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RESUMO

O diabetes mellitus (DM) é uma sindrome metabolica de etiologia
multipla caracterizada pela hiperglicemia persistente decorrente da falta
de insulina e/ou da resisténcia dos tecidos a acdo do horménio. A alta
morbidade e mortalidade caracteristica desta condicdo estdo fortemente
associadas ao desenvolvimento de alteracGes patoldgicas na vasculatura.
No entanto, 0s mecanismos fisiopatogénicos envolvidos no
desenvolvimento das alteracbes vasculares, ainda ndo foram
completamente elucidados. Desta forma, o presente trabalho teve por
objetivo investigar o efeito do estrito controle das concentracdes séricas
de glicose através da administragdo de insulina em animais que
desenvolveram  hiperglicemia  através da  administracdo  de
estreptozotocina (STZ)sobre parametros do metabolismo energético,
estresse  oxidativo, apoptose, inflamacdo, neurodegeneragdo e
vascularizacdo em cérebro, tecidos periféricos, sangue e/ou liquido
cefalorraquidiano. Ainda, foi investigado o efeito in vitro de derivados
toxicos da glicose, incluindo metilglioxal e proteinas glicadas néo
enzimaticamente (AGEs), sobre medidas de funcdo mitocondrial,
estresse oxidativo e neovascularizagdo em suspens@es mitocondriais
obtidas a partir de musculo esquelético e figado, bem como, em
fibroblastos primarios preparados a partir de pele de rato, e em células
de retina (linhagem humana). A persistente hiperglicemia ocasionou
estresse oxidativo o qual ndo conseguiu ser prevenido com a
administragdo exogena de insulina. Esta situacdo pareceu ser a
responsavel pela severa deficiéncia no metabolismo energético
observada nos animais tratados com STZ. Além disso, nos animais
hiperglicémicos, foi detectada uma marcada atividade da
creatinaquinase mitocondrial e/ou total, provavelmente como um
mecanismo compensatério para manter o estado energético da célula em
situacdes de severo estresse oxidativo. Ainda, a hiperglicemia provocou
0 desenvolvimento de neurodegeneragdo e induziu a apoptose. Em
concordancia, a exposicdo de MG e MG-BSA em sistemas in vitro,
também demonstrou inibicbes no metabolismo energético, estresse
celular e angiogénese. Estes resultados demonstram que a hiperglicemia
provoca deficiéncia no metabolismo energético celular e induz ao
estresse oxidativo, e a normalizacdo dos niveis glicémicos foi bastante
eficiente na prevengdo destes processos, provavelmente devido as
mudangas epigenéticas que estdo relacionadas com o aumento
persistente na producdo de EROs.

Palavras-chave: hiperglicemia, metabolismo energético, estresse
oxidativo.






ABSTRACT

Diabetes mellitus (DM) is a metabolic syndrome of multiple etiologies
characterized by persistent hyperglycemia resulting from lack of insulin
and/or resistance of tissues to the hormone action. The high morbidity
and mortality characteristic of this entity are known to be strongly
associated with the development of pathological changes in the
vasculature. However, the mechanisms underlying the vessel physiology
alterations have not been fully elucidated. Thus, this study aimed to
investigate the effect of insulin administration-induced strict control of
glycemia on parameters of energy metabolism, oxidative stress,
apoptosis, inflammation, neurodegeneration and angiogenesis in the
brain, peripheral tissues, blood and/or cerebrospinal fluid of
streptozotozin (STZ)-induced hyperglycemic rats. Here, it was also
investigated the in vitro effect of toxic glucose derivatives, including
methylglyoxal and advanced glycation end-products (AGEs) on
mitochondrial function, cellular stress and vasculogenesis in rat skin
primary fibroblasts, retinal cells (human cell line) and/or mitochondrial
preparations obtained from rat skeletal muscle and liver. Results showed
that persistent hyperglycemia elicited enhanced oxidative stress that
could not be prevented by administration of exogenous insulin. This
appeared to be responsible for the severe deficiency in energy
metabolism observed in animals treated with STZ. Moreover, a marked
increase in the activity of mitochondrial and/or total of creatine kinase
was detected in hyperglycemic animals, probably as a compensatory
mechanism to maintain the cellular energy state in situations of severe
oxidative stress. Furthermore, the hyperglycemic condition also caused
neurodegeneration and induced apoptosis. In agreement, exposure of
MG and MG-BSA to in vitro experimental systems also induced energy
metabolism impairments, cellular stress and angiogenesis. Summarizing,
the hyperglycemia causes impaired cellular energy metabolism and
induces oxidative stress. Insulin-induced tight control of glycemia was
mostly effective in preventing these alterations. The lack of
normoglycemia effectiveness on oxidative stress alterations could be
probably related to hyperglycemic-induced epigenetic changes that are
associated with persistent ROS production.

Keywords: hyperglycemia, energetic metabolism, oxidative stress.
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1 INTRODUCAO
1.1 DIABETES MELLITUS

O diabetes mellitus (DM) é uma sindrome metabolica de
etiologia multipla caracterizada por um estado de hiperglicemia
persistente decorrente da falta de insulina e/ou da resisténcia dos tecidos
a acdo do horménio (Han et al., 2007; Malecki e Skupien, 2008).

Estimativas recentes da Organizacdo Mundial da Satde (OMS)
projetam um aumento significativo do nimero de individuos com DM
até o ano de 2030, esperando-se para essa data um universo de cerca de
366 milhGes de individuos diabéticos em todo o mundo (Wild et al.,
2004). No Brasil, ha cerca de 12 milhGes de portadores desta doenga,
sendo que aproximadamente dois ter¢os destes individuos tém
diagndstico confirmado (Mello et al., 2003).

De acordo com o comité executivo para diagnostico e
classificacdo do DM da “American Diabetes Association” (ADA, 2010)
e 0 Consenso Brasileiro sobre Diabetes (2002), a sindrome pode surgir
de forma secundéaria a alguma doenca que provoque a destruicdo das
ilhotas pancreaticas, como por exemplo, tumores, patologias endécrinas,
defeitos genéticos e funcionais das células  ou na agdo da insulina. No
entanto, as formas mais comuns de DM resultam de alteracdes primarias
no sistema sinalizador deste horménio. Tais alteracbes podem ser
classificadas em duas categorias: DM tipo | e DM tipo II.

O DM do tipo Il é a forma mais frequente que afeta
aproximadamente 90% da populacdo diabética. Esta condicdo é
caracterizada por ser um distarbio multifatorial, incluindo fatores
genéticos e ambientais, e que geralmente resulta de graus variaveis de
resisténcia tecidual a insulina e de uma deficiéncia relativa na secrecdo
do hormonio pelas células B (Malecki e Klupa, 2005). Esta forma ¢
observada em adultos e os niveis de glicemia, na maioria dos casos,
podem ser controlados através de dieta apropriada e agentes
hipoglicemiantes orais (Kowluru e Odenbach, 2004; Morini et al.,
2004).

O DM do tipo I manifesta-se geralmente durante a infancia e
caracteriza-se por uma severa ou total auséncia de insulina, a que esta
comumente associada a processos autoimunes que afetam a
funcionalidade das células B do pancreas (Atkinson e Eisenbarth, 2001;
Malecki e Klupa, 2005). Tem sido sugerido que o carater hereditario do
DM do tipo | esta relacionado com a expressao de genes reguladores da
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producdo de anticorpos contra células B pancreaticas (Moore et al.,
2009).

A morbidade e mortalidade associadas ao DM devem-se
principalmente ao desenvolvimento de alteragbes patoldgicas na
vasculatura (Winer e Sowers, 2004). A vasculopatia pode afetar micro e
macrovasos. As complicacdes microvasculares incluem retinopatia,
nefropatia e neuropatia central e periférica; enquanto que as
macrovasculares, doenca coronaria precipitada por aterosclerose, doenca
vascular periférica, infarto e amputagdes dos membros inferiores (Wei et
al., 1998; Brownlee, 2001; Zimmet et al., 2001; Brem et al., 2006;
Wirostko et al., 2008). Grandes estudos randémicos tém claramente
demonstrado que o eficiente e imediato controle glicémico em etapas
precoces da doenca podem promover a diminuigdo das complicagdes
vasculares (The Diabetes Control and Complications Trial Research
Group, 1993; The Action to Control Cardiovascular Risk in Diabetes
Study Group, 2008; The Advance Collaborative Group, 2008). Desta
forma, se o controle glicémico ndo for inicial e ndo tiver tempo de
duracdo adequado (pelo menos cinco anos), as complicagdes macro e
microvasculares ndo poderiam ser evitadas adequadamente. Este
fendmeno ¢ conhecido como “memdria metabolica” (Nathan et al.,
2005; lhnat et al., 2006; Ceriello et al., 2009).

1.2 HORMONIO INSULINA
1.2.1 Sintese de insulina pelo pancreas enddcrino

A sintese de insulina ocorre nas células f das ilhotas de
Langerhans do pancreas, o qual é um 6rgdo que possui tanto funcéo
exocrina, por secretar 0 suco pancreatico que contém enzimas
digestivas, quanto enddcrina por produzir além do horménio insulina, o
glucagon e a somatostatina. As ilhotas sdo compostas principalmente
por quatro tipos celulares, as B que constituem cerca de 60% de todas as
células, situam-se principalmente no nicleo das ilhotas e secretam
insulina, as células o que correspondem cerca de 25% do total das
células pancreaticas e secretam glucagon, as & que constituem cerca de
10% do total e que secretam somatostatina, € em menor proporgao as
células PP produtoras de polipeptideo pancreético (Figura 1). A relacéo
entre estes diferentes tipos celulares permite o controle direto da
secrecdo de alguns dos hormoénios pelos demais hormonios. Por
exemplo, a insulina inibe a secrecdo de glucagon, enguanto que a
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somatostatina inibe a secrecdo de insulina e glucagon (Lehninger et al.,
2004; Guyton, 2006).

Pancreas

Célulaa
(glucagon)

~ 4

Vasos s1% A a'f
5 *
e

"
>
sanguineos Yele, > » /
o F . Vet
. o L
e o =" )
' t \d '0\
/ A" Células
(somatostatina)
CélulaPP
(peptideo pandreatico)

CélulaB
(insulina)

Figura 1. Esquema ilustrativo das células das ilhotas de
Langerhans. As ilhotas de Langerhans sdo compostas por
quatro tipos celulares, as B que secretam insulina, as a que
secretam glucagon, as § que secretam somatostatina ¢ as PP que
sdo produtoras do polipeptideo pancredtico. Adaptado de
(Lehninger et al., 2004)

A insulina com atividade bioldgica ¢ uma proteina pequena
composta por duas cadeias polipeptidicas, A e B, unidas por duas pontes
dissulfeto (Figura 2A). O horménio é sintetizado no reticulo
endoplasmatico como um precursor inativo de uma Unica cadeia
polipeptidica denominado de pré-pré-insulina, o qual possui uma
sequéncia especifica na por¢cdo amino terminal que dirige sua passagem
para as vesiculas secretoras (Figura 2B). A remocao proteolitica desta
sequéncia amino terminal e a formacdo de trés pontes dissulfeto
produzem a pro-insulina, a qual é estocada em granulos no complexo de
Golgi. A elevagdo de glicose provoca a secre¢do de insulina, e a pro-
insulina é convertida por proteases especificas em insulina madura e
peptideo C, os quais sdo liberados na circulacdo. O peptideo C &
liberado em quantidades equimolares & insulina madura, sendo este,
portanto, um excelente indicador da produgdo enddgena de insulina,
principalmente em individuos que se encontram sob terapia exdgena
com insulina (Lehninger et al., 2004).
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Figura 2. Estrutura da insulina biologicamente ativa (A).
Processamento proteolitico da pré-pré-insulina em insulina madura
e peptideo C (B). A insulina é sintetizada no reticulo endoplasmatico na
forma de um precursor inativo denominado de pré-pro-insulina, e
estocado em vesiculas no complexo de Golgi na forma de pré-insulina.
Com a elevacdo da glicose, a pré-insulina é convertida por proteases
especificas em insulina madura e peptideo C, os quais sdo liberdos na
circulagdo. Adaptado de (Lehninger et al., 2004)

1.2.2 Secrecdo de insulina

A secre¢do de insulina é estimulada por substratos energéticos
metabolizaveis pela célula B pancredtica, sendo a glicose o mais
importante. A glicose ¢é transportada para dentro da célula B através de
uma proteina integral de membrana denominada GLUTZ2, a qual também
esta presente em outros tecidos como rins, figado e intestino. Apds sua
entrada na célula, a glicose é fosforilada em glicose-6-fosfato dando
inicio a via glicolitica para subsequente geracdo de ATP. O aumento nas
concentracBes intracelulares de ATP, tornando elevada a relagdo
ATP/ADP, fecha os canais de potassio controlados por ATP provocando
a despolarizacdo da membrana celular. Este evento promove a abertura
de canais dependentes de voltagem facilitando a entrada de fons Ca®*
que ativam a migracdo dos granulos de insulina para a membrana
plasmatica para posterior extrusdo do seu contelido (Oosawa et al.,
1992; Rorsman e Renstrom, 2003; Marchetti et al., 2008) (Figura 3).
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Insulina armazenada
em vesiculas

Figura 3. Secreciio de insulina pelas células f§ pancreaticas. A
glicose é transportada para o interior da célula B através do GLUT2.
Posteriormente é fosforilada, dando inicio a via glicolitica com
subsequente geragdo de ATP. O aumento nas concentracdes
intracelulares de ATP bloqueia os canais de potassio e provoca a
despolarizacdo da membrana, promovendo a entrada de fons Ca?".
Este processo estimula a migracdo dos granulos que contem insulina
para a membrana plasmatica para extrusao de seu contetido. Adaptado
de http://ciitn.missouri.edu/cgi-bin/pub_view_project_ind.cgi?g_n
um=11&c_id=2007009. Consultado em 25 de novembro, 2010

1.2.3 Efeitos celulares desencadeados pela insulina

A insulina promove um estado anabolico por conduzir o
metabolismo em direcdo ao armazenamento de carboidratos, lipideos e a
sintese de proteinas. Seus trés principais tecidos alvo sdo o hepatico,
muscular e adiposo. No figado, a insulina estimula tanto a glicolise
guanto a sintese de glicogénio. Ao mesmo tempo, ela suprime a lip6lise
e promove a sintese de &cidos graxos de cadeia longa (lipogénese). Os
lipideos sdo empacotados nas lipoproteinas de muito baixa densidade
(VLDL), que sdo secretadas para o sangue. Nos tecidos periféricos, a
insulina induz a lipoproteina lipase, uma enzima que libera
triacilglicerol tanto de VLDL hepatica quanto de quilomicrons da dieta,
a partir da hidrélise destes em glicerol e acidos graxos. No tecido
adiposo, este horménio também estimula a sintese de triacilglicerol a
partir de glicerol-3-fosfato e &cidos graxos. No musculo, a insulina
estimula o transporte de glicose, 0 metabolismo de glicose e a sintese de
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glicogénio. Ainda, este horménio aumenta a captacdo celular de
amino4cidos e estimula a sintese de proteinas (Baynes e Dominiczak,
2007).

1.2.4. Sinalizacdo mediada por insulina

Os efeitos celulares anabdlicos acima descritos da insulina séo
desencadeados através da sua interacdo com receptores especificos
localizados na superficie celular. Tais receptores estdo presentes em
tecidos sensiveis a acdo do horménio, incluindo masculo esquelético,
figado e tecido adiposo. Mais recentemente, foi demonstrado que
tecidos como o cérebro, eritrocitos e gdnadas também apresentam
receptores especificos para a insulina (White e Kahn, 1994).

Receptor
de insulina
Insulina \

(proteina cinase

y 8 8 ® ) .. dependente
[ N E de PIP,
|‘ & b3 ® PI3K & 3)
e ‘/ \) )
Transporte de glicose ATP ADP
Via glicolitica Akt ativada

Sintese de glicogénio

Sintese de proteinas Proliferacao e
diferenciacdo celular

Figura 4. Processos induzidos pela sinalizagdo intracelular da
insulina. A insulina liga na subunidade o do receptor de insulina.
Esta interacdo provoca a fosforilagdo da subunidade B, a qual possui
atividade intrinseca de tirosina quinase. Desta forma, ocorre a
fosforilagdo dos substratos do receptor de insulina, os quais ativam
algumas vias de sinalizacéo, incluindo a fosfatidilinositol 3-quinase
(PI3K) e proteina quinase serina-treonina (Akt). Adaptado de (Berg
et al., 2007)

O receptor da insulina é uma proteina heterotetramétrica com
atividade tirosina quinase, composta por duas subunidades o e duas
subunidades [ ligadas por pontes dissulfeto (Figura 4). A subunidade o
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possui o dominio de ligacdo da insulina, enquanto que a subunidade P
possui a atividade de tirosina quinase que é estimulada pela interacdo da
insulina com o receptor (Lehninger et al., 2004).

A ativacdo da tirosina quinase provoca a fosforilacdo da
subunidade P do receptor em pelo menos seis residuos de tirosina,
resultando na translocacéo de substratos do receptor de insulina (IRS)
desde o citosol para a membrana plasmatica. A fosforilacdo dos IRSs
provoca a ativacdo da fosfatidilinositol 3-quinase (PI3K) e proteina
quinase serina-treonina (Akt), entre outras (Prada et al., 2005). A
ativacdo da PI3K esta relacionada com o transporte de glicose, via
glicolitica, sintese de glicogénio e sintese de proteinas, enquanto que a
Akt estd associada a proliferacdo e diferenciagdo celular (Combettes-
Souverain e Issad, 1998).

1.2.5 Sintese de insulina pelo tecido cerebral

Numerosas evidéncias na literatura mundial demonstram que a
insulina pode ser sintetizada por células do sistema nervoso. A presenca
tanto do mRNA da pré-pré-insulina, quanto da insulina madura foi
demonstrado em cérebro de roedores. Ainda foi evidenciado 100% de
homologia entre 0 mRNA da insulina cerebral com 0 mMRNA da insulina
pancredtica (Figura 5).
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Figura 5. Identificacdo do mRNA da pré-pré-insulina no sistema
nervoso. PM: padrdo de peso molecular; DGR: ganglios da raiz
dorsal. Adaptado de (Schechter et al., 1996)
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A presenca de insulina cerebral endbgena foi observada no
reticulo endoplasmético, complexo de Golgi, ax6nios e sinapses de
neurdnios através de técnicas de microscopia eletrdnica (Schechter et
al., 1994; Schechter et al., 1996; Schechter et al., 1998; Schechter et al.,
1999) (Figura 6).

Figura 6. Identificacdo da presenca de insulina em neurdnios
do hipocampo por técnicas de microscopia eletronica. As
figuras ilustram a presenca de insulina em reticulo endoplasmatico
(ER), complexo de Golgi (G) e citoplasma (G) (A); sinapses (B) e
axonios (C). Adaptado de (Schechter et al., 1996)

A insulina presente no cérebro deriva em parte da sintese de
novo do horménio (Devaskar et al., 1994; Schechter et al., 1996) e do
transporte da insulina sintetizada no péancreas através da barreira
hematoencefalica (Baskin et al., 1987; Baura et al., 1993; Banks et al.,
1997; Banks, 2004).

A presenca de receptores de insulina em astrdcitos e neurdnios
foi demonstrada na substancia negra, hipocampo, ganglios basais, cortex
frontal e cortex médio temporal de roedores (Unger et al., 1991; Singh et
al., 1997; Lang e Lozano, 1998; Abbott et al., 1999), sendo que a
insulina se apresenta em maiores concentragcbes no bulbo olfatério,
cortex cerebral, hipocampo, hipotalamo, amigdala e septo que no resto
do encéfalo (Havrankova et al., 1978; Baskin et al., 1987; Unger et al.,
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1991). Devido a localizacdo da insulina no hipocampo e cortex médio
temporal, Singh e colaboradores (1997) tém sugerido a participacdo
deste hormonio nos processos de aprendizado e memoria.

1.3 MECANISMOS MOLECULARES DE TOXICIDADE
INDUZIDOS PELA HIPERGLICEMIA

A homeostase da glicose no organismo é mantida pela interagéo
de trés processos fisioldgicos: secrecdo de insulina, captacdo da glicose
pelos tecidos e producdo de glicose hepética. Mais especificamente,
representa um balango entre a ingesta (absorcdo de glicose), utilizagdo
pelos tecidos (glicOlise, via das pentoses, ciclo dos &cidos
tricarboxilicos, sintese de glicogénio) e producdo enddgena
(glicogendlise e gliconeogénese), processos regulados por hormdnios,
principalmente insulina e glucagon (Meyer et al., 2002).

A hiperglicemia persistente do DM, decorrente da falta de
insulina e/ou da resisténcia dos tecidos a acdo do hormbdnio, parece
contribuir para o desenvolvimento das complicaces vasculares através
de quatro mecanismos principais, incluindo o aumento do fluxo da via
do poliol, aumento do fluxo da via das hexosaminas, ativacdo da
proteina quinase dependente de Ca** (PKC) e aumento na concentracdo
de proteinas glicadas de forma ndo enzimatica (AGEs). Estes
mecanismos parecem culminar com a producdo de espécies reativas,
oxidacdo de proteinas, inativacdo de enzimas, alteracdes no sistema de
defesa antioxidante, disfuncdo mitocondrial, entre outros (Mukherjee et
al., 1998; Rosen et al., 2001; Folmer et al., 2002; Brownlee, 2005).

1.3.1 Aumento do fluxo da via do poliol

A aldose redutase € uma enzima citosolica que catalisa a
reducdo de varios compostos carbonilicos, como por exemplo, a glicose
é convertida em sorbitol utilizando NAD(P)H como cofator (Figura 7).
Esta enzima possui baixa afinidade (alto K;,) pela glicose em condi¢des
de normoglicemia e 0 metabolismo da glicose por esta via ocorre em
guantidades muito pequenas. Em condicdes de hiperglicemia o sorbitol é
formado em excesso com concomitante diminui¢do de NAD(P)H. O
sorbitol formado é oxidado a frutose pela enzima sorbitol desidrogenase
com consumo de NADH (Brownlee, 2001). A frutose formada €
posteriormente fosforilada a frutose-6-fosfato, a qual pode ser
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metabolizada em 3-deoxiglicosona (3-DG), metabdlito que facilita a
formacgdo de AGEs (Gonzalez et al., 1988; Szwergold et al., 1990). As
consequéncias do aumento do fluxo metabdlico da via do poliol estdo
representadas principalmente pela formagdo de altas concentragdes
intracelulares de espécies reativas de oxigénio (EROs), pelo efeito
osmético do sorbitol e pela queda da relagdo NAD(P)H / NAD(P)" que
comprometem o metabolismo energético celular (Brownlee, 2001)
(Figura 7).

