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A retinopatia diabética (RD) € a principal causa de cegueira adquirida em adultos em idade
produtiva nos paises desenvolvidos. A hipertensdo (HA) é um importante fator de risco
associado ao desenvolvimento da RD. O estresse oxidativo pode explicar como a
hiperglicemia inicia os processos bioquimicos envolvidos na patogénese da RD. A retina
possui varios mecanismos de defesa para minimizar o estresse oxidativo como “scavengers”
de baixo peso molecular e sistemas enziméticos. Sob condi¢des do diabetes (DM), ocorre um
aumento das espécies reativas, como o superéxido (O,") e éxido nitrico (NO®), conseqiientes
da inducdo da reacdo da glicacdo. O produto desta reacdo, peroxinitrito (ONOO’), pode
diretamente causar lesdes em proteinas, lipidios ¢ DNA. Embora muitos mecanismos
patolégicos da RD sejam focados nos danos vasculares, tem sido descrito que o DM também
induza danos nas células de Miiller da retina neural que pode anteceder as anormalidades
vasculares. A neurodegeneracdo retiniana pode ser detectada pelo aumento da
imunoreatividade da proteina dcidica fibrilar glial (GFAP) em astrécitos e em células de
Muller. O acimulo de matriz extracelular (ECM) € instrumental para a quebra de barreira
hematoretiniana da retina presente precocemente na patogénese da RD. O objetivo deste
estudo foi investigar a eficdcia do antioxidante tempol, mimético da superéxido dismutase
(SOD), na prevencgdo das alteragdes precoces na retina de um modelo de RD que combina
hipertensdo e diabetes. Foram utilizados neste estudo ratos espontaneamente hipertensos
(SHR) e seu controle normotenso (WKY) com 4 semanas de idade. O diabetes foi induzido
experimentalmente através de injecdo intravenosa de estreptozotocina. Apds a confirmacao
da indugcdo do DM, os ratos SHR (DM-SHR) foram randomizados para receber ou nao
tratamento com inje¢do de tempol intraperitonealmente (DM-SHR-tempol). Apés 20 dias, os
ratos foram eutanaziados e suas retinas foram coletadas para extracdo de proteinas, ensaios
colorimétricos e imunohistoquimica. Os animais diabéticos apresentaram os marcadores
precoces de RD: houve aumento da expressdo do GFAP no grupo SHR e DM-SHR
comparado ao grupo WKY e aumento da FN no grupo DM-SHR comparado ao SHR e
WKY. O balanco oxidativo, avaliado pela produgao de superdxido e pelos produtos finais do
oxido nitrico, assim como a defesa antioxidante, estimada pela expressdo e atividade da
Cu/Zn SOD, revelou um desequilibrio acentuado no grupo DM-SHR em relagdo ao grupo
SHR e WKY. Como resultado, o produto peroxinitrito detectada por imuno-histoquimica
para nitrotirosina (NT) foi maior no grupo DM-SHR. A atividade da enzima poli (ADP-

ribose) polimerase (PARP) detectada pela ribosilacdo, e a super regulacio da expressao da
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oxido nitrico sintase induzida (iNOS) foram exacerbadas neste grupo. A administracdo do
TEMPOL impediu o dano oxidativo, reduziu a ativacdo exacerbada da PARP e diminuiu os
niveis de i-NOS nos ratos DM-SHR. Como conseqiiéncia, os marcadores estruturais precoce
da RD, GFAP e FN, foram prevenidos pelo TEMPOL. Estes resultados fornecem uma base
racional para o desenvolvimento com fins farmacol6gicos do TEMPOL na prevengdo e

tratamento da RD.
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Diabetic retinopathy (DR) is the leading cause of blindness among working-age adults in
developed countries. Hypertension (HA) is an important risk factor associated with the
development of DR. Oxidative stress may explain how the hyperglycemia initiates the
biochemical processes involved in the pathogenesis of DR. The retina has several defense
mechanisms to minimize oxidative stress as scavengers of low molecular weight and enzyme
systems. Under conditions of diabetes (DM), there is an increase of reactive species such as
superoxide (02 ") and nitric oxide (NO °), induced by glycation reaction. The product of this
reaction, peroxynitrite (ONOQ"), can directly damage proteins, lipids and DNA. Although
many pathologic mechanisms of DR have been focused on vascular damage, it has been
reported that DM also induces damage in nonvascular retinal neurons of Miiller cells
occurred prior to vascular abnormalities. The retinal neurodegeneration can be detected by
increased immunoreactivity of glial fibrillary acidic protein (GFAP) in astrocytes and Muller
cells. The extracellular matrix accumulation (ECM)) is instrumental to blood retinal barrier
breakdown present in early pathogenesis of DR. The objective of this study was to
investigate the efficacy of the antioxidant TEMPOL, mimetic of superoxide dismutase (SOD)
in the prevention of early changes in the retina in a model that combines hypertension and
diabetes. Four-week-old spontaneously hypertensive rats (SHR) and their normotensive
control (WKY) were used in this research. Diabetes was induced experimentally by
intravenous injection of streptozotocin. SHR diabetic (DM-SHR) rats were randomized to
receive or not treatment with intraperitoneal injection of tempol (DM-SHR-tempol). After 20
days, the rats were euthanized and their retinas were collected for protein extraction,
colorimetric assays and immunohistochemistry. The presence of exacerbated early markers
of DR was detected by increased GFAP expression in SHR and SHR-DM group compared to
WKY and FN in group DM-SHR compared to SHR and WKY. The oxidative balance,
evaluated by superoxide production and nitric oxide end-product levels and the counterpart
antioxidant defense, estimated by the expression and activity of Cu / Zn SOD showed a
marked unbalance in DM-SHR group compared to SHR and WKY group. As a result, the
product peroxynitrite detected by immunohistochemistry for nitrotyrosine (NT) was higher in
the DM-SHR. The activity of the enzyme poly (ADP-ribose) polymerase (PARP) detected by
ribosylation, and the upregulation of inducible nitric oxide synthase (iNOS) expression were
exacerbated in this group. The administration of TEMPOL prevented the oxidative damage,
reduced the exacerbated activation of PARP and decreased iNOS levels in DM-SHR rats. As

a result, the
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structural markers of early RD, GFAP and FN, were prevented by tempol. These
findings provide a rationale for the development with pharmacological purposes of

tempol in the prevention and treatment of DR.
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1.1 - Diabetes mellitus

1.1.1 — Conceito

Diabetes mellitus (DM) é uma sindrome de etiologia multipla caracterizada pela
hiperglicemia cronica, decorrente da falta de insulina e/ou da incapacidade da insulina de
exercer adequadamente seus efeitos resultando em distirbios do metabolismo dos carboidratos,
lipidios e proteinas. As conseqiiéncias do DM a longo prazo incluem danos, disfuncdo e
faléncia de vdrios 6rgdos, especialmente rins, olhos, nervos, coracdo e vasos sanguineos. O
DM pode ser classificado tipo 1 e tipo 2, DM gestacional e “outros tipos de DM” (The Expert

Committee on the Diagnosis and Classification of Diabetes Mellitus, 2003).

4 ACIDENTE VASCULAR

CEREBRAL
3

RETINCPATIA
DOENCA
CORONARIANA
NEFROPATIA
MEURCPATIA DOENCAMASCULAR

PERIFERICA

Figura 1. Principais locais das complicacdes cronicas encontradas no DM. Se ndo tratadas, estas
complicagdes podem levar a cegueira, amputacdo de membros, didlise renal, infarto do
miocérdio e acidentes vasculares cerebrais.

O DM tipo 1, caracteriza-se por um déficit da secrecdo de insulina (pouca ou nenhuma)
resultante primeiramente da destruicdo das células beta das ilhotas de Langerhans pancreaticas
produtoras de insulina por processos auto-imunes ou idiopdticos (causa desconhecida).
Apresenta tendéncia a cetoacidose, processo pelo qual o figado, quebra gorduras e proteinas em

resposta a uma necessidade percebida de substrato respiratério quando nao ha insulina para
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captacao de glicose intracelular. O DM tipo 1 corresponde de 5% a 10% dos casos totais, a qual
se apresenta mais freqiientemente entre jovens e criangas sendo mais freqiiente antes dos 20
anos de idade, mas pode se desenvolver em qualquer faixa etdria e ndo estd associada a
obesidade (The Expert Committee on the Diagnosis and Classification of Diabetes Mellitus,

2009).

O DM tipo 2 € resultante, em geral, de graus varidveis de resisténcia a insulina
(diminuicao na resposta dos receptores de glicose presentes no tecido periférico a insulina) e
deficiéncia relativa de secrecdo de insulina (secre¢do de insulina inadequada em relacdo aos
niveis plasmdticos de glicose). As células beta do pancreas aumentam a producdo de insulina e,
ao longo dos anos, a resisténcia a insulina acaba por levar as células beta a exaustdo. Nao
ocorre destruicdo auto-imune das células beta. Embora a resisténcia a insulina pareca ser
hereditaria, a maioria dos pacientes sdo obesos e ha uma forte contribui¢do da obesidade para o
seu desenvolvimento. A cetoacidose ocorre apenas em situacdes especiais, como durante
infecgdes graves. Aproximadamente 90% a 95% dos pacientes com diabetes ttm DM tipo 2 no
nosso pais. Desenvolve-se freqiientemente em etapas adultas da vida, comumente diagnosticado
apo6s os 30 anos de idade. Mas, atualmente, cada vez mais se observam criangas e adolescentes
com diabetes tipo 2, caracterizando esta doenga como uma associacao aos habitos alimentares e

estilo de vida. (The Expert Committee on the Diagnosis and Classification of Diabetes Mellitus,

2009).

1.1.2 — Epidemiologia

O DM ja era conhecido antes da era cristd, foi descrito pelo médico Hesy-Ra no
papiro de Ebers (um dos tratados médicos mais antigos e importantes que se conhece)
descoberto no Egito, correspondente ao século XV antes de Cristo, onde se descreveram
sintomas tipicos desta doenca, porém sem nomed-la (Canadian Diabetes Association, 2005-

2009).

Atualmente, o DM alcancou uma proporcao epidémica e transformou-se em um dos

desafios de satide publica do século XXI nos paises desenvolvidos e em desenvolvimento,
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devido as complica¢des que comprometem a produtividade, qualidade de vida e sobrevida

dos individuos, além de envolver altos custos no seu tratamento.

De acordo com a Federagdao Internacional de Diabetes (IDF), a prevaléncia da
doenca afeta mais de 285 milhdes de pessoas no mundo e estima-se que se o atual indice de
crescimento continuar, o nimero total de pessoas com diabetes no mundo deve ultrapassar
435 milhdes em 2030, valor maior a populacdo da América do Norte (International Diabetes
Federation, 2009). No ano de 2000, os 10 paises com maior nimero de pessoas com DM em
ordem crescente foram: India, China, Estados Unidos (EUA), Indonésia, Japao, Paquistdo,

Russia, Brasil, Itdlia, Bangladesh (Wild e cols., 2004).
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Figura 2. Prevaléncia de pessoas acometidas pelo DM nos diversos continentes no ano de
2000 (Wild e cols., 2004).

O DM estd em quarto lugar entre as doencas que mais matam no mundo, a cada 10
segundos uma pessoa morre de causas relacionadas ao DM (Kowluru e Chan, 2007).
Estima-se que para o ano de 2010, a Asia represente 61% do nimero global total previsto de
pessoas com DM, ndo sé porque é o continente mais populoso do planeta, mas também por
causa do aumento da urbanizacdo e da melhora da expectativa de vida. Espera-se que a
India, China e os EUA apresentem o maior nimero de pessoas com DM em 2030 (Mitchell
e Foran, 2008). O Brasil se apresenta em quinto lugar na lista com a taxa de prevaléncia de

7,6 milhdes de casos valor compardvel ao dos paises mais desenvolvidos (International
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Diabetes Federation, 2009) e situa-se entre as dez causas de mortalidade (Malerbi e Franco,

1992).
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Figura 3. Prevaléncia (%) estimada do DM (20-79 anos de idade) por regido, 2010 e 2030.
(Diabetes Atlas, 4™ edition. International Diabetes Federation, 2009).

Entretanto, € na sua morbidade que se concentra o maior impacto sdcio-econdomico.
O IDF prevé que o DM vai custar para a economia mundial pelo menos US$376 bilhdes em
2010, ou 11.6% do total de gastos de satide. Em 2030, este niimero € projetado para mais de
US$490 bilhdes. Mais de 80% dos gastos com DM sido efetuados em paises ricos e ndo em
paises pobres, onde vivem 70% das pessoas com DM. Os EUA contabilizam $198 bilhdes
ou 52.7% do total de investimento mundial com diabetes. A India, que possui maior
populacdo diabética, gasta US$2.8 bilhdes ou 1% do total global (International Diabetes
Federation, 2009).
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Figura 4. Impacto previsto sobre do custo nacional do DM nos EUA: 2002-2020 (em 2002
milhdes de doélares). (Diabetes Care, 2003).

1.2 - Hipertensao Arterial

1.2.1 — Conceito

A hipertensao arterial (HA), ou pressao arterial elevada, pode ser definida como um

aumento cronico da pressdo arterial sistémica seja dos valores maximos (sistdlicos),

minimos (diastélicos) ou de ambos. A classificacdo da HA, de acordo com a Organizacao

Mundial da Saide (OMS) e com base nos valores da pressao arterial, permite classificar nos

seguintes niveis:

*PAS
<120
<130
130-139
140 -159
160-179
> 179
> 140

**PAD NIVEL

<80 Otima

<85 Normotenso

85- 89 Normotenso limitrofe
90 - 99 Hipertensdo leve
100-109 Hipertensao moderada

> 109 Hipertensdo grave

<90 Hipertensao sistélica ou maxima

* PAS - pressdo arterial sistdlica; ** PAD - pressdo arterial diastélica
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A elevacdo anormal da pressdo arterial pode causar lesdes em diferentes 6rgaos do
corpo humano, tais como cérebro, coragdo, rins e olhos. Mas, a hipertensao arterial sist€mica
(HAS) ndo pode ser vista apenas pelo aspecto da tensdo elevada. Na verdade a HAS existe
num contexto sindrdmico, com alteracdes hemodinamicas, tréficas e metabdlicas, entre as
quais a propria elevacdo dos niveis tensionais, a dislipidemia, resisténcia insulinica,
obesidade centripeta, a microalbumintria, a atividade aumentada dos fatores de coagulacgao,
a reducdo da complacéncia arterial e a hipertrofia com alteracdo da funcdo diastdlica do

ventriculo esquerdo (Mano, 2009).

1.2.2 — Epidemiologia

A HA € um importante desafio publico para a saide mundial. A prevaléncia aumenta
conforme o aumento da idade da populacdo. Dados sugerem que individuos que sdo
normotensos aos 55 anos de idade possuem um risco de 90% de desenvolver a HA (Vasan e

cols., 2002).

Mundialmente, 26,4% da populagdo adulta em 2000 apresentaram HA (26,6% dos
homens e 26,1% das mulheres) e estima-se que a prevaléncia seja de 29,2% até 2025 (29,0%
dos homens e 29,5% das mulheres). O nimero estimado de adultos com HA em 2000 foi de
972 milhdes, sendo 333 milhdes em paises economicamente desenvolvidos e 639 milhdes
em paises em desenvolvimento. Para o ano de 2025, foi previsto um aumento de 60%, 1,56

bilhdes de casos (Kearney e cols., 2005).

