢ subdividida em trés
estagios: estagio inicial, intermediario e tardio.

No estagio inicial a glicose (ou outros aglcares redutores como frutose, pentose,
glactose, manos, xilulose) reagem com o grupo amino livre de varias moléculas incluindo
proteinas, lipideos e acidos nucléicos formando um composto aldimina instavel, a Base de
Schiff. Através de um rearranjo esta base origina uma cetoamina estdvel, o Produto de
Amadori. Esta reagdo ndo requer a participagdo enzimatica e as variaveis que a regulam in
VIVO sdo as concentra¢des de glicose e proteinas, a meia vida das proteinas, a sua reatividade
em termos de grupo amino livre e a permeabilidade celular por glicose (Lapolla, et al., 2004).

No estdgio intermediario, através de reagdes de oxidacdo e desidrata¢do, os Produtos
de Amadori sdo degradados em uma variedade de compostos dicarbonil (glioxal, metilglioxal,
deoxiglicosonas) que sdo muito mais reativos do que os aglicares que lhes deram origem
como propagadores da reacdo, reagindo novamente com grupos amino livres de proteinas.

Os compostos dicarbonil podem ser gerados endogenamente por rotas que estdo
relacionadas a vdrias patologias como autoxidagdo da glicose, oxidacdo do DNA, peroxidacao
lipidica e deficiéncia de tiamina. A hiperglicemia leva a um aumento no nivel de glioxal e
metilglioxal no sangue. Metilglioxal ¢ formado a partir do intermedidrio da glicose

gliceraldeido-3-fosfato, mas também da peroxidagdo lipidica e catabolismo da treonina. Estes
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compostos reagem com constituintes celulares para formar AGEs diretamente. Os compostos
dicarbonil tem uma meia-vida relativamente longa (minutos a horas) e atravessam facilmente
a membrana plasmatica, deste modo atuando longe do seu local de producdo, e modificando
moléculas alvo dentro e fora da célula. O acimulo de compostos dicarbonil é chamado de
estresse carbonil (Thornalley, et al.,1999).

No estagio final, os propagadores reagem com grupo amino livre e através de
reacdes de oxidagdo, desidratacdo e ciclizacdo, formam os compostos amarelo — marrom,
insoluveis ¢ irreversiveis, usualmente chamados de Produtos Finais de Glicagdo Avangada

(AGESs) (Basta et al., 2004; Lapolla et al., 2004; Weijing et al., 2002).
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1.6.1.2 Processos Oxidativos

Processos de oxidagdo também sdo importantes na formac¢do dos AGEs. A hipotese de
glicooxidacdo, introduzida em 1991, propdem um papel geral do estresse oxidativo nesta
formagao. Produtos da glicooxidagdo como pentosidina e Carboximetillisina (CML), sao
descritos como subclasses de AGEs formados por reagdes oxidativas. Desde 1987 os
produtos de Amadori foram considerados intermediarios essenciais na formag¢ao de AGEs e
um precursor direto das espécies dicarbonil. Wolff e colegas (1987) argumentam, contudo,
que autooxidacdo da glicose, descrita como glicosilagdo autoxidativa ¢ a maior rota para
forma¢ao dos AGEs nos tecidos, e também propuseram que ascorbato e outros carboidratos,
incluindo a frutose e intermediarios metabolicos, poderiam ser importantes fontes de AGEs
(Barney & Thorpe,1999).

Existem dois mecanismos pelos quais estes processos ocorrem, ambos catalizados por
metais como ferro ou cobre: o primeiro envolve a auto-oxidacdo de agucares livres na
presenca de oxigénio e metais livres, levando a formacdo de compostos dicarbonil mais
reativos, que reagem com proteinas para formar cetoaminas altamente reativas; o segundo
mecanismo envolve os produtos da reagdo de Amadori que na presenca de oxigénio e metal
livre s3o oxidados e ddo origem a enediois ¢ compostos dicarbonil altamente reativos que

podem gerar AGEs. (Lapolla, et al., 2004).

1.6.2 Formagdo exdgena
Além da sua formacdo enddgena, os AGEs também podem ser originados de fontes
exdgenas como o tabaco e a fumaga da combustdo dos combustiveis dos veiculos

automotores, ¢ a partir da dieta. A alimentagdo ¢ a principal fonte de AGEs exdgenos,
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principalmente alimentos ricos em lipideos e proteinas que passam por processos de
aquecimento prolongado (Negrean, et al., 2007).

Aproximadamente, 10% dos AGEs ingeridos sdo absorvidos e dois tergos sdo depositados nos
tecidos, onde eles permanecem biologicamente ativos e exercem seus efeitos patologicos
(Koschinsky, et al., 1997).

Composic¢ao nutricional, temperatura, método e tempo da aplicacdo de calor afetam a
geracdo de AGEs nos alimentos durante o cozimento. Alimentos com altas concentracdes de
lipideos e proteinas contém maiores quantidades de AGEs. Alimentos que apresentam na sua
composi¢ao grandes quantidades de carboidratos como amido, frutas, vegetais e leite contém
baixas quantidades de AGEs. Contudo, dentro deste grupo, lanches preparados
comercialmente, como biscoitos, waffes, demonstram conter quantidades maiores de AGEs
(Goldberg, et al., 2004).

A temperatura ¢ 0 método de cozimento parecem ser mais importantes para formacao
de AGEs do que o tempo de cozimento. Isto foi evidenciado pelos altos valores de AGEs
encontrados em alimentos grelhados e fritos a 230°C durante um curto periodo quando
comparado com alimentos cozidos em ambiente liquido por longos periodos. Os AGEs da

dieta constituem um fator de risco ambiental cronico para o aumento de danos nos tecidos

(Goldberg, et al., 2004).

1.6.3 Danos causados pelos AGEs

Os trés mecanismos pelos quais os AGEs causam dano tecidual s3o a modificacdo de
proteinas intracelulares, incluindo proteinas envolvidas na transcricdo genética; a difusdo dos
precursores de AGEs para fora das células, modificando moléculas da matriz extracelular e
causando mudancgas na sinalizagdo entre a matriz e a célula, o que pode levar a disfungdes

celulares; e por fim, os precursores de AGES saem da célula e se ligam a proteinas no sangue
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como por exemplo a albumina. Estas proteinas modificadas podem ligar-se ao receptor de
AGES (RAGE), na superficie celular resultando na ativagdo da sinalizagdo pos receptor,
causando producdo de radicais livres e ativagdo da expressdo genética, tendo como

consequéncia o aumento do estresse oxidativo e a resisténcia a insulina (Brownlee, 2004).

1.6.3 Receptores de AGEs

Viarios receptores para AGEs ja sdo bem conhecidos e caracterizados. O mais
importante receptor, denominado receptor para produtos finais de glicagdo avangada (RAGE)
foi identificado pela primeira vez em células endoteliais como um receptor de superficie para
0s AGEs. RAGE ¢ um membro da familia de receptores das imunoglobulinas (Yan, et al.,
2009).

Quando AGEs se ligam a este receptor ocorre a ativacdo de varias cascatas de
sinalizagdo intracelulares que podem prejudicar o funcionamento celular. Estes achados ligam
RAGE a hiperglicemia e a consequéncias distintas relacionadas ao acumulo e produgdo
acelerada de AGEs, tais como envelhecimento, insuficiéncia renal e inflamagao.

AGEs circulantes podem interagir com RAGE endoteliais,
levando ao dano nas propriedades celulares pela ativagao do fator de transcricdo NF-kB.
Ativagao de RAGE pelos AGEs da inicio a transdugdo de multiplos sinais tais como
NAD(P)H oxidase, a via das MAP cinases, resultando na ativagao e translocacao de fatores de
transcricdo nucleares. Entre eles estdo endotelina-1, molécula de adesdo celular vascular
(VCAM-1), fator de crescimento endotelial vascular (VEGF), e citocinas pro-inflamatorias
incluindo IL-1, IL-6 e TNF-a (Goh & Cooper, 2008).

Outros receptores, como RAGE-R1 (oligossacaril transferase -48) RAGE —R2 (80K-

fosfoproteina) e RAGE-R3 (Galectina — 3) e receptores classe A scavengers de macrofagos I e
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I, também sao capazes de reconhecer e ligar AGEs, mas ndo sdo responsaveis pela
transducdo de sinais, mas sim por causar endocitose e detoxificagdo de AGEs (Schmidt, et al.,

2001).

1.6.5 Defesa celular contra glicacao
1.6.5.1 Sistema Glioxalase

O sistema Glioxalase ¢ composto de duas enzimas Glioxalase I e Glioxalase II.
Glioxalase I age no hemetioacetato (formado pela reacdo ndo enzimatica entre 2-oxaldeido e
GSH) para formar derivados de hidroxilacilglutationa que sdao convertidos pela glioxalase 11
em a-hidroxiacidos regenerando GSH, prevenindo assim o estresse carbonil e seus efeitos
deletérios. E importante salientar que o aumento do estresse oxidativo é responsavel pela
ativacao da glutationa peroxidase, que depleta as concentragdes de GSH através da redugao de
H,0, em H,0, consequentemente diminuindo a atividade da Glioxalase I, que ¢ dependente
das concentracdes de GSH (Thornalley, 2003).

Outras rotas menores de detoxificagdo para compostos dicarbonil sdo catalisadas por
redutases como aldeido redutase, aldose redutase e carbonil redutase. Todas estas enzimas
tém ampla especificidade pelo seu substrato, estdo localizadas no citosol e requerem NADPH

ou NADH como co-fator (Thornalley, 2003).

1.7 ESPECIES REATIVAS DE OXIGENIO (EROs)

O termo radical livre refere-se a um atomo ou molécula altamente reativo, que contém
nimero impar de elétrons em sua ultima camada eletronica. Espécies reativas de oxigénio
(EROs) incluem superoxido ('O;’), radical hidroxil (OH) e peroxil (RO,), e espécies nao

radicalares como hidrogénio peroxido (H,O;) e acido hidrocloro (HOCI). Também existem
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espécies reativas de nitrogénio que sao produzidas em rotas similares as dos EROs e incluem
o radical 6xido nitrico (NO;) e os nao radicais peroxido nitritito (ONOO), oxido nitroso
(HNOy) e peroxidonitrito alcalino (RONOO).

O superoxido ¢ formado pela univalente redugcdo do oxigénio molecular Este
processo pode ser mediado por enzimas como NAD(P)H oxidase e xantina oxidase ou pode
ocorrer ndo enzimaticamente por compostos redox reativos como O composto semi-
ubiquinona da cadeia transportadora de elétrons da mitocondria. A enzima Superdxido
dismutase converte superéxido em peroxido de hidrogénio. Na presenga de metais de
transi¢do (ex.: ferro), o peroxido de hidrogénio pode ser convertido em radical hidroxil reativo
(OH)). Alternativamente perdxido de hidrogénio pode ser convertido em agua pelas enzimas
catalase ou glutationa peroxidase (Halliwell & Guteridge 1990; Halliwell 2001).

As espécies reativas possuem um papel fisioldgico importante, pois sdo fatores
essenciais no metabolismo normal. Um grande nimero de fungdes celulares parecem ser
reguladas por radicais livres, que também podem atuar como sinalizadores intracelulares e
intercelulares. H,O, ¢ considerado um segundo mensageiro para a ativagao do fator NF-xB
em alguns tipos celulares (Halliwell 2001; Bowie & O’Neill 2000) e o ON pode atuar como
um neurotransmissor ¢ neuromodulador (Esplugues 2002; Hobbs 1999).

Definido como o desequilibrio entre a producdo de radicais livres e a capacidade
antioxidante, resultando no acumulo de produtos oxidativos, o estresse oxidativo ¢ um
processo bem conhecido que desempenha um papel importante em muitas condi¢des

patoldgicas. Varias doengas humanas tém sido relacionadas ao aumento do estresse oxidativo.
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1.7.1 Danos provocados pelo aumento de EROs

Um dos maiores efeitos toxicos do excesso de EROs ¢ o dano a membrana celular pelo
processo de peroxidagdo lipidica. Espécies reativas como HO', HO,” ¢ OONO™ podem extrair
um H do metileno (-CH>) originando o carbono radical -CH-.0 qual atrai outros —CH»- das
moléculas de lipideos, criando uma cadeia de reacdes que alteram a fluidez e a forma da
membrana. Peroxida¢ado lipidica também pode causar dano ao DNA e proteinas, uma vez que
o ataque ao DNA por EROs resulta em quebra de suas cadeias. Além da agdo direta do dano
oxidativo, indiretamente o corte ¢ a quebra do ADN podem levar a ativacdo de Poli-ADP-
polimerase (PARP) que pode alterar a expressdo genética, replicagdo do DNA e pode levar a
apoptose. As proteinas também sdo alvo das EROs. Oxidagao de proteinas leva a alteragdo em

receptores, fungdo enzimatica e rotas de transdugdo de sinais (Negre-Salvayre, et al., 2009).

1.7.2 Defesas Antioxidantes

O organismo humano dispde de um potente mecanismo celular de defesa contra as
ERO. Sao as chamadas defesas antioxidantes primdrias, que incluem as enzimas superoxido
dismutase (SOD), glutationa peroxidase (GPx), catalase (CAT), glutationa- S-transferase
(GST) e outras que ndo participam diretamente do processo, mas fornecem suporte a GPx,
como a glicose-6-fosfato desidrogenase (G6PD) e a glutationa redutase (GR) (Halliwell &
Gutteridge, 2000; Droge, 2002). Além das defesas enzimaticas existem ainda antioxidantes
ndo enzimaticos, como a vitamina E (a-tocoferol), vitamina C (4cido ascorbico), flavondides
e outras moléculas como N-acetilcisteina e glutationa. Esses antioxidantes agem
principalmente bloqueando a cadeia de peroxidacdo lipidica, eliminando oxigénio ou

quelando ions metalicos (Sies, 1993). Também podemos citar as tioredoxinas, oxidoredutases
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disulfetos que participam da manutengdo da homeostase redox tiol (Koharyova & Kolarova,

2008).

1.7.2.1 Superoxido dismutase (SOD)
Mecanismos protetores estdo envolvidos na defesa antioxidante. Uma das enzimas
fundamentais nesta defesa ¢ a Superoxido Dismutase (SOD) que catalisa a reagdo de

conversao do superoxido em H,O, e oxigénio através da reacao:

O, ™+ 0+ 2H" — H,0, + O,

Existem quatro classes de SOD: SODI1 cobre/zinco, isoforma presente no citosol,
SOD2 manganés, isoforma presente na mitocondria, e SOD3 cobre/zinco e SOD-Ni presentes

no espaco extracelular (Matg, et al., 1999).

1.7.2.2 Catalase (CAT)
O peroxido de hidrogénio por si s6 nao ¢ um radical, mas é considerado uma ERO.
Uma vez que ¢ mais instavel do que o superoxido e pode cruzar a membrana. Além disso, na
presenca de ferro na forma ferrosa (Fe,+), o H,O; pode ser reduzido em radical HO' altamente

reativo. H,O, é reduzido a agua pela enzima Catalase.