NADPH  NADP* NAD*  NADH
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Figura 7. Mecanismos de toxicidade induzidos pela hiperglicemia.
As setas indicam aumento das concentragfes dos diferentes metabdlitos
e/ou proteinas. Adaptado de (Brownlee, 2001)

1.3.2 Aumento do fluxo da via das hexosaminas

De 2 a 5% da frutose-6-fosfato formada na via glicolitica é
desviada para formar glicosamina-6-fosfato através da enzima
glutamina:frutose-6-fosfato aminotransferase (Figura 7). O produto final
desta via é o intermediario UDP-N-acetilglicosamina (UDP-GIcNAC), o
qual é utilizado por reacOes celulares como, por exemplo, a sintese de
proteoglicanas e a formacdo de O-glicoproteinas (Brownlee, 2001;
Wells et al., 2001). O aumento da taxa deste metabolismo parece
resultar em mudancas a nivel de expressdo génica e proteica que
contribuem para o desenvolvimento das complicacBes vasculares que
ocorrem no diabetes e/ou o desenvolvimento da resisténcia a insulina
(Marshall e Monzon, 1989; Gabriely et al., 2002). Neste sentido, foi
demonstrado que o aumento de UDP-GIcNAc provocaria modificacbes
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covalentes no fator de transcricdo Spl, o qual regula a ativacdo do PAI-
1 (inibidor do ativador do plasminogénio) que é um potente
vasodilatador, comprometendo desta forma a fisiologia vascular (Chen
etal., 1998).

1.3.3 Ativagdo da PKC

A PKC é uma familia de serina / treonina quinases composta
por pelo menos doze isoformas, sendo que todas sdo expressas no
cérebro e figado (Clarke e Dodson, 2007). A hiperglicemia parece
estimular a sintese de novo do segundo mensageiro lipidico
diacilglicerol (DAG), o que resulta na ativagdo da PKC, principalmente
das isoformas 8 e & (Nishizuka, 1992; Schrijvers et al., 2004) (Figura 7).
Neste contexto, tem sido demonstrado que a ativacdo da isoforma 3
provoca anormalidades no fluxo sanguineo em retina e vasos renais de
ratos submetidos a diabetes experimental, provavelmente por inibir a
producdo de éxido nitrico (ON) e/ou por aumentar a atividade da
endotelina-1, potente vasoconstritor (Craven et al., 1994; Ishii et al.,
1996; Ganz e Seftel, 2000). A ativacdo excessiva de PKC provocada
pela hiperglicemia, também induz o aumento da expressédo do fator de
crescimento do endotélio vascular (VEGF), aumento na ativacdo do
fator de transcricdo NF-xB, o qual promove estresse oxidativo ¢ na
expressao do PAI-1, resultando numa permeabilidade vascular
aumentada e, portanto, patologica (Feener et al., 1996; Hempel et al.,
1997; Pieper e Riaz ul, 1997; Williams et al., 1997).

1.3.4 Aumento intra e extracelular de AGEs

Os AGEs sdo formados a partir da reacdo da glicose e outros
acUcares redutores com grupamentos amino de proteinas, podendo ser
formados tanto intra como extracelularmente (Ahmed et al., 2005).
Além disso, compostos muito reativos como o metilglioxal (MG),
glioxal (GO) e 3-DG, tendem a interagir reversivel e irreversivelmente
com proteinas, originando os AGEs (Shinohara et al., 1998) (Figura 7).

1.3.4.1 Formacéo de MG

O Metilglioxal (MG) é um aldeido, a,B-dicarbonila, eletrofilico
e altamente reativo formado a partir de intermediarios da glicdlise
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(Phillips e Thornalley, 1993; Thornalley, 1996; Desai e Wu, 2007;
Kalapos, 2008). Este intermediario também pode ser formado a partir de
aminoacetonas (Lyles e Chalmers, 1992) e corpos cetonicos (Casazza et
al., 1984), derivados do catabolismo de proteinas e oxidagdo de acidos
graxos, respectivamente (Figura 8). Em condicfes patoldgicas cronicas
como diabetes, hipertensdo, aterosclerose, bem como, em doencas
neurodegenerativas, onde 0 estresse oxidativo parece estar envolvido na
fisiopatologia destas alteracfes, tem sido demonstrado aumento nas
concentracBes plasmaticas de MG, GO e 3-DG (McLellan et al., 1994;
Beisswenger et al., 1999).
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Figura 8. Formacdo e desintoxicacdo de metilglioxal (MG). O MG
pode ser formado a partir de intermedidrios da via glicolitica,
aminoacetonas e de corpos cetonicos. A desintoxicacdo deste composto é
realizada através das glioxalases, as quais estdo presentes no citosol de
todas as células. SSAO: amina oxidase sensivel a agdo de semicarbazida;
AMO: acetol mono-oxigenase, G3P: gliceraldeido-3-fosfato, DHAP:
diidroxiacetona fosfato. Adaptado de (Chang e Wu, 2006)

A formacdo do MG ocorre com a participacdo de trés enzimas:
a metilglioxal sintase (Hopper e Cooper, 1971), citocromo P450 2E1
(CYP 2E1) (Gonzalez, 1988) e pela amina oxidase sensivel a acéo de
semicarbazida (SSAO) (Yu et al., 2003). A metilglioxal sintase catalisa
a conversdo da triose fosfato diidroxiacetona fosfato (DHAP) em MG.
As enzimas CYP 2E1 (acetona e acetol monooxigenase), sdo
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responsaveis pela conversdo de acetona em MG durante a oxidacdo de
acidos graxos com consumo de NAD(P)H (Koop e Casazza, 1985).
Outras fontes de MG envolvem dois corpos cetonicos, acetoacetato e -
hidroxibutirato, os quais sdo espontaneamente convertidos em acetona
(Beisswenger et al., 2005) (Figura 8).

O MG também pode ser produzido via desaminacdo de
aminoacetonas catalisada pela SSAO, durante o catabolismo
mitocondrial dos aminoacidos L-treonina e glicina (Deng e Yu, 1999)
(Figura 8). A SSAO esté localizada na superficie da membrana externa e
no citoplasma do tecido adiposo, células da musculatura lisa vascular
(VSMCs) e em células endoteliais (Yu et al., 2003). Além disso, a
SSAO também tem um papel importante no transporte de glicose para
dentro dos adipdcitos através do transportador GLUT4 (Enrique-
Tarancon et al., 1998) e para as células musculares lisas via GLUT1 (EI
Hadri et al., 2002). Esta funcdo da SSAO similar & insulina parece
contribuir muito na formacéo de MG.

O MG é degradado pelo sistema das glioxalases presentes no
citosol de todas as células. Este sistema consiste em duas enzimas, a
glioxalase I e 11, as quais requerem como cofator a glutationa reduzida
(GSH) (Chang e Wu, 2006). O MG ¢é primeiramente convertido
irreversivelmente pela glioxalase | a (S)-D-lactoilglutationa e
posteriormente em D-lactato pela glioxalase 1l (Figura 8). Desta forma,
é evidente que o normal funcionamento do catabolismo do MG é
dependente de concentracbes adequadas de GSH, bem como glutationa
peroxidase e glutationa redutase, situagdes comprometidas pelo estresse
oxidativo que caracteriza o estado hiperglicémico (Wu e Juurlink, 2002;
Wang et al., 2005; Desai e Wu, 2007).

1.3.4.2 Producdo de AGEs

Os AGEs sdo um grupo de moléculas heterogéneas produzidas
através da glicacdo enddgena e ndo enzimatica de proteinas, lipideos e
acidos nucleicos. A taxa de renovacdo de proteinas, o nivel de
hiperglicemia e o estresse oxidativo sdo fatores cruciais para a sua
formagdo. Se alguma destas situacfes estd presente, as proteinas tanto
intra como extracelulares sdo passiveis de serem glicadas e oxidadas
(Baynes e Thorpe, 1999).

As reacdes de Maillard sdo uma complexa série de reacGes que
envolvem aclcares redutores e proteinas, resultando em produtos
oxidados conhecidos como AGEs, que ocorrem em todos os tecidos e
fluidos bioldgicos (Thornalley, 2008) (Figura 9). Na reacdo néo
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enzimatica inicial, a glicose e/ou outros agucares redutores como a
frutose, pentose, galactose, manose, xilulose, reagem com um
grupamento amino livre de varias moléculas incluindo proteinas,
lipideos e é&cidos nucleicos, formando compostos aldimina instaveis,
chamados bases de Schiff. Esta base sofre um rearranjo molecular e
origina uma cetoamina estavel, chamada de produtos de Amadori
(precursores de AGEs). Essa reacdo ndo requer a participacdo de
enzimas e depende da concentracdo de glicose e proteinas e da meia
vida das proteinas, da sua reatividade em termos de grupos aminos
livres. Esta reacéo € irreversivel (Hunt et al., 1988; Lapolla et al., 2005;
Zhang et al., 2009).

Os produtos de Amadori sdo degradados através de reacfes de
oxidacdo e desidratacdo em MG, GO, 3-DG, sendo estes mais reativos
do que os agucares que originaram o produto de Amadori, permitindo a
propagacdo da glicacdo proteica ndo enzimatica (Lapolla et al., 2005)
(Figura 9). Estes compostos dicarbonilicos possuem uma meia-vida
longa (minutos a horas) e atravessam facilmente a membrana
plasmética, podendo atuar longe do seu local de producéo, modificando
desta forma, biomoléculas intra e extracelulares. O acimulo destes
compostos é chamado de estresse por carbonilacdo (Thornalley et al.,
1999). Assim, os compostos dicarbonilicos (propagadores) reagem com
grupamentos amino livres de proteinas através de reages de oxidagdo,
desidratacdo e ciclizacdo, denominadas de reacGes de Maillard,
formando compostos amarelo-marrom, insollveis e irreversiveis,
chamados de produtos de glicacdo terminal (AGEs) (Lapolla et al.,
2005; Ravelojaona et al., 2007; Zhang et al., 2009).

A formacdo de AGEs tem sido envolvida, além da
fisiopatogenia do DM, na doenca de Alzheimer (DA), aterosclerose,
artrite inflamatdria e catarata, entre outros (Zhang et al., 2009).
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Figura 9. Formac&o de produtos de glicacio terminal (AGEs).
Acucares redutores tendem a interagir com residuos de aminoacidos
livres de proteinas, formando bases de Shiff. Estas sofrem um
rearranjo molelular e originam os produtos de Amadori, 0s quais
podem ser degradados e dar origem a compostos dicarbonilicos
como o metilglioxal (MG), glioxal (GO) e 3-deoxiglicosona (3-DG).
Estes compostos, por sua vez, reagem com grupamentos amino
livres de proteinas, formando compostos insolUveis e irreversiveis
chamados de produtos de glicagdo terminal (AGEs).Adaptado de
(Lapolla et al., 2005)

1.4 NEOVASCULARIZAGCAO ASSOCIADA A HIPERGLICEMIA

O VEGF é um componente critico no crescimento tecidual e
processos de reparo como angiogénese (crescimento de novos vasos a
partir de vasos ja existentes) e vasculogénese (formagdo de novos
vasos). Além de desempenhar um papel central no desenvolvimento das
complicacbes microvasculares, em particular da retinopatia diabética,
este peptideo é também um potente vasodilatador que favorece a
sobrevida de células endoteliais (Ferrara, 2001; Pandya et al., 2006;
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Simo et al., 2006). O VEGF facilita a permeabilidade a &dgua e proteinas
de alto peso molecular, promovendo reparo tecidual e remodelamento
extracelular (Bates e Harper, 2002; Akhavani et al., 2007). No entanto, o
aumento da permeabilidade vascular associado a angiogénese contribui
para complicagBes microvasculares que ocorrem no DM, tornando-se
este um processo patoldgico (Bates e Harper, 2002; Simo et al., 2006).

Em um estado isquémico durante o diabetes, o0 VEGF e seus
receptores sdo regulados positivamente pelo fator induzivel de hipoxia
(HIF-1a) (Ferrara, 2001; Semenza, 2003), e estimulados direta e
indiretamente por citocinas e mediadores moleculares como
interleucinalp (IL-1B), fator de crescimento derivado de plaquetas
(PDGF), PKC, AGEs, EROs, fator de crescimento transformante 3
(TGF B) e fatores de crescimento similares a insulina (IGFs) (Schrijvers
et al., 2004; Pandya et al., 2006).

Pacientes diabéticos com retinopatia diabética proliferativa ou
edema macular diabético (DME) possuem niveis elevados de VEGF
intraocular tanto no vitreo como no fluido aquoso (Tanaka et al., 1997;
Duh e Aiello, 1999), os quais estdo relacionados com a presenca e
severidade da doenca (Aiello et al., 1994; Burgos et al., 1997; Adamis et
al., 2006). Este acimulo de VEGF no vitreo contribui significativamente
para neovascularizacdo intraocular. Além disso, j& foi demonstrado que
0 VEGF encontra-se duas vezes aumentado na retina de ratos
hiperglicémicos (Chou et al., 2002) e em plasma de pacientes com
hipertensdo (Tsai et al., 2005).

O VEGF e seu receptor do tipo tirosina quinase sdo essenciais
para o adequado funcionamento dos tubulos renais. No entanto,
elevados niveis de VEGF podem favorecer o desenvolvimento de
proteindria, caracteristica bioquimica do DM por aumentar a
permeabilidade glomerular (Lee et al., 2006).

O aumento na expressdo de VEGF tem sido também sugerido
como um componente da fisiopatologia das alteracdes do sistema
nervoso central no DM. Neste sentido, o VEGF em condigdes
normoglicémicas e fisiologicas parece favorecer a neurogénese através
de efeitos neurotréficos e angiogénicos (Le Bras et al., 2006). No
entanto, em condicBes de hiperglicemia, a vasculogénese excessiva
parece estar vinculada a formacdo de pequenos vasos € a inducdo de
microinfartos cerebrais (Kalaria, 2002).



35

1.5 MECANISMOS DE NEURODEGENERACAO ASSOCIADOS A
HIPERGLICEMIA

A neurotoxicidade induzida pela hiperglicemia persistente
parece estar relacionada com a interacdo entre 0S quatro processos
deletérios para a célula mencionados anteriormente (item 1.3). Estes
processos, aumento nas vias de formacdo de polidis, hexosaminas e
AGEs, e ativacgdo excessiva da PKC, estdo intimamente vinculados com
a producdo de estresse oxidativo. Neste cenario, todos os tecidos sao
susceptiveis ao dano oxidativo. No entanto, o cérebro parece ser
especialmente sensivel a este tipo de lesdo. Uma razdo importante para
isso seria 0 alto consumo de oxigénio apresentado por este tecido. Além
disso, as membranas neuronais apresentam grande quantidade de
lipideos poli-insaturados, altamente susceptiveis a peroxidacéo lipidica.
Ainda, a auto-oxidacdo de muitos neurotransmissores, como por
exemplo, dopamina e noradrenalina, gera EROs, sendo que esta geracéo
pode ser acelerada pela presenca de ferro, metal amplamente distribuido
no cérebro. Finalmente, o tecido cerebral apresenta um baixo nivel de
defesas antioxidantes quando comparado com outros tecidos (Halliwel e
Gutteridge, 2007).

O estresse oxidativo que é definido como o desequilibrio entre a
producdo de EROs e a habilidade das células em inativar estas espécies
(Halliwell, 1991) tem sido envolvido na fisiopatogenia do DM, bem
como, nas doencas neurodegenerativas. Estas doencas de inicio
insidioso e de desenvolvimento crénico podem ser definidas como um
grupo de alteragdes heterogéneas caracterizadas por achados
neuropatolégicos associados a degeneracdo em uma area especifica do
cérebro. A DA, por exemplo, é a desordem neurodegenerativa mais
comum e é caracterizada pela perda de neurbnios no cortex e
hipocampo, combinada com duas lesGes cerebrais: acimulo de placas
senis compostas de B-amildide (AB) e emaranhados neurofibrilares (Ott
et al., 1995; Cotter, 2007; Kester e Scheltens, 2009). O peptideo -
amiléide interage com os RAGEs, que sdo os receptores dos AGEs
extracelulares, e parece contribuir na fisiopatologia da neuropatia
diabética através da ativacdo do fator de transcricdo NF-xB,
promovendo a transcrigdo patoldgica de varios genes relacionadas com
estresse oxidativo (Yan et al., 1996). Desta forma, parece existir uma
relacéo entre hiperglicemia, formacdo de AGEs e o desenvolvimento de
doencas neurogenerativas cronicas. A hiperglicemia, a qual é a maior
caracteristica bioquimica do diabetes possui efeitos toxicos nos
neurdnios do cérebro através de insultos osmoticos e estresse oxidativo,
devido a formagdo de AGEs. Além disso, o diabetes esta associado com
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0 aumento da liberacdo de citocinas inflamatérias, e 0 excesso de
processo inflamatorio formado, torna-se neurotdxico (Umegaki, 2010).

Alguns mecanismos fisiopatoldgicos sdo descritos para explicar
a associacdo entre o DM e deméncia. Individuos hiperglicémicos
apresentam alto risco de desenvolver deméncia através da doenca
cerebrovascular isquémica (Biessels et al., 2006). Isto porque o DM do
tipo Il pode desencadear varios fatores de risco em pacientes idosos,
como a resisténcia a insulina, obesidade e hipertensao, fatores estes que
constituem a sindrome metabdlica e predispdem a doenga
cerebrovascular (Kuusisto et al., 1997; Kalmijn et al., 2000; Yaffe et al.,
2004; Whitmer et al., 2005). Como ja foi mencionado, os AGEs
produzidos intracelularmente causam diferentes danos celulares, i)
proteinas intracelulares sdo modificadas covalentemente por
propagadores de AGEs, tendo sua atividade alterada (Giardino et al.,
1994); ii) proteinas que participam da endocitose de macromoléculas
também sdo modificadas por AGEs (Shinohara et al., 1998); iii) a
formacdo dos AGEs causa interacdo anormal de proteinas da matriz
extracelular com outras proteinas de matriz e integrinas (Brownleg,
2001), resultando na diminuicdo da elasticidade dos vasos de animais
hiperglicémicos (Huijberts et al., 1993); iv) proteinas plasmaticas
modificadas por AGEs produzem ligantes que podem interagir nos
receptores RAGEs, em células endoteliais (Yan et al., 1994) com
indugdo do NF-«kB (Schmidt et al., 1995; Abordo et al., 1996).

Algumas evidéncias demonstram que em estudos com roedores
hiperglicémicos, proteinas da mielina tanto no sistema nervoso central
como periférico, sdo susceptiveis a glicacdo ndo enzimatica,
desenvolvendo os efeitos toxicos causados pelos AGEs com
subsequente perda de sua funcdo (Vlassara et al., 1983; Weimbs e
Stoffel, 1994). Também, proteinas do citoesqueleto, como a tubulina,
actina e neurofilamentos, as quais sdo responsaveis pela manutencéo da
estrutura e fungéo do axdnio, quando glicadas, contribuem para atrofia e
degeneracdo axonal (Williams et al., 1982; Cullum et al., 1991; Pekiner
etal., 1993; Ryle et al., 1997).

1.5.1 Espécies Reativas de Oxigénio (EROs)

Radicais livres sdo &tomos ou moléculas altamente reativos, que
contém um elétron ndo pareado em sua Orbita mais externa, sendo
formados durante varias reacdes metabolicas. Dentre eles encontram-se
o superoxido (O,"7), radical hidroxil (OH") e o radical peroxil (RO,).
Também ha a formacgéo de espécies ndo radicalares, como o peroxido de
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hidrogénio (H,0,) e é&cido hipocloroso (HCIO), todos sendo
denominados como EROs. Existem também as espécies reativas de
nitrogénio, as quais sdo produzidas em rotas similares as dos EROs e
incluem o radical ON e os ndo radicais peroxinitrito (ONOO"), 6xido
nitroso (N,O) e o peroxinitrito alcalino (RONOO) (Cadenas, 1989;
McCord, 2000; Desai et al., 2010).

A geracdo de EROs nem sempre é prejudicial ao organismo,
pelo contrario, € necessaria em varios processos bioldgicos: sinalizagcdo
celular, contracdo muscular e sistema imune (Kaneko et al., 2001). O
problema é quando os niveis totais de EROs forem maiores que a
capacidade de defesa, podendo ocorrer danos celulares significativos.

A mitocbndria é o principal local de producdo de EROs em
condicdes fisiologicas (Chance et al., 1979; Sipos et al., 2003). Os
complexos | e Il da cadeia respiratdria sdo os principais geradores de
EROs. No complexo |, o superdxido é liberado para a matriz
mitocondrial, ja no Il a liberacdo pode ser tanto na matriz, no espago
intermembranas e no espaco extramitocondrial (Han et al., 2001; St-
Pierre et al., 2002). Para contrabalancear a produgdo de EROs, a
mitocOndria possui sistemas de defesa antioxidante, como as enzimas
manganés superoxido dismutase (Mn-SOD), peroxiredoxinas, o sistema
glutationa peroxidase/glutationa redutase, a coenzima Q1o (ubiquinona),
creatina e nicotinamida (Okado-Matsumoto e Fridovich, 2001; Droge,
2002; Fernandez-Checa, 2003; James et al., 2004; Kojo, 2004). Mais
recentemente, foi demonstrado que algumas quinases mitocondriais
como a hexoquinase (HK) e a creatinaquinase (CK), possuem um papel
essencial como antioxidantes mitocondriais (Dolder et al., 2003;
Santiago et al., 2008). Esta atividade parece estar relacionada com a
capacidade de modular o potencial de membrana mitocondrial (Ay),
pois quanto maior o valor do Ay, maior ¢ a probabilidade de formar
EROs. Sabe-se ainda, que a taxa de producdo de EROs é inversamente
proporcional a disponibilidade de ADP intramitocondrial (Korshunov et
al., 1997; Cadenas e Davies, 2000). A excessiva producdo de EROs
pode também induzir a oxidacdo de acidos graxos poli-insaturados de
membrana, muito concentrados no SNC, levando a maltiplos produtos
toxicos de peroxidacéo lipidica (Poli e Schaur, 2000).