Atualmente, os EUA apresenta cerca de 50 milhdes de individuos e mundialmente ha
aproximadamente 1 bilhdo de individuos com pressdo arterial elevada (Chobanian e cols.,
2003). Nos diferentes paises da América Latina, a porcentagem varia entre 26% e 42% na

populacdo adulta (Burlando e cols., 2004).
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Figura 5. Prevaléncia dos casos de hipertensdo mundial em pessoas com 20 anos ou mais de
acordo com a regido e o sexo no ano de 2000 (acima) e a prevaléncia para 2025 (abaixo)

(Kearney e cols., 2005).
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No Brasil ha 17 milhdes de portadores de HA, 35% da populaciao de 40 anos e mais.
E esse nimero € crescente; seu aparecimento estd cada vez mais precoce € estima-se que
cerca de 4% das criancas e adolescentes também sejam portadoras (Lessa, 2001). H4
inquéritos de base populacional realizados em algumas cidades do Brasil que apontam alta
prevaléncia. Utilizando-se o critério atual de diagndstico de HA (=140/90 mmHg), as taxas
de prevaléncia na populacdo urbana adulta brasileira em estudos selecionados variam de
22.3% a 43,9% (Freitas e cols., 2001; Fuchs e cols.,1995; Lolio, 1990; Martins e cols., 1997;
Rego e cols., 1990; Ayres, 1991).
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Figura 6. Prevaléncia de hipertensao arterial no Brasil. Estudos populacionais para pressao
arterial >140/90 mmHg (Freitas e cols., 2001; Fuchs e cols.,1995; Lolio, 1990; Martins e
cols., 1997; Rego e cols., 1990; Ayres, 1991).

A associacdo entre a HA e o risco de doencas cardiovasculares € consistente e
independente de outros fatores de risco. Segundo a OMS, a doenca cardiovascular é
responsavel por um terco das mortes no mundo (World Health Organization, 2002). O
estudo realizado por Chobanian e cols. (2003), demonstrou que a HA aumenta a chance de
infarto do miocérdio, parada cardiaca, acidente cerebral vascular e doenga renal. A OMS
relata que 62% de doengas cérebro-vasculares e 49% das doencas isquémicas do coragdo sdao
atribuidas ao controle pressorico (World Health Report, 2002). A HA também coexiste com
outros fatores de risco cardiovasculares como o uso do tabaco, diabetes, hiperdislipidemia e
obesidade. Mundialmente, estes fatores de risco sd@o inadequadamente abordados em

pacientes com HA, resultando em alta morbidade e mortalidade.
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A sociedade americana do cora¢do (American Heart Association) demonstrou que
em 2007 os EUA gastou $64,9 bilhdes de ddlares, 69,4 bilhdes em 2008 e estima-se que este
custo atinja $73.4 bilhdes no ano de 2009 (Heart Disease and Stroke Statistics, 2009).

1.3 — Retina

1.3.1 — A Retina
A retina é a camada mais interna do globo ocular, possui cerca de 0,5 mm de
espessura € € responsdvel pela visdo. Possui células sensiveis a estimulagdo luminosa e

responsaveis por enviar as imagens ao cérebro.

Durante a embriogénese, o desenvolvimento e a diferenciacdo da retina, exige a
concomitante formacdo de elementos neuronais e gliais, juntamente com uma densa rede
vascular. Em adultos, esses trés compartimentos interagem entre si para manter a estrutura e

funcdo da retina normal (Provis, 2001; Saint-Geniez e D’ Amore, 2004).

1.3.2 — A Retina Neuro Glial

A retina € composta por 10 camadas: membrana limitante interna, camada de fibras
nervosas, camada de células ganglionares, plexiforme interna, nuclear interna, plexiforme
externa, os fotorreceptores (nuclear externa, segmento interno e o externo) e epitélio
pigmentado da retina. A camada dos fotorreceptores € composta de células chamadas cones
e bastonetes. Essas células estdo préximas a superficie externa da retina e a luz, para atingi-
la, deve atravessar toda a cavidade vitrea e a retina interna. Apds a fotorrecepcao, o sinal €
conduzido para as células bipolares, (camada nuclear interna), que transmitem os sinais para
a camada de células ganglionares, cujos axonios que chegam ao cérebro se agrupam na
superficie interna da retina para formar o nervo Optico. As células horizontais também
recebem informagdes dos fotorreceptores e influenciam as células bipolares enquanto as
células amécrinas influenciam a excitabilidade das células ganglionares. O nervo 6ptico

também contém os vasos sanguineos que irrigam as camadas internas da retina. Ele situa-se
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no centro da retina e possui cerca de 2 x 1,5 mm de didmetro. A camada mais externa da
retina € o epitélio pigmentado da retina, o qual estd em intimo contato com 0s segmentos
externos dos fotorreceptores. A retina também possui colunas de sustentagdo, compostas
pelas células gliais (ou fibras de Miiller), que sustentam o metabolismo dos neur6nios da

retina (Cormack, 1996; Heegand, 1997).
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Figura 7. Diagrama do circuito bésico da retina. Os sete principais tipos de células neurais
encontradas na retina. Os trés canais das células neurais: os fotorreceptores, as células
bipolares e as células ganglionares — determinando a mais direta rota para a transmissao
visual da informacdo para o cérebro. Células horizontais e células amdcrinas mediadas
lateralmente nas camadas plexiformes externas e internas, respectivamente (Livesey e
Cepko, 2001).

1.3.3 — A Retina Vascular

O suprimento sangiiineo da retina advém de dois sistemas circulatérios distintos:
sistema retiniano e sistema uveal. O sistema retiniano origina a partir da artéria central da
retina, e o sistema uveal origina a partir das artérias ciliares posteriores, ambos sdo ramos da

artéria oftalmica (ramo direto da carétida interna).
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Figura 8. Representacdo esquemadtica demonstrando as principais artérias da circulacao
orbital. Artéria oftdlmica, origem de ramificacdes das artérias: ciliar posterior e artéria
central.

O suporte para a retina externa € dado por difusdo através dos vasos da cordide que
estdo adjacentes ao epitélio pigmentar da retina. Juntos, os vasos da retina e o epitélio
pigmentar formam a barreira hemato-retiniana (blood-retinal barrier, BRB), uma forte
barreira contra macromoléculas, fazendo da retina neural um tecido imunologicamente
privilegiado e propiciando mecanismo para controlar fluxo de fluidos e metabdlitos. Os
capilares sdo revestidos por uma membrana basal que ancora suas células endoteliais a
matriz intersticial adjacente. O endotélio dos capilares € rodeado, em intervalos irregulares,
por células chamadas pericito. H4 controvérsias se os pericitos exercem papel regulador no
fluxo sangiiineo dos capilares, pds-capilares e vénulas, mas a presenca de actina, miosina e

tropomiosina sugere capacidade contrétil (Schroder e cols., 1990).

Os vasos da retina de humanos e animais sdo caracterizados por células endoteliais
continuas, ndo fenestradas, com juncdes intercelulares impermedveis, que se apresentam
para formar a BRB. A interacao entre as células endoteliais forma a barreira que permite ao
tecido, assim como ao endotélio capilar e ao epitélio pigmentar da retina, criarem condi¢des

para um tecido com integridade funcional. H4 duas vias de permeabilidade vascular, o

59
Introducao



transporte paracelular o qual envolve as proteinas de jungdes e o transporte transcelular
mediado por vesiculas endociticas. A juncdo intercelular representa um pequeno poro (9 a
11nm) que € responsdvel pelas trocas transcapilares de dgua e outras moléculas hidrofilicas
menores que 15A. Hé trés tipos de jungdes intercelulares que fazem essa mediacdo no
endotélio: as jungdes ou zonas de oclusdo (tight junctions), as zonas de adesdo e as juncdes
gap (Schroder e cols., 1990; Cormack, 1996). As moléculas de juncdo envolvidas no
transporte paracelular, ou seja, situadas no espaco intercelular da célula endotelial da retina
sdo as “tight junctions” (ocludina, claudina, moléculas de juncdes de adesdo (JAMs),
molécula de adesdo seletiva da célula endotelial (ESAM) e NECTIN) e as de zona de
oclusdo (ZO-1). As caderinas (VE-caderina e N-caderina) e a B-catenina, também presentes
na retina, sdo moléculas de juncido de adesdo dependente do cdlcio que permitem a ligacdao
entre as células vizinhas. O transporte de vesiculas transcelular, envolve as seguintes
moléculas: caveolina-1, dinamina (Dnm), flotilina (Flot), PV e moléculas do complexo

SNARE: Pacsina, NSF, SNAP, Vamp (Klaassen e cols., 2009).
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Figura 09. Esquema de localizacdo de proteinas envolvidas no transporte intracelular e
paracelular na barreira hemato-retiniana (Klaassen e cols., 2009).
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1.4 — Retinopatia Diabética

1.4.1 - Conceito

Atualmente a retinopatia diabética (RD) é compreendida como uma doenga neuronal
degenerativa progressiva acompanhada por extensas alteracOes vasculares. Pode estar
presente no DM tipo 1 e tipo 2 da doenca (Barber, 2004; Zheng e cols., 2007). Estas
complicagdes estdo diretamente associadas ao tempo de duracdo do DM (Klein e cols.,
1984) e ao controle glicémico (DCCT, 1993; UKPDS, 1998). As possiveis causas das
alteracoes anatOmicas da retina sdo agrupadas em 3 categorias: bioquimicas,
hemodinamicas, enddcrinas (Fong e cols.,, 2004). As categorias interagem entre si e
apresentam seqii€éncia temporal, sendo a bioquimica a anormalidade mais consistentemente

ligada ao inicio destas alteracdes (Alder e cols., 1997).

1.4.2 — Alteracdes Classicas da Retinopatia Diabética

Na RD, encontra-se com freqii€ncia a ruptura das juncdes intercelulares,
principalmente das jun¢des de oclusdo. A ruptura destas juncdes, a chamada quebra da BRB,
€ considerada um marcador precoce da RD e caracteriza uma gama de complicagdes como,

por exemplo, o edema macular. (Ishibashi e Inomata, 1993).
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Figura 10. Quebra da barreira hemato retiniana. A seta inidica um exudato duro em um corte
de retina isquémica de um paciente diabético.
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Figura 11. Imagem que simula a visdo do portador degeneragdo macular. O afinamento e
rompimento da retina prejudicam o funcionamento da madcula resultando em uma “visao
borrada” e dificuldade na visdo para perto.

O espessamento da membrana (lamina) basal do capilar também € um fendmeno que
ocorre unianime e precocemente no DM e € causado pelo actiimulo de matriz extracelular.
Este espessamento altera a func¢@o celular e/ou a difusdo de oxigénio e reduz o contato entre
os pericitos e a célula endotelial, contribuindo para as alteracdes vasculares dos diabéticos.
A perda de pericitos nos capilares retinianos tornam os vasos acelulares ou fantasmas
(Imesch e cols., 1997), fato este que parece permitir o processo angiogénico (Hirschi e

D’ Amore, 1997).
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Figura 12. 'Diagramas esquematicos de corte transversal da retina externa normal (A) e com
espessamento da membrana basal (B). Espessamento da membrana basal em corte
histolégico (C). ('Novartis AG Ophthalmics).
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Figura 13. Fotos representativas de 1perda de pericito (A) e 2c:apilares acelulares (B)
retinianos (ICogan e cols., 1961; Geraldes e cols., 2009).

Clinicamente as alteragdes anatdmicas da RD podem ser divididas em dois estagios
principais, RD nao-proliferativa (RDNP) e RD proliferativa (RDP). A RDNP € caracterizada
por alteracdes intra-retinianas associadas ao aumento da permeabilidade capilar e a oclusdo
vascular que pode ou ndo ocorrer nesta fase. Nesta etapa, encontram-se microaneurismas,
edema macular e exudatos duros (extravasamento de lipoproteinas). Este nivel deve ser
esperado em quase todos os pacientes com aproximadamente 25 anos de DM, e em muitos

casos pode ndo haver evolugdo significativa.
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Figura 14. Foto representativa de 'aumento da permeabilidade capilar (A) e
microaneurismas (B). (lGeraldes e cols., 2009).
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A progressdo da RDNP estd associada a presenca de extensas dreas de isquemia
capilar caracterizada pelos exudatos algodonosos (reducdo do fluxo axoplasmatico das
células da camada de fibras nervosas); veias tortuosas e dilatadas, em formato de contas;
hemorragias na superficie da retina (hemorragia em chama de vela) e pelas anormalidades
microvasculares intra-retinianas. Este estdgio pode ser considerado pré-proliferativo (Ferris,

1993).

Vitreo

Retina

Vasos
anormais

Hemorragias

Figura 15. Alteracdes vasculares encontradas na progressao da RD.

Em resposta a essa intensa isquemia, ocorre a liberacdo de substancias vasoativas,
principalmente dos fatores de crescimento que estimulam o surgimento de neovasos (Paques
e cols., 1997). A angiogénese, em situacdo fisioldgica ou patolégica, € um processo
altamente coordenado, onde as células endoteliais, que normalmente ndo proliferam, sao
estimuladas a proliferar e invadem a matriz extracelular como corddes sdlidos, e,
posteriormente, canalizam-se, formando tubos e arcos vasculares. O principal fator
angiogénico é o VEGF (vascular endothelial growth factor) é uma proteina produzida por
células tumorais, mondcitos/macrofagos e células endoteliais da retina, que se liga a
receptores especificos presentes nas células endoteliais dos capilares retinianos. A hipdxia é
o maior estimulo para o aumento da expressdo do proprio VEGF e de seu receptor. Seu
principal efeito é o aumento da permeabilidade capilar e a proliferacdo de células
endoteliais. Além da proliferacdo, o VEGF induz alteracdes pré-coagulantes inflamatorias.
A partir de entdo, uma série de investigacdes tem demonstrado o VEGF como fator
essencial na patogé€nese da retinopatia e no edema macular diabéticos (Lopes de Faria e

Lopes de Faria, 2007). Quando a neovascularizacdo ocorre na interface vitrea da retina, a
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RD € considerada proliferativa, RDP. Este € o evento mais importante na RD, pelo risco real

de perda visual irreversivel.

Figura 16. Fotografias de fundo-de-olho humano através de um oftalmoscépio. (A) Fundo-
de-olho de paciente normal. (B) Paciente com RDNP que apresenta edema macular
clinicamente significativo. Presenca de exudatos duros na regido macular (setas). (C)
Paciente com RDP, presenca de neovasos (setas pequenas) e hemorragia (setas grandes).

1.4.3 — Processos envolvidos nas alteracdes neurais e vasculares da retina diabética

A concomitante relacdo entre os elementos neuronais € gliais com a rede vascular
desde a embriogénese permite inferir que as alteracdes neurogliais possam interferir na
homeostase vascular. No DM, o desequilibrio ou a apoptose das células neurogliais da retina
foram postuladas a contribuir para a degeneracdo dos capilares da retina (Barber, 2004;

Zheng e cols., 2007).

Em 1962, Bloodworth publicou uma observacdo sobre RD, que foi rapidamente
esquecida. Baseado, em parte, nas conclusdes de Wolter (1961), que demonstrou grave
atrofia dos elementos neurais da retina, Bloodworth investigou mudangas neuropatoldgicas
na retina em uma cirurgia de olho em paciente diabético posmorten. Ele escreveu a seguinte
hipétese: “RD € uma complexa doenga degenerativa de todos os elementos da retina,
provavelmente devido a um defeito fundamental metabdlico ou enzimaético das células e nao
estd relacionada ao abastecimento vascular”. Além disso, ele escreveu, ‘“Pensamos que a
énfase colocada no capilar, €, no entanto, demasiado grande. Nao hd, por enquanto, provas

concretas que mudancas capilares iniciem a RD”. Mais de 40 anos depois, ainda ¢é
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contestdvel e ndo se pode afirmar que as alteracdes capilares ou proliferacdo vascular

anteceda a neurodegeneracdo na RD.