A enzima catalase ¢ uma ferrihemoenzima formada por quatro unidades idénticas,
sendo que cada mondmero contém um grupo prostético de heme no centro catalitico e a
ativacdo destes tetrameros ¢ dependente de NADPH (Halliwell & Whitman, 2004; Halliwell,
2001). A principal fonte de NADPH ¢ reacdo catalisada pela enzima glicose-6-fosfato

desidrogenase (G6PD), a primeira reagao da via das pentoses.
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1.7.2.3 Sistema Glutationa

O H,0, também pode ser detoxificado por uma seleno-enzima a glutationa peroxidase
(GPx). A sua agdo estd baseada na oxidagdo de glutationa (GSH) ao seu dissulfeto
correspondente GSSG. A razdo entre GSH e GSSG em células normais ¢ alta, pois existe um
mecanismo de reducdo da GSSG que ¢ catalisado pela enzima glutationa redutase (GR)
(Chance et al 1979). A glutationa desempenha também um importante papel na detoxificacao
de xenobiodticos e varios compostos enddgenos, como prostaglandinas, leucotrienos e
hidroperoxidos organicos, através de reacdes mediadas pela glutationa transferase (Halliwell,

2001).

1.7.3 Fontes de EROs no diabetes

Cadeia transportadora de Elétrons: O ultimo destino da maior parte da glicose que

entra na célula ¢ ser oxidada via ciclo de Krebs produzindo equivalentes de redugdo para
producao de ATP pela cadeia transportadora de elétrons.

Mudangas excessivas na concentragao intracelular de glicose quando expostas a
hiperglicemia, levam a producdo de superoxido pela cadeia transportadora de elétrons na
mitocondria. Nas células diabéticas com a alta concentracdo de glicose, mais glicose ¢
oxidada no ciclo de Krebs o que leva a um aumento de doadores de elétrons (NADH e
FADH2) para cadeia transportadora. Como resultado, o gradiente de voltagem pela membrana
mitocondrial aumenta e niveis criticos sdo atingidos. Neste ponto a transferéncia de elétrons
através do complexo III da cadeia ¢ bloqueada causando o retorno dos elétrons para coenzima
Q que doa estes elétrons para o oxigénio molecular gerando superdxido. A isoforma

mitocondrial da superoxido dismutase degrada este superoxido em peroxido de hidrogénio,
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que ¢ convertido em agua e O, por outras enzimas. A mitocondria também utiliza acidos
graxos livres para gerar equivalentes de reducdo para fosforilacdo oxidativa e o excesso de
acidos graxos livres pode repetir o defeito induzido pela hiperglicemia na cadeia
transportadora de elétrons (Brownlee, 2004).

Desacopladores da cadeia respiratoria: O desacoplamento da cadeia transportadora de

elétrons diminui a sintese de ATP e aumenta o vazamento de elétrons para o oxigé€nio
formando superoxido. Rudofsky et al., (2006) sugerem que em tecidos neurais ¢ em células
endoteliais da retina de individuos diabéticos tem sugerido que a expressdo elevada de
proteinas desacopladoras ¢ responsavel pelo retorno dos elétrons na cadeia respiratoria e a
formacao de superoxido.

Glicose-6-fosfato desidrogenase (G6PDH): G6PDH estd envolvida no ciclo das

pentoses. O ciclo das pentoses é responsavel pela sintese de ribose, e ¢ a principal fonte de
NAD(P)H para célula. Zhang et al., (2000) demonstram que alterar a atividade da G6PDH
resulta em estresse oxidativo, pela diminui¢ao de antioxidantes como glutationa.

Rota do sorbitol: A enzima citosélica aldose redutase converte a glicose em alta

concetracdo em sorbitol usando NAD(P)H derivado do ciclo das pentoses como cofator.
Durante a hiperglicemia, o consumo de NAD(P)H por esta reacdo diminui a concentracao de
glutationa reduzida, que ¢ requerida para manter a atividade da glutationa peroxidase,
diminuindo a atividade celular antioxidante. Sorbitol é oxidado a frutose via sorbitol
desidrogenase, o que reduz NAD" em NADH, provendo aumento em substrato para o
complexo I da cadeia respiratoria da mitocondria e aumentando a formacdo de EROs através

da mesma (Forbes, et al., 2008).

Produtos finais de Glicacdo Avancada (AGEs): Excesso de EROs ¢ gerado durante a
forma¢ao de AGEs em doengas como diabetes. AGEs podem se ligar ao seu receptor RAGE

promovendo inflamagao via ativagao do fator nuclear NF-kB, produ¢ao de IL — 1 ¢ TNF-a.
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A geracdo citosolica de EROs acontece via ativacdo de RAGE e subseqiiente ativagao da
NAD(P)H oxidase. Os AGEs podem também se ligar e modificar proteinas como MnSOD
alterando a atividade da enzima, contribuindo para o excesso de EROs.

NAD(P)H oxidase: NAD(P)H oxidase ¢ um complexo enzimatico citosolico

descoberto em neutrdfilos, onde ela atua de maneira vital na defesa contra patdogenos
visitantes através da produgdo de superdxido na ordem do milimolar. Ela existe também em
outros tecidos que ndo células fagociticas. A ligagdo de citocinas pro-inflamatorias e
hormdnios como TNF-a e angiotensina II, ativam a enzima aumentando a producdo de EROs,
contribuindo para o estresse oxidativo celular (Bashan, et al., 2009).

Xantina Oxidase: Xantina oxidase ¢ a enzima que catalisa a oxida¢ao de hipoxantina

em acido urico usando oxigénio molecular como aceptor de elétrons, liberando um nimero
consideravel de EROs incluindo '‘O,, ‘OH e H,0,. Em condi¢des normais a atividade da
enzima ¢ imensuravel em muitas células. Porém no diabetes ela é uma fonte importante de
geragdo de superoxido vascular (Forbes, et al., 2008).

Oxido Nitrico Sintase: Existem trés isoformas de NOS: a induzida (iNOS), a neuronal

(nNOS) e a endotelial (eNOS). Cada uma destas isoformas requerer cinco cofatores
prostéticos como Flavina mononucleotideo (FMN), bihidropterina (BH4) calmodulina e
flavina adenina dinucleotideo (FAD) para produzir o6xido nitrico. No diabetes o
desacoplamento de NOS juntamente com a restri¢do de substrato (L-arginina), e viabilidade
ou falta de cofatores, leva a geragdo de superoxido em detrimento ao 6xido nitrico (Bashan, et

al., 2009).
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2 OBJETIVOS

2.1 Objetivo geral

Dados na literatura, incluindo trabalhos do nosso grupo, mostram que a ingestdo de
uma dieta hiperpalatavel tem efeitos adversos na sobre a sensibilidade da insulina,
aumentando a adiposidade e induzindo resisténcia a insulina (Souza, et al., 2007; Gang Hu, et
al., 2004; Holemans, et al., 2004). Além disto, dietas hiperpalatdveis aquecidas, promovem a
formacgao de produtos finais de glicagdo avangada (AGEs). O consumo de uma dieta rica em
AGEs ¢ acompanhada pelo aumento concomitante de estresse oxidativo e marcadores de
inflamacdo, considerados os maiores fatores de risco para o desenvolvimento das
complicagdes do diabetes. Assim, o presente estudo teve por objetivo investigar os efeitos do
consumo de uma dieta hiperpalatavel e uma dieta hiperpalatavel aquecida (130°C/30minutos)
sobre parametros de resisténcia a insulina periférica, estresse oxidativo, defesa antiglicagdo e

dano ao DNA.

2.2 Objetivos especificos

A) Analisar os efeitos das dietas sobre a resisténcia a insulina periférica:

- Determinar a massa corporal total dos ratos com 60 dias de vida e apds os 4 meses de dieta e

da massa adiposa apos 4 meses de dieta;

- Determinar as concentragdes hepaticas de triglicerideos e glicogénio;

- Realizar teste de tolerancia a glicose;

- Determinar as concentragdes plasmaticas de triglicerideos, colesterol total e HDL, glicose e
acidos graxos livres circulantes; e as atividades das transaminases aspartato aminotrasnferase

(AST) e alanina aminotransferase (ALT);
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- Determinar a sintese de glicogénio hepatico a partir de glicose; e a oxidagdo da glicose a CO;

e a sintese de lipidios a partir da mesma em adipocitos;

B) Verificar os efeitos das dietas sobre parametros de estresse oxidativo:

- Peroxidacdo lipidica, carbonilagdo de proteinas, grupamentos sulfidril protéicos e nao

protéicos em figado, rim e plasma;

- Atividades das enzimas que modulam a atividade antioxidante Superoxido dismutase (SOD)

e Catalase (CAT) em figado e rim;

C) Verificar os efeitos das dietas sobre a defesa antiglicagdo:

- Atividade da enzima Glioxalase I em figado e rim;

D) Verificar os efeitos das dietas sobre dano ao DNA através da técnica de ensaio Cometa em

sangue.
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3. MATERIAIS, METODOS E RESULTADOS

Nesta parte do trabalho apresentarei os resultados na forma de artigos cientificos.
Serdo submetidos para publicagdo dois artigos, apresentados a seguir. Todos os dados foram
coletados de modelo experimental onde animais com 60 dias de vida foram submetidos,
durante um periodo de quatro meses, a um modelo de dieta hiperpalatdvel e hiperpalatavel
aquecida a 130°C/30min, com a finalidade de torné-la enriquecida em AGEs. Verificamos
parametros de estresse oxidativo em plasma, figado e rim. Dano ao DNA em sangue. Também
foram avaliados parametros de resisténcia a insulina periférica: Teste de tolerancia a glicose,
parametros bioquimicos em soro (AGL, glicose, Colesterol, HDL, AST e ALT, triglicerideos)
e figado (concentragdo de glicogénio e triglicerideos), sintese de glicogénio a partir de glicose
no figado, sintese de lipideos e oxidagdo de glicose em tecido adiposo. Defesa antiglicacao foi
avaliada pela atividade da enzima Glioxalase I e quantificacdo do contetido imunoprotéico de

RAGE.
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Abstract

Ingestion of an advanced glycation end products (AGEs)-rich diet is accompanied by
increased oxidative stress (OS) and induced inflammation. The aim of this study was to
investigate the acute effects of dietary AGEs on peripheral insulin sensitivity, antiglycation
defense and its relation to the redox state of the liver. Rats (male, 60 days old) were submitted
to a highly palatable diet, heated (130°C/30 min) or unheated, over a 4-month period.
Metabolic parameters and oxidative stress status were evaluated. The animals that received a
highly palatable diet (HP) and highly palatable thermolyzed diet (HPTD) showed increased
body weight and impaired glucose tolerance at the studied time-points in glucose tolerance
test (GTT). We showed that the HPTD has the capacity to reduce glycogen synthesis in liver
and that it reduced glucose oxidation and lipid synthesis in adipose tissue. HP and HFTD
promote lipid peroxidation, protein carbonylation and oxidation of protein thiol groups as
well as change in catalase (CAT), superoxide dismutase (SOD) and glyoxalase I activity in
liver. These results show an important correlation between a highly palatable termolizated

diet, antiglycation defense and oxidative stress.

Keywords: Diabetes, AGEs, oxidative stress, antiglycation defense.
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Introduction

In rodents and humans, dietary intake of high amounts of fat has been shown to have adverse
effects on insulin sensitivity. Indeed, a more palatable cafeteria diet closer to the Western diet
(WD) has been associated with increased adiposity and insulin resistance in humans (1). It has
been widely established that insulin resistance precedes the development of overt
hyperglycemia. Diverse variables are involved in the metabolic effects of hyperglycemia.
Hyperglycemia fosters the endogenous nonenzymatic glycoxidation of proteins, lipids, and
nucleic acids and results in the accumulation of heterogeneous molecules known as advanced

glycation end products (2).

Advanced glycoxidation end products (AGEs) constitute a group of heterogeneous
compounds produced endogenously from the nonenzymatic glycation of proteins, lipids, and
nucleic acids (Maillard reaction). In addition, AGEs can also form from lipid peroxidation.
Compounds resulting from this reaction are termed advanced lipoxidation end products

(ALEs) (3).

Production of intracellular AGEs precursors damages target cells by three general
mechanisms. First, intracellular proteins modified by AGEs have altered functions. Second,
extracellular matrix components modified by AGEs precursors interact abnormally with other
matrix components and with the receptors for matrix proteins (integrins) on cells. Third,
plasma proteins modified by AGEs precursors bind to AGEs receptors on endothelial cells,
mesangial cells and macrophages (4), inducing receptor-mediated production of reactive
oxygen species. This AGEs receptor ligation activates the pleiotropic transcription factor NF-

kB, causing pathological changes in gene expression (5, 6).

AGE:s are spontaneously produced in human tissues and the circulation as a part of normal

metabolism, but are especially elevated in diabetic patients (7). This normal metabolism is
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maintained by an antiglycation defense through detoxification pathways. Glyoxalase I (EC
4.4.1.5) is part of the glyoxalase system present in the cytosol of all cells. The glyoxalase
system catalyses the conversion of reactive, acyclic a-oxoaldehydes into the corresponding a-
hydroxyacids. (7) Glyoxalase I activity prevents the accumulation of reactive a-oxoaldehydes
and thereby suppresses a-oxoaldehyde-mediated glycation reactions (8). It is, therefore, a key

enzyme of the antiglycation defense.

It should be emphasized, however, that a large portion of AGEs can be exogenous. Tobacco
smoke has already been recognized as an important exogenous source of AGEs. Recently, it
has been found that diet, especially the modern Western diet, provides a relatively large
portion of preformed AGEs and AGE-precursors. The methods used in food processing for
safety, conservation and improvement of taste, flavor and appearance lead to the generation of

diverse unstable dicarbonyl derivatives of glyco- and lipoxidation reactions (9).

Excessive production of reactive oxygen species (ROS) and resulting elevated oxidative stress
has been associated with several metabolic factors including hyperglycemia, hyperlipidemia,
and high levels of advanced glycation end products (AGEs). AGEs are major contributors to
increased oxidative stress in conditions like diabetes (10). Defined as an impaired balance
between free radical production and antioxidant capacity resulting in an accumulation of
oxidative products, oxidative stress is a well-recognized mechanism playing important roles
in many pathological conditions. Several human diseases have been closely related to
oxidative stress (10). AGEs such as N-carboxymethyl-lysine (CML) and methylglyoxal (MG)

derivatives are prime examples of dietary oxidants.

Based on these findings and taking into account the interrelationships among advanced
glycation end products, oxidative stress and type 2 diabetes, we investigated the influence of
dietary AGEs on peripheral insulin sensitivity and its relation to the redox state of the liver.
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We used a experimental system of a highly palatable diet heated to 130°C for 30 minutes

(11,12).

Research design and methods

Chemicals

D-[U-14C] glucose (297 mCi/mmol) was purchased from Amersham International (Little
Chalfont, Bucks, UK). Bovine albumin (essentially fatty acid free) (J. T. Baker Chemical
Company, Phillipsburg, NJ, USA) was analytical grade. Optiphase Hi Safe 3 was purchased
from PerkinElmer (RJ, Brazil). Tris, ethylenediaminetrichloroacetic acid (EDTA), glycerol,
Tween-20, acrylamide and bis-acrylamide were from Sigma (S3o Paulo, Brazil). The
monoclonal antibody: anti-RAGE was purchased from Cell Signaling Technology (Beverly,
MA, USA). Nitrocellulose, radiographic films, the ECL kit and the secondary antibodies
were purchased from GE healthcare (Sdo Paulo, Brazil). The following chemicals were
obtained from Sigma Chemical Co. (St. Louis, MO): 2-thiobarbituric acid (TBA); 1,1,3,3 —
tetramethoxypropane (MDA); L- cysteine; 2,4-dinitrophenylhydrazine (DNPH); glycine;
Epinephrine and Catalase from bovine liver. 5,5'-dithio-bis-(2-nitrobenzoic acid) (DTNB),
Folin-Ciocalteu reagent, trichloroacetic acid (TCA) and hydrogen peroxide were purchased

from Merck, Germany.