1.5.2 Mitocéndria
A mitocdndria € uma organela celular responsavel pela maior

producdo liquida de energia, a qual contém proteinas envolvidas com a
oxidacdo de nutrientes bem como com a respiracdo celular com
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concomitante geracdo de energia (Lehninger e Smith, 1949; Kennedy e
Lehninger, 1950, 1951). Esta organela possui uma estrutura basicamente
membranosa, sendo envolvida por duas membranas, a membrana
externa e a membrana interna, ambas com composi¢do quimica e
estrutural semelhante ao plasmalema.

ATP sintase Membranainterna
(FF) Impermeavel para a maioriadas
A moléculas pequenas e ions, inclusive H*
Contém:
-Transportadoresrespiratorios de
elétrons (complexos|a IV)
ADP/ATP translocase
ATP sintase (F,F,)
Transportadoresda membrana interna

A espago intermembranoso

matriz
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Contém: p aistas |

) . ribossomos

Complexo da piruvatodesidrogenase

Enzimas do ciclo do acido citrico

Enzimas da B-oxidac3o dos acidos graxos
-Enzimas da oxidac3o dos aminoacidos
DNA, ribossomos
Muitas outras enzimas

ATP, ADP, Pi, Mg?, Ca¥, K* Membrana externa
Muitos intermediarios metabolicos soluveis Totalmente permeavelpara
peguenas moléculaseions
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Figura 10. Anatomia bioquimica da mitocondria (A) e
proteinas envolvidas na fosforilagcdo oxidativa (B) (Adaptado
de (Lehninger et al., 2004)

A membrana externa é mais permedvel que a membrana interna.
O espaco entre estas membranas €é denominado espago
intermembranoso, onde ocorrem reacGes essenciais ao metabolismo
celular. A membrana interna é formada por pregas que se expandem no
espaco intramitocondrial (matriz mitocondrial) denominadas cristas
mitocondriais (Lehninger et al., 2004) (Figura 10).

A maquinaria molecular desta organela compreende enzimas
presentes na matriz mitocondrial (ciclo de Krebs) e proteinas
organizadas na membrana mitocondrial interna (cadeia transportadora
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de elétrons ou cadeia respiratoria). Os genomas nuclear e mitocondrial
sdo responsaveis por codificar os complexos protéicos envolvidos na
formacdo de energia e respiracdo celular (Di Donato, 2000).

1.5.3 Cadeia respiratoria e fosforilacdo oxidativa

A cadeia respiratéria (CR) é composta por uma orquestra de
cinco complexos enzimaticos distribuidos de forma especial na
membrana mitocondrial interna. Os elétrons oriundos do NADH e do
FADH, vindos do ciclo de Krebs e de outras reagdes catalisadas por
desidrogenases sdo transferidos para a CR, tendo o oxigénio molecular
como aceptor final. Junto a este processo, ocorre a translocagdo de
prétons através da membrana mitocondrial interna e a sintese
endergbnica de ATP, empregando como for¢ca motriz a energia
armazenada como gradiente eletroquimico de prétons (Babcock e
Wikstrom, 1992; Voet e Voet, 1995). A maior parte das proteinas que
constituem cada complexo se encontram embebidas na membrana
mitocondrial interna, possuindo varios grupamentos prostéticos com
potencial de oxi-redugdo sucessivamente maiores (Voet e Voet, 1995;
Di Donato, 2000).

Os elétrons que provém principalmente da glicolise e do ciclo
de Krebs sdo doados através do NADH e entram pelo complexo |
(NADH - Coenzima Q redutase), o qual transfere estes elétrons para a
coenzima Q (CoQ), também chamada de ubiquinona. Este complexo é o
maior componente proteico presente na membrana mitocondrial interna
e é formado por sete unidades codificadas pelo DNA mitocondrial e
pelo menos por 34 subunidades codificadas pelo DNA nuclear (Voet e
Voet, 1995; Di Donato, 2000; Sivitz e Yorek, 2010). O Complexo |
possui uma molécula de flavina mononucleotideo (FMN) como
grupamento prostético e de seis a sete centros ferro-enxofre, os quais
participam da transferéncia de elétrons. O NADH é capaz de transferir
dois elétrons, e a FMN e CoQ sdo capazes de aceitar um ou dois elétrons
de cada vez, pois suas formas semiquinonas sdo estaveis.

O complexo Il (Succinato — Coenzima Q redutase) é composto
por quatro subunidades proteicas, dentre elas a enzima dimérica
succinato desidrogenase, componente do ciclo de Krebs, todas
codificadas pelo DNA nuclear. Neste complexo, os elétrons provindos
do FADH, sdo doados para a CoQ. Estdo presentes um FAD
covalentemente ligado a succinato desidrogenase, dois centros ferro-
enxofre e um citocromo bsgo (Voet e Voet, 1995; Di Donato, 2000).
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Os elétrons provindos da CoQ sao transferidos para o carreador
movel de elétrons, o citocromo c através do Complexo Il (Coenzima Q
— Citocromo c redutase). Este complexo esta arranjado assimetricamente
na membrana mitocondrial interna contendo 11 subunidades, onde trés
delas contém centros redox utilizados na geracdo de energia. Estas trés
unidades chaves estdo representadas pelo citocromo b, Unico codificado
pelo genoma mitocondrial, um centro ferro-enxofre e o citocromo c;
(Saraste, 1990).

O Complexo 1V (Citocromo ¢ oxidase) é o ultimo complexo da
cadeia transportadora de elétrons, onde estes sdo transferidos do
ferrocitocromo ¢ para o oxigénio molecular. Este complexo consiste de
doze ou mais subunidades polipeptidicas (Barrientos et al., 2002). O
centro catalitico da enzima é formado por trés subunidades maiores e
sdo codificadas pelo DNA mitocondrial. A subunidade | contém
grupamentos heme e um dos ions Cu (Cug), € a subunidade Il contém
um centro de Cu binuclear (Cu,) (Capaldi, 1990). A subunidade Il ndo
apresenta grupamento prostético e nao parece estar envolvida na sintese
de ATP, apenas favorece a estabilidade estrutural. As demais
subunidades, codificadas pelo DNA nuclear, ndo parecem ser essenciais
ao mecanismo catalitico basico de reducédo de oxigénio e a transferéncia
vetorial de prétons (Saraste, 1990; Barrientos et al., 2002). A reacdo
redox entre o citocromo ¢ e 0 oxigénio molecular ¢ irreversivel, sendo a
citocromo ¢ oxidase uma enzima chave na producdo de energia (Poyton
e McEwen, 1996).

O complexo V ou ATP sintase é responsavel pela sintese de
ATP, sendo formado por duas subunidades codificadas pelo DNA
mitocondrial (ATPase 6 e 8) e pelo menos por doze subunidades
codificadas pelo DNA nuclear. E formado por um componente catalitico
solivel localizado na matriz mitocondrial (F;-ATPase) e um
componente de membrana hidrofébico (F,-ATPase) o qual contém um
canal de protons e é sensivel ao antibiético oligomicina (Saraste, 1990).

Os complexos transmembrana I, 11l e IV, além de participar da
transferéncia de elétrons na CR, possuem a capacidade de bombear
prétons da matriz mitocondrial para o espaco intermembranas, formando
um gradiente eletroquimico. Este gradiente determina uma polariza¢éo
da membrana mitocondrial interna, que pode ser revertida pelo fluxo
desses protons através do componente F, da ATP sintase. O fluxo de
prétons leva a condensagdo do ADP e de fosfato inorganico em ATP
(Saraste, 1990; Wallace, 1999). A ATP sintase é uma enzima
funcionalmente reversivel que pode catalisar tanto a sintese quanto a
hidrélise de ATP (Saraste, 1990).
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1.5.4 Creatinaquinase (CK)

Em células que apresentam um elevado metabolismo
energético, a CK cataliza a transferéncia reversivel de um grupamento
N-fosforibosil entre fosfocreatina (PCr) e ADP, fornecendo um sistema
eficaz de tamponamento do ATP (Bessman e Carpenter, 1985; Bittl e
Ingwall, 1985).

PCr + Mg”*-ADP + H" & Creatina + Mg**-ATP

Esse fendbmeno pode explicar a habilidade dos tecidos cardiaco,
muscular e cerebral em alternar a velocidade de consumo de energia
durante os periodos de maior atividade, pois a velocidade desta reacdo
excede em magnitude a velocidade de sintese de ATP celular (Bittl e
Ingwall, 1985; Saks et al., 1996b; Saks et al., 1996a).

1.5.5 Estégios da respiragdo mitocondrial

A quantificacdo dos estagios da respiracdo mitocondrial foram
inicialmente definidos por Chance e Williams como a base do controle
respiratorio celular (Chance et al., 1973). Estes indices fisiol6gicos
poderiam ser explicados como o resultado do transporte de elétrons,
oriundos principalmente, mas ndo exclusivamente do NADH e do
FADH,, através de um sistema convergente, e ndo linear como
usualmente caracterizado nos diferentes livros de texto sobre
Bioquimica, acoplado a sintese de ATP (Gnaiger, 2007). O controle da
respiracdo mitocondrial pode ser identificado experimentalmente através
da identificacdo dos diferentes estagios respiratorios em suspensdes
mitocondriais empregando o tradicional eletrodo de Clark (Chance et
al., 1973) (Figura 11). De acordo com Nicholls e Ferguson (2001), as
diferentes fases da respiragcdo mitocondrial sdo denominadas da seguinte
forma:

e estagio I: consumo de oxigénio gerado pela presenca de
suspensBes mitocondriais no eletrodo de Clark, e na presenca de
fosfato inorganico (P;);

e estagio II: consumo de oxigénio basal na presenca de
mitocOndrias energizadas com substratos metabdlicos, como
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por exemplo, succinato, e na auséncia de ADP; fase ndo
fosforilante;

e estagio Ill: consumo de oxigénio estimulado pela adi¢do de uma
guantidade conhecida de ADP; fase fosforilante;

e estagio IV: consumo de oxigénio retorna ao estado basal apés
ter consumido todo o ADP acrescido no estagio Ill, dessa
forma, esta fase é equivalente ao estagio Il;

e estagio V: sistema onde ndo ha oxigénio dissolvido.

500 nmol
de ADP

Mitocéndria Succinato

ADP
consumido

Respiracdo Total do
nmol de 0, / mL consumo de
0, =290 nmol

Tempo

Figura 11. Estdgios de respiracdo mitocondrial. O estagio Il de
respiragdo mitocondrial foi estimulado pela adi¢do de succinato. A alta
taxa de consumo de oxigénio foi induzida pela adi¢do de uma
quantidade conhecida de ADP (500 nmol). Adaptado de (Nicholls e
Ferguson, 2001)
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2 OBJETIVOS

2.1 OBJETIVO GERAL

O objetivo geral deste trabalho visa o melhor entendimento do
efeito do controle estrito da glicemia pela administragdo de insulina
sobre o metabolismo oxidativo celular em animais que desenvolveram
hiperglicemia pela administracéo de estreptozotocina. Ainda pretende-se
investigar os efeitos induzidos pela exposi¢do de sistemas in vitro a
concentragcBes crescentes de proteinas oxidadas por derivados de

glicose.

2.2 OBJETIVOS ESPECIFICOS

a)

b)

d)

Padronizar o modelo animal de hiperglicemia induzido pela
administracdo intraperitoneal de estreptozotocina em ratos
Wistar;

Identificar a dose de insulina mais adequada para normalizar
as concentracbes de glicemia  destes  animais
hiperglicémicos;

Investigar o efeito in vivo da hiperglicemia cronica sobre
parametros do metabolismo energético e estresse oxidativo
em cérebro, olhos e tecidos periféricos de ratos
hiperglicémicos e de animais que tiveram a glicemia
normalizada através da administracdo de insulina exdgena;
Sintetizar AGEs através da incubacdo de albumina sérica
bovina e metilglioxal (MG-BSA) e caracterizar o grau de
oxidacdo deste composto através da deteccdo de
aminoéacidos livres ndo oxidados, formacao de compostos de
Maillard (precursores de AGEs), formacdo de proteinas
carboniladas e a quantidade de proteinas totais;

Investigar o efeito in vitro de MG-BSA sobre a cadeia
respiratéria em preparacdes mitocondriais de musculo
esquelético e figado de ratos Wistar; sobre pardmetros de
estresse celular em células da linhagem MIO-M1 humana de
retina e sobre respiracdo celular em fibroblastos de pele de
rato.



44

3 JUSTIFICATIVA E HIPOTESE

O DM ¢é uma doenca que representa um dos principais
problemas de ordem mundial, tanto em nimero de pessoas afetadas
guanto na incapacidade para o trabalho, sendo que para o ano de 2030
esta previsto que 366 milhdes de individuos estejam acometidos por esta
sindrome.

Embora muitos estudos vém sendo realizados para melhor
entender a fisiopatologia do DM, ainda pouco se sabe sobre a relacéo
entre a hiperglicemia crénica, o efeito do controle estrito da glicemia por
administragdo de insulina e o impacto destes sobre o metabolismo
oxidativo em nivel molecular. Neste sentido, recentemente foi
demonstrado que a hiperglicemia pode modular negativamente a
atividade dos complexos da cadeia respiratria mitocondrial, e esse
efeito persiste, ainda que as concentracBes de glicose sanguinea sejam
normalizadas. A partir deste e outros dados da literatura, principalmente
baseados em trials clinicos, surge o conceito de memoria metabdlica, o
qual suporta a idéia de que o controle hiperglicEémico nos estagios mais
precoces seria crucial para prevenir as complicagcdes desenvolvidas nos
estagios mais avancados da doenca.

Neste contexto, o presente estudo pretende contribuir para a
identificagdo de marcadores do metabolismo oxidativo, tanto periféricos
como do sistema nervoso central, em um modelo crbnico de
hiperglicemia induzido pela administragdo de estreptozotocina. Assim, o
melhor entendimento dos mecanismos moleculares envolvidos durante a
hiperglicemia cronica representara um avanco para a descoberta de
estratégias terapéuticas eficazes que consigam prevenir ou atenuar as
severas complicacBes decorrentes desta enfermidade.

Contudo, este estudo suporta a hipétese de que os altos niveis
de glicose sanguinea possam modular alguns marcadores de
neurodegeneracdo e/ou neovascularizagdo em funcdo do tempo de
exposicdo a hiperglicemia e que a administracdo de insulina exégena
talvez possa reverter, atenuar ou ainda prevenir estes processos, 0s quais
possivelmente tornam-se mais evidentes ao longo do tempo, sendo
responsaveis pelas complicagbes vasculares caracteristicas desta doenca.
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4 MATERIAL, DESENHO EXPERIMENTAL E METODOS
4.1 EXPERIMENTOS IN VIVO
4.1.1 Reagentes

Todos os reagentes utilizados foram de grau de pureza PA.
4.1.2 Animais

Foram utilizados ratos Wistar machos de 60 dias de vida
pesando entre 250-350g provindos do Biotério Central da Universidade
Federal de Santa Catarina. Os animais foram aclimatados no Biotério
Setorial do Laboratério de Bioenergética e Estresse Oxidativo (N°
cadastro BIO040), com temperatura controlada 22 + 1°C, com ciclo
claro/escuro de 12 horas. Foram mantidos em gaiolas de plastico
individuais com livre acesso a agua e a ragdo comercial, exceto nos dias
em que houve determinacfes de glicemia, onde permaneceram em jejum
por 6 horas. Todos os procedimentos foram executados de acordo com o
“Guia de Principios para o uso de Animais em Toxicologia” adotado
pela sociedade de toxicologia em Julho de 1989. Todos os experimentos
foram aprovados pelo Comité de Etica para o uso de Animais — CEUA,
da Universidade Federal de Santa Catarina (PPO00350/CEUA).

4.1.3 Modelo experimental in vivo de hiperglicemia

Para cada inducdo deste modelo foram empregados 30 animais,
onde 20 animais receberam uma dose intraperitoneal de 55 mg/kg de
STZ com jejum prévio de 14 horas. Os outros 10 animais receberam
através da mesma via de administracdo, tampéo citrato de sédio 0,1M
pH 4,5 (animais controles; Grupo Controle). Ap6s a indugdo, 0s animais
receberam agua contendo 5% de glicose durante 24 horas para evitar
morte por hipoglicemia. Passado este periodo, receberam agua da
torneira e ragdo comercial ad libitum.

Quatro dias apds a administracdo de STZ, com jejum prévio de
6 horas, a glicemia destes animais foi determinada pelo método da
glicose oxidase, utilizando o auto-analisador Optium™ Xceed (Abbott)
em amostras de sangue da cauda. Os animais com glicemia maior ou
igual a 200 mg/dL foram considerados hiperglicémicos e imediatamente
divididos em dois grupos. Um deles permaneceu hiperglicémico (Grupo
STZ) e o0 outro, recebeu por via subcutanea, 1,5 Ul de insulina Novolin®
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N humana, duas vezes ao dia, com 0 objetivo de normalizar os niveis de
glicose sanguinea (Grupo STZ+INS). Os animais ficaram submetidos a
estas condigdes por 10, 30 e 60 dias como indicado no esquema 1.

[
Veiculo 2':!

100mM de s
tampdo citratode =110 mgldL dlasde tratamento

/
sodio, pH 4,5 (i.p.) Grupo el
Aguapotavel
5 ad libitum otd
B &
% o/
% Solucdode STZ > 200 JdL
. 55mg/Kg / mg
(i.p.) I Grupo hlperghcémuoo
o de gicose 5% (STZ)
;. ad libitum -

% insuling
Hovolin®N
{1,5U duas vezes/dias.c)

Grupo hlperghoemlw
+insulina exégena
(STZ+INS)

Esquema 1. Desenho experimental. Desenvolvimento de hiperglicemia pela
administracdo de streptozotocina (STZ) em ratos Wistar adultos. Para
detalhes ver M&M.

4.1.4 Preparacdo das amostras para analise de paréametros
bioquimicos

Para a mensuracdo da atividade dos complexos da cadeia
respiratoria, o cérebro e tecidos periféricos, figado, misculo cardiaco,
musculo esquelético e rim, foram homogeneizados em dez volumes de
tampdo fosfato de potassio 5mM, pH 7,4, contendo sacarose 300 mM,
MOPS 5 mM, EGTA 1 mM e albumina sérica bovina 0,1%.
Posteriormente, o homogeneizado foi centrifugado a 3.000 x g durante
10 minutos a 4°C. O sobrenadante foi novamente centrifugado a 17.000
X g durante 10 minutos a 4°C. O sobrenadante foi descartado e o pellet
foi suspendido no mesmo tampdo utilizado no processo de
homogeneizagéo, constituindo uma suspenséo rica em mitocéndrias com
uma concentragdo proteica de aproximadamente 20 mg/mL (Latini et
al., 2005). Para a mensuracdo da atividade da CK, esta fracdo
mitocondrial foi lavada duas vezes com tampdo Tris 10 mM, pH 7,5,
contendo sacarose 0,25 M e posteriormente suspendida em tamp&o Tris
100 mM, pH 7,5, contendo MgSO,4 9 mM (Hughes, 1962).



47

4.1.5 Preparacao dos tecidos para andlise de parametros histoldgicos

Apo0s o término dos diferentes tratamentos in vivo, 0s animais
foram perfundidos com solugéo de paraformaldeido 4%. Posteriormente,
0 cérebro e os tecidos periféricos foram removidos, imediatamente
imersos nesta solucdo por 24 horas (processo de fixacao), e desidratados
em série alcodlica crescente (1 hora em cada solucdo alcodlica: 70%,
80%, 90% e 100%, este Gltimo por duas vezes). Posteriormente, as
pecas foram imersas em solucédo alcodlica contendo xilol durante vinte
minutos, diafanizadas em xilol e incluidas em parafina em moldes
apropriados. Apos solidificagdo, os blocos de parafina foram removidos
dos moldes, aparados e acoplados ao micrétomo rotativo. Os cortes
foram realizados na espessura de 6 pum.

O olho foi retirado e imediatamente imerso em paraformaldeido
4% (diluido em PBS 10mM pH 7,4), e permaneceu overnight a 4°C.
Apos, foi colocado em solucbes de concentracdo crescente de sacarose
(10%, 20% e 30%), e mantido a 4°C, durante 5 horas. O 06rgédo
permaneceu em solucdo de 30% de sacarose, a 4°C, até o corte em
criostato, o qual ¢ realizado entre 8 e 12 um. Apds a montagem das
laminas, estas permanecem a 4°C. A formagdo de neovasos foi
verificada através de marcacdo com GSA-lectina, e o estresse celular
através de imunohistoquimica para GFAP.

4.1.5.1 Marcagdo para GSA-lectina

Anterior ao inicio da técnica, as laminas foram colocados para
aclimatacdo a temperatura ambiente, por aproximadamente 10 minutos.
Ap0s este passo, as laminas foram fixadas com paraformaldeido a 4%,
por 30 minutos. As laminas entdo foram lavadas com TBS pH 7,6
(tampédo contendo Tris-HCI 0,05 M e cloreto de sédio 150 mM) por 10
minutos. O bloqueio das peroxidases enddgenas foi realizado com uma
solucdo de metanol frio e peroxido de hidrogénio (40:1), durante 10
minutos. Novamente as laminas foram lavadas com TBS para retirada
desta solucdo. O bloqueio dos sitios inespecificos foi realizado com soro
normal suino a 10% (diluido em TBS), por 30 minutos. As laminas
foram incubadas com GSA-lectina (lectina biotinilada, utilizou-se esta
diluida em 20 volumes de soro normal suino), em cdmara Umida, a 4°C,
overnight. Apos este periodo, as Iaminas foram lavadas em TBS, por 10
minutos, duas vezes, para retirada da GSA-lectina. As laminas foram
entdo incubadas com HRP-Avidina D (amplificacdo da marcagdo), que
foi diluida em 100 volumes de soro normal suino a 1%, durante 30
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minutos. As laminas foram lavadas novamente por duas vezes em TBS
por 10 minutos, para retirar a HRP-Avidina D. Utilizou-se DAB
(diaminobenzidina) para revelagdo da marcacdo, por aproximadamente
dois minutos, e a reacdo foi terminada com &gua. As laminas foram
contracoradas com hematoxilina, esperou-se sua secagem, e cobriu-se 0s
cortes utilizando-se entelan e laminula (Werdich et al., 2004).