Estudos demonstram altera¢des funcionais presentes na retina de pacientes diabéticos
sem qualquer alteracdo de fundo de olho através de estudos eletrofisiolégicos como
potencial visual evocado (Puvanendran e cols., 1983; Lopes de Faria e cols., 2001) e
eletrorretinografia (Ghirlanda e cols., 1991), sugerindo que além dos eventos vasculares
(células endoteliais, pericitos € membrana basal), as células neurais e gliais também estejam
envolvidas na cascata de eventos fisiopatogénicos da RD. A apoptose de células neurais foi
observada pela técnica TUNEL em seccdes de retina de ratos com DM induzida por
estreptozotocina. Neste estudo, o nimero de niicleos apoptéticos apresentaram-se elevados
ap6s 1 més da indugcdo do DM. Porém, a maior parte das células positivas para TUNEL nao
colocalizou com o marcador especifico de células endoteliais, Won Willebrand, sugerindo
que estas células ndo eram vasculares (Barber e cols., 1998). A avaliacdo da perda da
camada de fibras nervosas da retina determinada pela polarimetria de varredura a laser foi
significativa em pacientes com DM tipo 1 sem retinopatia (Lopes de Faria e cols., 2002).
Células de Muller, células ganglionares, astrécitos e fotorreceptores sao também afetados
precocemente no desenvolvimento da RD, como demonstrado em estudos experimentais e
em humanos (Barber e cols., 1998; Mizutani e cols.,, 1998). Outro aspecto
neurodegenerativo da RD é o aumento da reatividade glial. A reatividade glial € manifestada
pelo aumento da imunoreatividade do GFAP em astrécitos e em células de Muller. O GFAP
¢ uma proteina glial produzida por insultos, como trauma, hiperglicemia, isquemia, entre
outros. Como a glia mantém as fun¢des de neurdnios e células endoteliais, é possivel que
mudangas na reatividade glial afetem fungdo e sobrevivéncia das células, vasculares e
neuronais. Mudangas na expressao do GFAP ocorre em muitas doencas neurodegenerativas

e sdo considerados indicadores sensiveis de lesdes no sistema nervoso central.

As alteracdes de fatores vasoativos como endotelinas (ET) e aumento da sintese de
proteina de matriz extracelular (ECM) sdo caracteristicas de todas as complica¢des cronicas
do diabetes. Na retina o aumento da producdo de ET-1 resulta na alteracdo do fluxo
sanguineo, o que acarreta na producao de proteinas de ECM (Khan e cols., 2006). Estudos
demonstram que a glicose aumenta a sintese de ET-1 e consequentemente os niveis de
fibronectina (FN), mediada através da ativagao de NF«xB (Chen e cols., 2003). A FN é um

componente chave do ECM e desempenha um importante papel em eventos celulares
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(Yamada, 1983). Estruturalmente, o aumento da producdo de proteina ECM pode
manifestar-se como espessamento da membrana basal capilar (BM) (King e Brownlee,
1996). Este actimulo de proteinas de ECM estd associado a morte de células endoteliais e

pericitos, consideradas caracteristicas estruturais iniciais na patogénese da RD.

1.4.4 — Epidemiologia

O DM ¢ a doenga sistémica que mais causa cegueira (Mazze e cols., 1985) e a RD é
a principal causa de cegueira adquirida em adultos em idade produtiva nos paises
desenvolvidos (Sharma e cols., 2005). No ano de 2000, a RD foi responsédvel globalmente
por 4,8% dos casos de cegueira (Resnikoff e cols., 2004). O impacto econdmico anual nos
EUA causado pela RD foi cerca de 629 ddlares com gastos ambulatoriais por paciente com
idade entre 40 a 64 anos (Prevent Blindness America, 2007). Aproximadamente 25 a 44%
das pessoas com DM desenvolvem alguma forma de RD em algum momento da doenca
(Mitchell e Foran, 2008). A RD ocorre em cerca de 95% dos pacientes com DM tipo 1 e em
mais de 60% dos pacientes com DM tipo 2 (Fong e cols., 2003).

O instituto nacional dos EUA (National Eye Institute) coletaram dados a partir de 8
populacdes de estudos bem conduzidos (Kempen e cols., 2004) de pessoas com 40 anos ou
mais, com classificagdo de retinopatia consistente a partir de fotografias da retina. Os dados
obtidos foram provenientes de cinco estados dos EUA, um estado da India Ocidental e dois
estados Australianos (Blue Mountains Eye Study, BMES, and Melbourne Visual
Impairment Project, MVIP). O total da prevaléncia da RD nas populacdes estudadas foi de
40% e a prevaléncia da forma mais grave da RD (edema macular ou RDP) foi de 8,2%. A
prevaléncia de RD na populagao dos EUA foi de 3,4% (4,1 milhdes de pessoas) e dos
estdgios mais avancados foi de 0,8% (900.000 pessoas). Para a populagdo australiana, esses
indices sugerem prevaléncia de 300.000 e 65.000 para RD e RDP ou edema macular

respectivamente, em pessoas com idade superior a 40 anos.

Em pacientes com DM de inicio precoce (o que corresponde aos pacientes com DM
tipo 1), a prevaléncia da RD aumenta com o tempo de duracdo do DM, sendo que apds 15-
20 anos praticamente todos os individuos apresentardo alguma forma de RD. Por outro lado,

a forma proliferativa acomete apenas um subgrupo de aproximadamente 56%, indicando que
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além da hiperglicemia algum outro fator seja importante para o seu desenvolvimento. No
grupo de pacientes com DM de inicio tardio (o que corresponde aos pacientes com DM tipo
2), a RD também apresenta correlacdo com a duragdo da doenca. A doenca com duracao de
dois anos tem uma prevaléncia de 23%, porém, atinge 80% apds 15 anos de duragdo. A
prevaléncia ja alta no inicio da doenca deve-se a dificuldade de detectar o seu inicio, uma
vez que os pacientes se mantém assintomdticos por varios anos antes do diagndstico. Cerca
de 4% dos pacientes com DM tipo 2 ja apresentam RD proliferativa na ocasido do

diagnostico (ETDRS, 1985).
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Figura 17. Prevaléncia de RD e RD proliferativa em pacientes com DM tipos 1 e 2 (ETDRS,
1985).

1.4.5 — Fatores de Risco

Alguns fatores de risco sao descritos associados ao desenvolvimento e progressao da
RD. Dentre eles destacam-se principalmente o controle glicémico e a hipertensdo arterial.
Outros fatores também estdo associados como a dislipedemia, nefropatia diabética,

tabagismo, gravidez e a genética (Mitchell e Foran, 2008).

De acordo com os resultados do Diabetes Control and Complication Trial (DCCT), a
hiperglicemia cronica é o fator causal mais importante para o desenvolvimento da
microangiopatia que acomete em particular rins e olhos. Os niveis séricos elevados de
glicose induzem a uma série de anormalidades bioquimicas e celulares na retina, que podem
provocar as alteragdes vasculares encontradas na RD. Como exemplo, aumento na atividade

da via dos polidis, glicacdo ndo-enzimdtica de proteinas, estresse oxidativo e ativacdo da
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proteina kinase C pela sintese de diacilglicerol (Brownlee, 2001). Estas alteracdes
microvasculares do tecido retiniano levam a alteragdes circulatérias como a perda do tdnus

vascular, alteracdo do fluxo sangiiineo, aumento da permeabilidade vascular e

fablg

conseqiientemente extravasamentos e edemas e, por fim, obstrucdo vascular que leva
neovascularizagdo, com vasos frageis que se rompem, levando a hemorragias e
descolamento da retina. O controle glicémico rigoroso reduz o desenvolvimento e
progressdo da RD em pacientes diabéticos tipo 1 (DCCT, 1993) e pacientes tipo 2 (UKPDS,
1998).
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Figura 18. Efeito do tratamento intensivo na progressdo da RD em pacientes DM tipo 1
(DCCT, 1993).

Estudos epidemioldgicos demonstraram claramente a HA como fator de risco
independente mais importante associado a RD, depois da hiperglicemia. A HA é comum em
pacientes com DM tipo 2, com prevaléncia de 40-60% em individuos entre 45 e 75 anos de
idade. A incidéncia de edema macular estd associada a presencga da hipertensao arterial, uma
vez que a hipertensdo arterial aumenta em 3,2 vezes a chance de o paciente desenvolver
edema macular (Lopes de Faria e cols., 1999). No UKPDS, o controle da pressao arterial
intensivo reduziu em 37% a chance de progressdo da RD e em 47% a de perda visual em
pacientes com DM tipo 2 (UKPDS, 1998), demonstrando a importincia da hipertensdao
arterial no desenvolvimento e progressdo da RD. Em um estudo realizado com pacientes
DM tipo 1 (WESDR), apds 14 anos de acompanhamento, estimou-se que a presenca da
hipertensdo elevada esteve relacionada com o desenvolvimento e progressao da RD com a
incidéncia de edema macular (Klein e cols., 1998). Foi observado que pacientes DM tipo 1

com HA apresentam 3 vezes mais chance de desenvolver RD proliferativa (Roy, 2000).
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Figura 19. Tratamanto intensivo da pressdo arterial reduz a chance da progressdao da RD em
pacientes hipertensos e DM tipo 2 (UKPDS, 1998).

Estudos demonstram que além do controle da pressdo arterial, a interferéncia do
sistema renina-angiotensina (RAS) ja foi bem demonstrado (Wilkinson-Berka, 2006) na
retinopatia diabética. O RAS, também identificado como sistema renina-angiotensina-
aldosterona é um conjunto de peptideos, enzimas e receptores envolvidos em especial no
controle do volume de liquido extracelular e na pressao arterial. Uma vez ativada a cascata
deste sistema, surgem a angiotensina I e a angiotensina II, que circulam pelo sangue
ativando suas estruturas-alvo: vasos sangiiineos (sobretudo arteriolas e veias sistémicas),
rins, coracao, supra-renais € o sistema nervoso simpatico. A légica fundamental que preside
o funcionamento do sistema € responder a uma instabilidade hemodindmica e evitar a
reducgdo na perfusiao tecidual sist€émica. Porém, estudos ja observaram a presenca de todos os
componentes do sistema renina-angiotensina na retina (Danser e cols., 1989; Nagai e cols.,
2007). Estudos clinicos realizados por Funatsu e colaboradores (2002) t€ém demonstrado o
aumento nos niveis de angiotensina II em amostras de vitreo de pacientes diabéticos com
retinopatia, comprovando que o sistema renina-angiotensina € ativado na retinopatia
diabética. Além dos efeitos vasculares dos componentes do sistema renina-angiotensina, a
disfun¢do neuronal envolvendo este sistema também foi descrito na retina diabética in vivo

e in vitro (Kurihara e cols., 2008).
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1.5 — Estresse oxidativo

1.5.1 — O Estresse oxidativo

O estresse oxidativo € definido como o desequilibrio entre substancias pré-oxidantes
e a defesa antioxidante. Uma substancia é considerada pré-oxidante a medida que possa
gerar espécies reativas ou ser capaz de induzir estresse oxidativo. E antioxidante € a
substancia que previne a oxidacdo do substrato, ou seja, evita quimicamente sua perda de
elétrons (Halliwell e Whiteman, 2004). Este conceito cldssico foi elaborado pelo
pesquisador alemdo Helmut Sies, sua difusdo com uma balanca desequilibrada relacionada a
doencas “iluminou” a imaginacdo de muitos cientistas (Ohara, 2006). Mais recentemente, o
estresse oxidativo foi definido como “um desequilibrio entre oxidantes e antioxidantes em
favor dos oxidantes, conduzindo a lesdo celular” (Jones, 2006). O estresse oxidativo pode
conduzir a lesdes celulares e moleculares importantes, como oxidacdo das biomoléculas,

DNA, proteinas e enzimas, mutacdo e morte celular (Halliwell e Whiteman, 2004).
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Figura 20. Balanca ilustrativa do conceito de estresse oxidativo criada por Helmut Sies e
atualmente definido como “um desequilibrio entre oxidantes e antioxidantes em favor dos
oxidantes, conduzindo a lesdo celular”.
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1.5.2 — Espécies reativas

O metabolismo do oxigénio € essencial para a manutencdo da vida aerdbica, e
homeostase do trabalho celular normal para o delicado balango entre a formacdo e
eliminacdo de “espécies reativas do oxigé€nio” (reactive oxygen species-ROS). Este termo
foi criado entre 1970 e 1990, pois os primeiros radicais livres e oxidantes caracterizados in
vivo ou em sistemas enzimdticos dependiam do oxigénio molecular: a respiracao
mitocondrial, a oxidacdo de lipideos, o metabolismo de poluentes e medicamentos e a
explosdo respiratéria dos fagocitos profissionais. Algumas das espécies entdo conhecidas
eram radicalares (moléculas com um elétron desemparelhado em sua 6rbita externa), como o
anion radical superdxido, o radical hidroxila e os radicais alquila e peroxila, derivados de
lipidios ou de poluentes e medicamentos. Outras ndo eram radicalares, como o peréxido de
hidrogénio, o oxigénio singleto (estado excitado do oxigénio molecular) e peréxidos
organicos, derivados de lipidios ou de poluentes e medicamentos. Por este motivo utiliza-se

o termo “espécies reativas”, ao invés de radicais livres (Ohara, 2006).

Além das espécies reativas do oxigénio, hd as espécies reativas do nitrogénio e
espécies reativas do cloro. Semelhante as espécies reativas do oxigénio, as espécies reativas
do nitrogénio e espécies reativas do cloro pode ser um radical livre ou um néo radical em
estrutura. Pode-se citar como exemplo dentre as espécies reativas do nitrogénio, o 6xido
nitrico (NO®) que possui radical e o peroxinitrito (ONOQO") que ndo possui radical; e com a
espécie reativa do cloro, termo que inclui radical (atomo de cloro, CI*) e ndo radical em
estrutura (acido hipocloroso, HOCI) (Halliwell, 2006). Uma lista das espécies reativas mais

importantes no sistema biolégico pode ser observada na tabela 1.
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Tabela 1. Importantes espécies reativas no sistema bioldgico (adaptado de Halliwell, 2006).

Radicais livres Nao-radicais

A Espécies reativas do oxigénio
Superéxido, O,

Hidroxila, OH®
Peroxila, RO,*

Peréxido de hidrogénio, H,0O,
Oxigénio singleto, O',Ag
Peréxidos organicos, ROOH

Alcoxila, RO’ Peroxinitrito, ONOO™
Carbonato, CO;" Acido peroxinitroso, ONOOH
2 Espécies reativas do cloro

Cloro atomico, CI* Acido hipocloroso, HOCI

Gas cloro, Cl,

Nitro-cloro-benzeno, NO,Cl

Espécies reativas do nitrogénio Acido nitroso, HNO,

Oxido nitrico, NO* » o .
Cation nitrosila, NO

Diéxido de nitrogénio, NO," Anion nitrosila. NO-
Tetraoxido dinitrogénio, N,O4
Trioxido dinitrogénio, N,O4
Peroxinitrito, ONOO

Acido peroxinitroso, ONOOH

Peroxinitritos alcila, ROONO

1.5.3- Lesao tecidual oxidativa

Existem diversas vias para induzir lesdo oxidativa nas biomoléculas. Uma das vias
comega com a interagdo entre dois radicais livres facilmente encontrados, O," e NO®.

0, 4+ NO° — ONOO (Peroxinitrito)

O produto da reacdo € o peroxinitrito, um forte agente oxidante e nitrante que pode
diretamente causar lesdes em proteinas, lipidios e DNA (Halliwell, 2006). A nitracdo dos
residuos de tirosina das proteinas gera nitrotirosina que é amplamente utilizada como um
biomarcador de producdo de peroxinitrito para estresse oxidativo e nitrosativo. A nitracao
das estruturas das proteinas, incluindo neurofilamentos e actina, pode comprometer a

estrutura dos filamentos levando a conseqiiéncias patoldgicas (Beckman e Koppenol, 1996).
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Por outro lado, a nitragdo das moléculas de sinaliza¢do ou fatores de transcricao pode alterar
significativamente a fun¢do fisiologica das proteinas afetadas (como discutido em uma carta

por Biswas e Lopes de Faria, 2005).