Animals and diet

Thirty adult Wistar rats (male, 60-day-old) weighting 200-220 g were obtained from the
Central Animal House of Department of Biochemistry of the Federal University of Rio

Grande do Sul, Brazil. They were maintained under a standard dark—light cycle (lights on
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between 7:00 a.m. and 7:00 p.m.), at a room temperature of 22 °C. Animal care followed the
official governmental guidelines in compliance with the Federation of Brazilian Societies for
Experimental Biology and was approved by the Ethics Committee of the Federal University
of Rio Grande do Sul, Brazil. Rats were divided into three groups: The control group (C,
n=10), which received standard laboratory rat chow (50% carbohydrate, from starch, 22%
protein and 4% fat); the highly palatable diet group (HP, n=10), which received a enriched
sucrose diet (65% carbohydrates: 34% from condensed milk, 8% from sucrose and 23% from
starch, 25% protein and 10% fat) (13) and the highly palatable thermolyzed diet (HPTD,
n=10), which received the same enriched sucrose diet of HP group subjected to heating for
30 minutes at 130 degrees order to enrich for advanced end glycation products (AGEs)
(11,12). A vitamin mixture was added after heating. All animals had free access to food and

water.

Glucose tolerance test

A glucose tolerance test was performed five days before the animals were sacrificed. A 50%
glucose solution was injected into the animals (i.p., 2 mg/g) after 6 h of starvation. Blood was
collected by a small puncture on the tail immediately before and 30, 60, and 120 min after the
injection. At each time, glucose was measured by a glucosimeter (AccuChek Active, Roche

Diagnostics®, USA).

Tissue preparation

Five days after the glucose tolerance test, the rats were killed by decapitation. Visceral and
epididymal fat pads were dissected and weighed. Livers were dissected out and immediately

stored at -70 °C for posterior biochemical measurements. For analysis of oxidative stress,
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liver tissue was homogenized in ice-cold 150 mM saline. Blood was collected immediately
after decapitation, and was centrifuged at 2500 g for 10 min to yield the serum fraction, which

was stored at -70 °C for posterior biochemical analysis.

Glucose oxidation and incorporation of lipids in adipose tissue

For the measurement of lipid or protein synthesis and CO2 production, epididymal fat was
weighed, and pieces (between 15-25 mg) were incubated in 1.0 mL Krebs Ringer bicarbonate
(KRb) buffer, pH 7.4, containing 1.0% of albumin free fatty acids + 5.0 mM of glucose + 0.2
uCi D[U-""C]glucose. Before incubation, the reaction medium was gassed with a 95% 02:5%
CO2 mixture for 1 minute. Flasks were sealed with rubber caps, and the slices were incubated
at 35 °C for 1 hour in a Dubnoff metabolic shaker (60 cycles/min) according to the method of
Dunlop et al., 1975 (14). Incubations were stopped by adding 0.25 mL 50% TCA through the
rubber cap, and 0.20 mL of 1 M hyamine hydroxide was then injected into the central wells.
The flasks were shaken for an additional 30 minutes at 35°C to trap CO2. Afterwards, the
contents of the central well were transferred to vials and assayed for CO2 radioactivity in a
liquid scintillation counter. Adipose tissue was washed with saline and placed in shaking
tubes containing 1 ml of chloroform-methane (2:1) overnight. The extraction of lipids was
performed according to the method of Folch et al. (15). The samples were assessed in a liquid

scintillation counter.

Hepatic Glycogen Synthesis

For the measurement of hepatic glycogen synthesis, the liver was dissected and cut into 300
um slices using a Mcllwain tissue chopper (100-120 mg). Slices were incubated in a beaker
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with a medium containing Krebs-Ringer bicarbonate buffer (pH 7.4), 5 mM glucose and 0.2
uCi D-[U-14C]glucose. Incubations were carried out in ambient content that was gassed with
a 95% 02:5% CO2 mixture for 1 h. Liver slices were incubated at 37°C for 1 h in a metabolic
shaker (60 cycles/min), according to the method of Dolnikoff et al. (16) Incubation was
stopped by placing the bottles in ice. Afterward, 1 ml of 60% KOH was added to each beaker.
After 20 min in a boiling water bath, the tubes were removed and cooled to 30 °C - 35 °C.
After cooling, 3 mL of 96% ethanol was added and the tubes were placed on ice for 15 min to
precipitate glycogen. The tubes were centrifuged at 2000 g/10 min, the precipitate was
suspended in 0.2 ml of water, and the scintillation liquid (Opti-Phase HiSafe3 from

PerkinElmer-USA) was added. The samples were assessed in a liquid scintillation counter.

Blood Biochemical Parameters

Blood was collected and centrifuged at 2500 g/10 min. Serum was stored at -20 °C until assays
were performed. The serum glucose, triacylglycerol (TAG), total cholesterol, HDL cholesterol,
AST, ALT were measured using commercial kits (Labtest, Minas Gerais, Brazil). The
reactions were performed using Labmax equipment (Labtest, Minas Gerais, Brazil). Plasma-

free fatty acids were measured using commercial kits (Roche Diagnostics, Germany).

Liver Biochemical Parameters

To determine the concentration of liver glycogen, a color reaction was conducted with the
iodine second method of Krisman (1962) (17), and the reaction was read in a

spectrophotometer at 460 nm. The results are shown as mg%. Hepatic triglyceride
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concentration was determined by an enzymatic Trinder reaction (18). The results are shown as

mg%.

Thiobarbituric acid reactive species (TBARYS)

As an index of lipid peroxidation, we measured the formation of TBARS during an acid-
heating reaction, a widely used method for measurement of lipid redox state that has been
previously described (19). Briefly, the samples were mixed with 0.8 mL of 10%
trichloroacetic acid (TCA) and 0.5 mL of 0.8% thiobarbituric acid, and then heated in a
boiling water bath for 30 min. TBARS were determined by the absorbance in a
spectrophotometer at 532 nm using a standard curve of 1,1,3,3-tetracthoxypropane. Results

are expressed as nmol MDA/mg protein.

Measurement of protein carbonyls

Oxidative damage to proteins was measured by the quantification of carbonyl groups based on
the reaction with dinitrophenylhidrazine (DNPH) as previously described (20). Briefly,
proteins were precipitated by the addition of 20% TCA and redissolved in DNPH and the
absorbance read in a spectrophotometer at 370 nm. Results are expressed as nmol

carbonyl/mg protein.

Non-protein thiol groups

One volume of the low-speed supernatant fraction was mixed with 1 volume of 10%

trichloroacetic acid, followed by centrifugation and neutralization of the supernatant (to pH
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7.5) with 1 M Tris as described by Jacques-Silva et al. (21). Non-protein thiol groups were
immediately determined as described by Ellman (22) at 412 nm after reaction with 5,5'-dithio-
bis-(2-nitrobenzoic acid). A standard curve using cysteine was used to calculate the content of

non-protein thiol groups in tissue samples.

Antioxidant enzyme activity estimations

Catalase (CAT) activity was assayed by measuring the rate of decrease in H202 absorbance
in a spectrophotometer at 240 nm. (23) The results of CAT activity are expressed as U
CAT/mg protein. Superoxide dismutase (SOD) activity was assessed by quantifying the
inhibition of superoxide-dependent adrenaline auto-oxidation in a spectrophotometer at 480

nm, as previously described. (24) The results of SOD are expressed as U SOD/mg protein.

Measurement of glyoxalase I activity

Glyoxalase I activity was assayed according to Mannervik et al. (1981) (25). 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 I activity
is defined as the amount of enzyme that catalyzes the formation of 1 umol of S-(D)-

lactoylglutathione per minute. Specific activity is expressed in units per milligram of protein.
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Western blot analysis

Dissected liver tissue was homogenized in lysis solution containing 2 mM EDTA, 50 mM
Tris—HCI, pH 6.8, and 4% (w/v) SDS. For electrophoresis, the samples were dissolved in a
1:4 dilution of a solution containing 40% glycerol, 5% mercaptoethanol, and 50 mM Tris—
HCI, pH 6.8 and boiled for 4 min. Equal protein concentrations were loaded (100 pg/well)
onto a polyacrylamide gel for electrophoresis (10% SDS-PAGE) and resolved using the
discontinuous system of Laemmli (26). After the samples had been resolved using SDS-
PAGE, the protein bands were transferred to nitrocellulose membranes (using the Trans-blot
SD semi-dry transfer cell, BioRad) for 1 h at 15 V in transfer buffer (48 mM Trizma, 39 mM
glycine, 20% methanol and 0.25% SDS). The nitrocellulose membranes were washed for 10
min in Tris-buffered saline (TBS; 0.5 M NaCl, 20 mM Trizma, pH 7.5) and blocked for 2 h in
TBS containing 5% non-fat dried milk (M-TBS). After blocking, the blots were washed with
TBS plus 0.05% Tween-20 (T-TBS) twice, for 5 minutes each time. The membranes were
then incubated overnight at 4°C in blocking solutions containing, the polyclonal antibody
(1:1000 dilution) anti-RAGE. The blots were then washed twice (5 min each time) with T-
TBS and incubated for 2 h in M-TBS containing anti-rabbit IgG (1:2000 dilution) conjugated
with peroxidase. Then blots were washed twice again (5 min each time) with T-TBS and
twice (5 min each time) with TBS. The immunoreactive bands were then developed using the
ECL system. The immunoblots were quantified by scanning the films using a Hewlett-
Packard Scanjet 6100C scanner, and the optical densities were measured using an Optiquant

version 02.00 software (Packard Instrument Company).
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Protein determination

Protein concentration was determined using the Lowry’s method (27), with bovine serum

albumin as the standard.

Statistical analysis

Results are expressed as mean + SD. All analyses were performed using the Statistical
Package for the Social Sciences (SPSS 15.0) software, differences between groups were
determined by one-way ANOVA followed by a Duncan post-hoc test. P values were

considered significant when p<0.05.

Results

Body parameters

The average initial body weights did not differ between groups. However, the average final
body weight of the animals treated with HP diet or HPTD was approximately 10% larger than
the control group (p<0.05) (Table 1). The fat mass was assessed at the end of the 4 month
treatment period. The fat mass was higher in the HP diet and HPTD than in the control group
(p<0.001) indicating that the both the thermolyzed and non-thermolyzed HP diet increase the

gain of fat mass (Table 1).
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Biochemical parameters

Table 2 shows the biochemical parameters. The levels of serum glucose were raised in both
the supplemented groups with highly palatable diets in relation to the control. Fasting plasma
values for triglycerides and free fatty acids (FFA) were significantly increased in only the
HPTD (p<0.05). Measurement of these factors can be used as an indirect parameter to
demonstrate overall insulin resistance (28). The values for cholesterol and HDL were
unaltered in the experimental groups. The concentration of hepatic glycogen was significantly
reduced in the HPTD group (p<0.05), with no differences in hepatic triglyceride

concentration.

Glucose tolerance test (GTT)

Additionally, after four months of a thermolyzed or non-thermolyzed HP diet, changes were
triggered in glucose homeostasis. These changes in glucose homeostasis are demonstrated by
an impaired glucose tolerance in these animals (Fig. 1 A). The animals subjected to the highly
palatable thermolyzed diet showed, at 30, 60 and 120 min after the injection of glucose, a
higher glycemia (p<0.05) compared with the control group. The HP diet increased the
glycemia at 30, 60 and 120 minutes, but only the 120 min time point was statistically different
from the control group. The total integrated area under the curve for glucose (AUC) (Figure 1
B) was increased compared with the control group in the HP (60%) and HPTD (75%) groups

(p<0.05).
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Glucose oxidation and lipid synthesis from glucose in adipose tissue and hepatic

glycogen synthesis

In Figure 2, we verified the oxidation of glucose through epididymal adipose tissue after 1 h
of incubation. We noticed that both groups fed with highly palatable diets oxidated less
glucose in relation to the control group. In addition, the synthesis of lipids from glucose was
reduced in the HP diet and HPTD. We observed that the hepatic glycogen synthesis from

glucose was decreased in the HPTD group relative to the control group (p<0.05; Fig. 3).

Oxidative stress parameters and glyoxalase | activity

Lipid peroxidation increased from 0.0334+0.006 nmol MDA/mg prot (control group n=10) to
0.046+0.01 (HP group; n=10; p< 0.05) and 0.051+0.007 (HPTD group; n=10; p<0.05) nmol
MDA/mg prot in livers of rats that received treatment for four months (Fig. 4 A). Protein
carbonylation increased from 0.8440.45 nmol carbonyl/mg prot (control group n=10) to
2.0+£0.53 (HP group; n=10; p< 0.005) and 2.81+0.67 (HPTD group; n=10; p<0.001) nmol

carbonyl/mg prot in livers of rats that received treatment for four months (Fig. 4 B).

As depicted in Figure 5 A, we determined that non-protein thiol content was decreased from
0.012+ 0.002 nmol/mg prot (control group; n=10) to 0.011+0.002 (HP group; n=10; p< 0.05)
and 0.009+0.001 (HPTD group; n=10; p<0.05) nmol/mg prot in liver of rats that received
treatment for four months. In addition, the activity of glyoxalase I was reduced in the HPTD
group to 0.23+0.05 U/mg prot and in the HP diet group to 0.25+0.03 U/mg prot, compared

with the control group value of 0.32+ 0.07 U/mg prot (p<0.01; Fig. 5 B).

As shown in Figure 6, HPTD induced a decrease in the activities of antioxidant enzymes.
SOD activity was reduced from 96.6+£26.87 U SOD/mg prot (control group; n=10) to
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86.82+16.86 U SOD/mg prot (HP group; n=10; no statistically significant change) and
76.99+£11.94 U SOD/mg prot (HPTD group; n=10. p<0.05). CAT activity was reduced from
45.9847.54 U CAT/mg prot (control group; n=10) to 33.25+6.84 U CAT/mg prot (HPTD
group; n=10; p<0.05). No significant differences were observed in the HP group (51.1443.86

U CAT/mg prot; n=10) versus the control group.

Western Blotting

The levels of RAGE were measured as percentages relative to the control group (the rats that
were fed with a normal diet). The HP and HPTD diets increased the content of RAGE (28 and

41% respectively) (Fig. 7).

Discussion

The results presented here show that animals subjected to a highly palatable diet (HP) had
glucose intolerance and increases in plasmatic free fatty acids, body weight and tissue adipose
weight. The thermolyzed diet appears to be more harmful than the HP diet, possibly due to the

formation of advanced glycation end products (AGEs).

Our results showed a decrease in glycogen synthesis in the HPTD group. Insulin promotes
glycogen accumulation through activation of glycogen synthesis by stimulation of glycogen
synthase and reduction of glycogen breakdown via inhibition of glycogen phosphorylase. Any
of the above-mentioned effectors of insulin in the liver appear to be deregulated either at the
phosphorylation activity level or at the level of gene transcription in type 2 diabetes (29).
These effects were related to high dietary levels of advanced glycation/lipoxidation end

products (AGEs/ALEs), which possess pro-oxidant and pro-inflammatory properties (30).
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AGEs affect the properties of the proteins and thus alter intracellular events. AGEs induce
changes in insulin action because AGEs stimulate the production of pro-inflammatory

cytokines, including tumor necrosis factor o, which may promote insulin resistance.