4.1.5.2 Marcacdo para GFAP

As laminas foram aclimatadas a temperatura ambiente, os cortes
foram fixados em paraformaldeido a 4% e lavadas com PBS pH 7,6
(tampdo fosfato-salina). O tecido foi permeabilizado utilizando-se
metanol absoluto frio, por sete minutos. O bloqueio das peroxidases
enddgenas foi realizado com uma solugdo de 3% de peroxido de
hidrogénio e, apos, as ldaminas foram lavadas com PBS por 10 minutos.
O bloqueio dos sitios inespecificos foi realizado com albumina sérica
caprina a 2%, diluida em PBS, por 20 minutos. O anticorpo anti-GFAP
foi diluido em 100 volumes de albumina sérica caprina a 1%. A
incubacdo com este foi realizada em camara Umida, a 4°C, overnight. As
laminas foram lavadas por trés vezes com PBS, para retirada do
anticorpo primario. Os cortes foram entdo biotinilados (a biotina sofre
interacdo com proteinas, portanto, liga-se ao anticorpo primario),
utilizando-se o reagente “link” do kit Dako, durante 30 minutos. As
laminas foram lavadas em PBS para retirada desta solugdo. Foi aplicado
entdo o outro reagente do kit Dako, o “label”, que seria uma solugdo de
estreptavidina (para amplificacdo), durante 30 minutos. As laminas
foram novamente lavadas trés vezes com PBS, por 10 minutos. Apds,
incubadas com DAB, por dois minutos aproximadamente. A reacgao foi
terminada com agua, os cortes foram corados com hematoxilina, e para
retirar 0 excesso desta, as laminas foram postas novamente em agua.
Apos a secagem, as ldminas foram montadas com laminula e entelan
(Brozzi et al., 2009).

4.2 EXPERIMENTOS IN VITRO
4.2.1 Sintese de AGEs

Os AGEs foram sintetizados a partir da exposicdo de albumina
sérica bovina (BSA) a MG.
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4.2.1.1 Formacéo de AGEs a partir de MG (MG-BSA)

Para a geracdo de proteinas oxidadas por MG, BSA na
concentracdo de 7,2 mg/mL foi exposta a0 MG em duas concentracdes,
100 mM e 1 mM (MG-BSAigh € MG-BSA,,,, respectivamente) em
tampdo fosfato de sddio 100 mM, pH 7,4 a 37°C por 50 horas em
condicdes estéreis (as solucdes foram filtradas em membrana de 0,22
pm). Apos este periodo, estas solu¢des modificadas de proteinas foram
dialisadas em tampéo bicarbonato de aménio 30 mM, pH 7,9 a 4°C, e
congeladas a -86°C (Westwood et al., 1994).

4.2.2 Preparacdo dos homogeneizados para determinagdo de
parémetros bioquimicos

Para a mensuracdo da atividade dos complexos da cadeia
respiratoria in vitro, o musculo e o figado foram homogeneizados em
dez volumes de tampdo fosfato de potassio 5mM, pH 7,4, contendo
sacarose 300 mM, MOPS 5 mM, EGTA 1 mM e albumina sérica bovina
0,1%. Posteriormente, 0 homogeneizado foi centrifugado a 3.000 x g
durante 10 minutos a 4°C. O sobrenadante foi novamente centrifugado a
17.000 x g durante 10 minutos a 4°C. O sobrenadante foi descartado e o
pellet foi suspendido no mesmo tampdo utilizado no processo de
homogeneizacdo, constituindo uma suspensao rica em mitocéndrias com
uma concentragdo protéica de aproximadamente 20 mg/mL (Latini et
al., 2005). Estes homogeizados foram utilizados para incubar as
mitocOndrias isoladas com diferentes concentracdes de MG-BSA.

4.2.3 Preparacao e manutenc¢ao de cultura de células
4.2.3.1 Cultura primaria de fibroblastos

Fibroblastos foram isolados de biopsia de pele da regido dorsal
de ratos Wistar fémeas com um dia de vida, empregando a técnica de
explantos (Keira et al., 2004). As células foram cultivadas em meio
Eagle’s com modificacdo de Dubelcco (DMEM) contendo 100 1U/mL
de penicilina, 0,1 mg/mL de streptomicina, 0,25 pg/mL de anfotericina,
5,5 mM de D-Glicose, 2% de glutamina, 0,22% de NaHCO3 e 0,47% de
HEPES, suplementadas com 10% de soro fetal bovino (SBF), e
mantidas a 37°C com um minimo de 95% de umidade relativa e em uma
atmosfera de ar com 5% de CO,. Posteriormente, as células foram
tratadas com 0,05% de tripsina / &cido etileno-diaminotetracético
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(EDTA) e semeadas em placas de 24 pocos (10 x 10° células / poco).
Apos a confluéncia, o meio foi trocado por DMEM contendo 0,5% de
soro, com a presenca de AGE-MGqy ¢ nigh Nas concentragoes (0,01 — 1
mg/mL).

4.2.3.2 Cultura de linhagem MIO-M1 humana

As células de Miiller sdo células gliais radiais similares aos
astrocitos que se estendem através da retina. Possuem a capacidade de
estabilizar a arquitetura retinal fornecendo suporte estrutural e
metabolico para neur6nios e vasos sanguineos da retina (Newman e
Reichenbach, 1996; Limb et al., 2002).

As células cresceram em meio DMEM contendo 100 1U/mL de
penicilina, 0,1 mg/mL de streptomicina, 0,25 pg/mL de anfotericina, 5
mM de D-glicose e suplementadas com 10% SBF e mantidas a 37°C
com um minimo de 95% de umidade relativa e em uma atmosfera de ar
com 5% de CO,. Posteriormente, as células foram tratadas com 0,05%
de tripsina / EDTA e semeadas em placas de 24 pocos (10 x 10° células /
poc¢o). Apds atingirem a confluéncia de 80%, o meio foi trocado por
DMEM contendo 0,5% de SFB e as células foram incubadas com MG
nas seguintes concentragdes (0-1000M) por 8 horas.

4.2.3.2.1 Analise por Western Blotting

Apo6s o periodo de incubacdo descrito acima, 0s extratos
celulares foram preparados utilizando tampéo de lise contendo 10 mM
de tampéo fosfato salina, 150 mM de NaCl, 1% de Triton X-100, 0,5%
de desoxicolato de sodio, 0,1% de Nonidet P-40 (octilfenoxi-polietoxi-
etanol) e submetidos a eletroforese em gel desnaturante de SDS-
poliacrilamida (10%), sendo posteriormente transferidos para a
membrana de nitrocelulose (Amersham Hybond™-C Extra). Apés a
transferéncia, a membrana foi bloqueada em solugdo de leite desnatado
(5%) por 1 hora e posteriormente incubada com o anticorpo primario
anti-GFAP (diluicdo 1:100) por 12 horas a 4°C. A visualizacdo das
proteinas foram realizadas utilizando o anticorpo secundario especifico
conjugado a peroxidase (diluicdo 1:2.500) por 1 hora (Santa Cruz
Biotechnology, CA, EUA) e as bandas com reatividade anti-GFAP
foram visualizadas através do uso de kit de quimiluminescéncia
(Amersham EDL Plus™ Western Blotting Detection Reagents) e filme
radiogréfico (Amersham Hyperfilm EDL), segundo recomendacfes do
fabricante (Caceres et al., 2010).
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5 RESULTADOS

O presente trabalho resultou na confec¢do de dois manuscritos,
0s quais estdo em processo de submissdo a periédicos cientificos e
listados abaixo:

Manuscrito 1: “Increased mitochondrial creatine kinase activity as a
compensatory effect for the severe tissue energy deficits elicited in
streptozotocin-induced hyperglycemic rats”, 0 qual serd submetido a
“Diabetes”.

Manuscrito 2: “Differential effects of insulin on peripheral diabetes-
related mitochondrial bioenergetics alterations: involvement of
advanced glycosylated end products”,0 qual foi submetido & BBA -
Molecular Basis of Disease.

Além disso, resultados preliminares sdo demonstrados nesta
secdo.
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5.1 MANUSCRITO 1

“Increased mitochondrial creatine kinase activity as a compensatory
effect for the severe tissue energy deficits elicited in streptozotocin-
induced hyperglycemic rats”, o qual serd submetido a “Diabetes”.
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Abstract

Objective: Hyperglycemia appears to be the triggering factor in
inducing debilitating vascular pathologies, including neuropathies, in
diabetic patients. This study aimed to investigate the effect of long-term
insulin administration on tissue energetics in streptozotocin (STZ)-
induced hyperglycemic rats.

Research Design and Methods: The activities of key energy
metabolism enzymes, oxygen consumption, oxidative stress, and
apoptotic parameters were measured in CSF, blood, brain and/or
peripheral tissues from STZ-treated rats (single intraperitoneal injection
of 55 mg / kg). In addition, in order to evaluate the effect of the tight
glucose control, these garameters were also assessed in rats receiving
insulin (1.5UI Novolin™ N insulin, twice a day). The animals remained
in this conditions during ten or 60 days.

Results: A marked energy deficiency was observed in brain of STZ-
animals as shown by the significant reduction in the activities of the
electron transfer chain complexes I-IV and increased succinate-
stimulated respiring state IV in STZ-rats. This impaired energetics was
associated with increased creatine kinase activity, which was also
confirmed in peripheral STZ-tissues, where it was also found altered
hexokinase activity (increment in skeletal muscle and reduction in the
liver). Additionally, systemic oxidative stress was evidenced by
increased blood lipid peroxidation and reduced levels of free thiols, and
low concentration of CSF BHA4.

Conclusions: This study demonstrated increased creatine kinase activity
as a possible compensatory mechanism induced by severe energy deficit
in STZ-rats. This could be related to the debilitating neuropathy
observed in diabetic individuals, including hypersensitivity to stress,
increased risk of stroke, dementia and cognitive impairment.

Keywords: streptozotocin, electron transfer chain, creatine kinase, brain
energy deficiency
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1 INTRODUCTION

Diabetes mellitus (DM) is a common disease that features a
state of chronic hyperglycemia and is one of the leading causes of
morbidity and mortality in developed countries. DM affects more than
124 million individuals, and it is estimated that 300 million people
worldwide will suffer the disease by 2025 (Wild et al. 2004).

Persistent hyperglycemia in uncontrolled diabetes is known to
provoke specific microvasculature pathology in the retina, renal
glomerulus and peripheral nerves. As a consequence of these
microvascular complications, DM causes blindness, kidney failure and a
variety of debilitating neuropathies (Vinik et al. 2003; Boulton et al.
2005; Gross et al. 2005; American Diabetes Association 2010). The
microvascular dysfunctions predisposes to the development of DM
macrovascular pathology (Camici and Crea 2007), which is
characterized by DM-accelerated atherosclerosis, which in turn leads to
increased risk of myocardial infarction, stroke and limb amputations
affecting, therefore, nearly every organ in the body (Wei et al. 1998;
Brem et al. 2006). Thus, these alterations lead to high mortality,
especially in those people aged less than 40 years (Nathan et al. 2005;
Orchard and Costacou 2010). In line with this, several large randomized
controlled trials have been demonstrated that early intensive glycemic
control may decrease the risk of these pathologies (Reichard et al. 1993;
Nathan et al. 2005).

The persistent hyperglycemia of DM results in glucose toxicity
apparently by four mechanisms, including augmented polyol and
hexosamine pathways, increased activation of protein kinase C isoforms
and formation of advanced glycated end products (AGEs). These
mechanisms seem to culminate with increased reactive oxygen species
(ROS) production, protein oxidation, enzyme inactivation, changes in
the antioxidant defense system and mitochondrial dysfunction
(Mukherjee et al. 1998; Rosen et al. 2001; Folmer et al. 2002; Brownlee
2005). Although, all DM tissues are exposed to high levels of glucose,
and therefore, to the above mentioned toxic mechanisms, the brain
seems to be more sensitive to these effects, mainly by the high calcium
traffic across neuronal membranes, high concentrations of
neurotransmitters that are autoxidable molecules inducing ROS
formation, high levels of polyunsaturated fatty acids side-chains that
easily can peroxidized and release toxic end product, including
malondialdehyde, and by the modest antioxidant defenses when
comparing with other organs, e.g. the liver (Halliwel and Gutteridge
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2007). On the other side, brain cells have a constantly high glucose
demands, and unlike muscle cells cannot afford anaerobic and glycolytic
bursts and have a physiology that cannot accommodate episode glucose
uptake under the influence of insulin. Thus, neuronal glucose uptake
relies on blood glucose concentrations, and it has been demonstrated
that hyperglycemia in DM results in up to fourfold increases in neuronal
glucose content, leading therefore, to the condition known as glucose
toxicity (Tomlinson and Gardiner 2008). In this context,
epidemiological data show that the DM leads to a higher risk of
developing all forms of dementia, including vascular dementia and
Alzheimer’s disease (AD); the latter characterized by the accumulation
of aggregated proteins in the form of plaques and tangles, extensive
protein and lipid oxidation, mitochondrial dysfunction and
neuroinflammation (Arvanitakis et al. 2004; Biessels et al. 2006). In
addition, the aggregated proteins in AD are known to interact with
AGEs receptors stimulating the activation of the transcription factor NF-
kB, and promoting therefore, pathological transcription of several genes
related to oxidative stress (Yan et al. 1996).

Therefore, in order to better understand the effect of persistent
hyperglycemia on cellular energy and oxidative metabolisms, the status
of key energy metabolism enzymes, oxygen consumption, oxidative
stress, and apoptotic parameters were investigated in CSF, blood, brain
and/or peripheral tissues of streptozotocin (STZ)-treated rats.
Additionally, in order to evaluate the protective effect of the tight
glucose control, these parameters were also assessed in hyperglycemic
rats receiving insulin.

2 MATERIAL AND METHODS

2.1 Animals and reagents. Male Wistar rats of 60 days of life (250-300
g) obtained from the Central Animal House of the Centre for Biological
Sciences, Universidade Federal de Santa Catarina, Floriandpolis - SC,
Brazil, were used in the present investigation. The animals were
maintained on a 12-h light/dark cycle in a constant temperature room
(22°C + 1°C), with free access to water and protein commercial chow
(Nuvital-PR, Brazil), except in the fasting periods previous to blood
glucose measurements (see below). The experimental protocol was
approved by the Ethics Committee for Animal Research
(PPO0350/CEUA) of the Universidade Federal de Santa Catarina,
Florianépolis — SC, Brazil, and was carried out in accordance with the
European Communities Council Directive of 24 November 1986
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(86/609/EEC). All efforts were made to minimize the number of animals
used and their suffering.

Novolin® N insulin, which was purchased from Novo Nordisk
Laboratories (Princeton, NJ, USA), fetal bovine serum from Gibco®
(Carlsbad, CA, USA), primary polyclonal antibody anti-cleaved
caspase-3 (Aspl75) from Cell Signaling® (Danvers, MA, USA),
monoclonal antibody anti-methylglyoxal from JalCA® (Fukuroi,
Shizuoka, Japan), 3,3’-diaminobenzidine from DakoCytomation®
(Carpinteria, CA, USA) and the rest of the chemicals (analytical grade)
were purchased from Sigma (St. Louis, MO, USA).

2.2 Induction of hyperglycemia streptozotocin (STZ) administration.
Hyperglycemia was induced by a single intraperitoneal injection of
55mg/kg STZ, diluted in sodium-citrate buffer (pH 4.5), after a fasting
period of 14 hours. Proper controls were run in parallel. STZ-treated rats
received 5 % glucose solution instead of water during 24 h after STZ
administration in order to avoid death due to hypoglycemic shock.
Blood glucose concentrations were assessed four days after STZ
injection. Glycemia was measured by using a commercial glucometer
(Optium™ Xceed, Abbott, USA). Animals with blood glucose levels
higher than 200 mg/dL (11 mmol/L) were included in the experiments.
Hyperglycemic animals were divided in two groups, the STZ group,
which remains hyperglycemic for 10 and/or 60 days, and the STZ +INS
group, which received 1.5 Ul Novolin® N insulintwice a day in order to
normalize blood glucose levels, for 10 and 60 days. In order to assure
the insulin-induced tight control of glycemia, blood glucose levels were
measured each week. Animal bodyweight was followed daily.

2.3 Blood and CSF sample collection. Blood was collected by cardiac
puncture in heparinized tubes (Ribeiro et al. 2009). Rat CSF samples
were collected as previously described elsewhere (Earley et al. 2000).

2.4 Tissue preparation for biochemical analysis. Animals were killed
by decapitation without anesthesia. The brain, skeletal and cardiac
muscle, kidney and liver were rapidly dissected, weighed and kept
chilled until homogenization, which was performed using a ground glass
type Potter-Elvejhem homogenizer. The maximum period between the
tissue preparation and biochemical analysis was always less than a
week. Samples were kept at -86°C until biochemical determinations.
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2.5 Tissue mitochondrial preparation for measuring the respiratory
chain enzyme, creatine kinase (CK) and hexokinase (HK) activities.
CK and HK activities were assessed in brain and/or periferic tissues
homogenates and/or mitochondrial suspensions. Homogenates were
prepared in 10 volumes of 4.4 mM potassium phosphate buffer pH 7.4,
containing 0.3 M sucrose, 5mM MOPS, 1 mM EGTA and 0.1% bovine
serum albumin. The homogenates were centrifuged at 3,000 x g for 10
min at 4°C. Mitochondria suspensions were prepared as previously
described by our group (Glaser et al. 2010). The supernatant resulting
from the first centrifugation was centrifuged at 17,000 x g for 10 min at
4°C. The obtained pellet was dissolved in the same buffer. For these
tissues preparations an Eppendorf 5415 R centrifuge (Eppendorf,
Hamburg, Germany) was used.

2.6 Measurement of the respiratory chain enzyme activities. Complex |
activity was measured in brain mitochondrial preparations by the rate of
NADH-dependent ferricyanide reduction at 420 nm (1 mM™. cm™) as
previously described (Cassina and Radi 1996). The activities of
succinate-2,6-dichloroindophenol (DCIP)-oxidoreductase (complex I1)
and succinate:cytochrome ¢ oxidoreductase (complex 11-CoQ-complex
I11) were determined according to the method of Fischer et al. (1985)
and that for cytochrome ¢ oxidase (complex 1V) activity according to
Rustin et al. (1994). The methods described to measure these activities
were slightly modified, as detailed in a previous report (Latini et al.
2005). The activities of the respiratory chain complexes were calculated
as pmol or nmol. min™. mg protein®. The enzyme activities were
measured using a Varian Cary 50 spectrophotometer with temperature
control (Varian Inc., Palo Alto, CA, USA).

2.7 CK activity measurement. CK activity was assessed in brain and
periferic tissues homogenates and mitochondrial preparations. The
mitochondrial fraction obtained for measuring the respiratory chain
complex activities was washed twice with 10 mM Tris buffer containing
0.25 M sucrose and finally suspended in 100 mM MgSQO,-Trizma
buffer, pH7.5. CK activity measurement was based on the creatine
formation according to the colorimetric method of Hughes (1962), with
slight modifications as previously described (Glaser et al. 2010). Results
were expressed as pmol creatine formed .min™. mg protein™.

2.8 Measurement of the HK activity. HK activity was determined in
mitochondrial preparations using an enzymatic assay coupled to
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Leuconostoc Mesenteroid's G6PDH activity, monitoring hexokinase
activity indirectly by NADH formation at A = 340 nm. The reaction was
started by adding known ATP concentrations (Galina et al. 1995).
Results were expressed as pmol. min™. mg protein™.

2.9 Mitochondrial respiratory parameters. The rate of oxygen
consumption was measured in a high-resolution respirometry using the
Oroboros® oxygraph with chamber volumes set at 2 mL (Hutter et al.
2004). DatLab software (Oroboros Instruments, Innsbruck, Austria) was
used for data acquisition (1 or 2 s time intervals) and analysis. The
assays were performed with 0.1 mg / mL of brain mitochondrial protein
incubated in the same buffer used for mitochondrial isolation in the
presence of the FAD-linked substrate succinate (5 mM). The rate of
oxygen consumption in these conditions corresponded to state 1V
mitochondrial respiration. State III was initiated by adding 250 nmol
ADP. The respiratory control ratio (RCR; state Il / state V) was then
calculated.

2.10 Non-protein thiol groups (NPSH) measurement. NPSH groups,
whose levels are mainly represented by glutathione (around 90%;
(Cooper and Kristal 1997)), were determined as described previously
described (Ellman 1959) in a fraction of blood with the same volume of
20% trichloroacetic acid. After centrifugation, an aliquot of supernatant
was diluted in 800 mM sodium phosphate buffer, pH 7.4 and 500 uM
DTNB (5,5"-dithio bis-2-nitrobenzoic acid) were added. Color
development resulting from the reaction between DTNB and thiols
reaches a maximum in 5 min and is stable for more than 30 min.
Absorbance was determined at 412 nm after 10 min. Results were
calculated as umol NPSH / mg protein.

2.11 Thiobarbituric acid-reactive substances (TBA-RS) measurement.
Blood TBA-RS was determined in an acid-heating reaction containing
thiobarbituric acid (Esterbauer and Cheeseman 1990). After incubation
in boiling water, the resulting pink-stained TBA-RS was determined in a
spectrophotometer at 532 nm. A calibration curve was performed using
1,1,3,3-tetramethoxypropane. TBA-RS levels were calculated as nmol /
mg potein.