Outra via de lesdo tecidual oxidativa é a via do radical livre hidroxila (OH"),
induzindo a peroxidacdo lipidica e a hidroxilagdo do DNA. O radical OH" é o mais reativo
radical conhecido na quimica, o qual pode atacar e lesionar a maioria das moléculas
encontradas nas células vivas (Halliwell, 1989). O DNA ¢ normalmente o local para a lesao
oxidativa (Cooke e cols., 2002). Dentre as bases do DNA, purinas (adenina e guanina) e
pirimidinas (citosina e timina), a guanina é a mais propensa a oxidagdo. O radical OH" pode
reagir com a estrutura ciclica da guanina do DNA formando o radical 8-hidroxi-2'-
deoxiguanosina (8-OHdG). A principal fonte geradora de 8-OHdG é a mitocOndria
(Beckman and Ames, 1998) e a quantificacdo deste radical pode indicar a extensdo dos
danos ao DNA (Wu e cols., 2004). Reparos imperfeitos dos danos no DNA podem levar a
mutacdes, detengio do crescimento celular ou apoptose (Evans e cols., 2004). O radical OH®
também pode reagir com lipidios da membrana levando a peroxidagdo lipidica. Dentre os
efeitos globais da peroxidagdo lipidica estdo diminuicao da fluidez da membrana, aumento
da permeabilidade da membrana, e danos as proteinas de membrana, inativando receptores,

enzimas e canais ionicos (Halliwell, 2006).

1.5.4- Estresse Oxidativo na Hiperglicemia

A lesdo tecidual pode ser conseqiiéncia de ambas, hiperglicemia intra e extra celular.
A primeira é importante particularmente em células nas quais a entrada da glicose se faz
independentemente da insulina, como € o caso do nervo, o glomérulo, cristalino e retina. O
aumento da glicose extracelular resulta na glicacio ndo enzimdtica de proteinas e
subsequente formacdo de produtos finais da glicacdo avancada (AGE) que interage com o
receptor de AGE (RAGE) na membrana plasmédtica e promove a producdo de ROS. O
aumento intracelular de glicose conduz um aumento da atividade mitocondrial, NADPH
oxidase, proteina kinase C (PKC) e promove um aumento do fluxo da via do poliol e como
conseqiiéncia a geragdo de ROS. O excesso de ROS poderd interferir em diversas vias de
sinalizacdo, ativar fatores de transcri¢do, aumentar fatores inflamatdrios e acarretar no

acimulo de matriz extracelular. Células e consequentemente 6rgaos do rim, olhos e sistema
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nervoso sofrem mudangas fenotipicas como resultado do ROS gerado pela hiperglicemia

(Calcutt e cols., 2009).

1.5.5 — A indispensavel discussao sobre a funcdo do 6xido nitrico

O final do século XX € marcado por uma revolucao na Biologia, ocasionada pelo
radical livre conhecido pelos quimicos desde o século XIX, o pequeno, gasoso e poluente
6xido nitrico (NO®). Atualmente sabe-se que o 6xido nitrico (NO) é uma molécula de
sinaliza¢do celular enddgena envolvida na regulacdo de muitas funcdes fisioldgicas e na
mediacdo de uma variedade de processos fisiopatoldgicos (Ohara, 2006). O NO € o ativador
endogeno da guanilato ciclase solivel, resultando na formacdo de guanosina monofosfato
ciclico (cGMP), que atua como segundo mensageiro em muitas células, incluindo nervos,
musculo liso, mondcitos e plaquetas. O NO e os compostos relacionados ao NO
desempenham ambas as funcdes, protecdo e citotoxicidade, dependendo do contexto celular
e da natureza do grupo do NO. As diferentes acdes do NO pode ser classificada em duas
categorias: 1) dependente da cGMP, em baixas concentragdes o qual desempenha fungdes
fisiolégicas como por exemplo a vasodilatacdo e 2) independente da cGMP, envolvida nas
respostas fisiopatoldgicas, como a geragdo de espécies reativas do nitrogénio (Drew e
Leeuwenburgh, 2002; Foster e cols., 2003). De uma forma geral o NO end6geno ou obtido
através de doadores de NO podem exercer efeitos pleiotrpicos, tais como relaxamento
muscular, proliferagcdo celular, apoptose, liberacdo de neurotransmissores, neurotoxicidade e

diferenciagao.

O NO ¢ sintetizado por trés isoformas de 6xido nitrico sintase (NOS), a forma
induzida (i-NOS) e as constitutivas endotelial (e-NOS) e neuronal (n-NOS) a partir do seu
substrato, L-arginina (Rodeberg e cols., 1995). Ambas isoformas constitutivas que sao
reguladas por fons de célcio ligados a proteina calmodulina (proteina de baixo peso
molecular, que funciona como co-fator), neuronal e endotelial produzem baixas
concentracdes (estimados na faixa de nM,10°M) de NO por curtos periodos. A forma
induzida que ndo depende do complexo cadlcio-calmodulina produz uma grande quantidade
de NO por um longo periodo em resposta a estimulos isquémicos, imunoldgicos e

inflamatdrios. Assim que esta enzima € expressa, ela sintetiza 6xido nitrico continuamente,
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ao que parece até o esgotamento do aminodcido arginina. Nesta o 6xido nitrico atinge
concentracdes locais de ordem de UM (10°®), estas altas concentracdes podem gerar espécies
mais oxidantes como o diéxido de nitrogénio (‘NO,) (famoso poluente produzido pela
reacdo do O6xido nitrico com oxigénio molecular, que pode tanto oxidar como nitrar

biomoléculas) e o peroxinitrito.

O NO derivado da e-NOS promove vasodilatagdo, inibicao da agregagao plaquetéria,
inibicdo da aderéncia de leucdcitos e da proliferacao de células musculares lisas vasculares
(Wong e Marsden, 1996). O processo de vasodilatacao se da pelo aumento do fluxo de
célcio para o interior da célula. O célcio e a calmodulina irdo ligar-se a 6xido nitrico
sintetase. Esta ligacdo ird ativa-la e ocorrera a catdlise da transformacao da L-arginina em L-
citrulina e NO. Serd produzida uma pequena quantidade de NO, porém suficiente para
difundir-se para a musculatura lisa. O NO ndo precisa de transportadores especificos e nem
de canais especificos. Ao difundir-se para a musculatura lisa o NO ird ligar-se ao ferro do
grupo prostético heme da enzima guanilato ciclase solivel (GC), e dessa forma a reacdo da
guanosina trifosfato (GTP) em guanosina monofosfato ciclica (¢cGMP) ird acontecer. A
cGMP ¢ responsdvel pelo relaxamento da musculatura lisa e conseqiiente aumento do
diametro dos vasos sangiiineos, levando ao aumento do fluxo sangiiineo e redugdo da

pressdo arterial (Moncada e Higgs,1993).

A producdo neuronal de NO é conduzida quando um neur6nio ativado, libera um
mensageiro quimico que difunde para o neurdnio vizinho e interage com receptores
especificos, que ativam a célula, transmitindo, assim, o impulso nervoso. Como por exemplo
0 mensageiro quimico glutamato que € liberado de vesiculas no neurdnio présindptico e liga-
se ao receptor N-metil-D-aspartico (NMDA) do neurénio adjacente. Esta ligagdo abre um
canal no receptor, admitindo Ca2+ para o interior da célula, onde se liga a calmodulina que
age como uma subunidade para muitas enzimas de Ca2+. O complexo Ca2+ / calmodulina
liga-se a forma da NOS encontrada nas células nervosas, nNOS. Esta ligacdo ativa a enzima,
que catalisa a oxidagdo de Larginina para L-citrulina e NO. O NO formado ativa entdo outra
enzima, guanilato ciclase, pela ligacdo do ferro do grupo prostético heme da enzima. O NO
difunde-se para o neurOnio pré-sindptico para ativar a guanilato ciclase naquela célula.
Dessa forma, o NO pode desempenhar um papel importante nos circuitos neurais envolvidos
na memoéria. O NO aumenta a liberacdo de glutamato no neurdnio présindptico,

estabilizando a transmissdo sindptica (Moncada e Higgs, 1993).
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A forma de NOS encontrada em macréfagos nao requer Ca2+ para ativacao. A iNOS
€ sintetizada como uma nova proteina em resposta a uma mistura de citocinas. A enzima é
induzida pelo lipopolissacaridio (LPS) bacteriano e/ou citocinas sintetizadas em resposta ao
LPS, notavelmente interferon-gama, cujo efeito antiviral é explicado por essa acdo. Em
resposta ao interferon-gama e ao fator de necrose tumoral alfa (TNF-ov),
que atua de modo sinérgico com o interferon-alfa, seqiiéncias do DNA do macréfago
relativas a sintese da iNOS, sdo transcritas no nicleo para formar o RNA mensageiro, depois
de processado, este mRNA ¢ liberado para o citosol, onde serd traduzido em proteina pelos
ribossomos. Na presenca de cofatores apropriados, a cadeia de proteina nascente enovela-se
e monta a forma ativa da iNOS. A nova enzima produzida comeca imediatamente a

converter L-arginina em NO e L-citrulina (Rang e cols., 2001).

O NO difunde-se livremente através das membranas celulares, o que explica
adequadamente suas ac¢des pardcrinas locais sobre o musculo liso vascular ou sobre os

mondcitos e plaquetas que aderem ao endotélio (Rang e cols., 2001).

Estudos tém demonstrado que o 6xido nitrico é responsavel pela neurotoxicidade,
pelo menos em parte, da retina apds a injuria causada pela isquemia e reperfusiao (Neufeld e
cols., 2002). A iNOS e o estresse nitrosativo tem sido implicado em doencas humanas
incluindo resisténcia a insulina (Perreault e Marette, 2001), arteroesclerose (Detmers e cols.,
2000), inflamag¢do e neurodegeneracao (Liberatore e cols., 1999). A maior parte das
investigacdes demonstram que a iNOS estd super regulada em células gliais da retina em I/R
(Hangai e cols., 1996) e que também contribui posteriormente para a degeneracdo dos
compartimentos vasculares (Zheng e cols., 2007). A quantidade do NO gerado por esta
forma induzida € muito maior, aproximadamente 1.000 vezes, comparado ao gerado pelas

formas constitutivas (Patel e cols., 2000).

Discute-se se existem mecanismos transportadores andlogos em mamiferos, como
proteinas contendo cisteina e/ou grupo sulfidril-SH, permitindo a atua¢do do NO fora do seu
local de sintese. A S-nitrosilacdo de proteinas, ou seja, a transferéncia do fon nitrosonium
(NO") ao grupo sulfidril da cisteina na cadeia protéica, tem sido amplamente estudado como
um protétipo de modificacoes translacionais, redox-dependente e independente da cGMP

(Stamler e cols., 2001), responsavel por diversas agdes do grupo NO em varios processos
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bioldgicos (Hess e cols., 2001). Foram demonstradas aproximadamente mais de 100
proteinas S-nitrosiladas in vitro, em cultura de células e in vivo. E muitas destas proteinas, a
S-nitrosilacdo estd associada com as alteragdes funcionais. Recentemente a S-nitrosilagcdo e
denitrosilacao tem sido reconhecida como um componente regulatério de tradugdo de sinal
comparado com a fosforilagdo e defosforilacio (Mannick e Schonhoff, 2002; Liu e cols.,
2004). Estudo recente demonstrou que a S-nitrosilagdo do Drp 1, proteina responsavel por
regular o mecanismo de fusdo e fissdo mitocondrial, estd aumentada no cérebro de pacientes

com Alzheimer e que pode contribuir também para patogéneses de neurodegeneragdo (Cho e

cols., 2009).

1.5.6 — O Sistema Antioxidante

Paralelo aos estudos dos radicais livres, estava claro para Rebeca Gerschman que os
organismos possuiam enzimas cuja funcdo era limitar os ROS. Ela também demonstrou que
compostos radioprotetores eram ‘“‘oxigénio-protetores”’, ou como conhecemos atualmente,

antioxidantes. A propriedade comum aos antioxidantes € a capacidade de interromper

reacoes de 6xido-reducdo (Ohara, 2006).

Mas, foi em 1969 que dois pesquisadores norte-americanos, Joe McCord e Irwin
Fridovich demonstraram uma enzima capaz de catalisar a dismutacdo do anion radial
superdxido, e a denominaram superoxido dismutase (SOD). Dismutacdo € uma reacdo
quimica na qual um mesmo radical livre é oxidado e reduzido. No caso do radical
superdxido, um transfere elétron para o outro, de forma que o radical que perdeu elétron se
transforma em oxigénio molecular, e o que recebeu, vira peréxido de hidrogénio. Além de
caracterizar a Cu,Zn-SOD, McCord e Fridovich demonstraram que a enzima acelerava por
vérias ordens de grandeza a dismutacdo do radical superdxido, que ja é ripida mesmo na

auséncia deste catalisador.
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Dismutagdo espontinea

0,"+0," +2H" —» H,0,+0, k=50x10°M's!

Dismutagdo espontanea

SOD-Cu?+0,"” — SOD-Cu'+0,
SOD — Cut +20," + 2H" —> H,0, + 0, k=1,6 x10° M’

Figura 21. Dismutacdo do anion radical super6xido espontinea e catalisada pela enzima
SOD-1, como proposto por McCord e Fridovich. A enzima SOD acelera em mais de mil
vezes a dismuta¢@o do anion radical superéxido, como mostra a comparagdo dos valores das
constantes de velocidades das reacdes. Os valores mostrados sdo atualizados, e nio os
estimados por McCord e Fridovich em 1969 (Ohara, 2006).

Com a visdo do século XXI sabe-se que as espécies reativas derivadas
principalmente do oxigénio (ROS) e do nitrogénio (RNS) sdo moduladas pelas defesas
antioxidantes ndo enzimdticas com baixo peso molecular (vitaminas A e E, beta-caroteno,
acido urico) e enzimdticas (SOD, catalase, glutationa peroxidase e redutase). Elas
proporcionam maior protecdo contra o estresse oxidativo por neutralizar ou seqiiestrar
espécies reativas ou por quebrar reagdes em cadeia (Scandalios, 2005). Além disso,
transferrina, ceruloplasmina e albumina também desempenham papel antioxidante por
seqiiestrar metais de transi¢do, tais como ferro e cobre, os quais sdo ions que reagem
rapidamente com H,0, formando produto altamente toxico, o radical hidroxila (OH") por

reacdo de Fenton (Halliwell, 1989).
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Respiracdo mitocondrial
NADPH oxidase
X.antina.oxidase H,0 + O,
Ciclooxigenase
Lipoxigenase
Citocromo p450
Oxido nitrico sintase Catalase

J, SOD Fe’ / Cu*

0" H,0, OH®

NO GSH

/ Glutationa

peroxidase GS-SG

ONOO

H,O

Figura 22. Maiores reacdes pro-oxidantes-antioxidantes relevantes no sistema bioldgico
(adaptado de Schnachenberg, 2002). O superéxido (O,") é produzido de indmeras agdes
surgidas de espécies reativas. O," reage rapidamente com o 6xido nitrico (NO) para
produzir peroxinitrito (ONOQO") ou € catalisado pelo superéxido dismutase (SOD) para
produzir peréxido de hidrogénio (H,O,). H,O, pode ser neutralizado pela catalase ou pela
glutationa peroxidase. Contudo, na presenca de metais de transicdo, como o ferro (Fe**) e o
cobre (Cu"), os radicais livres hidroxila (OH"), altamente t6xicos, podem ser produzidos por
H,0,; via reacdo Fenton. Espécies reativas sdo mostradas nas caixas em vermelho e enzimas
antioxidantes em caixas verdes. GSH, glutationa reduzida; GS-SG, glutationa oxidada.

Atualmente sabe-se que a SOD desempenha um importante papel na defesa das
células contra os efeitos toxicos do oxigénio e seus radicais livres. A SOD compete com o
oxido nitrico (NO) pelo O,", o qual inativa o NO para formar ONOQO™. Depois, pelo
“seqiiestro” de O, , a SOD promove a atividade do NO. Foram descritas as isoformas
Cu,Zn-SOD no espaco extracelular (SOD3), Mn-SOD na matriz mitocondrial (SOD-2) e a
Cu,Zn-SOD no citossol e no espago intermembranas da mitocondria (SOD1) (Beyer e cols.,
1991) da SOD. Na retina, a SOD € conhecida como o primeiro passo de defesa antioxidante
intracelular. Ela atua como a maior defesa contra a oxidacdo pelos radicais do superéxido na

membrana dos fosfolipidios (Kowluru e cols., 1997).