Treatment with a highly palatable diet, thermolyzed or non-thermolyzed, altered the liver
redox environment and increased the level of lipid peroxidation (TBARS level) and protein
carbonylation in the liver. The HPTD group showed a greater increase in these effects
compared with the other control or HP diet groups. Chronic elevation of glucose levels is one
metabolic alteration triggered by consumption of this diet. Elevated glucose levels are
associated with increased production of ROS by several different mechanisms. One
mechanism is that in diabetic cells with high glucose content, there is more glucose being
oxidized in the TCA cycle, and this in effect pushes more electron donors (NADH and
FADH2) into the electron transport chain. As a result, the voltage gradient across the
mitochondrial membrane increases until a critical threshold is reached. Once the threshold is
reached, electron transfer inside complex III is blocked, causing the electrons to back up to
coenzyme Q. Coenzyme Q donates electrons one at a time to molecular oxygen, thereby
generating superoxide (4). Other mechanisms through which increased glucose levels result in
increased production of ROS are glucose auto-oxidation, abnormal arachidonic acid
metabolism and its coupling to cyclooxygenase catalysis, protein kinase C activation, increase
in the activity of nitric oxide (NO) synthase, activation of the aldose reductase pathway and

advanced glycation end products (AGEs) formation (9).

Increased cellular ROS in animals that received a thermolyzed diet could also arise from
AGEs; e.g., from myeloperoxidase and nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase, via activation of AGE-sensitive cell surface receptors, such as receptor for

advanced glycation end products (RAGE). We found an increase in the level of RAGE in both
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experimental diets. RAGE promotes the formation of reactive oxygen species, inflammation,

stress-responses, and apoptotic events (31).

Generation of ROS is intertwined with the metabolism of AGEs. Methylglyoxal (MG), a
reactive a-oxoaldehyde intermediate in the process of formation of AGEs, can generate ROS.
Production of MG from acetone and aminoacetone yields hydrogen peroxide (H202) and
superoxide radicals (O2) as byproducts, and degradation of MG by glyoxal oxidase or
photolysis produces H202 and other radical species. MG also hinders antioxidant defenses by
reacting with functional thiol groups of glutathione (GSH) and plasma albumin to reduce their
activity. MG inhibits the antioxidant enzyme superoxide dismutase by altering its structure.

MG also impedes glyoxalase and GSH peroxidase function (32).

Although many reports have shown that endogenous AGEs are involved in the pathogenesis
of many diseases, the major damage associated with oxidative stress caused by the
thermolyzed diet can be explained by increased intake of exogenous AGEs by the animals.
Recently, human studies confirmed that about 10% of diet-derived AGEs are absorbed and
these absorbed AGEs correlate with circulating and tissue AGEs levels (33). Studies using
orally-administered radiolabeled AGEs have confirmed significant intestinal absorption of
dietary AGEs and covalent deposition of AGEs in the liver and kidney (34). Dietary AGEs
restriction resulted in significant reduction of circulating AGEs levels and reduction in disease
progression in animal models of atherosclerosis and diabetes, as well as in diabetic patients
with normal renal function and in non-diabetic patients with renal failure (34). These findings
suggest that dietary AGEs may constitute a chronic environmental risk factor for tissue injury.
Increased oxidative stress upon intake of dietary AGEs may be one explanation for this tissue

njury.
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The treatment with a highly palatable thermolyzed diet caused a decrease in non-protein thiol
content, mainly represented by the reduced form of glutathione (GSH). Both hyperglycemia
and oxidative stress are associated with GSH depletion. In addition, the activity of glyoxalase
I was decreased after treatment with the highly palatable thermolyzed diet. Glyoxalase I has a
critical role in suppressing the formation of protein AGEs. With the decrease in the activity of
glyoxalase I, the concentrations of AGEs precursors are able to rise. Optimal activity of the
glyoxalase system is dependent on the adequate level of reduced glutathione (GSH) (35).
Experimental depletion of GSH by oxidative or non-oxidative mechanisms induced marked

accumulation of precursors of AGEs and induced cytotoxicity (7).

The HPTD induced a decrease in both SOD and CAT activity. This decrease in SOD activity
might increase superoxide availability. The increased superoxide may allosterically inactivate
the CAT enzyme, decreasing its activity (36). The highly palatable diet most likely increased
superoxide production through the chronic elevation of glucose levels (4). The decrease in the

activity of both antioxidant enzymes might result in oxidative stress.

The increased production of reactive oxygen species and the decrease in antioxidant enzyme
activity caused by the diets to which the animals were subjected may result in a situation of

oxidative stress.

To understand the increase of FFA in the circulation of these animals, we studied oxidation
and lipid synthesis through the glucose in adipose tissue. The results showed a decrease in
both oxidation and lipid synthesis in adipose tissue. Based on studies by many laboratories on
rodents and humans with high caloric intakes, alterations in adipose tissue change the
dynamics between fatty acid release and use (37). Adipocyte function during prolonged
caloric overload causes an inflammatory response, which in turn causes adipocyte dysfunction

through the actions of cytokines such as TNFa on adipocyte metabolism. The action of such
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cytokines has two dramatic effects on adipocyte function — an increase in lipolysis and a
decrease in triglyceride synthesis (37). These actions in turn result in increased levels of
circulating FFAs, and this increased flux results in increased FFA oxidation by the
mitochondria. Since both B-oxidation of fatty acids and oxidation of FFA-derived acetyl CoA
by the TCA cycle generate the same electron donors (NADH and FADH?2) as those generated
by glucose oxidation, increased FFA oxidation causes mitochondrial overproduction of ROS

by exactly the same mechanism described above for hyperglycemia (4).

In summary, we have established that the consumption of a highly palatable diet leads to
raised of the serum glucose, increased triglycerides and free fatty acids (FFA) in serum,
reduced concentration of hepatic glycogen, increased in adiposity and impaired glucose
tolerance. The thermolyzation process of the highly palatable diet aggravates such a condition
because of the elevated levels of AGEs. These elevated AGEs also play a role in the
pathogenesis of diabetic complications through the impeding of redox homeostasis and a
reduced antiglycation defense. This model of treatment simulates a nutritional condition that
is very common in an important percentage of the population. Therefore, the consequences of

the consumption of such a diet must be carefully evaluated and considered.
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Legends

Table 1: Body Parameters in Rats After 4 Months of Different Nutritional Treatment.

For treatment details, see Materials and Methods section: Control (C), Highly Palatable (HP)
and Highly Palatable Thermolyzed Diet (HPTD). Retroperitoneal and epididymal adipose
tissue are expressed in % of total body weight. Additional data are expressed in grams (g),
and represented as mean + SD (n=10 per group). Different letters at the same row indicate
significant difference (p< 0.05) by one-way analysis of variance followed by Duncan multiple

range test.

Tabela 2: Biochemical Parameters in Rats After 4 Months of Different Nutritional

Treatments.

For treatment details, see Materials and Methods section: Control (C), Highly palatable Diet
(HP) and Highly Palatable Thermolyzed Diet (HPTD). Glucose, cholesterol and high density
lipoprotein (HDL) levels are expressed as mg/dL. Free fatty acids was expressed as pM/ml
and represented as mean + SD (n =10 per group). Different letters at the same row indicate
significant difference (P<0.05) by one-way analysis of variance followed by Duncan multiple

range test.

Figure 1: The Glucose Tolerance Test (A) and the total integrated area under the curve for
glucose (AUC) (B) in rats after four months of different nutritional treatments. For treatment
details, see the Materials and Methods section: Control(C), Highly Palatable Diet (HPD) and
Highly Palatable Thermolyzed Diet (HPTD). Blood glucose levels are expressed as mg/dL

and represented as the mean = SD (n = 6 per group). Two-way analysis of variance showed
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significant time vs. diet interactions for Glucose Tolerance Test (F=10.27; P=0.0002). And

AUC (p<0.05) by one-way analysis of variance followed by a Duncan multiple range test.

Figure 2: Glucose oxidation (A) and synthesis of lipid from glucose (B) by epididymal
adipose tissue in rats after 4 months of different nutritional treatments. For treatment details,
see the Materials and Methods section: Control (C), Highly Palatable Diet (HP) and Highly
Palatable Thermolyzed Diet (HPTD). Data are expressed as pmol of glucose oxidized per
milligram per hour of tissue and represented as the mean + SD (n = 8 per group). Different
letters indicate the significant difference (p<<0.05) by one- way analysis of variance followed

by a Duncan multiple range test.

Figure 3: Hepatic glycogen synthesis from D-[U-14C]Glucose (A) in rats after 4 months of
different nutritional treatments. For treatment details, see the Materials and Methods section:
Control (C), Highly Palatable Diet (HP) and Highly Palatable Thermolyzed Diet (HPTD)
(n=8 per group) represented as mean + SD. Different letters indicate the significant difference

(p<0.05) by one-way analysis of variance followed by a Duncan multiple range test.

Figure 4: Lipid peroxidation (A) and protein carbonylation (B) in liver of rats after 4 months
of different nutritional treatments. For treatment details, see the Materials and Methods
section: Control (C), Highly Palatable Diet (HP) and Highly Palatable Thermolyzed Diet
(HPTD) (n=10 per group) represented as mean + SD. Different letters indicate the significant
difference for TBARS (p<0.05) and Carbonyl (p<0.005) by one-way analysis of variance
followed by a Duncan multiple range test.
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Figure 5: Non-protein thiol groups (A) Glyoxalase I activity (B) in liver of rats after 4 months
of different nutritional treatments. For treatment details, see the Materials and Methods
section: Control (C), Highly Palatable Diet (HP) and Highly Palatable Thermolyzed Diet
(HPTD) (n=10 per group) represented as mean + SD. Different letters indicate the significant
difference for (p<0.05) for (A) and (p<0.01) for (B) by one-way analysis of variance followed

by a Duncan multiple range test.

Figure 6: Antioxidant enzyme activity estimations in liver; Catalase (CAT) activity (A) and
Superoxide dismutase (SOD) (B) in rats after 4 months of different nutritional treatments. For
treatment details, see the Materials and Methods section: Control (C), Highly Palatable Diet
(HP) and Highly Palatable Thermolyzed Diet (HPTD) (n=10 per group) represented as mean
+ SD. Different letters indicate the significant difference (p<0,001) by one-way analysis of

variance followed by a Duncan multiple range test.

Figure 7: Levels of RAGE in the liver of rats after 4 months of different nutritional
treatments. For treatment details, see the Materials and Methods section: Control (C), Highly
Palatable Diet (HP) and Highly Palatable Thermolyzed Diet (HPTD) (n=10 per group)
represented as mean + SD. The results were normalized to 100% using data from the control
group. Representative immunoblots are shown in the inset. The asterisk indicate the

significant difference (p<0.05) by one-way ANOVA, followed by Duncan’s test.
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Table 1

Control HP HPTD

Initial body weight (g) 199+ 28,7° 216+ 10,3* 206,9+ 19,2*
Final body weight (g) 303,7+ 22,9° 3442+ 30,1° 335,8+38,3°
Body weight gain (g) 104,7+ 31° 133,32 £21,6° 137,29+ 39,6
Retroperitoneal Adipose tissue (g) 4,81+ 1,2° 10,97+ 3,6 11,33 £2,3
Retroperitoneal Adipose tissue (%) 1,55+0,33* 3,29 + 1,5b 4,28 + 2,5b
Epipididymal adipose tissue (g) 4,83 +0,33" 9,48 + 1,76° 8,84 + 1,26
Epipididymal adipose tissue (%) 1,57+0,11° 2,79+ 0,36 2,99 +22°
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Table 2

Control HP HPTD

Hepatic glycogen (mg %) 5,78 + 0,88" 52+ 0,95 2,44 £ 1,00°
Hepatic triglycerides (mg %) 0,87+ 0,13* 1,1+£0,17° 1,2+0,19°

Plasmatic triglycerides (mg/dl) 130,5+21,4* 138,8 £+42,00° 186,1+ 62,6b
Plasmatic free fatty acid (uM) 5592 +973* 587,9+155,9° 751 +159,6°
Plasmatic Cholesterol (mg/dl) 69,1 +£12,9* 74,4 +8,5° 74,6 +10,7°
Plasmatic HDL (mg/dl) 22,5 £3,9° 23,81 £1,66° 27,18 +6,0°
Plasmatic glicose (mg/dl) 96 + 10,66" 1082+ 11,1°  116,7+15,2°
Aspartate aminotransferase 265,6 £ 63,6°  281,2+372* 274,6+61,4"
Alanine aminotrasferase 75,4 £27,1* 64,2 +11,2* 58,8 +11,4*
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Figure 1
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Figure 2
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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CAPITULO 1

“Highly palatable termolizated diet altered redox environment glycation defense and

increased DNA damage in rats kidney and serum.”
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Abstract

Advanced glycation end products (AGEs) are implicated in the complications of diabetes by
alter the structure and function of molecules in biological systems and increase oxidative
stress. Many studies have demonstrated that DNA damage may be associated with type 2
diabetes mellitus (T2DM) and its complications. The aim of this study was to investigate the
acute effects of dietary AGEs on redox state and antiglycation defense in kidney and plasma,
and DNA damage in serum of rats. Male rats 8 weeks old was submitted to a highly palatable
diet, heated (130°C/30minut) or not, during 4 months. DNA damage, Glyoxalase I activity
and oxidative stress status were evaluated. The animals submitted to a highly palatable diet
(HP) and highly palatable thermolyzed diet (HPTD) showed an increased in lipid
peroxidation, protein carbonylation and a decreased in oxidation of protein thiol groups in
kidney and serum, as well as change in Catalase (CAT), Superoxide Dismutase (SOD) and
Glyoxalase I activity in kidney. Blood DNA damage was significantly higher in animals
subjected to highly palatable diets, and the highest damage was observed in animals that
received the highly palatable termolizated diet. Ingestion of a highly palatable diet impairs the
redox homeostase, increased DNA damage, where the thermolyzation process aggravates

such a condition, perhaps because the formation of advanced glycation end products.

Introduction

Type 2 diabetes is characterized by hyperglycemia due to insulin resistance in peripheral
tissues and deficient insulin secretion by pancreatic islet  B-cells (1). Prolonged
hyperglycemia leads to diabetic complications, including vascular and renal disease (2).
Hyperglycemia also fosters the endogenous non-enzymatic glycoxidation of proteins, lipids,
and nucleic acids, and results in the accumulation of heterogeneous molecules known as

advanced glycation end products (3).

AGEs may exert their effects through alter protein function, cause abnormal interactions
among matrix proteins, and interfere with cellular functions by increasing the expression of

cytokines and the production of ROS through their receptor, RAGE.
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Diet is an important environmental risk factor for the development of diabetes and its
complications (4). Diet-imported mixtures of AGEs could act independently of, or
synergistically with, underlying hyperglycemia and endogenously formed AGEs to impact
diabetic tissue injury. Following meal ingestion, an estimated 10% of pre-formed AGEs are
absorbed by the human or rodent gastrointestinal tract (5,6). Of this, approximately two-thirds
are retained in tissues, and in the presence of renal impairment the uncleared proportion of

dietary AGEs can increase up to 95% (5).

DNA damage may be associated with T2DM and its complications (8). In this context, the
accumulation of oxidative stress-related products appears to be responsible, at least in part, for
DNA damage in diabetes patients (7). AGE-induced DNA modification and genotoxicity have
been documented in bacteria, in mammalian cells and in patients with renal failure. AGE-
modified nucleotide formation in DNA is associated with reduced DNA synthesis,

mutations, DNA strand breaks and cytotoxicity (8).