2.12 Caspase-3 and protein immunohistochemistry. Rats were
anesthetized with chloral hydrate (400 mg/kg, i.p.) and transcardially
perfuse with heparin (1,000 U/ml) in physiological saline (NaCl, 0.9%)
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followed by 4% paraformaldehyde in physiological saline. The brains
were rapidly removed and post-fixed overnight in 4%
paraformaldehyde. Subsequently, the brains were sectioned, dehydrated
in ethanol, embedded in paraffin, and sectioned in 7 pm slices. The
guenching of endogenous peroxidase was carried out using 1.5 %
hydrogen peroxide in methanol (v/v) for 20 min. A high temperature
antigen retrieval was performed by immersion of the slides in a water
bath at 95-98°C in 10 mM trisodium citrate buffer pH 6.0, for 45 min.
Immunohistochemistry was performed to identify cleaved caspase-3 and
protein content in cerebral cortex, using primary polyclonal antibody
anti-cleaved caspase-3 (Aspl75) 1:400 (Cell Signaling®), incubated
overnight and followed by washes with PBS. After incubation with
appropriate biotinylated secondary antibodies and incubated with
streptavidin-biotin-peroxidase, the sections were developed with DAB
(3,3’-diaminobenzidine) (DakoCytomation®) in chromogen solution and
counterstained with Harris's hematoxylin. Control and experimental
tissues were placed on the same slide and processed under the same
conditions. The immunostaining was assessed in five layers of cortex.
Images of stained cortex (I, Il, 111, IV and V layer) were acquired using
a Sight DS-5M-L1 digital camera (Nikon, Melville, NY, USA)
connected to an Eclipse 50i light microscope (Nikon). A threshold for
the optical density that better discriminated staining from the
background was obtained using the NIH ImageJ 1.36b imaging software
(NIH, Bethesda, MD, USA). We captured 5-8 images of per section. For
relative quantification of immune expression, total pixels intensity was
determined and data were expressed as average of optical density.

2.13 CSF BH4 levels measuring. BH4 levels were determined by using
reversed-phase  high-performance liquid chromatography  with
electrochemical detection (Howells et al. 1986).

2.14 Protein determination. Sample protein content was determined by
the method of Lowry using bovine serum albumin as the standard
(Lowry et al. 1951).

2.15 Statistical analysis. Results are presented as mean + standard
deviation. Percentages of rat weight gain (initial body weight was
considered as 100%) data were analyzed by using two-way ANOVA for
repeated measures. Data from biochemical determinations were
analyzed using one-way ANOVA followed by the post hoc Duncan
multiple range test when F was significant. Only significant F values
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were given in the text. Differences between the groups were rated
significant at P < 0.05. Statistics were performed using SPSS®

(Statistical Package for the Social Sciences software; version 16.0 for
Windows). All graphs were performed by using Graph Pad Prism 5°.

3 RESULTS

Bodyweight (BW) gain and blood glucose concentrations in adult
(STZ)-administered Wistar rats receiving insulin (INS)

Figure 1A shows the effect of INS administration on
bodyweight (BW) gain in adult STZ-administered Wistar rats. STZ
treatment caused a significant reduction in the BW gain (starting after
six days with 9.5 % of reduction and reaching a maximal BW reduction
of 44% at the end of the treatment), when comparing to controls. In
addition, INS treatment amenized the loss of weight induced by STZ
and after twenty-four days of treatment the gain in the BW was
increased in these animals, comparing to controls (8.5 % of increment at
day 24 and 64 % of increment at day 60). Furthermore, the STZ + INS
group BW gain significantly differed from STZ after five days of STZ
administration. Two-way ANOVA for repeated measures analysis
showed significant effects between groups: Control, STZ and STZ +
INS [F= 232.97; P<0.001] and days of treatment [F= 9.61; P<0.001];
interaction was observed between groups and days of treatment [F=
4.107; P<0.001]; n= 4 — 5 per group).

Figure 1B shows that INS treatment was adequate to control
blood glucose levels after 60 days of STZ administration (glycemia at
day ten = [F(=60.59; P<0.001], at day thirty= [Fgq= 122.90;
P<0.001], and at day sixty= [F 9= 245.057; P<0.001]).

Insert Figure 1 about here.

Induction of oxidative stress in CSF and blood from STZ-administered
Wistar rats

Figures 1C to E show the effect of INS administration on
hyperglycemia-induced oxidative stress in CSF and blood from STZ-
long term treated rats. Figure 1C shows that 60 days of persistent
hyperglycemia provoked a significant reduction in blood free thiol
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content (up to 32 % of reduction) [F15= 10.36; P<0.01] and that the
INS-induced tight control of glycemia was not able to protect from this
oxidative effect. In agreement, STZ-induced hyperglycemia also
provoked a marked increase in blood lipid oxidation (up to 78 % of
increment) [F13= 18.58; P<0.001], effect that was partially prevented
by INS therapy. Figure 1E shows that oxidative stress was also induced
in the brain since the levels of the antioxidant molecule BH4 was
reduced in CSF of STZ and STZ + INS animals (36 % and 29 % of
reduction, respectively) [F 3= 9.29; P=0.05].

Early and late effects of INS administration on key energy metabolism
enzyme activities and on mitochondrial respiration in brain from adult
STZ-administered Wistar rats

Figure 2 shows the activities of complexes I-V of the
respiratory chain in mitochondrial brain preparations from STZ-
administered Wistar rats receiving INS. Figures 2A and B show that
activities of complexes | and Il were significantly reduced after 60 days
of hyperglycemia (up to 35.5 % and 35 % of reduction for complex |
and 11, respectively), and that INS treatment was able to completed
block this inhibitory action (complex I: [F(12)= 5.69; P<0.01]; complex
II: [F2.12= 5.69; P<0.01]). The activity of complex IV was significantly
inhibited after 60 days of treatment (up to 43 % of reduction), but this
effect was not prevented by exogenous INS [Fp12= 4.47; P<0.05]. A
differential effectcaused by the hyperglycemic state was observed on
complex IV activity after ten days of treatment. Although, no inhibition
was observed on this mitochondrial enzyme activity after 10 days of
treatment in brain from STZ animals, the co-treatment provoked a
significant increase of complex IV (up to 17 % of increment) [F 6=
5.69; P<0.05] (Figure 2C). Ten days of hyperglycemia provoked a
slight, but not significant, reduction of complex V activity in brain from
STZ rats (up to 30 % of reduction) (Figure 2D).

Insert Figure 2 about here.

The total and mitochondrial CK and mitochondrial HK were
also assessed in brain from STZ-treated animals. As shown in Figure 2E
the activities of mitochondrial and total CK was markedly increased in
STZ group after 10 and 60 days of exposure to high blood glucose
concentrations (up to 61 % and 136 % of increment, respectively), and
this effect was prevented by INS administration only after 10 days of the
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anti-glycemic therapy (10 days: [F(,15= 7.69; P<0.01]; 60 days: [F( 1=
38.93; P<0.001]). This STZ stimulatory effect was not observed for
mitochondrial HK activity which was not significantly altered after 10
days of hyperglycemic condition (Figure 2F).

The respiring NAD-linked state 1V was significantly increased
in brain mitochondrial preparations from hyperglycemic animals (up to
75 % of increment) [F(, 5= 125.85; P<0.001]; however, state 1l (ADP-
stimulated respiration) was not significantly altered (maximum
increment of 41 %) [Fps= 5.23; P= 0.059]; neither the RCR
mitochondrial index (Figure 2G).

Early and late effects of INS administration on kinase activities in
peripheral tissues from adult STZ-administered Wistar rats

Figure 3A shows that 60 days-hyperglycemic treatment
significantly increased the activity of total CK in skeletal and cardiac
muscles and in kidney tissue (up to 130 %, 724 % and 128 %,
respectively). INS administration was able to partially prevent this
hyperglycemia-induced effect only in kidney (skeletal muscle: [F 6=
26.74; P<0.001]; cardiac tissue: [F(15= 26.28; P<0.001] and kidney:
[Fos= 28.54; P<0.001]). Furthermore, Figure 3B shows that
mitochondrial CK activity was significantly increased (up to 66 % of
increase) in liver from STZ-exposed animals after of 10 days of
hyperglycemia and that the INS treatment prevented this effect (10 days:
[F7= 20.13; P<0.001]; 60 days: [Fe= 5.07; P= 0.051]). In addition,
it is shown on Figure 3C that hyperglycemia also induced a significant
inhibition of mitochondrial HK activity (up to 22 % of inhibition)
[F.3= 25.46; P<0.01], which was not prevented by INS treatment.

Insert Figure 3 about here.

Long-term hyperglycemic effect on caspase-3 cleavage in brain
preparations from adult STZ-administered Wistar rats receiving INS

Figures 4A to E shows that long-term high and constant glucose
levels elicited apoptosis as shown by the significant increase in caspase-
3 cleavage in brain from STZ-treated animals (up to 598 % of
increment) [Fs2= 32.45; P<0.001], and INS was not able to prevent
this effect.

Insert Figure 4 about here.
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4 DISCUSSION

Diabetes is known to be a major metabolic disorder in which
oxidative stress and free radical production have been implicated
through several lines of evidence, and much of the DM long-term
pathology appears to occur as a consequence of the persistent
hyperglycemia condition. Although, all DM tissues are exposed to high
levels of glucose, the brain appears to be more sensitive to this effect
(Halliwel and Gutteridge 2007). In this scenario, it has been
demonstrated that hyperglycemia in DM results in up to fourfold
increases in neuronal glucose content, leading therefore, to the condition
known as glucose toxicity (Tomlinson and Gardiner 2008).

Here, it was demonstrated that STZ-induced persistent
hyperglycemia elicits systemic oxidative stress, severe brain energy
deficiency and apoptosis, and that the insulin-induced tight glycemic
control was not always effective in preventing these alterations.
Furthermore, a compensatory mechanism as shown by increased CK
activity was observed in brain as well as in peripheral tissues from STZ
animals.

Blood oxidative stress was evidenced by increased lipid
peroxidation and reduced thiol content in STZ-animals. These results are
in agreement with a large body of reports demonstrating that the
hyperglycemic conditions stimulate the flux of the polyol pathway
rendering the tissues more sensitive to oxidative stress, mainly because
of the reduction in the NADPH content, essential cofactor for supporting
the activity of glutathione-related enzymes for e review see (Brownlee
2001). In addition, the accumulating AGEs would also contribute for
increasing the oxidative status, mainly by inducing, in a pathological
way, the activation of the transcription factor NF-xB, which will elicit
the up regulation of several proteins including, for example, the nitric
oxide synthase type Il (iNOS) or cyclo-oxigenase type Il, among others
(Dukic-Stefanovic et al., 2003; Huang and Siragy, 2009). Furthermore,
the levels of the antioxidant molecule BH4 were also diminished in CSF
from hyperglycemic animals. BH4 is an obligatory cofactor of enzymes
participating in neurotransmitter and nitric oxide (NO) synthesis
(Cosentino and Luscher, 1999). Therefore, the hyperglycemic-induced
oxidative stress would also alter the neurotransmission, as well as, the
vessel physiology contributing for the developing of stroke, vascular
dementias or AD, as previously indicated by experimental and
epidemiological studies (Arvanitakis et al. 2004; Biessels et al. 2006). In
agreement, it has been demonstrated reduced BH4 concentrations in
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blood and CSF from patients where neurocinflammation or excessive NO
production has been linked to the pathogenesis of the disease, including
e.g. AD (Cosentino and Luscher, 1999), suggesting a pathogenic role for
this molecule in neurodegenerative disorders. Since INOS can be
activated by high levels of glucose (Sobrevia et al. 1996), a rapid
consumption of the enzyme cofactor could occur in a rate that exceed
the BH4 synthesis de novo, leading to increased NO production and
reduced BH4 levels. In addition, it is likely that BH4 acts as a NO
scavenger, and this situation will potentiate the toxicity induced by high
levels of brain glucose in inducing neurodegeneration.

On the other side, mitochondria are the key players in ATP
production, which is essential for the excitability and survival of
neurons, and the protein phosphorylation reactions that mediate synaptic
signaling and related long-term changes in neuronal structure and
function. If partial reduction of O, occurred in these organelles, this
situation will certainly induce ROS formation. In line with this,
complexes | and Ill have been reported as the major sites of ROS
generation in mitochondria under physiological conditions (up to 2-5%
of the total O, reduced in mitochondria) (Boveris et al. 1976; Chen et al.
2003), and an overt ROS production is observed when these redox
centers are blocked (Turrens and Boveris 1980; Turrens 1997).
Moreover, ROS formed at NADH dehydrogenase site of complex | are
released into the mitochondrial matrix (Chen et al. 2003), eliciting
oxidative damage of mitochondrial enzymes, including the complexes of
the respiratory chain, enzymes of the Krebs cycle, kinases and several
other sensitive proteins, as well as the mitochondrial DNA (Bandy and
Davison 1990; Zhang et al. 1990; Hausladen and Fridovich 1994).
Furthermore, complex | is the rate-limiting enzyme in oxidative
phosphorylation (Chinopoulos and Adam-Vizi 2001). Therefore, any
modification on this complex may have a direct impact on the overall
energy state. Thus, the severe reduction in electron transport activity
observed in STZ animals (Figure 2A - D) would finally compromise the
brain cell viability leading to apoptosis-mediated pathological
conditions (Figure 4), including dementia or AD, since mitochondria are
fragile structures whose dysfunction appears to underlie a host of
degenerative diseases.

This study also shows for the first time that a compensatory
mechanism, represented by increased total and mitochondrial CK
activities, is elicited in the brain from STZ animals. CK catalyzes the
reversible transfer of a phosphoryl group between ATP and creatine
(Bessman and Carpenter 1985) and plays a key role in the energy
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metabolism of tissues that have intermittently high and fluctuating
energy requirements, such as skeletal and cardiac muscle, and nervous
tissue (Wallimann and Hemmer 1994). In addition, it is known that
mitochondrial CK is able to inhibit the mitochondrial permeability
transition, a process that is involved in inducing apoptosis, by
modulating the mitochondrial membrane potential and therefore, the
releasing of cytochrome c into the cytoplasm (Dolder et al., 2003). Since
severe energy deficits and cleavage of capase-3 were observed in the
treatments it is feasible that increased CK activity is a compensatory
mechanism in order to maintain the cell energy status, and probably
triggered by the systemic oxidative stress condition. Furthermore, this
stimulatory effect was also evidenced in peripheral tissues, where an
increment in the mitochondrial isoform of this enzyme was also
confirmed. Interestingly, increased mitochondrial CK activity was also
observed in the liver tissue after 10 days of persistent high blood glucose
levels, where a minimal activity of this enzyme is expected (low
expression of this protein in hepatocytes (Meyer et al., 2006). This could
be due to a pathological cellular signaling, or being related to the
endothelial CK activity. In agreement, it is widely described increased
angiogenesis in diabetic tissues with increased expression of VEGF
(vascular endothelial growth factor). It has been described that many
genes rapidly respond differently to hyperglycemic states, including e.g.
increased expression of VEGF (Ishizuka, et al., 2011) and NF-xB p65
subunit promoter (El-Osta et al. 2008) or reduced mRNA levels of
peroxisome proliferator-activated receptor y co-activator lo. (PGC-1a)
(Mootha et al. 2003); therefore the deficiency in PGC-la in
hyperglycemic conditions could result in a different pattern of energy
metabolism alterations; as shown here, reduced activities of the electron
transfer chain and increased CK activity.

Considering the electron transfer impairment observed in central
and peripheral tissues of hyperglycemic rats, an increased anaerobic
glycolysis should be expected. However, a reduced activity of
mitochondrial HK was also observed in 10 days-hyperglycemic hepatic
tissue. Mitochondrial HK deficiency (enzyme release from the
mitochondrial membrane) has previously been described in AD
experimental models, favoring the toxicity induced by the aggregate AD
proteins (Saraiva et al. 2010). On the other side, deficient HK activity
will stimulate even more the ADP recycling catalyzed by CK in order to
maintain energy homeostasis (da-Silva et. al., 2001).

Insulin administration lead to an effective control in blood
glucose levels in STZ-treated animals. After ten, 30 or 60 days of
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treatment, animals from the group STZ + INS remained in
normoglycemia conditions. This, allowed to prevent many alterations in
brain energetics, which is possibly due to the demonstrated capacity of
insulin in modulate the levels of mMRNA of genes coding for the
respiratory chain complexes. It has been described that insulin exerts
part of its protective effect through the activation of phosphoinositide-3-
kinase (PI3K)-Akt pathway, which is known as the pro-survival
pathway (Duronio 2008). Furthermore, Teshima and co-workers (2010)
demonstrated that insulin treatment is capable to down-regulate PTEN
(phosphatase and tensin homologue deleted on chromosome 10) and
phospho-PTEN content (Teshima et al. 2010), a phosphatase that
dephosphorylates the secondary messenger produced by PI3K,
interrupting therefore, the downstream activation of Akt (Duronio
2008).

On the other side, insulin therapy failed to prevent the altered
oxidative stress parameters observed in blood, CSF and brain tissue and
this could also be related to the capacity of increased ROS formation,
mitochondrial dysfunction and/or persistent hyperglycemia in inducing
PTEN up regulation (Duronio 2008; Teshima et al. 2010).

Finally, in our experimental model of hyperglycemia, STZ + INS-
treated rats were exposed to a transient hyperglycemic state, i.e. two
days and then animals returned to euglycemic levels. This early
metabolic control promoted beneficial effects on oxidative metabolism,
as seen here, mainly in mitochondrial enzyme activities, thus insulin
replacement appears to have an essential role in the maintenance of
mitochondrial homeostasis under diabetic conditions. However, the
short period lacking of cellular insulin signaling, would induce in
addition to this protective effect epigenetic changes that will contribute
to the persistent oxidative stress.
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LEGENDS TO FIGURES AND SCHEME

Scheme 1. Experimental design. Hiperglycemic conditions were
induced by administrating streptozotocin (STZ; i.p.). The glycemic
control was achieved by treating with insulin (INS; 1.5 Ul Novolin® N)
twice a day.

Figure 1. Effect of 60 days of insulin (INS; 1.5 Ul Novolin® N insulin
twice / day) administration in bodyweight gain (BW) (A), blood glucose
concentrations (B), blood free thiol (NPSH) content (C), blood TBA-RS
levels (D), and cerebrospinal fluid (CSF) tetrahydrobiopterin (BH4)
concentration (E). Data represent mean + standard deviation. BW
significant differences between controls and STZ animals started on day
6 (*), between controls and STZ+INS animals on day 5 (#) and between
controls and STZ + INS rats on day 24 ($) (Two-way ANOVA for
repeated measures). Glycemia was controlled with 1.5 Ul Novolin® N
insulin twice a day and measured at days 10, 30 and 60 during the
treatment. 'P<0.05; “P<0.01; “"P< 0.001, compared to the control
group. *P<0.05; " P< 0.001, compared to the STZ group (One-way
ANOVA followed by the Duncan multiple range test).

Figure 2. Effect of 10 and/or 60 days of insulin (INS; 1.5 Ul Novolin®
N insulin twice / day) administration on the activities of the complexes
I, 11, 1V, V of the respiratory chain (A — D), mitochondrial and total
creatine kinase (E), mitochondrial hexokinase (F), and mitochondrial
oxygen consumption in brain from adult streptozotocin (STZ)-
administered Wistar rats. Data represent mean + standard deviation (3 to
9 animals / group). "P<0.05; ~P<0.01; ~"P<0.001, compared to the
control group. "#P<0.001, compared to the STZ group (One-way
ANOVA followed by the Duncan multiple range test).

Figure 3. Effect of 10 and/or 60 days of insulin (INS; 1.5 Ul Novolin®
N insulin twice / day) administration on the activities of total (A) and
mitochondrial (B) creatine kinase, and mitochondrial hexokinase (C) in
peripheral tissues from adult streptozotocin (STZ)-administered Wistar
rats. Data represent mean + standard deviation (3 to 9 animals / group).
“P<0.05; “P<0.01; “"P<0.001, compared to the control group.
"P<0.01, "P<0.001, compared to the STZ group (One-way ANOVA
followed by the Duncan multiple range test).
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Figure 4. Effect of 60 days of insulin (INS; 1.5 Ul Novolin® N insulin
twice / day) administration on caspase-3 cleaving in brain from adult
streptozotocin (STZ)-administered Wistar rats. For relative immune
expressionquantification of cortical layer 1l (A), total pixels intensity
was determined and data were expressed as mean of optical density +
standard deviation (E). B: Controls; C: STZ group; D: STZ + INS
group. Bar represent 200 um for figure A and 50 um for figure E.

P<0.001, compared to the control group (One-way ANOVA followed
by the Duncan multiple range test).
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Scheme 1
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Figure 3
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Abstract

Large scale clinical trials have demonstrated that an intensive
antihyperglycemic treatment in diabetes mellitus (DM) individuals
reduces the incidence of micro- and macrovascular complications, e.g.
nephropathy, retinopathy, DM-accelerated atherosclerosis, myocardial
infarction, or limb amputations. Thus, we investigated the effect of
short- and long-term insulin administration on mitochondrial function in
peripheral tissues in streptozotocin (STZ)-induced hyperglycemic rats.
In addition, the in vitro effect of methylglyoxal (MG) and advanced
glycation end products (AGEs) on mitochondrial activity was
investigated in skeletal muscle and liver mitochondria and in skin
primary fibroblasts. Hyperglycemic STZ rats showed tissue-specific
patterns of energy deficiency, as evidenced by reduced activities of
complexes I, Il and/or IV after 30 days of hyperglycemia in heart,
skeletal muscle and liver; moreover, cardiac tissue was found to be the
most sensitive to the diabetic condition, since energy metabolism was
impaired after 10 days of the hyperglycemic condition. Insulin-induced
tight glycemic control was effective in protecting against the
hyperglycemia-induced inhibition of mitochondrial enzyme activities.
Furthermore, the long-term hormone replacement (30 days) also
increased these activities in kidney from STZ-treated animals, where the
hyperglycemic state did not modify electron transport activity. Results
from in vitro experiments demonstrated that mitochondrial impairment
could result from oxidative stress-induced accumulation of MG and
AGEs. These data indicate that persistent hyperglycemia results in
tissue-specific patterns of energy deficiency and that early and
continuous insulin therapy is necessary to maintain proper mitochondrial
oxidative metabolism via mechanisms that may determine the rate of
mitochondrial oxygen consumption and, therefore, ATP synthesis.