Dentre os antioxidantes sintetizados pelo nosso organismo, destacam-se o tripeptideo
glutationa (GSH) que atua em fluidos extracelulares. Este também é conhecido como um

dos principais sistemas antioxidantes intracelular, pois estd presente em todas as formas de
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vida. O GSH ¢ rapidamente oxidado em condi¢des nas quais ocorra um aumento na
producdo celular de radicais livres, como por exemplo durante o desenvolvimento de uma
nfeccdo. A capacidade antioxidante do GSH € devida ao grupo sulfidrila do aminoécido
cisteina, que se oxida facilmente e, portanto atua como um redutor celular. O produto de
oxidagdo € o dissulfeto, GSSH. (Ohara, 2006). Nos humanos, protege a retina contra os
efeitos toxicos do ROS e ajuda na manuten¢do do potencial redox normal celular (Kowluru
e cols., 1997).

Tabela 2. Defesas antioxidantes enzimaticas e ndo enzimaticas (Ohara, 2006).

Enzimaticas Nao enzimaticas Nao enzimaticas
(endégenas) (endégenas) (exdgenas— dieta)
Superéxido Dismutase GSH reduzida Acido ascérbico (vitamina C)
Catalases Acido trico a-tocoferol (vit. E)

GSH peroxidases Albumina -caroteno
GSSG redutases Polifendis, flavondides, etc.

Enzimas que repdem NADPH

Peroxiredoxinas

Tioredoxinas

Enzimas de reparo

Enzimas que sintetizam GSH

1.5.7 — O potencial efeito antioxidante dos nitroxidos

Os nitréxidos compartilham um grupo de nitréxido reduzido ("N-O) como membro
de um anel de 5 ou 6 carbonos. Os mecanismos antioxidantes dos nitroxidos incluem a
dismutacao do O, para H,O» por acdo catalitica, inibi¢io da rea¢do de Fenton (reacdo do
peréxido de hidrogénio com fons de metais de transi¢io Fe*™™ com formacido do radical
hidroxil HO"), terminacdo de rea¢des em cadeia dos radicais pela recombinagao do radical e
a aceitacdo de elétrons das cadeias de transporte de elétrons mitocondrial. Por este motivo, o
considerdvel potencial dos nitroxidos ciclicos relacionados como antioxidantes tém
estimulado inimeros estudos de suas reacdes com espécies reativas derivadas de oxigénio.

Estudos propdem que nitréxidos atenuam a injdria tecidual em condi¢des inflamatdrias
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devido principalmente a sua capacidade de reagir rapidamente com ambos, diéxido de
nitrogénio e radical carbonato. Em conseqiiéncia, os nitréxidos sdo oxidados ao cdtion
oxamoOnio correspondente, o qual, por sua vez, pode ser reciclado ao nitréxido através de
reacoes com espécies precursoras, como peroxinitrito e peroxido de hidrogénio, ou com
redutores celulares. Um possivel mecanismo auxiliar de prote¢do é a regulacdo negativa da
expressdo da i-NOS. Em comparacgdo, as reagdes de nitréxidos com oxidantes derivados do

oxido nitrico tém sido investigadas menos frequentemente.

1.5.8- Estresse oxidativo e a Retinopatia Diabética

O estresse oxidativo, conseqiiente da produgdo excessiva de ROS e pela supressao da
remog¢ao de ROS pelo sistema de defesa antioxidante, estd implicada no desenvolvimento de
muitas patologias, incluindo a doenca de Alzheimer, o diabetes e as suas complicagdes

(Kowluru e cols., 2007).

O estresse oxidativo € considerado a ligacdo entre os elevados niveis de glicose e as
anormalidades metabdlicas importantes na patogénese das complicacdes diabéticas, dentre
elas o desenvolvimento e progressao da RD (Kowluru, 2001) com a producio de espécies
reativas do oxigénio (ROS) e/ou diminui¢cdo dos sistemas antioxidantes, e disfun¢do
mitocondrial (Sivitz e cols., 2010). Estes radicais livres lesam proteinas, lipideos e acido
desoxirribonucléico, alterando entre outras, a funcdo mitocondrial, mediador central da
morte programada da célula (Budd e cols., 2000). A retina € particularmente susceptivel ao
estresse oxidativo por ter alto consumo de oxigénio, alta proporcdo de acidos graxos

polinsaturados e por ser exposta a luz (Jain, 2006).

Outro efeito do estresse oxidativo € a participag¢do no ciclo celular induzindo a morte
programada das células (apoptose) (Danial e Korsmeye, 2004). A apoptose € um processo
firmemente regulado de morte celular que permite a eliminac¢do de células “ndo desejadas”
(Nicholson e Thornberry, 2003). Entretanto, em certas condi¢des, a apoptose inapropriada
contribui na patogénese de cancer, doencas cardiovasculares e doengas neurodegenerativas
(Yuan e Yankner, 2000), e também estd descrito nas fases iniciais da patogénese da RD,

tanto em células vasculares (Joussen e cols., 2001) como em células neurais da retina
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(Barber e cols., 1998).

A mitocOndria contribui para a maior parte da producdo de anion superdxido na
retina, j& o NADPH oxidase e o 6xido nitrico sintase contribuem com uma parcela menor.
Estudos do nosso grupo demonstraram que a mitocondria contribui significativamente na
producdo de anion superéxido (O, ) na retina (em torno de 60% da producao total) (Silva e
cols., 2009). A producdo de O,  mitocondrial ocorre através da cadeia transportadora de
elétrons mitocondrial. Em ambiente hiperglicémico, fontes geradoras de energia derivadas
da glicose aumentam a oferta de elétrons para o transporte mitocondrial. Como resultado, o
gradiente de prétons em toda a membrana mitocondrial aumenta até um limite critico. Neste
ponto, a transferéncia de elétrons para o interior complexo III € bloqueada (Korshunov e
cols., 1997), aumentado o nivel de elétrons na coenzima Q que doa elétrons, um de cada vez
para o oxigénio molecular, gerando assim superéxido (Brownlee, 2005). A producio de O~
mitocondrial inicia uma cascata de eventos com a geragdo de mais O, , perdxido de
hidrogénio (H,O,), radical hidroxila (OH), e peroxinitrito (ONOQO™), compostos instaveis

que lesam lipideos, proteinas e DNA celulares (Bergamini e cols., 2004).

O H,0; é rapidamente convertido via catalase e glutationa peroxidase, porém com
risco de gerar um radical altamente instavel, OH’, o que significa les@o oxidativa da célula.
Este radical reage rapidamente com gorduras insaturadas causando peroxidacdo lipidica
(Sullivan e cols., 2000). Estudos demonstraram que os niveis de O, sdo elevados na retina
de ratos diabéticos e em células de retina incubadas com alta taxa de glicose (Du e cols.,
2003). O conteido de H,O, também estd aumentado na retina de modelos
experimentalmente diabéticos (Ellis e cols., 2000). A peroxidag¢do lipidica e a lesdo
oxidativa do DNA (indicada pela presenca do 8-hydroxy-2°-deoxyguanosine (8-OHdG))
também estdo elevadas na retina no DM (Kowluru, 2001). Os niveis de peroxinitrito
também foram encontrados elevados na retina no DM de curta duracdo e permanece elevado

até 14 meses de DM em ratos (Kowluru e cols., 2001).

Estudo recente realizado pelo nosso grupo demonstrou que em ratos hipertensos e
experimentalmente diabéticos com 4 semanas de idade e 20 dias de duracdo do DM ocorre
um aumento na nitracdo da tirosina e da lesio do DNA em comparacdo com 0s animais
diabéticos normotensos. A citotoxicidade demonstrada foi secunddria ao aumento da
producdo de superéxido e uma significativa diminuicao nos niveis de glutationa reduzida na

retina. Estes dados demonstram que a concomitancia do DM e da hipertensdo arterial
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exacerba os efeitos oxidativos téxicos na retina o que demonstra o prejuizo do sistema

antioxidante (Pinto e cols., 2007).

Juntamente com o aumento das espécies reativas e seus produtos na retina de animais
diabéticos, a atividade das enzimas responsdveis pela defesa antioxidante como SOD,
glutationa redutase, glutationa peroxidase e catalase também estdo diminuidas (Kowluru e
cols., 1997; Pinto e cols., 2007). Assim como em modelos animais, pacientes diabéticos
também possuem baixos niveis de antioxidantes ndo enziméaticos como vitamina C, vitamina

E e B-caroteno no plasma (Ford e cols., 2003).

O aumento nas espécies reativas e diminuicdo na defesa antioxidante, como
demonstraram os estudos citados acima, sdo observados tanto em modelos experimentais,
quanto em pacientes diabéticos. Pacientes diabéticos tipo 2, possuem aumento da producao
dos radicais livres, e diminui¢do dos mecanismos antioxidantes, o que tém sido associado as
complica¢des microvasculares do DM, incluindo a RD (Dandona e cols., 1996). Portanto o
aumento da produgdo de superdxido associado com diminui¢do do sistema antioxidante

pode estar envolvido no mecanismo das complicagdes retinianas no DM.

1.6 — Poli (ADP-ribose) polimerase (PARP)

Poli ADP-ribose polimerases (PARPs) sdao enzimas nucleares que catalisam a
transferéncia de multiplos grupos ADP-ribose da nicotinamida-adenina dinucleotideo
(NAD) para as protefnas alvo. Esta transferéncia é considerada uma modifica¢do p0s-
translacional que recebe o nome de poli (ADPribosil)acdo. A familia da PARP é composta
por 17 membros e cada um deles possuem diferentes funcdes e estruturas na célula. Além da
regulacdo de sobrevivéncia e morte programada das células, a familia da PARP esta
associada a outras funcdes bioldgicas como a regulacio de transcricdo, coesio do telomero e
formacdo do fuso mitético durante a divisdo celular, trafico intracelular e metabolismo

energético (Schreiber e cols., 2006).

A NAD ¢é composta por dois nucleotideos juntos no grupo fosfato, sendo um
nucleotideo com base de adenina e outra contendo uma base de nicotinamida. E uma

biomolécula versatil conhecida ha décadas que possui a fun¢do de uma coenzima em
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diversas reacdes de oxidorreducio (Rongvaux e cols., 2003). NAD* também serve como um
substrato em processos celulares em que a molécula de ADP-ribose € transferida ou para um
receptor de aminodcidos, que € referido como mono ou poli (ADP-ribosil)acdo
(dependendo se uma ou mais molécula de uma fragao € transferida) ou para um grupo acetil
para gerar 2'-Oacetyl - ADP-ribose. Em ambos os casos, a NAD" resultante do consumo e a
concomitante producdo de derivados de ADP-ribose poderia se ligar ao NAD ¥ e
proporcionar estado de energia para varios aspectos da sinalizacdo celular (Berger e cols.,

2004).

A isoforma mais caracterizada e estudada é a PARP-1, responsavel pela organizacao
espacial e temporal do reparo do DNA. Em resposta a fragmentagdo do DNA, ela transfere
unidades de ADP ribose do NAD" para as proteinas nucleares. O NAD" ¢ utilizado como
substrato para catalisar a ligacdo covalente das unidades de ADP-ribose do grupo
carboxilico-y dos residuos do aminodcido Glu de proteinas receptoras que normalmente
estdo associadas com transagdes do DNA (heteromodificagcao) ou da prépria PARP-1
(automodificacao). O polimero resultante da ADP-ribose (PAR) pode interagir de forma
seletiva, com um ndmero de alvos de proteinas que estdo envolvidas na resposta celular aos
danos no DNA e no metabolismo do DNA. Estes alvos contém ligacdes de PAR que muitas
vezes confunde-se com um dominio funcional, tais como uma proteina ou um dominio
ligado ao DNA e isso explica como ligacdes de PAR podem alterar as propriedades

funcionais dos alvos (Pleschke e cols., 2000).

A PARP-1 € também conhecida por desempenhar o papel fundamental em varios
distirbios agudos e cronicos de inflamacdo (Mabley e cols.,, 2001), doencgas
cardiovasculares, cancer e diabetes mellitus (Schreiber e cols., 2006). Em algumas situacdes,
ela funciona como um co-ativador de fatores de transcricio como o NF-kB resultando na
sintese de mediadores pré-inflamatérios (Hassa e cols., 2003). Entre eles, estd a iNOS, que
produz 6xido nitrico e, posteriormente, peroxinitritos e radicais hidroxila altamente reativos
que, por sua vez, causam danos no material genético na célula-alvo. Em seguida, o resultado
da ativagdo da PARP-1 ird induzir a morte celular independente da caspase, a qual envolve a
liberacdo da proteina indutora de apoptose (AIF), flavoproteina, da mitocondria (Yu e cols.,
2002). Como as caspases nao estao envolvidas neste processo, a PARP-1 se mantém intacta
para ser ativada pelo DNA fragmentado, o que resulta na sintese excessiva de PAR, NAD *,

esgotamento de ATP e, finalmente, morte celular.

85
Introducao



Figura 23. A intensa poli ADP-ribosilagdo resulta em niveis elevados de apoptose. Em
situagOes de estresse oxidativo, a producdo excessiva de PARP-1 aumenta o consumo de
NAD™ celular que acarreta na deplecio de NAD" e ATP. A crise energética pode culminar
na disfun¢do e morte celular. Esta apoptose pode ser caspase-independente e ser mediada
pelo fator de indugdo de apoptose (AIF).

O desenvolvimento das complicagbes do DM estd associado ao
aumento do estresse oxidativo e nitrosativo o que pode danificar o DNA levando a ativacao
da PARP (Obrosova e cols., 2005). A super ativagdo desta enzima exacerba o estado
oxidativo da célula através do seu consumo de NAD. Ela estd associada a doengas
relacionadas ao diabetes como disfuncdo endotelial e do miocédrdio (Garcia Soriano e cols.,
2001; Pacher e cols., 2002), neuropatia autondmica e periférica (Obrosova e cols., 2008) e

nefropatia (Szabo e cols., 2006).

O papel da PARP nas complica¢des oculares dos diabéticos merece uma avaliagdo
profunda, considerando que a PARP-1 € expressa abundantemente no cristalino (Tamada e
cols., 2000) e na retina (Obrosova e cols., 2006). Sua ativagao contribui para a formacao de
pericitos fantasmas e capilares acelulares, (Zheng e cols., 2004), aumento da adesao de
leucécitos nas células endoteliais (Sugawara e cols., 2004) e formagao de VEGF (Obrosova
e cols., 2004) e angiogénese (Tentori e cols., 2007). Na RD, dentre as caracteristicas iniciais,
observa-se o aumento da producdo de fatores vasoativos, como a endotelina 1 (ET-1) e o
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aumento da sintese de proteinas de matriz extracelular (ECM) como a fibronectina (FN) FN
(Xu e cols., 2008). Este aumento de fatores vasoativos pode ser explicado pela ativacdo do
NFxB pela PARP (Hassa e cols., 2003). PARP modula a atividade NF«B através da histona
acetiltransferase (HAT). A p300 € provavelmente a mais importante, pois desempenha papel
fundamental na diferenciacdo e na regulacdo do crescimento de diversos fatores de
transcri¢do (Goodman e Smolik, 2000). A expressdo do mRNA da p300 € significativamente
reduzida em células de murinos deficientes de PARP (Hassa e cols., 2003). A alta
concentracdo de glicose faz com que a promove o aumento da regulagao da p300 nas células
endoteliais e no coracdo e na retina de animais diabéticos (Kaur e cols., 2006). A ativacao
epigenética do p300 pode afetar varios fatores de transcricdo, como os fatores de transcri¢ao
da familia MEF2 em miocitos cardiacos (McKinsey e cols., 2002). Em alguns sistemas, o
aumento de proteinas do MEC estd ligado a fatores de transcri¢gdo como o MEF2 (Wang e
cols., 2004). Foi descrito que a ativacdo da PARP também estd implicada na formacao de

catarata em ratos diabéticos (Drel e cols., 2009).