The kidney is a target for AGE-mediated damage and is also a contributor to circulating
AGEs concentrations as seen in settings such as diabetes, since the kidney is the major site of
clearance of AGEs. In the kidney, AGE-adducts to amino acids and peptides are filtered
into the glomeruli. AGE-amino acids are eliminated in urine, whereas AGE-peptides
are partly eliminated and partly reabsorbed in the proximal tubule, to be degraded in the
lysosomes and produce AGE-amino acids, the later being then excreted in urine. AGEs play
a key role in glomerular nephropathy as they accumulate in glomerular basement
membrane and interact with mesangial cells, endothelial cells and podocytes, to trigger
oxidative stress, inflammatory signaling and apoptosis (9). Oxidative stress and the

secretion of growth factors and cytokines are involved in AGE-induced nephropathy

(10).

In the present studies we sought to compare the impact of a highly palatable diet and a highly
palatable termolizated diet that contains high levels of precursor and late AGEs, to a standard
mouse diet. Focusing on oxidative stress, DNA damage and antiglycation defense in kidney

and serum.
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Research design and methodos

Chemicals

Low and normal melting point agarose (Gibco,USA), ethyl-enediamine-tetra acetic
acid(EDTA), TritonX-100 and dimethylsulfoxide(DMSO) (LabsynthProdutosdeLaborato rio
Ltda, SP, Brazil), RMPI1640 medium (Nutricell, Campinas-SP, Brazil), ethidiumbromide,
cytochalasin B, andhyamine hydroxide (J.T.Baker Chemical Company, Phillipsburg, NJ,
USA) were all analytical grade. Bovine albumin (essentially fatty acid free), The following
chemicals were obtained from Sigma Chemical Co. (St. Louis, MO): 2-thiobarbituric acid
(TBA); 1,1,3,3 — tetramethoxypropane (MDA); L- cysteine; 2,4-dinitrophenylhydrazine
(DNPH); glycine; (—)-Epinephrine and Catalase from bovine liver. 5,5'-dithio-bis-(2-
nitrobenzoic acid) (DTNB) and Folin-Ciocalteu reagent were purchased from Merck,

Germany. trichloroacetic acid (TCA) and hydrogen peroxide (Vetec).

Animals and diet

Thirty 8-weeks-old male Wistar rats weighing from 200 to 220 g were obtained from the
Central Animal House of Department of Biochemistry of the Federal University of Rio
Grande do Sul, Brazil. They were maintained under a standard dark-light cycle (lights on
between 7:00 a.m. and 7:00 p.m.), at a room temperature of 22 - 23°C. Animal care followed
the official governmental guidelines in compliance with the Federation of Brazilian Societies
for Experimental Biology and was approved by the Ethics Committee of the Federal
University of Rio Grande do Sul, Brazil. Rats were divided into three groups: The control
group (C, n=10), which received standard laboratory rat chow (50% carbohydrate, from
starch, 22% protein and 4% fat); the highly palatable diet group (HP, n=10), which received a
enriched sucrose diet (65% carbohydrates being 34%from condensed milk, 8% from sucrose
and 23% from starch, 25% protein and 10% of fat) (13), and the highly palatable termolizide
diet (HPTD, n=10) which received the same enriched sucrose diet of HP group subjected to

heating for 30 minutes at 130 degrees order to make it enriched in advanced end glycation
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products (AGEs) (11, 12), and a vitamin mixture was added after heating. All animals had

free access to food and water.

Tissue preparation

Five days after the glucose tolerance test, the rats were killed by decapitation. Kidney was
dissected out and immediately stored at -70 °C for posterior biochemical measurements. For
analysis of oxidative stress kidney tissue was homogenized in iced-cold 150mM saline. Blood
was collected immediately after decapitation, and was centrifuged at 2500 g for 10 minutes to

yield the serum fraction, remaining stored at -70 °C for posterior oxidative analysis.

Thiobarbituric acid reactive species (TBARYS)

As an index of lipid peroxidation, we used the formation of TBARS during an acid-heating
reaction, which is widely adopted as a method for measurement of lipid redox state, as
previously described (16). Briefly, the samples were mixed with 0.8 mL of 10%
trichloroacetic acid (TCA) and 0.5 mL of 0.8% thiobarbituric acid, and then heated in a
boiling water bath for 30 min. TBARS were determined by the absorbance in a
spectrophotometer at 532 nm using a standard curve of 1,1,3,3-tetracthoxypropane. Results

are expressed as nmol MDA/mg protein.

Measurement of protein carbonyl

The oxidative damage to proteins was measured by the quantification of carbonyl groups
based on the reaction with dinitrophenylhidrazine (DNPH) as previously described (17).
Briefly, proteins were precipitated by the addition of 20% TCA and redissolved in DNPH and
the absorbance read in a spectrophotometer at 370 nm. Results are expressed as nmol

carbonyl/mg protein.
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Protein and non-protein thiol groups.

Other form to analize oxidative alterations in proteins is to measure de level of protein tiol
contend. Bryef, sample was diluited in 0,1% SDS and protein thiol groups were immediately
determined as described by Ellman(19) at 412 nm after reaction with M5,5'-dithionitrobis-2-
nitrobenzoic acid (DTNB). A standard curve using cysteine was used to calculate the content
of non-protein thiol groups in tissue samples. The free sulthydryl (-SH) contend was
estimated in supernatant of samples mixed with 1 volume of 10% trichloroacetic acid,
followed by centrifugation and neutralization of the supernatant (to pH 7.5) with 1 M Tris as

described by Jacques-Silva et al.(18) by the same method.

Antioxidant enzyme activity estimations

Catalase (CAT) activity was assayed by measuring the rate of decrease in H20O2 absorbance
in a spectrophotometer at 240 nm. (20) The results of CAT activity are expressed as U
CAT/mg protein. Superoxide dismutase (SOD) activity was assessed by quantifying the
inhibition of superoxide-dependent adrenaline auto-oxidation in a spectrophotometer at 480

nm, as previously described. (21) The results of SOD are expressed as U SOD/mg protein.

Measurement of glyoxalase I activity

Measurement of glyoxalase I activity: Glyoxalase I activity was assayed according to
Mannervik et al. (1981) (22). The assay was carried out in 96-well microplates using a
microplate spectrophotometer (UV Star - Greiner). The reaction mixture 200 pL/well
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 ug protein
from the sample was added per well. The formation of S-(D)-lactoylglutathione was
monitored at 240 nm for 15 min a 25°C. A unit of glyoxalase I activity is defined as the
amount of enzyme that catalyzes the formation of 1 pmol of S-(D)-lactoylglutathione per

minute. Specific activity is expressed in units per miligram of protein.
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Comet Assay

DNA damage was evaluated in blood through alkaline single gel electrophoresis (comet
assay), according to previously described work (23). The alkaline comet assay was carried out
as described by Tice et al. (24), with minor modifications. Cell suspensions from peripheral
blood (5 1) were embedded in 95 1l of 0.75% low melting point agarose (Gibco BRL) and
spread on agarose-precoated microscope slides. After solidification, the cover slip was gently
removed, and the slides were placed in lysing solution (2.5 M NaCl, 100 mM disodium
EDTA and 10 mM Tris, pH 10.0, with freshly added 1% Triton X-100 and 10% dimethyl
sulfoxide) for up to 24 h. Subsequently, the slides were incubated in freshly prepared alkaline
buffer (300 mM NaOH and 1 mM EDTA, pH 12.6) for 10 min and electrophoresed.
Following electrophoresis, slides were immersed in neutralizing buffer (0.4 M Tris-HCI, pH
7.5, 48C) for 5 min. Subsequently, 50 ml of 5 mg/ml ethidium bromide was applied to the
slides, and they were left in the dark for 20 min for DNA staining. Negative and positive
controls were used for each electrophoresis assay to ensure the reliability of the procedure.
Images of 100 randomly selected nuclei (50 nuclei from two replicated slides) were analyzed
for each treatment. Nuclei were scored visually for comet tail size, based on an arbitrary scale
of 04 (i.e., ranging from no DNA damage to extensive DNA damage). Thus, a group damage
index could range from 0 (all nuclei without tail, 100 cells30) to 400 (all nuclei with
maximally long tails, 100 cells 3 4) (25). During electrophoresis, any relaxed or broken DNA
fragments migrated farther than supercoiled, undamaged DNA. Slides were viewed on a
Nikon inverted microscope using a TE-FM Epi-Fluorescence accessory. Images were

transferred to a computer with a digital camera (Sound Vision Inc., Wayland, MA, USA).

Protein concentration

Protein concentration was determined using the Lowry’s method (26), using bovine serum

albumin as the standard.
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Statistical analysis

Results are expressed as mean + RD. All analyzes were performed using the statistical
Package for the social Science (SPSS 15.0) software, diferencens between groups were
determined by the one-way ANOVA followed by Duncan post hoc test. P values were

considered significant when <0,05.

Results

Oxidative stress parameters and Glyoxalase | activity

Lipid peroxidation increased from 0.053+ 0.01 nmol MDA/mg prot (control group n=10) to
0.073+0.01 (HP group; n=10; P< 0.05) and 0.072+0.02 (HPTD group; n=10; P<0.05) nmol
MDA/mg prot in kidney of rats that received treatment for four moths (figure 1a); And in
serum, lipid peroxidation increased from 0.0016+0.0002 nmol MDA/ml (controle group n=7)
to 0.0020+£0.0004 (HP group n=7) and 0.0024+0.01 (HPTD group n=7) nmol MDA/ml in

plasma of rats that received treatment for four moths (p<0,05) (figure 1b).

Protein carbonylation increased from 0.88 + 0.33 nmol carbonyl/mg prot (control group n=10)
to 1.51 £0.65 (HP group; n=10; P< 0.02) and 1.48 + 0.33 (HPTD group; n=10; P<0.02) nmol
carbonyl/mg prot in kidney of rats that received treatment for four moths (figure 2a); In
plasma, protein carbonylation increased from 1.07+£0.36 nmol/mg prot (Control group n=7) to
1.2940.23 nmol/mg prot (HP group n=7, no statistic difference) and 1.44+0.32 (HPTD group
n=7; p<0.05) (figure 2b).

In figure 3 we verify that non protein tiol contend was decreased from 0.0152+ 0.002
nmol/mg prot (control group n=10) to 0.0119+0.001 (HPTD group; n=10; P<0.005) nmol/mg
prot in kidney of rats that received treatment for four moths; Protein tiol contend in plasma no

demonstrate statistic differences.

The activity of Glioxalase I was increased in HPTD group 0.33+0.03 U/mg prot (n=10;
p<0.05) and HP dieta 0.284+0,04 U/mg prot (n=10, no statistic significance), compared with
the control group 0.25+ 0.02 U/mg prot (n=10) (figure 6).
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As show in figure 4 HPTD induced increased in activitie of antioxidant enzyme SOD. SOD
activity was increased from 48.91+16.49 U SOD/mg prot (control group; n=10) to
63.25+17.73 (HPTD group; n=10; P<0.01) and CAT activity was decreased from 60.37+8.18
U CAT/mg prot (control group; n=10) to 55.64+8.89 (HP group; n=10; P<0.05) and
48.2749.08 (HP group; n=10; p<0.05). The SOD/CAT ratio was increased from 1.01+0.24
arbitrary units (Control group n=10) to 1.58+0.59 arbitrary units in the HPTD group (N=10;
p<0.005) (Fig. 4C).

DNA damage

DNA damage is related to T2DM, including its complications (8), Therefore, we sought out
the effects of high fat diets on DNA damage levels in rat blood. Both high palatable diets
induced marked DNA damage, but this phenomenon was higher in animals of the HPTD
group (figure 5).

Discussion

The present study reveals a significant relationship between dietary AGE content, increased in

oxidative stress and DNA damage.

The group that received a highly palatable diet, termolizated or not, demonstrate alterations in
the kidney and serum redox environment, increased the level of lipid peroxidation (TBARS
level) and protein carbonylation, where the HPTD showed a greater increase. There are a
number of enzymatic and nonenzymatic sources of ROS in the diabetic kidney, including
auto-oxidation of glucose, transition metal-catalyzed Fenton reactions, advanced glycation,
polyol pathway flux, mitochondrial respiratory chain deficiencies, xanthine oxidase activity,
peroxidases, nitric oxide synthase (NOS) and NAD(P)H oxidase (10). the initiator of
hyperglycemia-induced damage in the diabetic kidney is excess generation of mitochondrial
02, which then leads to activation of four major biochemical pathways, including increased
AGEs formation, activation of protein kinase C isoforms, and increased flux through the
polyol and hexosamine pathways (27). In addition, each of these pathways can contribute to

perpetuation and in some cases initiate cellular ROS generation.
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Bio-reactive advanced glycation end products (AGEs) alter the structure and function of
molecules in biological systems and increase oxidative stress. These adverse effects of both
exogenous and endogenously derived AGEs have been implicated in the pathogenesis of
diabetic complications and changes associated with ageing including atherosclerosis, renal,

eye and neurological disease.

Although elevated AGEs levels in patients with renal failure have been attributed to
endogenous causes, namely increased oxidant stress and impaired renal clearance, (32) it now
is evident that the ingestion of preformed AGEs peptides contained in foods, especially when
prepared under elevated temperatures, represents an important cause for the increase of ages
in the circulation and the impairment in redox state. After ingestion, 10% of preformed AGEs
areabsorbed into the human or rodent circulation(6), of which two-thirds are retained in
tissues. This is demonstrated in our resusts where the HPTD group showed a greater

increase in oxidative stress and impairment in antioxidant defense than the others groups.

Since the ultimate fate of most AGEs within the body is renal clearance, they can also interact
with a number of renal cellular binding sites that mediate many of their biological effects.
Arguably, the most important of these binding sites is the receptor for AGEs (RAGE), a
member of the immunoglobulin superfamily (28). RAGE is a multi- ligand pattern
recognition receptor involved in the amplification of immune and inflammatory responses
primarily via activation of nuclear factor-kB and production of interleukin-1 and tumor
necrosis factor- a (29). Previously, cytosolic generation of ROS has been demonstrated in
vitro through activation of the RAGE receptor in both proximal tubular and mesangial cells,
most likely through NAD(P)H oxidase (30). This contribution of AGE-RAGE interactions to
ROS generation in the pathogenesis of diabetic nephropathy has also been suggested in

complementary in vivo studies (31).

The treatment with highly palatable termolizade diet caused a decrease in non protein tiol
contend in kidney mainly represented by the reduced form of glutathione (GSH). There is a
decreased in the reduced form of glutationa given the prooxidant state imposed by a higth
palable termolizated diet. Both hyperglycemia and oxidative stress are associated with GSH

depletion and a decreased in an important non-enzimatic antioxidant defense.

There are a number of antioxidant systems in place to limit tissue damage initiated by the

Maillard reaction including detoxification systems such as the glyoxalase pathway, aldose
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reductases, aldehyde dehydrogenases, and the chelation of metal ions (33). We demonstrated
an increased in Glioxalase I activity. The upregulation of glyoxalase I suggests a possible
defensive response to higher concentrations of the precursors of AGEs the a-dicarbonils

glyoxal and metilglyoxal.

High palatable termolizated diet increased the activity of SOD, suggesting an increased in ‘O,
since this free radical is that major allosteric activator of SOD activity. (34) however we
found a decreased in Cat activity, as a consequence, an impairment SOD/CAT ratio is very
likely to occur. This situation may result in an increased in H202, favoring the permanence of
a prooxidant state in kidney. Since H202 is a source of hidroxil radical (OH) generation, the
most powerful prooxidant molecule, by the Fenton reaction (35). Besides, AGEs
modifications occur on antioxidant enzymes such as CuZnSOD, complex I, and MnSOD in
diabetic nephropathy (36), and this would alter the activity of these enzymes, ultimately
further contributing to excess cellular ROS accumulation. This reforce our hypothesis that the

elevated levels of AGEs in the diet contribute to a increased in oxidative stress.