Keywords: hyperglycemia, insulin, mitochondrial oxidative stress,
cardioprotection, streptozotocin
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BULLETS

> Persistent hyperglycemia results in tissue-specific patterns of energy
deficiency

> Insulin administration had protective effects in peripheral tissues in
STZ rats

» Tight glucose control is essential to avoid mitochondrial impairment
in STZ rats

> Energy deficit was possibly caused by AGE inducing mitochondrial
oxidative stress



84

1. INTRODUCTION

Diabetes mellitus (DM), a state of chronic hyperglycemia, is a
common disease and one of the leading causes of morbidity and
mortality in developed countries. DM currently affects more than 124
million individuals, and it is estimated that 300 million people
worldwide will suffer from the disease by 2025 [1].

Chronic DM is characterized by the development of specific
microvasculature pathology in the retina, renal glomerulus and
peripheral nerves. As a consequence of these microvascular
complications, DM is the leading cause of blindness, kidney failure and
a variety of debilitating neuropathies [2-5]. The microvascular
dysfunctions are also known to induce the development of DM
macrovascular pathology [6], which is characterized by DM-accelerated
atherosclerosis, which in turn leads to increased risk of myocardial
infarction, stroke and limb amputations [7, 8]. Although microvascular
complications are responsible for significant morbidity and premature
mortality, by far the greatest cause of death in people with diabetes is
cardiovascular disease [9, 10]. Such macrovascular changes occur much
earlier in life than in the general population, and also present a more
diffuse, accelerated course and higher mortality, especially among those
aged less than 40 years [11, 12].

Several large randomized controlled trials have conclusively
demonstrated that early intensive glycemic control decreases the risk of
diabetic microvascular complications [12-14]. Although the Diabetes
Control and Complications trial Research group (DCCT) showed only a
trend towards a lower risk for cardiovascular events (macrovascular
pathology), the almost 10 years post-DCCT follow-up of the cohort
showed a significant reduction in the risk of nonfatal myocardial
infarction, stroke, or death from cardiovascular disease [12, 13]. Thus,
these findings suggest that early metabolic control would have
beneficial effects on the vasculature. This phenomenon has been defined
as metabolic memory, an early imprinting in cells arising from
hyperglycemia, favoring the future development of vascular
complications. This hypothesis describes the observation that prolonged,
tight glycemic control during early (newly diagnosed to five years post-
diagnosis) but not later stages of DM would bring about a sustained
benefit regarding micro- and macrovascular endpoints [2, 12, 13].

On the other hand, persistent hyperglycemia appears to activate
four major pathways implicated in the pathogenesis of diabetes
complications, namely the hexosamine and polyol pathways, protein
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kinase C isoforms, and formation of the reactive carbonyl compounds
methylglyoxal (MG) and glyoxal [15]. These carbonyl compounds form
covalent adducts with specific lysine and arginine residues in proteins,
leading to the formation of intracellular advanced glycation end
products (AGEs), which consequently will alter protein function. MG is
the major source of AGEs in hyperglycemia [16]. MG-derived AGEs
(MG-AGE), which are particularly abundant in vascular tissue, are
thought to contribute to the observed micro- and macrovasculopathies in
late complications of DM [17-22].

The observation that reduced rates of ATP synthesis in subjects
with a family history of type 2 DM occur before the onset of impaired
glucose tolerance indicates the significance of mitochondrial
dysfunction in the progression of the disease [23]. In this context,
experimental data have demonstrated that AGEs may initiate pathologic
processes by impairing mitochondrial function [24], by inducing
apoptosis [25-27] and by stimulating overproduction of cytokines and
reactive oxygen species (ROS) [28, 29]. Therefore, in order to better
understand the effect of glycemic control on cellular energy and
oxidative metabolisms, here we investigated the effect of short- and
long-term insulin administration in skeletal and cardiac muscles,
kidneys and liver from streptozotocin-induced hyperglycemic rats. In
addition, the effect of MG and MG-AGE on mitochondrial function was
investigated in skeletal muscle and liver mitochondrial preparations and
in skin primary fibroblasts.

2. MATERIAL AND METHODS

2.1 Animals and reagents. Male Wistar rats of 60 days of life (250-300
g) obtained from the Central Animal House of the Centre for Biological
Sciences, Universidade Federal de Santa Catarina, Floriandpolis - SC,
Brazil, were used in the present investigation. The animals were
maintained on a 12-h light/dark cycle in a constant temperature room
(22°C + 1°C), with free access to water and protein commercial chow
(Nuvital-PR, Brazil), except in the fasting periods previous to blood
glucose measurements (see below). In addition, neonatal rats were used
for preparing skin fibroblast cultures. The experimental protocol was
approved by the Ethics Committee for Animal Research
(PPO0350/CEUA) of the Universidade Federal de Santa Catarina,
Florianépolis — SC, Brazil, and was carried out in accordance with the
European Communities Council Directive of 24 November 1986
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(86/609/EEC). All efforts were made to minimize the number of animals
used and their suffering.

All chemicals were of analytical Cgrade and purchased from Sigma
(St. Louis, MO, USA), except Novolin~N insulin, which was purchased
from Novo Nordisk Laboratories (Princeton, NJ, USA) and fetal bovine
serum from Gibco® (Carlshad, CA, USA).

2.2 Induction of hyperglycemia by streptozotocin (STZ) administration
(Scheme 1). Hyperglycemia was induced by a single intraperitoneal
injection of 55mg / kg STZ, diluted in sodium-citrate buffer (pH 4.5),
after a fasting period of 14 hours. Proper controls were run in parallel.
STZ-treated rats received 5 % glucose solution instead of water during
24 h after STZ administration in order to avoid death due to
hypoglycemic shock. Blood glucose concentrations were assessed four
days after STZ injection. Gl¥cemia was measured by using a
commercial glucometer (Optium"™Xceed, Abbott, USA). Animals with
blood glucose levels higher than 200 mg / dL (11 mmol / L) were
included in the experiments. Hyperglycemic animals were divided in
two groups, the STZ group, which remains hyperglycemic for 10 and 30
days, and the STZ+INS group, which received 1.5 Ul Novolin®N insulin
twice a day in order to normalize blood glucose levels, for 10 and 30
days. In order to assure the insulin-induced tight control of glycemia,
blood glucose levels were measured each week. Animal bodyweight was
followed daily.

Insert Scheme 1 about here (Portrait layout).

2.3 Tissue preparation for biochemical analysis. Animals were killed
by decapitation without anesthesia. The skeletal and cardiac muscles,
kidney and liver were rapidly dissected, weighed and kept chilled until
homogenization, which was performed using a ground glass type Potter-
Elvejhem homogenizer. The maximum period between the tissue
preparation and biochemical analysis was always less than a week.
Samples were kept at -86°C until biochemical determinations.

2.4 Tissue mitochondrial preparation for measuring the respiratory
chain complex activities. Mitochondria suspensions were prepared as
previously described by our group [30]. Briefly, tissues were
homogenized in 10 volumes of 4.4 mM potassium phosphate buffer pH
7.4, containing 0.3 M sucrose, 5 MM MOPS, 1 mM EGTA and 0.1%
bovine serum albumin. The homogenates were centrifuged at 3,000 x g
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for 10 min at 4°C. The pellet was discarded and the supernatants were
centrifuged at 17,000 x g for 10 min at 4°C. The obtained pellet was
dissolved in the same buffer. For these tissues preparations an
Eppendorf 5415 R centrifuge (Eppendorf, Hamburg, Germany) was
used.

In vitro experiments were also performed in mitochondrial
suspensions obtained from non-treated adult rat skeletal muscle and
liver. For this purpose, mitochondrial fractions were prepared as
described above and treated with crescent concentrations of
methylglyoxal oxidized bovine serum albumin (MG-BSA) for 3 h.
Proper controls were run in parallel.

2.5 Tissue preparation for immunohistochemical analysis. Rats were
anesthetized intraperitoneally with chloral hydrate (400 mg / kg) and
transcardially perfuse with heparin (1000 U / mL) in physiological
saline (0.9% NaCl) followed by 4% paraformaldehyde in physiological
saline. Skeletal muscle was removed and post-fixed overnight in 4%
paraformaldehyde. Afterwards, the muscle were transversally sectioned,
dehydrated in ethanol, embedded in paraffin, and sectioned in 10 um
slices. The quenching of endogenous peroxidase was carried out using
1.5 % hydrogen peroxide in methanol (v/v) for 20 min. A high
temperature antigen retrieval was performed by immersion of the slides
in a water bath at 95-98 °C in 10 mM trisodium citrate buffer pH 6.0, for
45 min. Immunohistochemistry was performed to identify DNA
oxidative damage in cerebral cortex, using primary monoclonal antibody
anti-8-hydroxy-2’-deoxyguanosine 1:50 (JalCA®, Shizuoka, Japan)
incubated overnight at 4 °C in a humid chamber. After incubation, the
slices were washed twice in PBS and then incubated in a secondary
antibody Alexa Fluor 633 (Invitrogen®, USA) diluted at 1:100 during 3
hours. Finally, the slices were mounted in GelMount (Sigma®, St.
Louis, MO, USA) and were observed under a conventional fluorescence
microscope (Zeiss standard fluorescence microscope). A threshold for
the optical density that better discriminated staining from the
background was obtained using the NIH ImageJ 1.36b imaging software
(NIH, Bethesda, MD, USA). For relative quantification of
immunoexpression, total pixels intensity was determined and data were
expressed as average of optical density (O.D.).

2.6 Primary skin fibroblast cell culture. Rat dermal fibroblasts were
obtained from skin biopsy sampled from the dorsal region of normal
neonatal female rats (1 day of life) by employing explant techniques
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[31]. The cells were growth in DMEM supplemented with 10% fetal
bovine serum, sterile antimycotic solution 100X: penicillin 100 1U/mL,
streptomycin 0.1 mg/mL and amphotericin 0.25 pg/mL, D-glucose 5.5
mM, 2% glutamine, 0.22% NaHCO;, and 0.47% HEPES in a 5% CO,
humidified atmosphere, at 37°C.

2.7 Cell treatment. Confluent fibroblasts cultures (70 % of confluence;
passage 6-8) were maintained 24 hours in the growth medium
containing 0.5% fetal bovine serum for synchronization of cells cycle.
Afterwards, cells were treated methylglyoxal (MG) (30 and 300 pM)
and MG-BSA (0.01, 0.1 and 1 mg / mL) for 3 and 24 h at 37 °C.

2.8 Preparations of MG-BSA. BSA highly modified by MG (MG-
BSAnign) Was obtained after incubating 7.2 mg / mL BSA with 100 mM
MG in 100 mM sodium phosphate buffer, pH 7.4 at 37°C for 50 h, in
sterile conditions (solutions were filtered by using 0.22 um filters). The
solution was then dialyzed against 30 mM ammonium bicarbonate
buffer, pH 7.9 at 4°C. MG-BSA derivatives under less severe conditions
were also prepared by exposing BSA solution to 1 mM MG (MG-
BSAlOW) [32]'

2.9 Characterization of BSA derivatives after MG exposure:
measurement of protein non-oxidized amino acids, Maillard
compounds, protein carbonylation and total protein quantification by
the Lowry method. The modification of amino acid residues induced by
MG exposure was investigated by analyzing the reaction of TNBS
(2,4,6-trinitrobenzenesulfonic acid) with the non-oxidized amino acid
present in MG-BSA ., and MG-BSAy,ig, preparations [33].

In addition, the formation of Maillard compounds (measurement
of AGE formation) was identified as previously described [34]. The
fluorescence detection was performed at Aex=370 nm and A,,=385 nm
by using a Tecan GmbH M200 fluorescence spectrophotometer (Tecan,
Grodig/Salzburg, Austria).

Protein carbonyl content determination (marker of protein
oxidative damage) was measured spectrophotometrically [35]. The
results were calculated as nmol of carbonyls groups / mg protein using
the extinction coefficient of 22,000 10°nmol / mL for aliphatic
hydrazones.

Protein content in BSA preparations, as well as, in the animal
samples, was determined by the method of Lowry using BSA as the
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standard [36].This characterization is presented in Figure 4A in the
Results section of this paper.

2.10 Measurement of mitochondrial function. Mitochondrial function
of skin fibroblasts was assessed by following the MTT (3-[4,5
dimethylthiazol-2-y1]-2,5-diphenyltetrazolic bromide) reduction. Active
mitochondrial dehydrogenases cleavage and reduce the soluble yellow
MTT dye into the insoluble purple formazan [37]. Cells were incubated
with MG (30 and 300 lJ.M) and MG-BSAow and MG-BSAmgh (001, 0.1
and 1 mg / mL) for 3 and 24 h at 37 °C. At the end of the incubation
period, MTT test were performed. The formazan formation was
spectrophotometrically assayed at 570 nm and 630 nm, and the net
AA70-630) Was taken as an index of mitochondrial function. Results are
indicated ad percentage of controls, to which 100% activity was
attributed.

2.11 ROS production determination. Intracellular ROS production was
detected using the non-fluorescent cell permeating compound, 2°,7’-
dichlorofluorescein diacetate (DCFH-DA) in treated skin fibroblasts
(see above). DCFH-DA is hydrolyzed by intracellular esterases to
DCFH, which is trapped within the cell. This non-fluorescent molecule
is then oxidized to the fluorescent dichloro-fluorescein (DCF) by
cellular oxidants. MG and MG-BSA-exposed fibroblasts were treated
with 10 uM DCFH-DA for 30 min at 37°C. Afterwards, the cells were
scraped into PBS with 0.2% TritonX-100. The fluorescence was
measured with excitation at 485 nm and emission at 520 nm. Calibration
curve was performed with standard DCF (0- 500 uM) and the level of
ROS production was calculated as nmol DCF formed/ mg protein and
expressed as percentage of controls.

2.12 Measurement of the respiratory chain enzyme activities. Complex
| activity was measured by the rate of NADH-dependent ferricyanide
reduction at 420 nm (1 mM™ . cm™) as previously described [38]. The
activity of succinate-2,6-dichloroindophenol (DCIP)-oxidoreductase
(complex I1) was determined according to the method of Fischer et al.
[39], and complex [-CoQ-Ill activity (NADH:cytochrome ¢
oxidoreductase) was assayed according to the method described by
Schapira et al. [40]. The activity of cytochrome c oxidase (complex 1V)
was assessed according to Rustin et al. [41]. The methods described to
measure these activities were slightly modified, as detailed in a previous
report [30]. The activities of the respiratory chain complexes were
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calculated as pmol or nmol . min™ . mg protein™. The enzyme activities
were measured using a Varian Cary 50 spectrophotometer with
temperature control (Varian Inc., Palo Alto, CA, USA).

2.13 Mitochondrial oxygen consumption. Oxygen consumption was
determined in 24 h MG-BSA-treated skin fibroblast at 37°C. Non-
permeabilized skin fibroblasts were suspended in 4.4mM potassium
phosphate buffer pH 7.4, containing 0.3 M sucrose, 5 mM MOPS, 1 mM
EGTA and 0.1% bovine serum albumin at a cell concentration of
500,000 cells / mL. Respiration was measured at 37 °C by high-
resolution respirometry using the Oroboros® oxygraph with chamber
volumes set at 2 mL [42]. DatLab software (Oroboros Instruments,
Innsbruck, Austria) was used for data acquisition (1 or 2 s time
intervals) and analysis. The experimental regime was started with
routine respiration, which is defined as respiration without additional
substrates or effectors. After observing steady-state respiratory flux in
the time interval between 15 and 30 min, the ATP synthase activity was
inhibited with oligomycin (1 pg / mL), followed by uncoupling of
oxidative phosphorylation by stepwise titration of FCCP (carbonyl
cyanide p-trifluoromethoxyphenylhydrazone) up to optimum FCCP
concentrations of 5.6 uM (80 % of maximal mitochondrial electron
transfer activity). A typical titration curve is shown in Figure 6B.
Finally, respiration was inhibited by sequential addition of rotenone (0.5
MM to test for the effect of inhibiting complex | activity) and antimycin
A (2.5 uM; inhibiting complex I11).

2.14 Protein determination. Sample protein content was determined by
the method of Lowry using bovine serum albumin as the standard [36].

2.15 Statistical analysis. Results are presented as mean + standard
deviation. Percentages of rat weight gain (initial body weight was
considered as 100%) data were analyzed by using two-way ANOVA for
repeated measures. Data from biochemical determinations were
analyzed using one-way ANOVA followed by the post hoc Duncan
multiple range test when F was significant. Only significant F values
were given in the text. For analysis of dose-dependent effects, linear
regression was used. Differences between the groups were rated
significant at P < 0.05. Statistics were performed using SPSS®
(Statistical Package for the Social Sciences software; version 16.0 for
Windows). All graphs were performed by using GraphPad Prism 5°.
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3. RESULTS

3.1. Effect of 10 and 30 days of INS administration in bodyweight
(BW) gain and blood glucose concentrations in adult streptozotocin
(STZ)-administered Wistar rats

Figure 1A shows the effect of INS administration in
bodyweight (BW) gain in adult STZ-administered Wistar rats. STZ
treatment caused a significant reduction in the BW gain (starting after
six days with 9.5 % of reduction and reaching 30 % of reduction at the
end of the treatment), when comparing to controls. On the other side,
INS treatment avoided the loss of weight induced by STZ and after
twenty-four days of treatment the gain in the BW was increased in these
animals respect to controls (8.5 % of increment at day 24 and 12.5 % of
increment at day 30) (Two-way ANOVA for repeated measures analysis
showed significant effects between groups: Control, STZ and STZ +
INS) [F=414.27; P<0.001] and days of treatment - 30 days - [F=8.91;
P<0.001]; interaction was observed between groups and days of
treatment [F=4.11; P<0.001]; n=4 — 5 per group). Figure 1B shows that
INS treatment was adequate to control blood glucose levels both, after
10 and 30 days of STZ administration (protocol for 10 days: at day 7=
[F12=70.16; P<0.001], at day 10= [F(,4=398.82; P<0.001], protocol
for 30 days: at day 7= [F(2)=37.72; P<0.001], at day 15=
[F2.16=153.20; P<0.001],at day 30= [F(219=786.49; P<0.001]).

Insert Figure 1 about here (Portrait layout).

3.2 Early and late effects of INS administration in mitochondrial
complex activities in peripheral tissues from adult STZ-administered
Wistar rats

Figures 2A, B and C show the effect of INS administration on
the enzymatic activities of the respiratory complexes in mitochondrial
suspensions obtained from skeletal and cardiac muscles, kidney and
liver from STZ-induced hyperglycemic rats. As shown in figure 2A, the
long-term hyperglycemic condition (30 days) provoked a significant
inhibition of the activities of the mitochondrial complexes I, Il and IV,
(up to 22 %, 43 % and 36 %, respectively) in skeletal muscle, effect that
was prevented by the daily administration of INS (complex I:
[F(220=13.96; P<0.001]; complex II: [F20=6.01; P<0.01]; complex
IV: [F26=5.61; P<0.05]). Similarly, cardiac muscle showed a reduction
in these complex activities after 30 days of treatment (up to 35 %, 45 %
and 34 %, respectively) (complex I: [F16=40.77, P<0.001]; complex



92

Il: [Fp19=9.77, P<0.001]; complex IV: [F@¢=7.26; P<0.05]);
however, this tissue was more sensitive to the hyperglycemic state,
showing a significant complex 1V inhibition (up to 17 %) as early as 10
days of treatment [F=5.99; P<0.05] (Figure 2B). A different
mitochondrial metabolic profile was observed for liver and kidney
tissues. The liver showed a significant reduction in the activities of
complexes | and Il of the respiratory chain after 30 days of
hyperglycemia (up to 45 % and 34 % of inhibition, respectively);
however, INS treatment only rescue from complex Il inhibition and
provoked a marked increase in complex IV activity (73 % of increment
compared to controls) (complex I: [F(20=5.22; P<0.05]; complex II:
[F219=88.24; P<0.001]; complex IV: [F(¢=25.83; P<0.001]) (Figure
2C). In addition, ten days of hyperglycemia elicited increased liver
complex Il activity that was prevented by the hormone replacement (59
% of increment compared to controls) [F,=6.90; P<0.05] (Figure 2C).
Neither the short- nor the long-term hyperglycemic state modified the
activities of the mitochondrial complexes in the kidney. However, the
INS treatment provoked marked increased mitochondrial activities (up
to 36 %, 346 % and 35 % of increment, respectively) (complex I:
[F217)=6.62; P<0.01]; complex IlI: [F(20=131.14; P<0.001]; complex
IV: [F(26=19.13; P<0.01]) (Figure 2D).

Insert Figures 2A, B and C about here (Landscape layout).

3.3 Effect of INS administration on DNA oxidation in skeletal muscle
from adult STZ-administered Wistar rats

Figures 3 show the effect of INS administration on DNA
oxidation in skeletal muscle from adult STZ-administered Wistar rats.
The chronic hyperglycemia (30 days) induced by STZ administration
provoked marked DNA oxidation (up to 1650 % of increment), effect
that was abolished by INS therapy [F(, 5= 16.84; P<0.001].

Insert Figures 3 about here (Portrait layout).

3.4 In vitro effect of methylglyoxal (MG)-induced glycated albumin
(MG-BSAqw and MG-BSAygn) On respiratory chain complex activities
in mitochondrial preparations from skeletal muscle and hepatic tissues

Figure 4A shows the characterization of BSA derivatives after
MG exposure. It can be observed that MG treatment reduced the content
of free BSA amino acid residues (up to 71 % of reduction; Figure Al);
induced the formation of Maillard compounds (up to 2,046 % of



93

increment; Figure All); increased the content of BSA carbonyl groups
(up to 4,339 % of increment; Figure Alll), and increased the oxidation
of amino acid residues that reacts with the Folin reagent in the protein
determination by the Lowry method (up to 19 % of reduction; Figure
AlV). This MG-oxidized BSA was used for the following in
vitroexperiments. Figure 4B shows that 3 h exposure to MG-BSA
(oxidized by high MG concentrations; 100mM; MG-BSAygh) elicited a
significant inhibition on complex I-11l and 11 activities (up to 76 % and
85 % of inhibition, respectively) in adult rat skeletal muscle
mitochondrial suspensions (complex I-11[F14=23.91; P<0.001];
complex Il [F,14=18.66; P<0.001]). The inhibition elicited by 1 mg /
mL MG-BSAignwas similar to the effect induced by the classic complex
I inhibitor, rotenone (10 puM); however, the effect on complex Il activity
was 2-fold more severe than the inhibitor nitroproprionic acid (1 mM).
A similar inhibition rate was observed for these mitochondrial
complexes after exposing (3 h) hepatic mitochondrial preparations to
MG-BSAuign (Figure 4C); however, this tissue was more resistant to the
AGE inhibitory effect comparing to skeletal muscle (complex | up to 36
% and complex Il up to 76.5 % of inhibition) (complex I-I11
[F6.14=18.82; P<0.001]; complex Il [F 14=13.56; P<0.001]).