Estudos farmacoldgicos tém demonstrado os beneficios terapéuticos de vdrias classes
de inibidores de PARP em diferentes modelos de inflamacdo, doenga neurodegenerativas e
vasculares, sendo que alguns destes inibidores entraram em estudos clinicos com humanos
(Jagtap e Szabo, 2005). A inibi¢cdo da PARP no diabetes também impede a manifestacio da

ativacdo glial (acimulo de GFAP) e apoptose na retina neural (Drel e cols., 2009).

1.7 - TEMPOL

O TEMPOL (4-hidroxi-2,2,6,6-tetrametil-piperidine-1-oxil) € um radical livre
extremamente estdvel sintetizado na década de 1970 por cientistas russos. Devido a sua alta

estabilidade € facilmente detectado e € comumente utilizado como uma sonda em

espectroscopia de ressonancia paramagnética eletronica (EPR).

Apresenta baixo peso molecular, metal-independente, mimético da enzima
antioxidante SOD, com excelente permeabilidade celular. Desempenha fun¢des semelhantes
a outras enzimas, como a catalase, facilitando o metabolismo do peréxido de hidrogénio.
Este composto estd entre os mais potentes nitroxidos na prote¢do de células e tecidos contra

danos causados pelo ROS (Krishna e cols., 1992, 1996a, 1998) e atenuam a injuria tecidual
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em condicoes inflamatérias devido principalmente a sua capacidade de reagir rapidamente
com ambos, diéxido de nitrogénio e radical carbonato. Em conseqiiéncia, os nitréxidos sdao
oxidados ao cation oxamoOnio correspondente, o qual, por sua vez, pode ser reciclado ao
nitréxido através de reagdes com espécies precursoras, como peroxinitrito e peroxido de
hidrogénio, ou com redutores celulares em condi¢des inflamatérias, os quais sao

caracterizados por um aumento da produgdo de 6xido nitrico e derivados oxidantes.

OH
CHy CH,
CH, N CH,
L,
o
Tempol

(4-Hydroxy-2,2 6 6-letramethylpiperidine-1-oxyl)

Figura 24. Estrutura molecular do TEMPOL (Wilcox e Pearlman, 2008).

O TEMPOL possui um importante papel atuando como hipotensor. Muitos estudam
abordam a hipétese de que os efeitos antihipertensivos seja a restauracdo da acao do NO,
cuja bioatividade encontra-se incompleta nos vasos sanguineos e no rim durante a
hipertensiao (Wilcox, 2005; Wilcox e Pearlman, 2008). O TEMPOL provavelmente melhora
os efeitos do NO® através da prevencdo da bioinativagio pelo O," (Rubanyi and Vanhoutte,
1986); aumento do estimulo de geracao de NO endotelial através da “shear forces” (pressao
mecanica causada pelo fluxo sanguineo na parede do endotélio), pela interrupcdo da
incorpora¢do do NO na glutationa formando o S-nitrosogluationa (Schrammel e cols., 2003)
e pelo reacoplamento da eNOS através da melhora da disponibilidade da forma reduzida da
tetrahidrobiopterina (BH4) (Cai e Harrison, 2000). Este efeito de “direcionar” o 6xido
nitrico para desempenhar papéis fisiologicos e ndo patolégicos € dependente da cGMP.
Autores propdem que TEMPOL melhora a sinalizacdo do NO via cGMP em modelos de

estresse oxidativo (Liu e cols., 2007b).
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Estudos demonstraram a rapidez da permeabilidade do TEMPOL nas células e a
ampla distribuicdo no organismo sendo capaz de reagir com o O, do citoplasma e da
mitocondria (Van der Poel e cols., 2006). Este composto também foi capaz de penetrar
intacto na pele (Herrling e cols., 2002) onde esteve acumulado no compartimento de
lipideos no estrato cérneo (Li e cols., 2001), ser distribuido rapidamente no humor aquoso
(Zamir e cols., 1999) e ser difundido através da cartilagem para dentro do osso (Fischer e
cols., 1995). Estudos extensos sdo necessdrios para demonstrar o dificil mecanismo de
protecdo do TEMPOL contra as espécies reativas do oxigénio e do nitrogénio.
Recentemente, demonstrou-se que o TEMPOL desvia a nitracio da decomposi¢cdo do
peroxinitrito para espécies nitrosativas através da reacdo com os radicais derivados do
peroxinitrito oxidado, o radical hidroxil e o anion radical carbonato, para produzir o cition
oxamonium que oxida o peroxinitrito para oxigénio e 6xido nitrico (Carrol e cols., 2000).
Deste modo, os efeitos protetores do TEMPOL contra as lesdes associadas a superproducdo
de 6xido nitrico (Cuzzocrea e cols 2000) poderiam ser atribuidos a sua atividade de
superdxido dismutase na prevencdo da producdo de peroxinitrito (Offer e cols 2000), na
catélise da decomposi¢@o de peroxinitrito para triéxido de dinitrogénio (Bonini e cols 2001)
ou ambos. Estudos t€ém demonstrado a importante a¢do conferida pelo TEMPOL na reducao
de ativacao da PARP, como por exemplo observado em modelo animal de periodontite (Di

Paola e cols., 2005).

Um estudo realizado por Chen et al. (2007) demonstrou que a associacdo do
tratamento de TEMPOL + NAC reduziu a leucostase (fendmeno precoce na patogénese da
RD) na retina de ratos com 2 semanas de DM induzido por estreptozotocina e na retina de
ratos que receberam injecdo intravitrea de ANG II (Chen e cols., 2007). Outro estudo
demonstrou que o TEMPOL conferiu neuroprotecdo em retina de modelos experimentais de
glaucoma, pois foi capaz de eliminar a nitragao da tirosina, atenuar a peroxidagao lipidica e
reduzir o ndmero de células em apoptose (El-Remessy e cols., 2003). Este efeito
neuroprotetor também foi observado em compostos derivados da forma reduzida do
TEMPOL-H (OT-551), os quais foram capazes de inibir a peroxidacgao lipidica resultando na
melhora morfoldgica e funcional das células fotoreceptoras da retina em animais expostos a
luz (Tanito e cols., 2007). Em cultura de células, a associacio de TEMPOL com inibidor de
caspase promoveu a reducdo da producdo de ROS e aumentou em torno de 20% a

sobrevivéncia de células ganglionares da retina (Tezel e Yang 2004). Este efeito observado
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em células ganglionares foi observado em modelos animais tratados somente com TEMPOL
ou a associacdo deste com sobrecarga de ferro (Thaler e cols. 2009). A forma reduzida,
TEMPOL-H (OT-674) mostrou também ser um potente antioxidante contra os processos
foto oxidativo gerado em cultura de células pigmentares de retina, o qual € considerado um

grande fator de risco para o desenvolvimento de edema macular (Zhou e cols., 2008).

TEMPOL
OH OH
ASC DHA
| |
@] OH
OXIDIZED REDUCED
(paramagnetic) (diamagnetic)

Figura 25. A reducdo da forma oxidada 4-hydroxy-2,2,6,6-tetramethylpiperidine-n-oxyl
(TEMPOL) para a forma reduzida (TEMPOL-H) pelo 4cido ascérbico (Sasaki e cols.,
1998).
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2- OBJETIVO



Devido ao fato de nenhum agente farmacol6gico seguro até o momento ter sido eficaz
em prevenir, retardar ou reverter a RD e os tratamentos intervencionistas disponiveis serem a
fotocoagulacdo a laser, a vitrectomia e as inje¢des intravitreas de algumas drogas, faz-se
necessario o estudo de um possivel farmaco capaz de proteger a retina de marcadores
precoces da RD. Conhecendo o estresse oxidativo como uma via capaz de explicar as
anormalidades bioquimicas presentes na RD, tem sido observado o grande desempenho dos
antioxidantes em estudos com RD. Mediante a esta realidade, o objetivo deste trabalho foi
estudar e investigar os efeitos do nitréxido TEMPOL na retina de um modelo animal
espontaneamente hipertenso e experimentalmente diabético e compreender os possiveis
mecanismos envolvidos na acdo deste cristal laranja considerado um antioxidante ndo-
classico. A compreensao terapéutica obtida deste mimético acarretard em futuros estudos do

uso topico deste farmaco na RD.
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3-MATERIAIS E METODOS



3.1. Animais

Para este estudo foram utilizados ratos machos espontaneamente hipertensos
(SHR) e seus controles normotensos, wistar-kyoto (WKY) com 4 semanas de idade. Os
animais SHR diabéticos (DM-SHR), ap6s a confirmacdo da indugdo do DM, foram
randomizados a receber (DM-SHR tempol) ou ndo tratamento intraperitoneal de
TEMPOL (250 mg/Kg/dia), de acordo com publicacdes prévias (Biswas e Lopes de
Faria, 2007). O grupo DM-SHR que ndo recebeu tratamento, injetou-se solucdo
fisiolégica (NaCl) para obter o mesmo “estresse”’gerado pelas aplicagdes de injecdes
intraperitoneal. A duracdo do DM foi de 20 dias. O rato SHR, é o modelo mais estudado
de hipertensdo arterial observado em nimero de publicacdes (Pinto e cols., 1998). Esta
linhagem foi obtida durante 1960 por Okamoto e colaboradores, em Kyoto, Japao,
através de selecoes de cruzamentos de ratos WKY com pressao elevada e que utilizou o
WKY como controle do SHR (Okamoto, 1963). O desenvolvimento da hipertensao inicia
em torno de 5 a 6 semanas de idade, atingindo as pressdes sistdlica entre 180 e 200
mmHg na fase adulta (Conrad, 1995). Os animais foram criados no biotério central da
Unicamp a partir de matrizes importadas da Taconic (Germantow NY, EUA). Todos os
experimentos seguiram as orientacdes da Associacdo para Pesquisa em Visdo e
Oftalmologia sobre a utilizacio de animais e foram aprovados pelo Comité de Etica
Institucional local para experimentagdo animal (CEEA/IB/UNICAMP, protocolo n®
1408-1). Os animais foram mantidos em gaiolas-padrdo com 4dgua e racdo ad libitum,
com ciclos dia-noite (luz fluorescente 500 lux) de 12/12 horas. Antes das manipulagdes
experimentais, os animais foram anestesiados com pentobarbital sédico 3% (30 mg/Kg

Hipnol®, Fontoveter, Brasil).

Desenho do estudo:

Animais com quatro semanas de idade (4 grupos):

SHR WKY
SHR DM-SHR DM-SHR tempol WKY
Solucdo fisioldgica Tempol
intraperitoneal intraperitoneal

Apés 20 dias de DM os animais foram eutanaziados
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3.2. Procedimentos

3.2.1. Peso dos Animais

Os animais foram pesados no inicio para os cédlculos de estreptozotocina (STZ) e
para o registro de peso inicial dos dados de parametros fisioldgicos dos grupos

estudados e no dia do sacrificio para comparagdo entre 0s grupos.

3.2.2. Medida da pressao arterial sistolica

A pressdo arterial sistélica foi determinada na cauda dos ratos, aquecidos a
aproximadamente 36°C por aproximadamente 10 minutos, ndo anestesiados e acostumados
ao procedimento, utilizando-se um sensor em um cuff na cauda dos ratos. Os valores foram
registrados por um pletismégrafo (Narco Bio System, Houston, Tx, USA). Foram
consideradas 4 medidas consecutivas semelhantes para a obtencdo da média de cada

animal.

3.2.3. Inducao de diabetes mellitus

A inducdo do DM foi realizada através da injecao de STZ, 60 mg/Kg (Sigma, St
Louis, MO, USA), na veia caudal, dissolvida em tampao citrato 0,5 M, pH 4,5. A STZ € um
agente anti-bacteriano de largo espectro que foi isolado de Streptomyces achromogenes em
1959 (HERR e cols., 1960) e tem sido amplamente utilizado em pesquisas sobre o DM. A
atividade diabetogénica ocorre pela necessidade do nicleo de glicose na molécula de STZ
exercer uma funcdo carreadora, promovendo o contato com a membrana da célula 3,
produtora de insulina (Rerup, 1970). Com isso, o transportador de glicose das células 3,
GLUT?2, parece ser uma molécula alvo essencial da toxicidade da STZ sobre essas células,
um evento que precede as reagdes quimicas contra as células f (Wang e Gleichmann, 1998)
quando submetidas a doses didrias pequenas de STZ. Se o modelo experimental for através
de injecdo de alta dose de STZ, como neste caso, ocorre metilacdio do DNA das células § e
apoptose. Os animais dos grupos controles receberam injecdo endovenosa de tampado

citrato, seguindo o mesmo protocolo utilizado para o grupo diabético.
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Ap6s 48 horas da injecdo de STZ, a confirmacio da presenca do DM foi realizada
através da glicemia dos animais pelo método da glicose oxidase (Glicose PAP Liquiform,
Labtest 1 e 2) e incluidos no estudo animais com glicemia acima de 15 mmol/L (270
mg/dl). Antes do sacrificio dos animais, a glicemia foi realizada novamente para

confirmacao do estado diabético.

3.2.4. Glicemia

A glicemia foi realizada apds 3 horas de jejum dos animais. Os ratos foram
anestesiados e o sangue periférico da cauda do animal foi coletado. Imediatamente, o
sangue foi colocado em eppendorf heparinizado, centrifugado a 3.000 RPM por 10
minutos. O sobrenadante, ou seja, o plasma foi utilizado para a determinacdo da glicemia
através do método enzimatico colorimétrico (Glicose PAP Liquiform, Labtest 1 e 2). Tubos
de ensaio contendo 1 ml do reagente de cor receberam 10ul do padrao de glicose ou 10 pl
de amostra e foram homogeinizados. Os tubos foram incubados em banho-maria a 37°C
durante 15 minutos. Apds esta etapa, a leitura foi realizada no espectrofotometro em
comprimento de onda de 500 nm. As amostras foram analisadas em duplicata e os padrdes

em triplicata. O valor para hiperglicemia foi considerado acima de 15 mmol/L (270 mg/dl).

3.2.5. Preparo do TEMPOL

Para este tratamento, utilizou o nitroxido TEMPOL, 4-hidroxi-2,2,6,6-tetrametil-
piperidine-1-oxil, mimético da super6xido dismutase (Calbiochem) com férmula molecular
de CoHisNO, e massa molar de 172,2. O tratamento com TEMPOL foi administrado
através de injecdo intraperitoneal (250mg/Kg equivalente a 1,45umol/g). A droga e o
animal foram pesados diariamente. O TEMPOL foi diluido em 400 pl de solugdo

fisiologica (NaCl) e aplicado imediatamente nos animais.
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3.2.6. Preparo dos globos oculares para estudos de imunohistoquimica

O mecanismo bésico da imuno-histoquimica € o reconhecimento do antigeno a ser
pesquisado por um anticorpo especifico. A técnica usual utiliza um anticorpo secundério,
que se liga ao anticorpo primadrio e € associado a um complexo de visualiza¢do (complexo
avidina-biotina-enzima-cromdgeno ou polimero com amplificacdo). O cromdgeno mais
utilizado é o DAB (diaminobenzidina) que confere cor marrom ao precipitado permanente.
As dareas "positivas" coram-se de marrom e as "negativas" com o corante utilizado para
contra-coloragdo, geralmente a hematoxilina (azul). Apés a eutanasia dos animais, os olhos
foram enucleados, fixados ‘“overnight” em paraformaldeido 4 % e posteriormente
transferidos para dlcool 70%. A seguir, os globos oculares receberam tratamento com xilol e
alcool e, foram incluidos em parafina. Os cortes foram seccionados transversalmente com 5
micrometros de espessura e transferidos para uma lamina tratada com a solu¢do de poli-I-
lisina (Sigma-Aldrich, EUA). Foram utilizados 8 cortes ndo consecutivos de retina de um

olho para cada animal e foram analisados pelo menos 3 animais por grupo

3.2.7. Extracdo de proteina retiniana para ensaios de Western Blot

Western blot € um método em biologia molecular e bioquimica para detectar
proteinas em um homogenato (células bem trituradas) ou um extrato de um tecido biolégico.
Essa técnica usa eletroforese em gel para separar as proteinas desnaturadas por massa. As
proteinas sdo transferidas do gel para uma membrana (tipicamente de nitrocelulose), onde
serdo usados como sonda anticorpos especificos a proteina. Como resultado, € possivel
analisar a expressao da proteina em uma dada amostra e comparar os niveis entre os diversos
grupos.