Chronic illnesses such as obesity, diabetes mellitus and cancer have been shown to be
associated with increased DNA damage (37). In the present study, the consume of high
palatable diets was found to be associated to increased DNA damage. In situations when the
generation of ROS exceeds the cell’s antioxidant capacity (i.e.,during conditions of oxidative

stress), ROS amass and attack macromolecules such as lipids, proteins, and DNA.

ROS mediated lipid peroxidation and glucose metabolism are some of the processes that lead
to the production of reactive aldehydes. The aldehydic by-products of lipid peroxidation ,i.e.,
crotonaldehyde, acrolein, 4-hydroxynonenal(HNE), and malondialdehyde (MDA), that was
increased in serum of the animals treated with high palatable diets, form exocyclic ethano and
propane base adducts in DNA that can block base pairing and are highly mutagenic.
Oxidation of sugars, such as glucose, and sugar metabolism it self creates reactive carbonyl
species, e.g., glioxal and methylglyoxal, which can produce carcinogenic base adducts such

as glyoxalated deoxycytidine (38).

In summary, we have established that the consumption of high palatable diet playing a role in
the pathogenesis of diabetic complications by the impairs of redox homeostasis, reduced
antiglycation defense and increased DNA damage. And the thermolyzation process aggravates

such a condition because of the elevated levels of AGEs, in addition to these studies, against
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the background of existing evidence for heat-promoted AGEs in human diets, led us to
question the impact of the daily influx of food-derived AGEs analogs, especially in the

context of existing diabetic nephropathy.
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Fig 1: Lipid peroxidation kidney (A) and lipid peroxidation plasma (B) in rats after 4 months
of different nutritional treatments. For treatment details, see the Materials and Methods
section: Control (C), Highly Palatable Diet (HP) and Highly Palatable Thermolyzed Diet
(HPTD) (n=10 per group) represented as mean + SD. Different letters indicate the significant
difference for TBARS (p<0.05) by one-way analysis of variance followed by a Duncan

multiple range test.
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Fig 2: Protein carbonilation in kidney (A) and protein carbonylation in plasma (B) in rats after
4 months of different nutritional treatments. For treatment details, see the Materials and
Methods section: Control (C), Highly Palatable Diet (HP) and Highly Palatable Thermolyzed
Diet (HPTD) (n=10 per group) represented as mean + SD. Different letters indicate the
significant difference for Carbonil in kidney (p<0.02) and in plasma (p<0.05) by one-way

analysis of variance followed by a Duncan multiple range test.
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Fig 3: Non-protein thiol groups in kidney (A) and protein tiol groups in serum (B) in rats after
4 months of different nutritional treatments. For treatment details, see the Materials and
Methods section: Control (C), Highly Palatable Diet (HP) and Highly Palatable Thermolyzed
Diet (HPTD) (n=10 per group) represented as mean + SD. Different letters indicate the
significant difference (p<0.005) by one-way analysis of variance followed by a Duncan

multiple range test.
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Fig 4: Antioxidant enzyme activity estimations in kidney; Catalase (CAT) activity (A),
Superoxide dismutase (SOD) (B) and ratio SOD/CAT (C) in kidney of rats after 4 months of
different nutritional treatments. For treatment details, see the Materials and Methods section:
Control (C), Highly Palatable Diet (HP) and Highly Palatable Thermolyzed Diet (HPTD)
(n=10 per group) represented as mean + SD. Different letters indicate the significant
difference (p<0.05) for CAT activity and (p<0.01) for SOD activity, by one-way analysis of

variance followed by a Duncan multiple range test.
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Figure 5: DNA damage in total blood of rats after 4 months of different nutritional treatments.
Fo rtreatment details, see the Materials and Methods section: Control (C), Highly Palatable
Diet (HP) and Highly Palatable Thermolyzed Diet (HPTD) (n= 7 per group). Different letters

indicate the significant difference (P> 0.05) by one-way analysis of variance followed by

aDuncan multiple range test.
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Figure 6: Glyoxalase I activity in kdney of rats after 4 months of different nutritional
treatments. For treatment details, see the Materials and Methods section: Control (C), Highly
Palatable Diet (HP) and Highly Palatable Thermolyzed Diet (HPTD) (n=10 per group).
Different letters indicate the significant difference (p<0.05) by one-way analysis of variance

followed by a Duncan multiple range test.
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4. DISCUSSAO

Este trabalho avaliou os efeitos do consumo de uma dieta hiperpalatavel e de uma
dieta hiperpalatdvel aquecida a 130°C/30min, com a finalidade de torna-la enriquecida em
Produtos finais de glicacdo avangada (AGEs) (Sandu, et al., 2005; Diamanti-Kandarakis, et
al., 2007), sobre parametros de resisténcia a insulina, estresse oxidativo, defesa antiglicagdo e

dano ao DNA.

Mostramos que animais submetidos a uma dieta hiperpalatdvel aquecida ou ndo,
apresentam mudancas na homeostase da glicose, justificadas pelo teste de tolerancia a glicose,
onde os animais dos grupos HP e HPTD sao mais intolerantes do que o grupo controle, sendo

que a dieta aquecida contribui para uma maior intolerancia a glicose.

Animais submetidos as dietas hiperpalataveis apresentam um aumento no peso
corporal e do tecido adiposo. Também apresentaram alteracdes em parametros bioquimicos
como o aumento dos niveis plasmaticos de glicose e dos acidos graxos livres no soro,

parametros indiretos de resisténcia 4 insulina (Burgert et al., 2006).

Em ratos e humanos, a ingestdo de altas quantidades de gordura e carboidratos simples
provoca efeitos adversos na sensibilidade a insulina. De fato, o consumo de uma dieta com
alta palatabilidade, conhecida também como dieta de cafeteria ou dieta dos paises
ocidentalizados, tem sido associada com o aumento da adiposidade e resisténcia a insulina em
humanos (Prada, et al., 2005). Pesquisadores concordam que a resisténcia a insulina precede o
desenvolvimento da hiperglicemia, e diferentes varidveis estdo envolvidas em seus efeitos

metabolicos (DeFronzo, 2009; Lillioja, et al., 1998; Lyssenko, et al., 2005).

Outro parametro observado foi a reducao na concentragao hepatica de glicogénio nos

grupos HP ¢ HPTD. Golden, (1979), Gannon e Nuttal (1997) demonstram que esta
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concentracdo em animais diabéticos no estado alimentado encontra-se diminuida. A insulina
promove o acumulo de glicogénio através do estimulo da enzima glicogénio sintase e redugao
da degradacao do glicogénio via inibi¢ao da enzima glicogénio fosforilase. Ambas atividades
da insulina no figado, acima mencionadas, parecem estar desreguladas tanto na fosforilagao

quanto na transcri¢ao génica no diabetes tipo 2 (Velho, et al., 1996).

A partir deste dado verificamos os efeitos das dietas na sintese de glicogénio no figado
dos animais e observamos uma menor sintese a partir de glicose nos animais tratados com a
dieta hiperpalatavel aquecida. Este efeito pode estar relacionado com os altos niveis de AGEs
na circulacdo, visto que a hiperglicemia, causada pelo consumo de dietas hiperpalataveis,
aumenta a glicacdo ndo enzimadtica de proteinas, lipideos e acidos nucléicos, o que resulta no
acimulo de moléculas heterogéneas conhecidas como AGEs (Goldberg, et al., 2004). Os
AGESs possuem propriedades pro-oxidantes e pro-inflamatorias, quando sdo reconhecidos pelo
seu receptor RAGE e ativam o fator de transcri¢do genética NF-kB que estimulando a
produgdo de citocinas pro-inflamatorias, incluindo TNF-a (Goldin, et al., 2006), e inibe a
atividade do receptor de insulina e uma série de passos enzimaticos que dependem desta
ativacdo, como a atividade da enzima glicogénio sintase, justificando esta diminui¢ao
encontrada na sintese de glicogénio hepatico.

Além da sua formacdo enddgena, AGEs presentes nos alimentos, especialmente
quando submetidos a altas temperaturas no preparo, representam uma importante causa para o
seu aumento na circulacdo e nos tecidos. Recentes estudos em humanos confirmam que em
torno de 10% dos AGEs ingeridos sdo absorvidos e correlacionados com o nivel de AGEs na
circulagdo (Negrean, et al., 2007). Pesquisadores confirmam esta significante absor¢do
intestinal de AGES e proporcional deposi¢do de AGES em tecidos como rim e figado (Basta,
et al,, 2004; Coughlan, et al., 2008). Uma restricdo dietética de AGEs resultaria em

significante redugdo dos niveis de AGEs circulantes e reducdo da progressdo da aterosclerose
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e diabetes em modelos animais para estas doengas, bem como em pacientes diabéticos com
funcdo renal normal e ndo diabéticos com fungdo renal comprometida (Koschinsky, et al.,

1997).

Além disso, o aumento de 4cidos graxos livres circulantes levam ao acimulo intra-
hepatico de lipideos pelo aumento da concentracdo intracelular de diacilglicerol devido a
lipogénese aumentada e /ou diminuida oxidacdo de 4cidos graxos na mitocondria, ativando
PKC, que se liga e inativa o receptor de insulina e sua atividade cinase, resultando na redugao
da fosforilagdo de IRS-1 e IRS-2 estimulada por insulina. Isto por sua vez resulta na redugao
da fosforilagdo e ativacdo de PI3K e AKT. Reducdo na ativagdo de AKT resulta em menor
fosforilagdo de GSK3 que pode contribuir para menor sintese de glicogénio estimulada por

insulina (Savage, et al., 2007; Oakes, et al., 1997).

O tratamento com uma dieta hiperpalatavel, aquecida ou nao, alterou o ambiente redox
no figado, rim e soro dos animais, isto ¢ demonstrado pelo aumento do nivel de peroxidagao

lipidica (TBARS) e carbonilacao de proteinas nestes tecidos.

A elevacdo cronica da glicose ¢ umas das alteracdes metabdlicas causadas pelo
consumo de uma dieta hiperpalatavel. Hiperglicemia per se ¢ associada com o aumento na
produg¢do de EROs por diferentes mecanismos. Um destes mecanismos ¢ a elevacdo da
glicose dentro das células, aumentando a oferta de glicose para oxidagdo via glicdlise e ciclo
de Krebs. O efeito do aumento desta oxidacdo ¢ a producdo de doadores de elétrons para
cadeia transportadora na mitocondria (NADH ¢ FADH2) em quantidades elevadas. Como
resultado, o gradiente de voltagem através da membrana mitocondrial aumenta até que um
limiar critico € atingido. Neste ponto o complexo III da cadeia é bloqueado, causando um
retorno dos elétrons para a coenzima Q, que doaré estes elétrons para o oxigénio molecular

formando superéxido (Bronwlee, 2004). Outros mecanismos de formacdo de EROs pelo

97



aumento da concentragdo de glicose sdo a auto-oxidacao da glicose, o0 metabolismo anormal
do acido aracdonico, a ativacao da proteina cinase C, aumento na atividade da Oxido nitrico
sintase (NOS), ativacdo da rota da aldose redutase e formagao de produtos finais de glicagao

avan¢ada (AGEs) (Baynes & Thorpe,1999) .

Produtos finais de glicagdo alteram a estrutura e fungdo de moléculas nos sistemas
bioldgicos e aumentam o estresse oxidativo. Os AGEs exercem seus efeitos através da
alteracdo da funcdo de proteinas e interferem nas fungdes celulares pelo aumento na expressao
de citocinas pro-inflamatorias e a producdo de espécies reativas de oxigénio através da
ligagdo com seu receptor, RAGE. Demosntramos neste trabalho um aumento do contetido dos
receptores de AGEs no tecido hepatico. AGEs através da ligagdo com seu receptor RAGE,
promove ativacdo de NAD(P)H oxidase, aumentando a formac¢do de EROs. Estes efeitos
adversos tem sido relacionados com a patogénese das complica¢des do diabetes e mudancas
associadas incluindo aterosclerose, nefropatia, retinopatia e doencas neurologicas (Wendt, et
al., 2003). Contudo, ndo podemos justificar que o aumento do estresse oxidativo seja mediado

exclusivamente por RAGE.

O aumento na geracdo de EROs também esta interligado com intermediarios da
formacgdo de AGEs. Metilgioxal (MG), um a-oxaldeido intermediario na rota de formagdo de
AGEs pode gerar EROs. A produgdao de MG a partir de acetona e aminoacetona produz
peroxido de hidrogénio e radical superdxido. Metilgioxal interage com os grupos SH de
proteinas como a GSH, formando adutos hemitilacetal e diminuindo os niveis de GSH em
varios tipos de células. Também reage com grupo funcional de varias moléculas afetando sua
atividade bioldgica, a modificacdo de proteinas, como SOD, CAT e GSH peroxidase, pelo
metilglioxal pode resultar na perda ou diminuicdo da sua atividade enzimatica (Kalapos,

2008).
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As alteracdes encontradas nos parametros de estresse oxidativo foram mais
significativas nos animais que receberam a dieta hiperpalatavel aquecida. Estas modificagdes
podem estar relacionado com o aumento de AGEs circulantes advindos da dieta. Embora
muitos estudos demontram que AGEs enddégenos estdo envolvidos na patogénese de muitas
doengas (Goldin, et al., 2006; Basta, et al., 2004; Thornalley, et al., 1999), o aumento do
estresse oxidativo observado pelos resultados causados pela dieta aquecida encontrados neste
trabalho podem ser explicados pelo aumento na ingestdo de AGEs na dieta. Estes achados
sugerem que AGEs vindos da dieta podem constituir um fator de risco ambiental para dano
tecidual, e o aumento do estresse oxidativo pode ser a explicagdo para este dano (He, et al.,

1999).

O tratamento com dieta hiperpalatavel aquecida causou uma diminui¢do no conteudo
de grupos tiois ndo protéicos no figado e no rim, representados principalmente pela forma
reduzida da glutationa (GSH). Esta diminuicdo da forma reduzida da glutationa ¢ justificada
pelo estado pro-oxidante imposto pelas dietas hiperpalataveis. Ambos, hiperglicemia e
estresse oxidativo, sdo associadas com a deplecdo de GSH sendo que esta é considerada uma

defesa ndo enzimatica muito importante.

Existem no organismo sistemas antiglicacdo que protegem os tecidos dos danos
causados pela formacdo de AGEs, estes sistemas incluem sistemas de detoxificagdo de
precursores a-dicarbonil como o glioxal e metilglioxal pela rota das Glioxalases. Neste estudo
observamos uma diminui¢ao na atividade da enzima Glioxalase I no figado. A Glioxalase I
tem um papel fundamental na diminui¢do da formacdo de AGEs, uma vez que com a
diminui¢do na sua atividade a concentracao de precursores de AGEs, glioxal e metilglioxal,
aumentam. Visto que a atividade desta enzima ¢ dependente de niveis adequados de GSH

(Shangari, et al., 2003), a deplecdo experimental da GSH, como observado no figado dos
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animais tratados com a dieta aquecida, induz a diminui¢do na atividade desta enzima e o
acimulo de precursores de AGEs promovendo citotoxidade. J4 no rim encontramos um
aumento significativo na atividade da enzima Glioxalase I, sugerindo uma possivel resposta

defensiva a altas concentragdes de glioxal e metilglioxal.