Insert Figure 4A about here (Portrait layout).
Insert Figures 4B and C about here (Portrait layout).

3.5 Short and long-term in vitro effect of methylglyoxal (MG) and
MG-induced glycated albumin (MG-BSA,, and MG-BSAnig,) on
mitochondrial oxidative stress in primary rat skin fibroblasts

Figure 5A shows that 3 h exposure to 0.1 and 1 mg / mL MG-
BSAnign elicited a significant reduction in mitochondrial function as
indicated by the ratio between MTT reduction (activities of
dehydrogenases) and DCF oxidation (content of reactive species) [Fg)=
20.25; P< 0.001]. In addition, it can be observed that a longer MG-BSA
exposure (24 h; Figure 5B) provoked mitochondrial oxidative stress at
concentrations, as low as, 0.1 mg / mL of MG-BSA,, with the higher
effect at 1 mg / mL MG-BSAg, (up to 36.5 % of oxidative stress-
induced reduction in mitochondrial function) (MG-BSAo.: [Fs)=
12.40; P< .01]; MG-BSAigh: [F(s.8= 10.32; P<0.01]). Furthermore, MG
exposure also provoked a significant reduction in mitochondrial function
as seen by the marked reduction in the MTT reduction / DCF oxidation
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ratio (up to 36.5 % for 3 h and 24 h treatments) (3 h [Fpe= 199.80;

Insert Figures 5A and B about here (Portrait layout).

3.6 Long-term in vitro effect of MG-induced glycated albumin (MG-
BSAiw and MG-BSAnign) on mitochondrial respiration in primary rat
skin fibroblasts

Figure 6A shows that exposing skin fibroblasts to 1 mg / mL
MG-BSA,w Oor 1 mg / mL MG-BSAyig during 24 h provoked a
significant inhibition of the electron transfer activity stimulated by
FCCP (5.6 uM) (up to 43 % and 49 % of inhibition for MG-BSA,,,, and
MG-BSAigh, comparing to BSA) [Fsg= 22.63; P<0.001] (Figure 6A).
Respiration without the addition of substrates (routine respiration)
showed a slight and non-significant inhibition, which was clearly
amplified by using the FCCP strategy (Figure 6B). The treatment with
inhibitors did not alter the oxygen consumption when skin fibroblasts
were treated with MG-BSA. One-day treatment of skin fibroblasts with
lower (0.01 and 0.1 mg / mL) concentrations of MG-BSA,, and MG-
BSAuign did not modify any respiratory parameters (data not shown).

Insert Figures 6A and B about here (Portrait layout).

4. DISCUSSION

Diabetes mellitus is a major metabolic disorder in which
oxidative stress and free radical production have been implicated
through several lines of evidence, and much of the long-term pathology
of DM appears to occur as a consequence of the persistent
hyperglycemic condition. Four major processes are thought to interplay
and promote the micro- and macrovascular changes characteristic of the
DM condition, namely the formation, auto-oxidation, and interaction
with cell receptors of AGEs; activation of various isoforms of protein
kinase C; induction of the polyol pathway; and increasing hexosamine
pathway flux (for a review see [15]).The association of these processes
with oxidative stress has been linked for some time with various sources
proposed for the underlying production of reactive oxygen species
(ROS) [30, 31]; moreover, it has been suggested that increased
mitochondrial superoxide overproduction during hyperglycemia might
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contribute to the onset, progression and pathological consequences of
DM [32, 33].

Persistent hyperglycemia results in peripheral tissue-specific patterns
of energy metabolism deficit possibly due to protein oxidation

It is known that mitochondrial complexes | and 111 are the major
sites of ROS generation under physiological conditions [34, 35], and an
overt ROS production is observed when these redox centers are blocked
or their content is reduced [36, 37]. Moreover, complex | is the rate-
limiting enzyme in oxidative phosphorylation (OXPHOS) [38].
Therefore, any modification of the function of this complex could have a
direct impact on the overall energy state of the cell. In line with this, our
study showed a severe impairment of energy metabolism in peripheral
tissues of hyperglycemic rats. Complex I, 1l and IV activities in skeletal
and cardiac muscles were significantly reduced after 30 days of
hyperglycemia. Furthermore, cardiac tissue was found to be the most
sensitive to the diabetic condition, since energy metabolism in this tissue
was impaired after 10 days of the hyperglycemic condition. Different
mitochondrial metabolic oxidative profiles were observed in liver and
Kidney tissues from STZ-exposed animals. In the liver there was a
significant reduction in the activities of complexes | and Il of the
respiratory chain after 30 days of hyperglycemia, and a marked increase
in complex Il activity after 10 days of hyperglycemia, while in the
kidneys there was no change in the OXPHOS system in STZ animals.

This differential tissue vulnerability to hyperglycemia could be
related to early and persistent high levels of glucose or MG inducing
epigenetic changes as previously reported, e.g. increased expression of
NF-kB p65 subunit promoter [39] or reduced levels of mRNA for the
peroxisome proliferator-activated receptor y co-activator la (PGC-1a)
[40]. In line with this, PGC-1a is able to up-regulate nuclear genes that
are required for mitochondrial biogenesis, including the OXPHOS genes
[41], and it has been proposed that this factor sets the specific aerobic
oxidative capacity for cardiac tissue [42]. On the other hand, PGC-1a
expression has been reported to be reduced in human diabetes [40];
therefore, the deficiency in PGC-1a in hyperglycemic conditions could
result in a different pattern of changes in energy metabolism mainly as a
result of the metabolic properties and mitochondrial content of the
tissues, as shown here. In agreement with this, it is known that PGC-1a
expression is induced by AMP-dependent kinase (AMPK) activation
[43], while a deficiency in the activity of this enzyme has been



96

hypothesized to occur for this cell energy sensor under diabetic
conditions [44].

On the other hand, the overexpression of NF-«xB (a free radical-
sensitive transcription factor), which has been demonstrated by EI-Osta
and co-workers, in both cultured human aortic endothelial cells and in
non-diabetic mice [39], would aid in reducing the OXPHOS activities
by eliciting a downstream persistent oxidative stress cascade that would
finally converge to inhibit mitochondrial function. In line with this, it
was observed that the chronic hyperglycemic condition results in MG-
AGE acumulation (Remor et al, 2011, unpublished results) and in severe
DNA oxidation in skeletal muscle (Figure 3), a tissue highly dependent
on mitochondrial energetics.

The observed reduction in OXPHOS enzyme activities in the
heart after short and longer periods of hyperglycemia would lead to a
situation of pseudo-hypoxia, where the diabetic heart is not able to
utilize oxygen properly; however, in these circumstances there is no
reduction in tissue oxygen tension. The cardiac tissue is also unable to
produce energy anaerobically, and the inadequate oxygen consumption
would lead to enhanced free radical production, with the tissue therefore
suffering from marked impairment in oxidative metabolism.
Consequently, therapies designed to improve mitochondrial biogenesis /
function would protect the diabetic failing heart.

The different patterns of hyperglycemia-induced changes in
OXPHOS in the STZ-affected tissues analyzed here could also be
related to the cellular MG concentration, which may be due partly to
specific expression of the glyoxalase system, the main MG detoxifying
pathway, together with molecules such as glutathione, polyamines,
carnosine, creatine, and pyridoxamine, which normally exhibit
protective carbonyl-scavenging activity towards glycating compounds,
avoiding, therefore, the formation of AGEs [45]. In agreement with this,
we observed a marked reduction in complexes | and Il of the respiratory
chain in methylglyoxal-bovine serum albumin (MG-BSA)-exposed
skeletal muscle and liver mitochondria from non-treated rats.
Furthermore, mitochondrial oxidative stress was induced by both MG-
BSA and MG, with short and longer periods of incubation, and this
effect impaired mitochondrial physiology (cell respiration), since
oxygen consumption was significantly inhibited after the MG-BSA
treatment in skin fibroblasts.
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Differential insulin-induced effects on peripheral hyperglycemia-
related changes in mitochondrial bioenergetics

Insulin administration was effective in protecting against the
hyperglycemia-induced inhibition of mitochondrial OXPHOS enzymes,
possibly due to its demonstrated capacity to modulate the levels of
MRNA for genes encoding the respiratory chain complexes. Insulin
administration also increased OXPHOS activities in kidney from STZ-
treated animals, where the hyperglycemic state did not alter electron
transport activity. It has been reported that insulin exerts part of its
protective activity through activation of the phosphoinositide-3-kinase
(PI3K)-Akt pathway, which is known as the pro-survival pathway [46].
Furthermore, Teshima and co-workers (2010) demonstrated that insulin
treatment is capable of down-regulating PTEN (phosphatase and tensin
homologue deleted on chromosome 10) and phospho-PTEN [47], a
phosphatase that dephosphorylates the second messenger produced by
PI3K, thereby interrupting the downstream activation of Akt [46]. On
the other hand, PTEN could be up-regulated by increased ROS
production, mitochondrial dysfunction and/or persistent hyperglycemia
[46, 47]; therefore, it is possible that the severe changes in energy
metabolism observed in this study accompanying STZ exposure, elicited
by both glucose toxicity and lack of insulin, were mediated by the
inhibition of Akt signaling. Additionally, the long-term insulin exposure
increased the mitochondrial oxidative capacity of the tissue, although
this was observed with short-term hormone replacement only when
there was an STZ-inhibitory effect.

AGE-disrupted mitochondrial function

MG and MG-BSA exposure significantly altered mitochondrial
function in preparations of this organelle from liver and skeletal muscle
tissues, as well as in skin fibroblasts. These results agree with previous
reports indicating that AGE exposure (24 h) results in increased
expression of RAGE [48], and that AGE-RAGE interaction leads to
ROS production and loss of membrane mitochondrial potential [49],
which would subsequently lead to reduced ATP synthesis. Here,
significant induction of mitochondrial oxidative stress (a decreased
MTT reduction:DCF oxidation ratio) was observed after exposing skin
fibroblasts to oxidized albumin, with the effect being more pronounced
when cells were treated for 24 h. In addition, the observed AGE-induced
inhibition of electron transport chain enzyme activities in mitochondrial
preparations was also reflected in the rate of oxygen consumption in rat
dermal fibroblasts. Therefore, it appears that the reduced mitochondrial
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activity in peripheral tissues from STZ rats was mediated, in part, by
hyperglycemia-induced AGE formation.

Conclusions

Here we demonstrated that hyperglycemia results in tissue-
specific patterns of energy deficiency and that early and continuous
insulin therapy is necessary to maintain proper mitochondrial oxidative
metabolism via mechanisms that may determine the rate of
mitochondrial oxygen consumption and, therefore, ATP synthesis.
Moreover, hyperglycemia predisposed tissue to AGE formation and
AGE-induced mitochondrial oxidative stress, which might not only
damage mitochondria themselves, but also impair energetics by
inhibiting the rate of electron transfer. Thus, insulin replacement appears
to have an essential role in the maintenance of mitochondrial
homeostasis under diabetic conditions, particularly in the heart, the
peripheral tissue in which energetics relies primarily on mitochondrial
oxidative metabolism.
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LEGENDS TO FIGURES AND SCHEME

Scheme 1. Experimental design. Hiperglycemic conditions were
induced by intraperitoneal administration of streptozotocin (STZ). The
glycemic control was achieved by treating with insulin (INS; 1.5 Ul
Novolin®N) twice a day.

Figure 1. Effect of 10 and 30 days of insulin (INS; 1.5 Ul Novolin®N
insulin twice / day) administration in bodyweight gain (BW) (A) and
blood glucose concentrations in adult streptozotocin (STZ)-administered
Wistar rats (B). Data represent mean * standard deviation (5 to 9
animals / group). BW significant differences between controls and STZ
animals started on day 6 (*), between controls and STZ+INS animals on
day 5 (#) and between controls and STZ + INS rats on day 24 (&) (Two-
way ANOVA for repeated measures). Glycemia was controlled with 1.5
Ul Novolin®Ninsulin twice a day and measure at days 7 and 10 for 10
day-hyperglycemic treatment and at days 7, 15 and 30 for 30 day-
treatment. P<0.05; P<0.001, compared to the control group.
"#P<0.001, compared to the STZ group (One-way ANOVA followed by
the Duncan multiple range test).

Figure 2. Effect of 10 and 30 days of insulin (INS; 1.5 Ul Novolin®N
insulin twice / day) administration on the activities of the complexes I, |1
and IV of the respiratory chain in skeletal muscle (Al-IlI), cardiac
muscle (BI-III), liver (CI-1lIl) and kidney (DI-III) from adult
streptozotocin (STZ)-administered Wistar rats. Data represent mean +
standard deviation (3 to 9 animals / group). 'P<0.05; ~P<0.01;
""P<0.001, compared to controls. ¥ P<0.05; "P<0.01; **P<0.001,
compared to STZ group (One-way ANOVA followed by the Duncan
multiple range test).

Figure 3. Effect of 30 days of insulin (INS; 1.5 Ul Novolin®N insulin
twice / day) administration on DNA oxidation in skeletal muscle from
adult streptozotocin (STZ)-administered Wistar rats. DNA oxidation
were identified as described in M&M. For relative immunocontent
quantification, total pixels intensity was determined and data were
expressed as average of optical density (0.D.).” P<0.001, compared to
controls. (One-way ANOVA followed by the Duncan multiple range
test). A, Control; B, STZ; C, STZ + INS.
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Figure 4. Characterization of bovine serum albumin (BSA) derivatives
induced by methylglyoxal (MG) exposure (MG-BSA) (A), and in vitro
effect of MG-BSA on respiratory chain complex activities in
mitochondrial preparations from skeletal and liver tissues (B and C).
Suspensions of mitochondria from skeletal muscle (B) and hepatic tissue
(C) were exposed to MG-BSA for 3h. Data represent mean + standard
deviation (3 experiments / group). Control values (nmol . min™ . mg
protein™) for skeletal muscle complex | activity: 173 + 16.0, complex
I1: 3.70 + 0.50, and complex: 1V 61.7 £ 22.0; control values for liver
complex | activity: 186 + 16.3, complex II: 1.17 £ 0.70 and complex IV:
151 + 33.0). BSA: bovine serum albumin. MG-BSA;g= BSA oxidized
by high MG concentrations; 100 mM. MG-BSA,= albumin oxidized
by low MG concentrations; 1 mM. 'P<0.05; ~P<0.01; = P<0.001,
compared to controls. For further details about MG-BSA synthesis see
M&M) (One-way ANOVA followed by the Duncan multiple range test).

Figure 5. Short and long-term in vitro effect of methylglyoxal (MG) and
methylglyoxal-induced glycated albumin (MG-BSA) on mitochondrial
oxidative stress in primary rat skin fibroblasts. Mitochondrial oxidative
stress was estimated as the ratio between MTT reduction (activities of
dehydrogenases) and DCF oxidation (content of reactive species) (see
M&M for further details). Data represent mean + standard deviation (3
experiments / group). MG: methylglyoxal. BSA: bovine serum albumin.
MG-BSAigh= BSA oxidized by high MG concentrations; 100 mM MG-
BSA|OW albumm oxidized by low MG concentrations; 1 mM. “P<0.05;

"P<0.01; ""P<0.001, compared to controls. (One-way ANOVA
followed by the Duncan multiple range test).

Figure 6. Long-term in vitro effect of methylglyoxal (MG)-induced
glycated albumin (MG-BSA) on mitochondrial respiration (A), and
stepwise titration carbonyl cyanide p-trifluoromethoxyphenylhydrazone
(FCCP) curve (B) in primary rat skin fibroblasts. The mitochondrial
oxygen consumption (pmol O, - s - 107 cells) under routine
respiration, olygomicin, FCCP and rotenone + antimycin A conditions
were assessed as indicated in M&M. Data represent mean + standard
deviation (3 experiments / group). MG-BSAign= BSA oxidized by high
MG concentrations; 100 mM MG- BSA|OW albumin oxidized by low
MG concentrations; 1 mM. ~P<0.01; ~ P<0.001, compared to BSA
(Img / mL) (One-way ANOVA followed by the Duncan multiple range
test).



107

Scheme 1
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Figure 3
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Figure 4B and C
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Figure 5
Mitochondrial oxidative stress in rat skin fibroblasts
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Figure 6
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5.3 RESULTADOS PRELIMINARES

Os resultados preliminares apresentados nesta sessdo foram
realizados durante o desenvolvimento do Mestrado Sanduiche realizado
na Universidad Nacional de Cdrdoba, Cérdoba, Argentina, durante o
periodo de 17 de setembro de 2009 a 20 de novembro de 2009 sob a
coordenacdo da professora co-orientadora deste trabalho, Maria Cecilia
Sanchez. Este estagio internacional foi financiado pelo Programa de
Centros Associados para o Fortalecimento das Pds-Graduagdes Brasil /
Argentina (CAFP/B-A, CAPES/SPU 001/2008).

Ap06s a indugdo do modelo in vivo de hiperglicemia por 30 dias
como descrito no item 4.1.3, os olhos dos animais foram retirados e
processados conforme descritos na sessdo de Material e Métodos.
Posteriormente, foram realizadas técnicas de imunohistoquimica para
identificacdo de formacdo de neovasos (formacdo de novos vasos)
através do anticorpo anti-GSA-lectina e de estresse celular empregando
0 anticorpo anti-GFAP.

Controle STZ +INS

Humor vitreo

Figura 12. Efeito da hiperglicemia induzida por estreptozotocina (STZ)
na formacdo de neovasos e estresse celular na retina de ratos Wistar
adultos. Os animais permaneceram hiperglicémicos por 30 dias e
posteriormente tiveram os olhos removidos para a realizagdo de técnicas de
imunohistoquimica com marcagdo para GSA-lectina (neovascularizagdo) (A)
e para GFAP (estresse celular) (B). Painel A: *vasos; “neovasos. Painel B:
*GFAP em astrécitos; “células de Miiller. STZ: animais hiperglicémicos; STZ
+ INS: animais hiperglicémicos com administracdo de insulina (1,5 Ul de
insulina Novolin® N humana duas vezes ao dia).
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A Figura 12A mostra a formacdo de novos vasos na retina de
ratos que permaneceram hiperglicémicos por um periodo de 30 dias.
Pode-se observar a presenca de neovasos sanguineos na retina de
animais hiperglicémicos (Grupo STZ) quando comparados com 0 grupo
controle. Os animais que tiveram a glicemia controlada pela
administracdo de insulina (Grupo STZ + INS), também apresentaram
neovascularizacdo, mostrando que este tratamento ndo conseguiu
prevenir a vasculogénese.

A proteina glial fibrilar acida (GFAP) é uma proteina marcadora
de células astrogliais. Em condicGes de estresse celular, esta proteina
também ¢é expressa em células de Muller de retina. Como mostra na
Figura 12B, ndo houve imunoreatividade para GFAP nas células de
Miiller no grupo STZ, nem no grupo STZ + INS.

Foram também realizadas técnicas de imunofluorescéncia para
identificacdo de GFAP em retina de animais que permaneceram
hiperglicémicos por 10 e 30 dias. Como mostra a Figura 13 houve uma
maior imunoreatividade para GFAP nos animais que permaneceram
hiperglicémicos (Grupo STZ) por 30 dias quando comparadas com o
grupo controle. A insulina ndo foi capaz de prevenir este efeito.

Controle STZ + INS

DAPI

10 dias

DAPI

30 dias

Figura 13. Efeito da hiperglicemia induzida por estreptozotocina (STZ) na
indugdo de estresse celular em retina de ratos Wistar adultos. Os animais
permaneceram hiperglicémicos por 10 e 30 dias e posteriormente tiveram 0s
olhos removidos para a realizagdo de técnicas de imunofluorescéncia com
marcacdo para GFAP. STZ: animais hiperglicémicos; STZ + INS: animais
hiperglicémicos com administragdo de insulina (1,5 Ul de insulina Novolin® N
humana duas vezes ao dia). As setas indicam a presenca de GFAP nas células
astrogliais.
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Apos, foi investigado o efeito de concentragBes crescentes de
MG (0-1000 uM) sobre o conteudo de GFAP em células da linhagem
celular MIO-M1 humana. As células foram incubadas com o
metabdlito durante oito horas e posteriormente foi determinada a
concentracdo de GFAP. Pode-se observar um aumento da expressdo
desta proteina quando as células foram expostas a 100 UM de MG.

45KDa . - e ———
600+
©
3
é 4004
a
&)
@
=
3
S 200+
c
(=
0 1 | L) L)
(0] 0,1 1 10 100 1000
MG (uM)

Figura 14. Efeito in vitro do metilglioxal (MG) no conteido de GFAP
em linhagem celular MIO-M1 humana. As células foram tratadas
durante 8 horas com diferentes concentra¢des de MG (0-1000 pM). Os
resultados sdo representativos de um experimento preliminar. Na figura é
indicado o peso molecular de 45 kDa que representa a proteina GFAP.
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6 DISCUSSAO

O DM é uma sindrome metabdlica de etiologia mdltipla
caracterizada pela persistente hiperglicemia decorrente da falta de
insulina e/ou da resisténcia dos tecidos a acdo do horménio (Han et al.,
2007; Malecki e Skupien, 2008). Projeta-se que até o ano de 2030, cerca
de 366 milhGes de individuos no mundo estejam acometidos por esta
doenca (Wild et al., 2004).