Para extracdo de proteina retiniana, as retinas foram isoladas do epitélio pigmentado
da retina e transferidas para 300ul de tampao de homogeneizacao (Tris-HCL 30 mM, EGTA
10 mM, EDTA 5 mM, sacarose 250 mM e 1 mM DTT (DL-Dithiothreitol), pH 7.5
suplementado com 12 pl de coquetel de inibidores de protease (Complete®, Boehringer
Mannheim, Germany). O homogeneizado foi submetido as ondas de ultra-som. Apds

centrifugacdo, 9000 RPM por 10 minutos a 4°C, uma aliquota foi separada para

quantificacdo da proteina total pelo método de Bradford (Bradford, 1976). O restante foi
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misturado no tampao de corrida contendo: 10% de glicerol, 0,06% de azul de bromofenol e

20 mmol/l de DTT, fervido por 5 minutos e mantidos em -80°C.

3.3. Experimentos

3.3.1. Western blot para quantificacio da expressao protéica de GFAP, FN, Cu-Zn SOD,
PARP and iNOS em tecido retiniano

Primeiramente foram realizados ensaios para otimizacdo dos métodos para cada
proteina estuda. Amostras de 20, 50, 60 e 100 pg de proteina de retina para GFAP, FN e
PARP, Cu-Zn SOD e iNOS respectivamente foram submetidas a eletroforese em gel de
10% (com exce¢do da PARP, 9%) com SDS-poliacrilamida. Apds a eletroforese, as
proteinas foram transferidas para uma membrana de nitrocelulose (Bio-Rad). Em seguida,
foi realizado bloqueio inespecifico com leite desnatado 5% ou BSA 1% (para i-NOS) em
tampao TBS-T (10 mM Tris-base, 15 mM NaCl e Tween-20 a 1%). A seguir as
membranas foram incubadas com os respectivos anticorpos primdrios: cabra policlonal
anti-GFAP (1:100, Santa Cruz Biotechnologies, Santa Cruz, CA), cabra policlonal anti-
FN (1:1000, Calbiochem-Novabiochem, La Jolla, CA), coelho policlonal anti-iNOS
(1:500, Cell Signaling Technology, Beverly, MA), coelho policlonal anti-Cu-Zn SOD
(1:4000, Upstate, Cell Signaling Solutions, NY) ou camundongo monoclonal anti-PARP
(1:1000, Trevigen, Gaithersburg, MD) e entdo incubadas com os respectivos anticorpos
secunddrios conjugados com HRP. Os sinais foram visualizados através de
quimioluminescéncia (SuperSignalTM CL-HRP Substrate System, Pierce, Rockfor, IL),
de acordo com as instrugdes do fabricante, e posteriormente autoradiografadas. Para
confirmacdo da uniformidade da concentracdo das proteinas, as membranas foram lavadas
com tampao TBS-T, bloqueadas com leite 5 % e reblotadas com anticorpo de cabra
policlonal anti B-actina (1:500; Santa Cruz Biotechnologies, Santa Cruz, CA) em BSA
1%, seguido pelo anticorpo anti cabra IgG conjugada com HRP (1:5000; Santa Cruz
Biotechnologies, Santa Cruz, CA) em leite 5%. A intensidade das bandas foi quantificada
por densitometria computadorizada (BIO-RAD Model GS 700 Imaging Densitometer).

Foram realizados experimentos em triplicatas.
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3.3.2. Imunohistoquimica para deteccdo de proteina acidica fibrilar glial (GFAP) na retina

O GFAP, subunidade dos filamentos intermedidrios do citoesqueleto celular, estd
presente no citoplasma de células gliais como os astrécitos. O aumento da imunoreatividade
do GFAP nas células gliais da retina confirmam a neurodegeneracao.

Os cortes foram submetidos a desparafinizacdo com xilol, re-hidratacio com
passagens por concentracdes decrescentes de etanol, recuperacdo antigénica em tampao
citrato 10 mM pH 6,0 com aquecimento em microondas (2 ciclos de 5 min.) e posterior
banho de gelo de 20 min. O bloqueio da peroxidase endégena com metanol e peroxido de
hidrogénio e bloqueio das ligacdes inespecificas com leite desnatado 1% em PBS (tampao
fosfato) 1 hora; a seguir as laminas foram incubadas com o anticorpo policlonal de cabra
anti-GFAP (1:100, Santa Cruz Biotechnologies, Santa Cruz, CA) em BSA 1% a 4°C
overnight. Apds 3 lavagens de 5 minutos em PBS, aplicou-se o anticorpo secundério anti
cabra IgG conjugado de biotina (1:200, Santa Cruz Biotechnologies, Santa Cruz, CA) foi
aplicado por 1 hora em temperatura ambiente. Apds as lavagens novamente com PBS, as
laminas foram incubadas com complexo avidina-biotina 1:50 (ABC) (Vector Laboratories,
Burlingame, CA) por 40 minutos seguido pela adi¢ao de diaminobenzidina tetrahidroclorido
(DAB) (Sigma). Os cortes foram reidratados e montados com entellan; o controle negativo
foi obtido omitindo-se o anticorpo primdrio. Esta imunolocalizacdo foi realizada apenas para

observar a intensidade da reagdo glial nas camadas da retina.

3.3.3. Imunohistoquimica para deteccdo de nitrotirosina (NT)

O peroxinitrito € um poderoso agente oxidante e nitrante que pode danificar
diretamente proteina lipideos e DNA (Halliwell, 2006). O peroxinitrito pode reagir com
residuos de tirosina presentes em proteinas formando a nitrotirosina. Portanto, a nitrotirosina
pode ser usada como um biomarcador de estresse oxidativo e nitrosativo. O ensaio iniciou-se
com os cortes na estufa a 60°C por 1 hora. Apds esta primeira etapa de recuperagcao
antigénica, o tecido foi desparafinizado com xilol, re-hidratado com passagens por
concentracdes decrescentes de etanol, recuperacdo antigénica em tampao citrato 10 mM pH
6,0 aquecido em microondas (2 ciclos de 2,5 min.) e posterior banho de gelo de 20 min. O
bloqueio da peroxidase enddgena foi realizado com metanol e per6xido de hidrogénio e

bloqueio das ligacdes inespecificas com leite desnatado 1% em PBS (tampao fosfato) 1 hora;

102
Materiais e Métodos



a seguir as laminas foram incubadas com o anticorpo policlonal de coelho anti-NT (1:200,
Upstate Cell Signaling Solutions, Lake Placid, NY) em BSA 1% a 4°C overnight. Apés 3
lavagens de 5 minutos em PBS, as laminas receberam anticorpo secunddario anti coelho IgG
conjugado de biotina (1:200, Santa Cruz Biotechnologies, Santa Cruz, CA) por 1 hora em
temperatura ambiente. Apds as lavagens com PBS, as laminas foram incubadas com
complexo avidina-biotina 1:50 (ABC) (Vector Laboratories, Burlingame, CA) por 40
minutos seguido pela adi¢do de diaminobenzidina tetrahidroclorido (DAB) (Sigma). Os
cortes foram contra-corados com hematoxilina, desidratados e montados com entellan; o
controle negativo foi obtido omitindo-se o anticorpo primdrio. As laminas foram observadas
em um microscépio Leica DMLS (Leica, Bensheim, Germany) sob o aumento de 1000x. As
imagens da retina foram digitalizadas com camera Samsung S1030 conectada ao
microscopio. Foi considerada a porcentagem de intensidade por drea de retina obtida através

do softaware Bio Color Scanner ™ Versio 226.

3.3.4. Imunohistoquimica para deteccao de poly (ADP-ribose) polymerase (PARP)

O tecido foi desparafinizado com xilol, re-hidratado com passagens por
concentracdes decrescentes de etanol e a recuperagcdo antigénica foi realizada em tampao
citrato 10 mM pH 6,0 com aquecimento em microondas (2 ciclos de 5 min.) e posterior
banho de gelo durante 20 min. O bloqueio da peroxidase enddgena foi feito com metanol e
peréxido de hidrogénio durante 10 min. e o bloqueio das ligacdes inespecificas com leite
desnatado 1% em PBS (tampao fosfato) 1 hora; a seguir as laminas foram incubadas com o
anticorpo monoclonal de camundongo anti-poli (ADP) ribose (PAR) (1:1000, Trevigen,
Gaithersburg, MD) em BSA 1% a 4°C overnight. Este anticorpo detecta a atividade da PARP
através da ribosilagcao das poteinas. Apds 3 lavagens de 5 minutos em PBS, o polimero
marcado com fosfatase alcalina conjugado com anticorpo de anti camundongo IgG
conjugado de biotina (1:200, Santa Cruz Biotechnologies, Santa Cruz, CA) foi aplicado por
1 hora em temperatura ambiente. Apds as lavagens novamente com PBS, as laminas foram
incubadas com complexo avidina-biotina 1:50 (ABC) (Vector Laboratories, Burlingame,
CA) por 40 minutos seguido pela adicdo de diaminobenzidina tetrahidroclorido (DAB)
(Sigma). Os cortes foram lavados em &4gua destilada e posteriormente 4gua corrente,
reidratados e montados com entellan; o controle negativo foi obtido omitindo-se o anticorpo

primdrio. As laminas foram observadas em um microscépio Leica DMLS (Leica, Bensheim,
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Germany) sob o aumento de 1000x. Imagens da retina foram digitalizadas com camera
Samsung S1030 conectada ao microscOpio. Para andlise quantitativa, foi considerada a
porcentagem de positividade de células por drea de retina utilizando o software Bio Color

Scanner ™ Versio 226.

3.3.5. Detec¢do do anion superéxido

Como previamente descrito (Du e cols.,, 2003), a lucigenina (bis-N-
metilacridinio nitrato) (Invitrogen Inc., Eugene, OR) é um composto que emite luz
quando interage com o superdxido. A retina foi extraida e transferida para um tubo de
polipropileno contendo 250 pl de tampao RPMI e incubada por 5 horas em incubadora
de CO; a 5% de concentragdo do gas, a 37°C e em atmosfera umidificada a 95%. Ap6s
este periodo, foram adicionados 25 uM de lucigenina e realizadas 15 leituras com
intervalos de 12 segundos no lumindémetro (TD 20-E Luminometer Turner, USA)
totalizando 3 minutos de leitura para cada amostra. A média destes valores foi
normalizada pela concentracdo de proteina total quantificada por Bradford (Bradford,
1976). A produgdo de superéxido foi expressa em unidades relativas de luminescéncia
URL/min/mg de proteina. A concentracdo de proteina foi quantificada pelo método de
Bradford (1976). A férmula para os célculos de producdo de superdxido pelo método

quimioiluminescente da lucigenina estd descrito abaixo:

RLU: 1000 x média das leituras
[ ] prot.(ug) x 250ul

3.3.6. Quantificac@o dos niveis dos produtos finais do 6xido nitrico (NOy') em tecido de

retina

Diversos tipos celulares produzem 6xido nitrico em niveis de picomolar para
nanomolar. A determinagdo direta dos niveis de NO ¢ dificil devido a sua curta meia-
vida e as muitas reagdes nas quais participa (Walters e cols., 1987). Por este motivo, a
andlise dos produtos estdveis do NO, nitrito (NO,) e nitrato (NOs3) sdo freqlientemente

analisados para determinacdo endégena de formacao de NO.
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A retina de 1 olho foi extraida e sonicada em 150 ul de tampdo de
homogeneizagdo com 6 Ll de inibidor de protease. Apos esta etapa, o homogenato foi
centrifugado a 9000 rpm, 10 minutos a 4°C. O sobrenadante foi separado, retirou-se
uma aliquota para quantifi¢do de proteina e o restante foi armazenado a -80°C. No dia
da andlise, as amostras foram centrifugadas novamente a 11.000 rpm a 4°C durante 15
minutos.

Os produtos do NO presentes no tecido da retina foram detectados através de um
aparelho de quimioluminescéncia do Instituto de Quimica da Unicamp (Nitric Oxide
Analyser - NOA, Sievers Intruments Inc, Boulder, Colorado, E.U.A.). Com uma
seringa, aliquotas de 4 plL. de amostra foram adicionados a uma purga de camara
contendo cloreto de vanadio (VCl3) (97 ° C) (Aldrich Chemical Company) em HCI 1IN
sob uma atmosfera de nitrogénio. A solu¢ao de VCl; reduz nitrito e nitrato para gis NO,
o qual é detectado pelo NOA. O NO liberado das amostras, convertido em gis e
conduzido ao NOA, reage com o ozOnio para produzir um sinal de
quimioluminescéncia. O espectro de luz € proporcional a concentracdo de NO, o qual é
calculado a partir de uma curva padrdao de concentragdes de NOs conhecida. Cada
amostra foi analisada em triplicata. O valor final obtido em pmol/l de NOy foi corrigido

pela concentracdo de proteina.

3.3.7. Quantificacao dos niveis de glutationa reduzida através de ensaio colorimétrico

Os niveis de glutationa reduzida foram avaliados pela metodologia de Beutler
(Beutler e cols., 1963). As retinas foram extraidas e colocadas em eppendorf contendo
300ul de 4cido tricloroacético 10% (TCA), SmM EDTA e sonicadas. O homogenato foi
centrifugado a 3000 RPM por 15 minutos a 4°C. As proteinas sao desnaturadas pelo TCA
e os aminodcidos ficam no sobrenadante. 200ul do sobrenadante foi colocado em 1 ml de
Na,HPO4 e 125ul de 4cido 2-nitrobenzéico (DTNB) em tubo de ensaio. Uma curva foi
feita com diferentes concentragdes de solu¢do padrao de glutationa reduzida adicionadas a
1 ml de Na,HPO,4 e 125u1 de DTNB em tubos de ensaio. Os tubos foram homogeneizados
no vortex e a leitura foi iniciada no espectrofotometro a 412nm (Kowluru, 2001). A
proteina total foi quantificada pelo método de Bradford. A expressao da glutationa
reduzida de cada animal foi calculada segundo sua concentracio pela concentragdo total

da proteina.
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3.3.8. Atividade da Cu-Zn superéxido dismutase (SOD)

Para este ensaio foi utilizado 1 retina. Apds a extragdo, a retina foi lavada em
PBS com heparina para remocgdo de eritrdcitos e sonicada em 150ul de solug@o tampao
HEPES 20mM pH 7,2 contendo 1mM EGTA, 210 mM manitol e 70mM. O
homogenato de tecido foi centrifugado 1,500 x g por 5 minutos a 4°C. O sobrenadante
foi removido e armazenado a -80°C. Uma aliquota foi separada para quantificacio de
proteina.

A atividade da enzima de Cu-Zn SOD foi estimada usando o kit da Cayman
Chemical (Ann Arbor, MI). Este kit utiliza um sal de tetrazélio para detectar o radical
superdxido gerado pela xantina oxidase e hipoxantina. Uma unidade de SOD ¢ definida
com a quantidade de enzima suficiente para dismutar 50% do radical superéxido. O
ensaio mede a atividade da Cu-Zn SOD no tecido. A curva padrao foi obtida utilizando
concentracdes conhecidos de SOD. A reagao foi iniciada pela adi¢do de 20 pl de xantina
oxidase diluida. A leitura foi realizada no espectrofotometro (EIx800, Bio-Tek Ins,
E.U.A.) monitorado continuamente a absorbancia de 450 nm. Os cdlculos foram feitos
de acordo com o fabricante e corrigidos pela concentragdo de proteina obtida pelo
método de Bradford. Os valores finais foram obtidos em Unidade de SOD/mg de

proteina.