O grupo que recebeu a dieta hiperpalatdvel aquecida apresentou aumento na atividade
da SOD no rim, sugerindo um aumento na concentracdo de ‘O  , pois este radical livre € o
maior ativador alostérico da atividade desta enzima. (Halliwell & Gunter, 1999). Contudo,
encontramos uma diminui¢do na atividade da CAT, prejudicando a relagdo SOD/CAT, o que
possivelmente esteja relacionado com uma elevada concetracdo de H,O,, favorecendo a
permanéncia de um estado pré-oxidante neste tecido, uma vez que H,O, ¢ uma fonte de
geracdo de radical hidroxil (OH), a mais poderosa molécula prooxidante, pela reacdo de
Fenton (Halliwel, 2006). Além disso, modifica¢des causadas por AGEs podem ocorrer em
enzimas antioxidantes como CuZnSOD, MnSOD, GPx e complexo I da cadeia respiratoria na
nefropatia diabetica (Coughlan, et al., 2008), e isto pode levar a alteragdo na atividade destas

enzimas, contribuindo por fim para o acimulo de EROs.

Ja no figado, o grupo tratado com a dieta hiperpalatdvel aquecida apresentou uma
diminui¢do em ambas as atividades de SOD e CAT. Isto pode aumentar a disponibilidade de
superoxido, ja que a atividade da SOD esteja reduzida. Este aumento de superoxido pode

alostericamente inativar CAT, diminuindo sua atividade (de Oliveira, et al., 2007).

O consumo de dietas hiperpalataveis aumenta a producdo de superoxido pela elevacao
cronica da glicose e pelo aumento na produgdo enddégena de AGEs que geram EROs durante a
sua formacgdo e pela sua ligacdo com seu receptor RAGE. Fontes exogenas de AGEs como a

dieta promovem um aumento destes metabolitos na circulag@o, contribuindo para o aumento
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dos danos provocados pelos AGEs. O aumento de EROs e a diminui¢do na atividade de

enzimas antioxidantes resultam em uma situagdo de estresse oxidativo.

Para entender o aumento de 4cidos graxos livres na circulagdo destes animais
verificamos a sintese de lipideos e oxidag¢do de glicose no tecido adiposo. Mostramos uma
diminui¢do na oxidag¢do de glicose e na sintese de lipideos. No tecido adiposo, uma
importante conseqiiéncia da resisténcia a insulina ¢ o aumento da lipolise e a menor captacao
e esterificacdo de acidos graxos livres (Bays et al., 2004) levando a um maior fluxo deste
metabolitos para o musculo e o figado, contribuindo para o desenvolvimento das
complicacdes geradas pela lipotoxicidade nestes e em outros tecidos (Mcgarry et al., 2002).
Durante uma ingesta excessiva de calorias os adipocitos desencadeiam uma resposta
inflamatoria, liberando citocinas pro-inflamatdrias, como o TNF-a. Estas citocinas provocam
dois efeitos dramaticos na fun¢do dos adipdcitos — um aumento na lipdlise € um a diminui¢ao
na sintese de triglicerideos. Isto resulta no aumento dos niveis de AGL, aumentando a sua
oxidacdo pela mitocondria. A B oxida¢do dos acidos graxos e a oxidacdo dos AGL gera
acetilCOA para o ciclo de Krebs, que aumenta a liberacdo de doadores de elétrons para a
cadeia transportadora (NADH e FADH2), causando um aumento na producdo de EROs pelo

mesmo mecanismo descrito para a hiperglicemia.

Doengas cronicas como obesidade, diabete mellitus e cancer, estdo associadas com o
aumento no dano ao DNA (Faust et al., 2004). No presente estudo, o consumo de dietas
hiperpalataveis aumentou o dano ao DNA. Em situagdes onde a geracao de EROs excede a
capacidade antioxidante da célula (durante condigdes de estresse oxidativo) ha um actiimulo

de EROs que atacam macromoléculas como lipideos, proteinas e o DNA.

EROs provocam o aumento na peroxidagdo lipidica, este aumento leva a producao de
aldeidos reativos. Os produtos da peroxidacdo lipidica como o malondialdeido (MDA),
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acroleina, crotonaldeido, que estdo aumentados no soro dos animais submetidos a dietas
hiperpalataveis, formam aductos exociclicos de propano e etano na base do DNA, que podem
bloquear o pareamento e sdo altamente mutagénicos. A oxidagdo de agucares como a glicose,
e a reagdo de Maillard aumentam a concentragdo de espécies reativas dicarbonil (glioxal e
metilglioxal) que podem produzir aductos carcinogénicos como glioxalato deoxixitidina

(Kulkarni & Wilson, 2008).

Com base nos resultados podemos dizer que o consumo de dietas hiperpalataveis
causou hiperglicemia e induziu estresse oxidativo em diferentes tecidos periféricos, através da
formacao enddgena e do consumo de AGEs. Os mecanismos que explicam esta interagao
entre estresse oxidativo e AGEs justificam muitos dos resultados encontrados neste trabalho e
corroboram dados da literatura que relacionam o aumento do consumo de dietas ricas em

AGEs com aumento do estresse oxidativo e a fisiopatologia das complicac¢des do diabetes.
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5. CONCLUSAO

A partir dos resultados obtidos neste trabalho podemos concluir que o consumo de
dietas hiperpalataveis acarreta um aumento da glicose e 4cidos graxos livres no soro, reduz a
concentragdo de glicogénio no figado, aumenta adiposidade e prejudica a tolerancia a glicose.
O processo de aquecimento agrava estas condi¢des possivelmente pela formagao de Produtos
finas de Glicagdo Avangada, além de exercer um importante papel na patogénese das
complicacdes do diabetes por prejudicar a homeostase redox, a defesa antiglicacdo e aumentar
o dano ao DNA. Neste trabalho demonstramos o impacto do consumo de uma dieta
hiperpalatavel na sensibilidade a insulina e desenvolvimento do diabetes, na producao de
espécies reativas de oxigénio e alteracdes nas defesas antioxidantes e antiglicantes. Portanto
intervengdes nutricionais para prevencdo da resisténcia a insulina sdo estratégias preventivas
importantes para diminuicdo do diabetes e suas complica¢des. Este modelo de tratamento
simula uma condi¢do nutricional muito comum para grande parcela da populacdo, o estudo

sobre as consequéncias do seu consumo devem ser cuidadosamente avaliados e considerados.

103



6. BILBIOGRAFIA

ALISON GOLDIN, BA; JOSHUA A. BECKMAN, MD; ANN MARIE SCHMIDT, MD;
MARK A. CREAGER, MD. Advanced Glycation End Products: Sparking the Development
of Diabetic Vascular Injury, Circulation; 114: 597-605, 2006.

AMERICAN DIABETES ASSOCIATION. Diagnosis and classification of diabetes mellitus.
Diabetes Care; 29 (suppll): S43:48, 2006.

AMERICAN DIABETES ASSOCIATION. Mortality. Diabetes Vital Statistics; 75-86,
2001.

BASHAN, N., KOVSAN, J., KACHKO, I., VADIA, H., RUDICH, A. Positive and Negative
Regulation of Insulin Signaling by Reactive Oxygen and Nitrogen Species. Physiol Rev;
89:27-71, 2009.

BASTA, G., SCHIMIDT, A.M., CATERINA, R. Advanced glycation end products and
vascular inflammation: implications for accelerated atherosclerosis in diabetes.
Cardiovascular Research; 63: 582— 592, 2004.

BAYNES, J.W., THORPE, S.R., Perspectives in Diabetes Role of Oxidative Stress in
Diabetic Complications A New Perspective on an Old Paradigm Diabetes; 48:1-9, 1999.

BAYS, H., MANDARINO, L., DEFRONZO, R.A. Role of the role of the adipocyte, free fat
acids, and ectopic fat in pathogenesis of type 2 diabetes mellitus: peroxisomal proliferator —

activated receptor agonists provide a rational therapeutic aproach. Journal of Clinical
Endocrinology & Metabolism; 89: 463-478, 2004.

BOWIE, A., ONEILL, L.A. Oxidative stress and nuclear factor-kappaB activation: a
reassessment of the evidence in the light of recent discoveries. Biochem. Pharmacol,
59(1):13-23, 2000.

BROWNLEE, M. Banting Lecture The Pathobiology of Diabetic Complications A Unifying
Mechanism. Diabetes; 54: 1615-1625, 2004.

BURGERT, T.S., TAKSALI, S.E., DZIURA, J., GOODMAN, T.R., YECKEL, C.W.,
PAPADEMETRIS, X., CONSTABLE, R.T., WEISS, R., TAMBORLANE, W.V., SAVOYE,
M., SEYAL, A.A., CAPRIO, S. Alanine aminotransferase levels and fatty liver in childhood
obesity: associations with insulin resistance, adiponectin, and visceral fat. The Journal of
Clinical Endocrinology and Metabolism; 91(11): 4287—4294, 2006.

104



BUTLER, A.E., JANSON, J., BONNER-WEIR, S., RITZEL, R., RIZZA, R.A., BUTLER,
P.C. Cell deficit and increased cell apoptosis in humans with type2 diabetes. Diabetes;
52:102-110, 2003.

CANCELLO, R., TORDJMAN, J., POITOU, C., GUILHEM, G., BOUILLOT, J.L., HUGOL,
D., COUSSIEU, C., BASDEVANT, A., BARHEN, A., BEDOSSA, P., GUERRE-MILLO,
M., CLEMENT, K. Increased infiltration of macrophages in omental adipose tissue is
associated with marked hepatic lesions in morbid humano besity. Diabetes; 55:1554-1561,
2006.

CARPENTIER, A., MITTELMAN, S.D., BERGMAN, R.N., GIACCA, A., LEWIS, G.F.
Prolonged Elevation of Plasma Free Fatty Acids Impairs Pancreatic - Cell Function in Obese
Nondiabetic Humans But Not in Individuals With Type 2 Diabetes. Diabetes;49:399-
408, 2000.

CHANCE, B., SIES, H., BOVERIS, A. Hydroperoxide metabolism in mammalian organs.
Physiol. Rev; 59(3):527-605, 1979.

CHANG-CHEN, K.J., MULLUR, R., BERNAL-MIZRACHI, M., B cell failure as a
complication of diabetes Rev. Endocr. Metab. Disord; 9:329-343, 2008.

COUGHLAN, M., MIBUS, A.L., FORBES, J.M. Oxidative Stress and Advanced Glycation
in Diabetic Nephropathy. Ann.N.Y.Acad.Sci.; 1126:190-193, 2008.

DAVID, E., KELLEY BRET, H., Goodpaster, Len Storlien. Muscle Triglyceride and Insulin
resistance. Rev.Nutr; 22: 325-46, 2002.

DE OLIVEIRA, M.R., DE BITTENCOURT PASQUALI, M.A., SILVESTRIN, R.B,,
MELLO E SOUZA, T., MOREIRA, J.C. Vitamin A supplementation induces a prooxidative
state in the striatum and impairs locomotory and exploratory activity of adult rats. Brain
Res.; 12; 1169: 112-9. 2007.

DEFRONZO, R.A. From the Triumvirate to the Ominous Octet: A New Paradigm for the
Treatment of Type2 Diabetes Mellitus. Diabetes; 58: 773-795, 2009.

DEFRONZO, R.A., Pathogenesis of type2 diabetes mellitus. Med. Clin. N. Am; 88:787-835,
2004.

DESPRES, J.P., LEMIEUX, I. Abdominal obesity and metabolic syndrome. Nature; 444:
881-886, 2006.

DIAMANTI-KANDARAKIS E, PIPERI C, KORKOLOPOULOU P, KANDARAKI E,
LEVIDOU G, PAPALOIS A, PATSOURIS E, PAPAVASSILIOU AG. Accumulation of
dietary glycotoxins in the reproductive system of normal female rats. J. Mol. Med; 85:1413—
1420, 2007.

DIAMOND, M.P., THORNTON, K., CONNOLLY-DIAMOND, M,, SHERWIN, R.S.,
DEFRONZO, R.A., Reciprocal variation in insulin-stimulated glucose uptake and pancreatic

105


http://www.ncbi.nlm.nih.gov/pubmed?term=%22de%20Oliveira%20MR%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22de%20Bittencourt%20Pasquali%20MA%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Silvestrin%20RB%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mello%20E%20Souza%20T%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Moreira%20JC%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
javascript:AL_get(this,%20'jour',%20'Brain%20Res.');
javascript:AL_get(this,%20'jour',%20'Brain%20Res.');

insulin secretion in women with normal glucose tolerance. J. Soc. Gynecol. Invest; 2:708—
715, 1995.

DROGE, W. Free radicals in the physiological control of cell function. Physiol. Rev;
82(1):47-95, 2002.

ESPLUGUES, J.V. NO as a signalling molecule in the nervous system. Br. J. Pharmacol;
135(5):1079-95, 2002.

FONTANA, L., EAGON, J.C., TRUJILLO, M.E., SCHERER, P.E., KLEIN, S. Visceral fat
adipokine secretion is associated with systemic inflammation in obese humans. Diabetes;
56:1010-1013, 2007.

FORBES, J.M., COUGHLAN, M.T., COOPER, M.E., Oxidative Stress as a Major Culprit in
Kidney Disease in Diabetes. Diabetes; 57:1446-1454, 2008.

GANG HU et.al. Physical activity, body mass index, and risk of tipe 2 diabetes in patients
with normal or impaired glucose regulation. Archives of Internal Medicine; 164: 892-896,
2004.

GANNON, M.C., NUTTALL, F.Q. Effect of feeding, fasting, and diabetes on liver glycogen
synthase activity, protein and mRNA in rats. Diabetologia; 40: 758-763, 1997.

GOH, S.Y., COOPER, M.E. The role of advanced glycation end products in progression and
complications of diabetes. J. Clin. Endocrin. Metab; 93(4):1143-52, 2008.

GOLDBERG, T., CAIL, W., PEPPA, M., DARDAINE, V., BALIGA, B.S., URIBARRI, J.,
VLASSARA, H. Advanced Glycoxidation End Products in Commonly Consumed Foods. J.
Am. Diet Assoc; 104:1287-1291, 2004.

GOLDBERG, T., CAIL, W., PEPPA, M.P., DAIANE, V.Q., BALIGA, B., URIBARRI, J.,
VLASSARA, H. Advanced Glycoxidation End Products in Commonly Consumed Foods. J.
Am. Diet. Assoc;104:1287-1291, 2004.

GOLDEN, S. ET.al. Glycogen synthesis by hepatocytes from diabetec rats. Biochemical
Journal; 182: 727-734, 1979.

GROOP, L.C., BONADONNA, R.C., DELPRATO, S., RATHEISER, K., ZYCH, K.,
FERRANNINI, E., DEFRONZO, R.A. Glucose and free fatty acid metabolism in non-insulin
dependent diabetes mellitus. Evidence for multiples sites of insulin resistance. J. Clin. Invest;
84:205-15, 1989.

GUILHERME, A., VIRBASIUS, 1J.V., PURI, V., CZECH, M.P. Adipocyte disfunctions
linking obesity to insulin resistance and tipe 2 diabetes. Nature reviews, molecular cell
biology; 9: 367-377, 2008.

HAJER, G.R., VAN HAEFTEN, T.W., VISSEREN, F.L. Adipose tissue dysfunction in
obesity diabetes, and vascular diseases. Eur. Heart. J; 29 (24):2959-71, 2008.

106



HALLIWELL B. & GUTERIDGE (2000): Free radicals in biology and medicine, 3 ed.
Clarendon, Oxford.