A alta morbidade e mortalidade associadas ao DM devem-se
principalmente ao desenvolvimento de alteragdes patolégicas na
vasculatura (Winer e Sowers, 2004). Estas alteracfes podem ser
microvasculares, incluindo retinopatia, nefropatia e neuropatia central e
periférica, que por sua vez podem desencadear em alteracdes
macrovasculares, como aterosclerose, doenca vascular periférica, infarto
do tecido cerebral e/ou amputacdes dos membros inferiores (Wei et al.,
1998; Brownlee, 2001; Zimmet et al., 2001; Brem et al., 2006; Wirostko
et al., 2008). Numerosos estudos clinicos tém demonstrado que tais
alteragdes vasculares podem ser atenuadas se nos estagios mais precoces
da doenca (cinco anos iniciais da doenca) houver um controle glicémico
eficiente. Este fendmeno é conhecido como “memoria metabolica”,
resultaria em efeitos benéficos, principalmente no que se refere as
complicagdes vasculares (The Diabetes Control and Complications Trial
Research Group, 1993; Nathan et al., 2005; ADA, 2010).

A persistente hiperglicemia parece contribuir na fisiopatologia
das alteracbes vasculares através da inducdo de quatro processos
principais, incluindo a formacdo de AGEs, ativacdo de varias isoformas
da proteina cinase C e aumento do fluxo das vias dos polidis e
hexosaminas (Brownlee, 2005). Ainda, tem sido demonstrado que estes
processos culminam com a formacdo de EROs (West, 2000; Rosen et
al., 2001), portanto, as alteragdes patoldgicas na vasculatura podem se
relacionar com a inducdo de estresse oxidativo ocasionado pela
persistente hiperglicemia.

Os principais componentes geradores de EROs sédo 0s
complexos | e Il da cadeia respiratdria, sendo que a producdo destes
aumenta no caso de um bloqueio na transferéncia de elétron (Swerdlow
et al., 1996; Turrens, 1997; Nicholls e Budd, 2000; Lenaz, 2001; Sipos
et al., 2003; Bell et al., 2007). Neste cenario, sabe-se que as EROs e as
espécies reativas do nitrogénio, incluindo o 6xido nitrico, podem inibir
varios complexos da cadeia respiratdria, bem como alterar 0 DNA
mitocondrial (Degli Esposti, 2002; Radi et al., 2002), gerando um
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circulo vicioso entre o bloqueio da transferéncia de elétrons e a
producdo de espécies reativas. Neste sentido, foi também demonstrado
que deficiéncias nas atividades dos complexos da cadeia respiratoria sdo
acompanhadas pela deplecdo de tidis celulares (glutationa; principal tiol
celular), e ainda que o grau de inibicdo da cadeia respiratdria é
proporcional a magnitude da deplecdo desse antioxidante (Barker et al.,
1996; Chen et al., 2003).

Além disso, o déficit energético e o aumento da producdo de
espécies reativas podem levar secundariamente a uma diminuicdo na
atividade da Na’, K'-ATPase com consequente despolarizacdo da
membrana plasmatica, perda da homeostase celular, excitotoxicidade
secundéria e/ou ativacdo das cascatas de apoptose (Beal, 1995; Massieu
e Tapia, 1997; Beal, 2005).

Embora todos os tecidos do organismo estejam expostos aos
altos niveis de glicose durante periodos de hiperglicemia, o cérebro
parece ser 0 mais sensivel aos efeitos toxicos deste nutriente celular,
principalmente devido a: i) grande trafego de Ca®* através das
membranas neuronais; ii) altas concentrac@es de neurotransmissores que
podem sofrer auto-oxidacdo e induzirem a formacdo de EROs; iii) altos
niveis de acidos graxos poli-insaturados que facilmente podem ser
peroxidados e liberar produtos téxicos, como por exemplo o
malondialdeido; iv) baixa quantidade de defesas antioxidantes quando
comparado com outros érgdos, como por exemplo, o figado (Halliwel e
Gutteridge, 2007).

Diferente do resto do organismo, a nutri¢cao das células nervosas
possui uma constante demanda de glicose e a captacdo desta €
independente da acéo da insulina. Assim, a concentracéo de glicose em
células nervosas é depende da quantidade de glicose presente na
circulagdo. Neste sentido, alguns estudos tém demonstrado que em
condicdes de hiperglicemia o cérebro se encontraria exposto a
guantidades de glicose quatro vezes maiores do que o normal,
favorecendo desta forma uma condicdo toxica provocada pelos altos
niveis de glicose (Tomlinson e Gardiner, 2008).

Aumento da atividade da creatina cinase mitocondrial como um
efeito compensatério as alteracfes do metabolismo energético no
modelo experimental de hiperglicemia induzido pela administracao
de STZ

Neste estudo foi demonstrado que a persistente hiperglicemia
esta envolvida em processos de estresse oxidativo, através do aumento
da peroxidacdo lipidica e diminuicdo dos grupos tidis observados no
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sangue dos animais expostos a condi¢des de hiperglicemia durante um
periodo de 60 dias. Este fenémeno poderia estar relacionado com o
aumento no fluxo da via dos polidis, o qual deixaria os tecidos mais
sensiveis ao estresse oxidativo pela consequente diminui¢do dos niveis
de NAD(P)H, sendo este um cofator essencial para a manutencdo das
atividades de enzimas relacionadas com o metabolismo da glutationa
(Brownlee, 2001). Ainda, foi observada uma diminuicdo nos niveis da
molécula antioxidante BH4 no liquor dos animais expostos a
hiperglicemia. Esta molécula é um cofator obrigatério para as enzimas
gue participam na sintese de neurotransmissores e também de ON
(Cosentino e Luscher, 1999). Neste sentido, o0 estresse oxidativo
observado neste estudo, poderia alterar a neurotransmisséo e a fisiologia
da vasculatura, contribuindo o desenvolvimento de infarto, deméncia
vascular ou DA (Arvanitakis et al., 2004; Biessels et al., 2006),
conferindo desta forma um papel patogénico para BH4 nos processos
neurodegenerativos.

Por outro lado, numerosos estudos tém demonstrado que a
iNOS pode ser ativada em condi¢des de hiperglicemia (Sobrevia et al.,
1996), levando ao aumento na producéo de ON e a um rapido consumo
do cofator BH4 que excederia a sua capacidade de sintese de novo.
Além disso, sabe-se que a BH4 tem a capacidade de sequestrar radicais
ON comprometendo ainda mais as concentragBes desta pterina. Assim,
esta situacdo potencializaria a toxicidade induzida pelos altos niveis de
glicose no cérebro, contribuindo para a neurodegeneracgao.

Por outro lado, a mitocondria possui um papel chave durante a
producdo de ATP, o qual é essencial para a excitabilidade e a sobrevida
dos neurdnios, e qualquer mudanca durante a redugdo do oxigénio ira
favorecer a formagdo de EROs. Como ja foi descrito anteriormente, os
complexos | e Il da cadeia respiratéria sdo os principais geradores de
EROs (Boveris et al., 1976; Chen et al., 2003), e esta situacdo se
intensifica quando ocorre um bloqueio durante a transferéncia de
elétrons (Turrens e Boveris, 1980; Turrens, 1997). Além disso, as
espécies reativas formadas no complexo | (NADH desidrogenase) sdo
liberadas na matriz mitocondrial (Chen et al., 2003), provocando dano
oxidativo nas enzimas mitocondriais, incluindo os complexos da cadeia
respiratoria, enzimas do ciclo de Krebs, cinases e vdrias outras
proteinas, bem como o DNA mitocondrial (Bandy e Davison, 1990;
Zhang et al., 1990; Hausladen e Fridovich, 1994). Neste sentido, a
severa inibicdo na atividade dos complexos da cadeia respiratoria
observada nos animais expostos a hiperglicemia poderia estar
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comprometendo a viabilidade nos neurbnios por desencadear a
apoptose, como foi observado neste estudo.

Adicionalmente, neste trabalho foi também demonstrado, um
mecanismo compensatdrio caracterizado pelo aumento da atividade da
CK no cérebro e tecidos periféricos, possivelmente mediado pela
deficiéncia no metabolismo energético induzida pela persistente
hiperglicemia. A enzima CK é responsavel por catalisar a reacdo
reversivel de transferéncia de um grupo fosforil entre 0 ATP e a creatina
(Bessman e Carpenter, 1985). Desta forma, possui a capacidade de gerar
energia na forma de ATP para tecidos que necessitam de constante
abastecimento energético, como os musculos esquelético e cardiaco e o
cérebro, de uma forma muito mais rapida do que durante o processo de
fosforilacdo oxidativa (Wallimann e Hemmer, 1994). Além disso, a
localizagdo da CK isoforma mitocondrial, permite regular o potencial de
membrana mitocondrial, prevenindo dessa forma a inducéo do poro de
transicdo mitocondrial (Dolder et al., 2003). Como foi observado um
déficit energético e um aumento na ativacdo da caspase-3 nos animais
gue ficaram expostos a altos niveis de glicose, seria viavel afirmar que o
aumento na atividade da CK poderia ser um mecanismo compensatorio
para manter o estado energético celular. Ainda, a expressdo da CK nos
diversos tecidos correlaciona de forma inversa com a capacidade de
peroxidase tecidual (Meyer et al., 2006); no entanto, foi observado um
aumento nesta atividade no tecido hepatico apds dez dias de
hiperglicemia. Isto poderia estar relacionado com uma sinalizacdo
celular patoldgica ou ainda relacionado com um aumento da atividade
da CK presente no endotélio vascular. Neste sentido, numerosos estudos
sugerem que muitos genes podem sofrer mudangas epigenéticas e
responder de forma diferente em condi¢des de hiperglicemia, como por
exemplo, podem aumentar a expressdo de VEGF (Ishizuka et al., 2011)
e NF-kB, o qual compromete a fosforilagdo oxidativa devido a formagao
de estresse oxidativo com consequente reducdo da funcdo mitocondrial
(El-Osta et al., 2008) ou diminuir os niveis de mMRNA do co-ativador
PGC-1a (Mootha et al., 2003) o qual possui a capacidade de aumentar a
expressao de genes responsaveis pela biogénese mitocondrial (Scarpulla,
2002). Desta forma, a deficiéncia do PGC-la decorrente do estado
hiperglicémico, poderia resultar em diferentes alteracbes no
metabolismo energético, tanto uma severa diminuicdo na atividade da
cadeia transportadora de elétrons quanto um aumento na atividade da
CK.

Devido a severa deficiéncia na transferéncia de elétrons
observada nos tecidos periféricos e no cérebro dos animais
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hiperglicémicos, poderia se esperar um aumento na glicélise anaerdbica.
No entanto, neste estudo, a atividade da HK se mostrou deficiente no
tecido hepético de animais que ficaram expostos a altas concentracdes
de glicose por um periodo de dez dias. Neste sentido, a deficiéncia da
atividade da HK mitocondrial foi previamente descrita em modelos
experimentais da DA, possivelmente ocasionada pela toxicidade gerada
através dos agregados protéicos caracteristicos desta enfermidade
(Saraiva et al., 2010).

A administracdo exdgena de insulina mostrou ser efetiva em
controlar os niveis de glicemia nos animais que permaneceram
hiperglicémicos por 10, 30 ou 60 dias, sendo capaz de prevenir as
alteragdes no metabolismo energético cerebral. Esta propriedade
protetora da insulina estaria relacionada provavelmente com a via de
sinalizacdo da fosfatidilinositol 3-cinase (PI3K)-Akt (Duronio, 2008), a
qual é responsavel por garantir a sobrevida das células. A proteina
PTEN é uma fosfatase que defosforila a PI3K, interrompendo assim a
ativacdo desta via. Neste sentido, a literatura tem demonstrado que a
insulina é capaz de diminuir a expressdo da PTEN e por consequéncia,
manteria a via da PI3K ativa (Teshima et al., 2010). Por outro lado, a
terapia com insulina ndo preveniu o estresse oxidativo tanto no sangue,
como no liquor e tecido cerebral. Este achado poderia ser explicado
através de evidéncias que demonstram que a persistente hiperglicemia
pode estar relacionada com o aumento na producdo de EROs, disfuncéao
mitocondrial e/ou pela sua capacidade de aumentar a expressdo de
PTEN (Duronio, 2008; Teshima et al., 2010).

Por fim, neste estudo foi demonstrado que o estrito controle da
glicemia preveniu muitas das alteragcbes observadas no metabolismo
energético, mas por outro lado, ndo controlou a inducdo do estresse
oxidativo. Esta falha poderia estar relacionada com o pico agudo de
hiperglicemia (dois dias) que ocorreu logo no inicio da doenca, mais
precisamente no periodo entre a confirmagdo da inducdo de
hiperglicemia através da administracdo de estreptozotocina e o inicio da
administracdo de insulina exdégena, o que poderia ter favorecido as
mudancas epigenéticas decorrentes da hiperglicemia, como citado
anteriormente.

AlteracBes do metabolismo energético no modelo experimental de
hiperglicemia induzido pela administracdo de STZ: Envolvimento
dos produtos finais de glicacdo (AGEs)

Neste estudo foi demonstrada uma severa deficiéncia no
metabolismo energético em tecidos periféricos de ratos hiperglicémicos
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induzidos pela administragdo de STZ. As atividades dos complexos 1, 11
e/ou IV da cadeia respiratoria se encontraram significativamente
diminuidas ap6s 10 e/ou 30 dias de persistente hiperglicemia no
musculo esquelético, coracédo e figado; enquanto que o rim ndo mostrou
tais alteracdes. Este diferente comportamento no metabolismo oxidativo
mitocondrial nos tecidos expostos a hiperglicemia poderia estar
relacionado, como previamente proposto, tanto com a sensibilidade de
cada tecido a persistente hiperglicemia, bem como com mudancas
epigenéticas ocasionadas pelos altos niveis de glicose ou MG formado.

Estas mudancas epigenéticas incluiriam a alteracdo na
expressdo de varios genes, como por exemplo, um aumento na
expressao de NF-xB, o qual compromete a fosforilagdo oxidativa devido
a formacdo de estresse oxidativo com consequente reducdo da funcéao
mitocondrial (EI-Osta et al., 2008), ou a diminuicdo dos niveis de
mRNA do co-ativador PGC-1a (Mootha et al., 2003), o qual possui a
capacidade de aumentar a expressdo de genes responsaveis pela
biogénese mitocondrial (Scarpulla, 2002). A reducdo na expressdo do
PGC-1la parece estar também relacionada com uma atividade deficiente
da cinase dependente de AMP (AMPK), visto que como previamente
proposto, esta cinase ndo responderia a deficiéncia celular em condigdes
de hiperglicemia por se encontrar oxidada pela presenca de MG
(Puigserver e Spiegelman, 2003; Gugliucci, 2009).

A administracdo de insulina exdgena nos animais
hiperglicémicos preveniu as inibi¢des verificadas nas atividades das
enzimas envolvidas na fosforilagdo oxidativa. Isto se deve,
provavelmente por sua capacidade de modular positivamente os niveis
de mRNA de genes responsaveis pela codificacdo dos complexos da
cadeia respiratoria (Duronio, 2008). Este efeito pode ser comprovado
através do comportamento do tecido renal, onde o tratamento com
insulina induz um aumento das atividades dos complexos da cadeia
transferidora de elétrons. Esta propriedade protetora da insulina, como ja
foi discutida nesta sessdo, poderia estar relacionada com a via de
sinalizacdo da PI3K-Akt, a qual é responsavel por garantir a sobrevida
das células e ainda, a uma diminui¢do na expressdo da PTEN (Duronio,
2008; Teshima et al., 2010).

Por outro lado, neste estudo foi também verificado que a
exposicdo de MG-BSA a prepara¢des mitocondriais, tanto de musculo
esquelético quanto de figado, provoca uma diminuigdo significativa na
atividade dos complexos | e Il da cadeia respiratoria. Neste sentido,
sabe-se que os AGEs tém a capacidade de estimular a expressdo dos
seus receptores RAGEs (Coughlan et al., 2009), e a interagdo AGE-
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RAGE provoca secundariamente a producdo de EROs, bem como a
perda do potencial de membrana mitocondrial (Cai et al., 2006),
culminando com a reducdo na sintese de ATP. Desta forma, foi também
observada a indugdo de estresse oxidativo mitocondrial em fibroblastos
de pele expostos a MG e MG-BSA, através da significativa diminuicéo
na reducdo do MTT e a taxa de oxidacdo da sonda fluorescente DCF.
Além disso, foi observada uma inibicéo significativa na transferéncia de
elétrons destas células, diminuindo desta forma o consumo de oxigénio.
Com base nisto, a reducdo da atividade mitocondrial nos tecidos
periféricos de animais expostos a STZ parecem ser mediados, em parte,
pela formacéo de AGEs.
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7 CONCLUSOES

e O estado hiperglicémico provocou severa deficiéncia no
metabolismo energético (diminui¢do nos complexos I, 11 e/ou
IV da cadeia respiratoria) do masculo esquelético, coragdo e
figado em animais que permaneceram nestas condi¢des por
periodos de 10 e/ou 30 dias. O rim ndo apresentou tais
alteracOes, e a administracdo exdgena de insulina preveniu as
inibigBes observadas nesses tecidos;

e A exposicdo de preparacdes mitocondriais de musculo e
figado a0 MG-BSA provocou inibigdes nos complexos | e 1l
da cadeia respiratoria. A exposicdo de fibroblastos de pele de
rato a MG e MG-BSA induziram estresse oxidativo
mitocondrial observado pela diminui¢do na reducdo do MTT e
0 aumento na taxa de oxidacdo da sonda fluorescente DCF.
Além disso, a exposicao dos diferentes sistemas experimentais
in vitro ao MG-BSA provocou uma inibicdo significativa na
transferéncia de elétrons, diminuindo como consequéncia o
consumo de oxigénio mitocondrial;

e A persistente hiperglicemia provocou estresse oxidativo por
aumentar os niveis de peroxidacdo lipidica, e diminuir a
concentracdo de tidis livres no sangue dos animais tratados
com STZ. Além disso, as concentragdes da molécula
antioxidante BH4 se encontraram reduzidas no liquor;

e A condicdo de persistente hiperglicemia também provocou
severas inibicdes nas atividades dos complexos I, Il e IV da
cadeia respiratoria em cérebro de animais tratados com STZ.
Além disso, o estado hiperglicémico ocasionou um aumento
na atividade da CK mitocondrial e/ou total no cérebro e
tecidos periféricos, possivelmente como um mecanismo
compensatorio na tentativa de manter o estado energético
celular. Ainda, estas alteragdes bioguimicas foram
acompanhadas por uma inibi¢&o da atividade da HK no figado
dos animais hiperglicémicos;

e O estado hiperglicémico provocou aumento na clivagem da
caspase-3 no cérebro, sugerindo a indugéo de apoptose;

e A administracdo de insulina exdgena foi capaz de proteger as
alteragdes no metabolismo energético celular, mas ndo foi
efetiva na prevencao de estresse oxidativo.
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8 CONCLUSAO GERAL

A hiperglicemia cronica causa severa deficiéncia no
metabolismo energético celular tanto no cérebro quanto nos tecidos
periféricos. Esta deficiéncia parece ser um gatilho para induzir um
mecanismo compensatdrio, o qual foi demonstrado pelo aumento na
atividade da enzima CK. Ainda, o estrito e inicial controle dos niveis de
glicemia se mostrou eficaz na prevencéo das alteracdes observadas no
metabolismo energético mitocondrial. Por outro lado, a persistente
hiperglicemia provocou estresse oxidativo, e a normalizacdo dos niveis
glicémicos ndo foi eficiente em prevenir este processo, provavelmente
devido as mudancas epigenéticas que estdo relacionadas com o aumento
na producdo de EROs (Figura 15).
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Figura 15. Efeitos celulares envolvidos durante periodos de hiperglicemia
persistente. Deficiéncia no metabolismo energético: 1) Inibicdo dos complexos
da CR; 2) Aumento na produgdo de EROs; 3) Diminuicdo no consumo de
oxigénio; 4) Diminui¢do na sintese de ATP; 5) Diminui¢do na atividade da
hexoquinase; 6) Aumento na producdo de AGEs; 7) Aumento na atividade da
creatinaquinase como um mecanismo compensatorio. Estresse Oxidativo: 1)
Aumento na peroxidagao lipidica; 2) Diminuicdo das defesas antioxidantes; 3)
Aumento na producéo de EROs; 4) aumento na formagéo de AGEs.

MG: metilglioxal; AGEs: produtos de glicagdo terminal; Pcr: fosfocreatina; Cr:
creatina; CK: creatinaquinase; CR: cadeia respiratdria; EROs: espécies reativas
de oxigénio
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9 PERSPECTIVAS

Padronizar um modelo de hiperglicemia relacionado com o
desenvolvimento de obesidade em camundongos Swiss (Aubert
et al., 1980), afim de melhor entender os mecanismo
patolégicos causados pela hiperglicemia;

Identificar o acimulo de metilglioxal e produtos de glicacéo
final (AGEs) em sangue, liquor efou tecido cerebral nos
roedores, visto que estes compostos estdo relacionados com a
producdo de EROs, oxidacdo de proteinas, inativacdo de
enzimas, alteragBes no sistema de defesa antioxidante, entre
outros. Ainda, verificar se a administracdo de insulina exdgena
e/ou da metformina poderiam prevenir tais alteragdes;

Investigar a atividade de uma das proteinas reguladoras do
metabolismo  energético, AMPK e o0 conteddo de
AMPK/AMPK fosforilada, em diferentes estruturas cerebrais.
Ainda, verificar sua relagdo com as concentracbes do mMRNA e
0 contetido imunoproteico do fator angiogénio VEGF, da 6xido
nitrico sintase endotelial e da hemeoxigenase-1 e a producdo de
EROs;

Investigar a respiragdo celular (respirometria), a génese
mitocondrial (microscopia eletrénica) e a formagdo de dxido
nitrico nos modelos experimentais de hiperglicemia;

Investigar o efeito in vitro do MG e MG-BSA sobre a atividade
da AMPK em astrécitos e/ou fibroblastos de pele de rato em
preparagdes comerciais de proteina purificada;

Verificar a relagdo entre hiperglicemia e doencas
neurodegenerativas através da administracdo i.n. de MPTP,
visto que este composto € capaz de simular a doenca de
Parkinson, e investigar o0 conteldo da enzima tirosina
hidroxilase, atividade dos complexos da cadeia respiratoria
mitocondrial e perfil de neurotransmissores e pterinas.
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