HALLIWELL B. Role of free radicals in the neurodegenerative diseases: therapeutic
implications for antioxidant treatment. Drugs Aging; 18: 685-716, 2001.

HALLIWELL, B., WHITEMAN, M. Measuring reactive species and oxidative damage in
vivo and in cell culture: how should you do it and what do the results mean? Br. J.
Pharmacol; 142(2): 231-55, 2004.

HALLIWELL, B. Reactive Species and Antioxidants. Redox Biology Is a Fundamental
Theme of Aerobic Life. Plant Physiology; 141: 312-322, 2006.

HALLIWELL, B., GUTTERIDGE, J.M. The antioxidants of human extracellular fluids.
Arch. Biochem. Biophys; 280(1):1-8, 1990.

HE, C.,SABOL, T., MITSUHASHI ,T., VLASSARA, H. Dietary glycotoxins: Inhibition of
reactive products by aminoguanidine facilitates renal clearance and reduces tissue
sequestration. Diabetes; 48:1308—-1315, 1999.

HOBBS, A.J., HIGGS, A., MONCADA, S. Inhibition of nitric oxide synthase as a potential
therapeutic target. Annu. Rev. Pharmacol Toxicol; 39:191-220, 1999.

HOTAMISLIGIL, G.S., SHARGILL, N.S., SPIEGELMAN, B.M. Adipose expression of
tumor necrosis factor-: direct controle in obesity-linked insulin resistance. Science; 259: 87—
91, 1993.

KALAPOS, M.P., The tandem of free radicals and methylglyoxal. Chemico-Biological
Interactions; 171: 251-271, 2008.

KASHYAP, S.R., DEFRONZO, R.A. The insulin resistance syndrome: physiological
considerations. Diabetes Vasc. Dis. Res;4:13-19, 2007.

KNASMULLERB, S., MANN, R.H.B.M., MERSCH-SUNDERMANN, V. FAUST, F.,
KASSIE, F. The use of the alkaline comet assay with lymphocytes in human biomonitoring
studies. Mutation Research; 566: 209-229, 2004.

KOHARYOVA, M., KOLAROVA, M. Oxidative stress and thioredoxin system. Gen.
Physiol. Biophys.; 27(2): 71-84, 2008.

KOSCHINSKY T, HE CJ, MITSUHASHI T, BUCALA R, LIU C, BUENTING C,
HEITMANN K, VLASSARA H. Orally absorbed reactive glycation products (glycotoxins):
an environmental risk factor in diabetic nephropathy. Proc. Natl. Acad. Sci. USA; 94: 6474 —
9, 1997.

KOSCHISKY, T., HE, C.J., MITSUHASHI, T., BUCALA, R., LIU, C., BUETING, C.,
HEITMANN, C., VLASSARA, H. Orally absorbed reactive glycation products (glycotoxins):
An environmental risk factor in diabetic nephropathy. Medical Sciences 94: 6474—6479,1997.

107


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Koh%C3%A1ryov%C3%A1%20M%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kol%C3%A1rov%C3%A1%20M%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
javascript:AL_get(this,%20'jour',%20'Gen%20Physiol%20Biophys.');
javascript:AL_get(this,%20'jour',%20'Gen%20Physiol%20Biophys.');

KULKARNI, A., WILSON, D.M. The Involvement of DNA-Damage and-Repair Defects in
Neurological Dysfunction. The American Journal of Human Genetics, 82: 539-566,
2008.

LAPOLLA, A., TRALDI, P., FEDELE, D. Importance of measuring products of non-
enzymatic glycation of proteins. Clinical Biochemistry; 38:103-115, 2005.

LAZAR, M.A. How obesity causes diabetes: not a tall tale. Science; 307:373-375, 2005.

LEE, A.Y., CHUNG, S.S. Contributions of polyol pathway to oxidative stress in diabetic
cataract. FASEB J; 13: 23-30,1999.

LILLIOJA, S., MOTT, D.M., HOWARD, B.V., BENNETT, P.H., YKI-JARVINEN H.,
FREYMOND, D., NYOMBA, B.L., ZURLO, F., SWINBURN, B., BOGARDUS, C.
Impaired glucose tolerance as a disorder of insulin action: longitudinal an dcross-sectional
studies in Pima Indians. N. Engl. J. Med; 318:1217-1225, 1998.

LYSSENKO, V., ALMGREN, P., ANEVSKI, D., PERFEKT, R. ,LAHTI, K., NISSEN, M.,
ISOMAA, B., FORSEN, B., HOMSTROM, N., SALORANTA, C., TASKINEN, M.R.,
GROOP, L., TUOMI, T. Predictors of and longitudinal changes in insulin sensitivity and
secretion preceding on set of type 2 diabetes. Diabetes; 54:166—174, 2005.

MACGARRY, J.D. Desregulation of Fatt Acid Metabolism in the Etiology of type 2 diabetes.
Diabetes; 51: 7-18, 2002.

MARCHETTI, P., DOTTA, F., DE LAURO, D., PURRELLO, F. An over view of
pancreatic beta-cell defects in human type2 diabetes: Implications for treatment. Regulatory
Peptides; 146: 4-11, 2008.

MATE, J.M., REZ-GOMEZ, C., CASTRO, I.N. Antioxidant Enzymes and Human Diseases.
Clinical Biochemistry; 32: 595-603, 1999.

MATSUZAWA, Y., FUNAHASHI, T., NAKAMURA, T. Molecular mechanism of
metabolic syndrome X: contribution of adipocytokines adipocyte-derived bioactive
substances. Ann. N.Y. Acad. Sci; 892:146—-154, 1999.

NAVASA, M., GORDON, D.A., HARIHARAN, N., JAMIL, H., SHIGENAGA, J.K.,
MOSER, A., FIERS, W., POLLOCK, A., GRUNFELD, C., FEINGOLD, K.R. Regulation of

microsomal triglyceride trans-ferprotein mRNA expression by endotoxin and cytokines. J.
Lipid. Res; 39: 1220-1230, 1998.

NEGREAN, M., STIRBAN, A., STRATMANN, B., GAWLOWSKI, T., HORSTMANN, T.,
GOTTING, C., KLEESIEK, K., ROESEL, M.M., KOSCHINSKY, T., URIBARRI, J.,
VLASSARA, H., TSCHOEPE, D. Effects of low — and high — advanced glycation end
product meals on macro — and microvascular endothelial function and oxidative stress in
patients with type 2 diabetes mellitus. Am. J. Clin. Nutr; 85:1236-43, 2007.

108



NEGRE-SALVAYRE, A., SALVAYRE, R., AUGE, N., PAMPLONA, R., PORTERO-
OTIN, M. Hyperglycemia and glycation in diabetic complications. Antioxidants & Redox
Signaling; 11(12):3071-109, 2009.

OAKES, N.D. ET.al. Mechanism of liver and muscle insulin resistance induced by chronic
high-fat feeding. Diabetes; 46: 1768-1774, 1997.

OTERO, M., LAGO, R,, LAGO, F., CASANUEVA, F.F., DIEGUEZ, C., GOMEZ-REINO,
JJ., GUALILLO, O. Leptin, from fat to inflammation: old questions and new insights. FEBS
Lett; 479:295-301, 2005.

POITOUTAND, V.R., ROBERTSON, P. Glucolipotoxicity: Fuel Excess and Cell
Dysfunction. Endocrine Reviews; 29:351-366, 2008.

PRADA PO, ZECCHIN HG, GASPARETTI AL, TORSONI MA, UENO M, HIRATA AE,
COREZOLA DO AMARAL ME, HOER NF, BOSCHERO AC, SAAD MJ. Western diet
modulates insulin signaling, c-Jun N-terminal kinase activity, and insulin receptor substrate-
1ser307 phosphorylation in a tissue-specific fashion. Endocrinology.; 146(3):1576-87, 2005.

PRADA, P.O., ZECCHIN, H.G., GASPARETTI, A.L., TORSONI, M.A., UENO, M.,
HIRATA, A.E., AMARAL, M.E.C., HOER, N.F., BOSCHERO, A.C., SAAD, M.J.A.,
Western Diet Modulates Insulin Signaling, cJun N Terminal Kinase Activity, and Insulin
Receptor Substrate-1 ser307 Phosphorylation in a Tissue-Specific Fashion. Endocrinology;
146:1576-1587, 2005.

RUDOFSKY, G., JR, SCHROEDTER, A., SCHLOTTERER, A., VORON’KO, O.E.,
SCHLIMME, M., TAFEL, J., ISERMANN, B.H., HUMPERT, P.M., MORCOS, M.,
BIERHAUS, A., NAWROTH, P.P., HAMANN, A. Functional polymorphisms of UCP2 and
UCP3 are associated With a reduced prevalence of diabetic neuropathy in patients with type 1
diabetes. Diabetes Care; 29: 89-94, 2006.

SAAD M.J., POITOUTAND, V.R., ROBERTSON, P. Molecular mechanisms of insulin
resistance. Braz. J. Med. Biol. Res.; 27(4):941-57, 1994.

SANDU, O; SONG, K; WEIJIING, C; ZHENG, F; URIBARRI, J; VLASSARA, H. Insulin
resistance and tipe 2 diabetes in high-fat-fed mice are linked to high glycotoxin intake.
Diabetes; 54: 2314 — 2319, 2005.

SAVAGE, D.B. ET.al. Disordered lipid metabolism and the pathogenesis of insulin
resistance. Physiological Reviews; 87: 507-520, 2007.

SAYESKI, P.P., KUDLOW, J.E. Glucose metabolism to glucosamine is necessary for
glucose stimulation of transforming growth factor-alphagenetran-scription. J. Biol. Chem;
271:15237-15243,1996.

109


http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Prada%20PO%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Zecchin%20HG%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Gasparetti%20AL%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Torsoni%20MA%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Ueno%20M%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Hirata%20AE%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Corezola%20do%20Amaral%20ME%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22H%C3%B6er%20NF%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Boschero%20AC%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Saad%20MJ%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
javascript:AL_get(this,%20'jour',%20'Endocrinology.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Saad%20MJ%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
javascript:AL_get(this,%20'jour',%20'Braz%20J%20Med%20Biol%20Res.');

SCHMIDT, A.M., YAN, S.D., YAN, S.F., STERN, D.M. The multiligand receptor RAGE as
a progression factor amplifying immune and inflammatory responses. J. Clin. Invest;
108:949-955, 2001.

SHANGARI, N., BRUCE, W.R., POON, R., O’BRIEN, P.J. Toxicity of glyoxals — role of
oxidative stress,metabolic detoxification and thiamine deficiency. Biochemical Society
Transactions; Vol.31, part 6, 2003.

SIES H. Strategies of antioxidant defense. Eur. J. Biochem; 215(2):213-9, 1993.

SMYTH, S., HERON, A. Diabetes and obesity: the twin epidemics. Nature Medicine;
12:75-80, 2006.

SOUZA, C.G., MOREIRA, J].D., SIQUEIRA, ILR., PEREIRA, A.G., RIEGER, D.K,,
SOUZA, D.O., SOUZA, T.M., PORTELA, L.V., PERRY, M.L.S. Highly palatable diet
consumption increases protein oxidation in rat frontal cortex and anxiety-like behavior. Life
Sciences; 81: 198-203, 2007.

THORNALLE, P.J., Glyoxalasel-structure, function and a critical role in the enzymatic
defence against glycation. Biochemical Society Transactions; 31: 1343 — 1348, 2003.

THORNALLEY, P.J., LANGBOR, A., MINHAS, G.H.S. Formation of glyoxal,
methylglyoxal and 3-deoxyglucosone in the glycation Of proteins by glucose. Biochem. J.;
344:109+116, 1999.

VELHO G, PETERSEN KF, PERSEGHIN G, HWANG JH, ROTHMAN DL, PUEYO ME,
CLINE GW, FROGUEL P, SHULMAN GI. Impaired hepatic glycogen synthesis in
glucokinase-deficient (MODY-2) subjects. J. Clin. Invest; 98: 1755-1761, 1996.

WAIJCHENBERG, B.L., Cell Failure in Diabetes and Preservation by Clinical Treatment.
Endocrine Reviews; 28(2): 187-218, 2007.

WEINJING, C. ET AL. Oxidative Stress-Inducing Carbonyl Compounds From Common
Foods: Novel Mediators of Cellular Dysfunction. Molecular Medicine; 8(7): 337-346, 2002.

WEISBERG, S.P., MCCANN, D., DESAI, M., ROSENBAUM, M., LEIBEL, R.L.,
FERRANTE A.W.JR. Obesity is associated with macrophage accumulation in adipose tissue.
J. Clin. Invest; 112: 1796-1808, 2003.

WENDT, T.M., TANIJI, N., GUO, J., KISLINGER, T.R., QU, W., LU, Y., BUCCIARELLI,
L.G., RONG, L.L., MOSER, B., MARKOWITZ, G.S., STEIN, G., BIERHAUS, A,
LILIENSIEK, B., ARNOLD, B., NAWROTH, P.P., STERN, D.M., D’AGATI, V.D,,
SCHMIDT, A.M. RAGE drives the development of glomérulo sclerosis and implicates
podocyte activation in the pathogenesis of diabetic nephropathy. Am. J. Pathol; 162:1123—
1137, 2003.

WOLFF, S.P., Dean, R.T. Glucose autoxidation and protein modification: the poten-tial role
of autoxidative glycosylation in diabetes. Biochem. J.; 245:243-250, 1987.

110



WOLFF, S.P., JIANG, Z.Y., Hunt J.V. Protein glycation and oxidative stress in diabetes
mellitus and ageing. Free Radic. Biol. Med; 10: 339-352, 1991.

XU, H., BARNES, G.T., YANG, Q., TAN, G., YANG, D., CHOU, CJ., SOLE, J.,
NICHOLS, A., ROSS, J.S., TARTAGLIA, L.A., CHEN, H. Chronic inflammation in fat
plays a crucial role in the development of obesity-related insulin resistance. J. Clin. Invest;
112: 1821-1830, 2003.

YAN, S.F., RAMASAMY, R., SCHMIDT, A.M. Receptor for AGE (RAGE) and its ligands —
cast into leading roles in diabetes and the inflammatory response. J. Mol. Med; 87: 235-247,
20009.

YU, C., CHEN, Y., CLINE, G.W., ZHANG, D., ZONG, H., WANG, Y., BERGERON, R.,
KIM, J K., CUSHMAN, S.W., COONEY, G.J., ATCHESON, B., WHITE, M.F., KRAEGEN,
E.W., SHULMAN, G.I., Mechanism by Which Fatty Acids Inhibit Insulin Activation of
Insulin Receptor Substrate-1 (IRS-1) —associated Phosphatidylinositol 3-Kinase Activity in
Muscle. J. Biol. Chem.; 277 (52): 50230-50236, 2002.

ZHANG, Z., APSE, K., PANG, J., STANTON, R.C. High glucose inhibits glucose-6-
Phosphate dehydrogenase via cAMP in aortic endothelial cells. J. Biol. Chem; 275: 40042—
40047, 2000.

ZIMMET, P., ALBERTI, K.G., Shaw J. Global and societal implications of the diabetes
epidemic. Nature; 414: 782-7, 2001.

111


javascript:AL_get(this,%20'jour',%20'J%20Biol%20Chem.');

	LISTA DE FIGURAS
	1.7.2 Defesas Antioxidantes 
	1.7.2.1 Superóxido dismutase (SOD)
	1.7.2.2 Catalase (CAT)
	1.7.2.3 Sistema Glutationa