3.3.9. Analise estatistica

Os resultados foram expressos na forma de média + desvio-padrao. Andlises de
Variancia (ANOVA) seguido do teste de Fisher foram utilizadas para comparacdo das
diversas varidveis entre os grupos de animais estudados e identificacdo dos grupos
diferentes. Todos os valores foram analisados com o uso do software estatistico StatView.

O valor de p<0,05 foi considerado estatisticamente significante.
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4-RESULTADOS
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4.1. Caracteristicas fisiologicas dos animais estudados

Os animais do grupo SHR com 4 semanas de idade apresentaram menor peso inicial
comparado aos animais do grupo WKY (p<0.0001) e esta caracteristica manteve-se até o
final do estudo (p<0.0001). Como esperado, o ganho ponderal no grupo DM-SHR foi menor
em relagdo ao CT-SHR (p<0.0001). Este ganho no grupo DM-SHR tratado com TEMPOL
reduziu significantemente comparado ao grupo ndo tratado DM-SHR (p=0.03). A pressao
arterial sistélica (PAS) final nos grupos SHR foi significativamente maior em relagdo ao
grupo WKY (p=0.004) e nao foi modificada com o tratamento. Os niveis de glicose
apresentaram-se elevados nos ratos diabéticos comparados aos grupos ndo diabéticos

(p<0.0001) e nao foi afetada pelo tratamento (tabela 3).

Tabela 3 - Caracteristicas fisiologicas dos animais estudados

. Glicemia
Grupos Peso inicial (g) | Peso final (g) PAS (mmHg)

(mmol/L)

WKY (n=28) 117,2 + 21,1 288.5 + 26,0 129,2 +18,3 9,6+12
SHR (n=27) 70,4 + 8.4 196,0 +20,7° 152.8+11,1* 9,1+2,0
DM-SHR (n=31) 69,9+ 10,5 1254 +34,6F | 151.1+21.4% | 29,5+4,0"
DM-SHR TEMPOL .
(130, 68,3+ 8.0 107,4+18,5™ | 152.6+14,6* | 29,9+6,0

n=

*PAS: Pressio arterial sistélica. p<0,0001 vs WKY; "p<0,0001 vs WKY e *p<0,0001 vs
SHR; *p=0,03 vs DM-SHR; *p=0,003 vs WKY; *p<0,0001 vs SHR e WKY.

4.2. Observacao da presenca de marcadores precoces da retinopatia diabética

Primeiramente, avaliou-se a possivel presenga de marcadores precoces da retinopatia
diabética na retina dos animais dos grupos estudados. Neste estudo foram considerados
como marcadores, a expressdo de proteina acidica fibrilar glial (GFAP) associada a
neurodegeneracao e a expressao de fibronectina (FN), observada no actimulo de matriz extra
celular. O nivel de expressao do GFAP, avaliado por ensaio de western blot, aumentou no
grupo CT-SHR comparado ao WKY (p=0.001) e este aumento foi exarcebado no grupo
DM-SHR em relacdo ao grupo WKY (p=0.0001). O tratamento com TEMPOL preveniu o
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aumento da expressdo de GFAP e apresentou niveis similares ao grupo WKY (p=0.7).
(Figure 26). Através da técnica de imunohistoquimica, observou-se um aumento da reacao
glial no grupo DM-SHR comparado aos ratos WKY e SHR. O tratamento restabeleceu esta

reacdo aproximadamente aos niveis do CT-SHR (Figura 26).
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Figura 26. (A) Expressao de GFAP em extrato de retina. Os filmes representam ensaios de
Western e as barras representam a média + desvio padrdao (DP) da densitometria das bandas
corrigidas pela P-actina e expressa em unidades arbitrarias. (B) Fotomicrografia
representante da imunolocalizagdo do GFAP em cortes de retina. A presenca da intensidade
da imunoreatividade do GFAP ¢ indicado na cor marrom.

A expressdo retiniana de FN aumentou no grupo DM-SHR quando comparado ao
grupo WKY (p=0.004) e ao grupo CT-SHR (p=0.02). O tratamento com TEMPOL preveniu

o aumento da expressdo de FN encontrado no grupo DM-SHR (p=0.02) (figura 27).
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Figura 27. Expressao de FN em extrato de retina. Os filmes representam ensaios de Western
e as barras representam a média + desvio padrio (DP) da densitometria das bandas
corrigidas pela B-actina e expressa em unidades arbitrarias.

4.3. Avaliacao dos sistemas oxidativo e antioxidante em tecido de retina

O equilibrio das reacdes de reducdo-oxidacdo (também conhecido como reacdo
redox) é necessdrio para a homeostase entre o sistema oxidante e o sistema antioxidante
evitando a nitragao de proteinas e a lesdo oxidativa de lipideos, proteinas e dcido nucléicos.
Para a estimacdo do status oxidativo no tecido retiniano, quantificou-se a produgdo dos
anions superéxido O, e 6xido nitrico NO, . O status antioxidativo foi avaliado através das
concentracdes de GSH e expressao e atividade da Cu-Zn SOD.

A producdo do anion O,” na retina, avaliada pelo método quimioluminescente da
lucigenina, aumentou significativamente no grupo DM-SHR comparado ao grupo WKY
(p=0.05) e o tratamento com TEMPOL restabeleceu esta producdo exarcebada aos niveis

normais dos grupos controles comparados ao DM-SHR (p=0.01) (figura 28).
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Figura 28. Producdo de superdxido total em tecido de retina obtida pelo método da
quimioluminescente da lucigenina. O gréfico representa a fotoemissao registrada a cada 12
segundos por 3 minutos. O pico de produ¢do de superéxido foi observado apds 3 minutos da
adicao de lucigenina. As barras representam a media + o DP.

Adicionalmente, a producdo do anion NO, ™, mensurado pelo NOA, apresentou-se
elevado no grupo DM-SHR em relacdo aos grupos controles (p=0.004 versos WKY e
p=0.003 versos SHR), no qual o tratamento com TEMPOL (p=0.01) preveniu este aumento
de producao (Figura 29).
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A defesa antioxidante foi analisada através da expressao e atividade da Cu-Zn SOD e
quantificagdo dos niveis de GSH em tecido de retina. Duas isoformas da SOD possuem o
cofator metdlico Cu-Zn em seu centro catalitico e estdo localizados nos compartimentos
citoplasmaticos intracelulares e extracelulares (Zelko e cols., 2002). A redu¢ao da expressao
retiniana da Cu-Zn SOD foi observada no grupo DM-SHR comparado aos grupos WKY
(p=0.0008) e CT-SHR (p=0.02). Similarmente, a atividade da Cu-Zn SOD diminuiu no
grupo DM-SHR comparado ao grupo WKY e CT-SHR (p=0.002 e p=0.001
respectivamente). O tratamento com TEMPOL restaurou a expressio da Cu-Zn SOD no
grupo DM-SHR comparado ao grupo DM-SHR nio tratado (p=0.04) e a atividade no grupo
DM-SHR comparado ao grupo DM-SHR (p=0.01) (Figura 30).
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Figura 30. (A) Expressdo de Cu-Zn SOD em extrato de retina. Os filmes representam
ensaios de Western e as barras representam a média + desvio padrao (DP) da densitometria
das bandas corrigidas pela B-actina e expressa em unidades arbitrarias. (B) Atividade da Cu-
Zn SOD quantificada em extrato proteico de retina estimada pelo kit da Cayman Chemical.

Embora a presenca de hipertensdo ou do diabetes a curto prazo nao tenha afetado os
niveis de GSH na retina (p = 0,4), o tratamento com TEMPOL aumentou a concentracdo em
cerca de 47% comparado aos outros grupos (p = 0,01). Este efeito pode ser explicado pelo
metabolismo do peréxido de hidrogénio pela acdo “mimética” da catalase conferida ao
TEMPOL, a qual diminui a formacdo de radicais hidroxila, aumentando assim os niveis de

GSH disponivel no tecido da retina (Figura 31).
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Figura 31. Concentragdo de glutationa reduzida (GSH) da retina dos ratos estudados.

4.4. Deteccao da conseqiiéncia do desbalanco entre sistema oxidativo e antioxidante no

tecido retiniano

Como resultado da reacdo entre superéxido e Oxido nitrico e diminuicdo da
expressdo e atividade da Cu-Zn SOD, avaliou-se a produgdo de peroxinitrito através do
ensaio de imunohistoquimica para NT que esteve exacerbada na retina do grupo DM-SHR
comparado aos grupos WKY e SHR (p<0.0001 e p=0.0001, respectivamente). Através do
mecanismo de mimetizar a SOD, o TEMPOL competiu com o NO pelo O, e o dismutou em
peréxido de hidrogénio e oxigénio, resultando em uma diminuicdo dos niveis NT no grupo

DM-SHR, similar ao observado no grupo SHR (p=0.6) (Figure 32).
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Figura 32. Fotomicrografia representativa da imunoreatividade da nitrotirosina (NT). A
presenca de NT € indicada na coloragdo marrom. As barras representam a media + DP da
porcentagem de positividade/mm2 de retina.
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4.5. Investigacido da possivel via envolvida no mecanismo de protecao conferida pelo

TEMPOL

O aumento do estresse oxidativo e nitrosativo pode danificar o DNA levando a
ativacdo da PARP. Neste estudo a atividade da PARP foi estimada pela deteccdo dos
polimeros de poli (ADPribose) através do ensaio de Western blot € imunohistoquimica. O
western blot revelou que a presenca de hipertensdo no CT-SHR aumentou o produto, PAR,
gerada através da atividade da PARP em comparacdo aos ratos WKY normotensos (p =
0,04). A concomitancia do diabetes e hipertensdo exacerbou este aumento da atividade
significativamente no grupo DM-SHR SHR (p <0,001 e p = 0,02, comparado com WKY e
SHR-CT, respectivamente). O tratamento com TEMPOL no DM-SHR restabeleceu aos
niveis do grupo SHR (p = 0,3) (Figura 33). Como detectada por imunohistoquimica, a
distribuicao de células positivas contendo PAR foi homogénea entre as camadas das células
ganglionares, nucleares interna e externa. A presenca somente da hipertensdo ou em
concomitancia com o diabetes revelou um aumento significativo de células positivas da
retina em relacdo ao grupo WKY (p = 0,01 e p = 0,006, respectivamente). O tratamento
durante 20 dias com o mimético da SOD, restabeleceu os niveis normais de proteinas

ribosiladas ao grupo WKY (p = 0,7) (Figura 33).
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Figura 33. (A) A atividade da PARP estimada pela detec¢ao dos produtos, polimeros de poli
(ADP-ribose) (PAR), em extrato de retina. Os filmes representam os ensaios de Western
blot e as barras representam a média + desvio padrdo (DP) da densitometria das bandas
corrigidas pela [-actina e expressa em unidades arbitrarias. (B) Fotomicrografia
representativa da imunolocalizacio de PAR em cortes de retina. A presenca da
imunoreatividade de PAR € observada na coloragdo marrom mais intensa nos nucleos das
células. As barras representam a média + DP da porcentagem de positividade de
células/mm? de retina.
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4.6. A expressao da 6xido nitrico sintase induzida (iNOS)

Estudos tém demonstrado que a i-NOS pode causar quebras no DNA e ativacdo
subseqiiente da poli (ADP-ribose) polimerase (PARP), que foi recentemente implicado nas
mudangas precoces na retina diabética (Zheng e cols., 2007). Por outro lado, a PARP-1 pode
desempenhar o papel fundamental em vérios distirbios agudos e cronicos de inflamacao
(Mabley e cols., 2001) e funcionar como um co-ativador de fatores de transcri¢io do NF-kB
e AP-1 resultando na sintese de mediadores pré-inflamatérios (Hassa e cols., 2003) como a
1-NOS, que produzird mais 6xido nitrico e, posteriormente, peroxinitritos e radicais hidroxila
altamente reativos que, por sua vez, causardo danos no material genético na célula-alvo,
ativando novamente a PARP.

A isoforma iNOS foi analisada no tecido retiniano através da técnica de western blot.
Observou-se um aumento significativo da expressao da iNOS no grupo DM-SHR
comparado ao grupo WKY (p=0.04) e o tratamento com TEMPOL restaurou aos niveis

normais (p=0.26) (Figure 34).
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Figura 34. (A) Expressdo da i-NOS em extrato de retina. Os filmes representam ensaios de
Western e as barras representam a média + desvio padrao (DP) da densitometria das bandas
corrigidas pela B-actina e expressa em unidades arbitrarias.
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5- DISCUSSAO
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Os resultados apresentados neste trabalho demonstram que a administracao sistémica
de TEMPOL restabeleceu os parametros oxidativos/nitrosativos, conteve a ativacao
exacerbada da atividade da PARP e diminuiu a super regulagdo da expressdo da iNOS na
retina dos ratos DM-SHR. Como conseqiiéncia, os marcadores precoces da RD, representados
pelo acimulo de FN e aumento da expressao de GFAP, foram prevenidos nos ratos tratados

com TEMPOL.

Depois da hiperglicemia, a HA € o fator de risco independente mais importante
associado a RD (UKPDS 1998; WESDR, 1998) por este motivo optamos por estudar um
modelo que combina diabetes e hipertensdo com o objetivo de se obter lesdes precoces
caracterizadas na RD em um curto tempo de duracdo do DM. Nés avaliamos os marcadores
precoces da RD com o objetivo de demonstrar a presenga precoce da RD experimentalmente
no modelo animal estudado. Escolhemos o GFAP e a FN como marcadores estruturais de

neurodegeneracao e lesdo vascular, respectivamente.

O GFAP estd bem estabelecido como um indicador de estresse retiniano. Estudos tém
demonstrado o aumento da reagcdo glial envolvendo as células de Miiller na retina de
vertebrados em resposta a retinopatia diabética (Mizutani e cols., 1998). O aumento da
expressdo do GFAP tem sido um evento precoce nas degeneragdes retinianas (DiLoreto e
cols., 1995). Semelhante aos astrdcitos do cérebro, as células de miiller, sintetizam fatores que
induzem a formacgao de “tight junctions” e, assim, conferem propriedades de barreira para os
vasos da retina (Tout e cols., 1993). As células de Miiller podem ser um alvo da hiperglicemia
diabética e, uma possivel causa para a disfunc@o de células neurais e vasculares na retina.
Neste estudo, o aumento da expressio do GFAP aumentou no grupo SHR e foi ainda mais
exacerbado no grupo SHR com a presenga do diabetes. Um estudo realizado por Sabbatini e
colaboradores demonstrou que o rato SHR com 14 semanas apresentou aumento da
imunoreatividade do GFAP, fato este que demonstra a influéncia da hipertensdo na RD
(Sabbatini e cols., 2002). Embora nosso animal esteja na fase inicial do desenvolvimento da
HA (5 a 6 semanas), nossos dados demonstram a lesdo neural na retina provocada pela HA.
Como esperado, a expressao desta reagao neuroglial foi ainda mais acentuada no grupo SHR

com a presenca do DM.

O espessamento da membrana basal (BM) vascular é a anormalidade estrutural mais

caracteristica dos pequenos vasos sanguineos na RD (Martinez-Hernandez e Amenta, 1983).
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Foi previamente demonstrado que a hiperglicemia aumenta a expressao de componentes da
BM, FN, coldgeno tipo IV, e laminina (Cagliero e cols., 1988) contribuindo para o
desenvolvimento do espessamento da BM vascular e do aumento da permeabilidade vascular
da retina (Oshitari e cols., 2006). A FN é um dos maiores componentes de matriz extra celular
e desempenha um importante papel nas adesdes da matriz (Hynes, 1986). Além de ser
produzida por células endoteliais, a FN celular também pode ser secretada por uma variedade
de células, incluindo fibroblastos, células do musculo liso e também por células do epitélio
pigmentar da retina e da glia (Oshato e cols., 1993). A concentragdo elevada dos niveis de FN
circulante no plasma tem sido descrita no DM e € considerada um marcador especifico de
injuria de célula endotelial (Kanters e cols., 2001). Portanto os niveis de FN intraocular
refletem o dano vascular do olho de pacientes diabéticos (Probst e cols., 2004). Como
conseqiiéncia, o acimulo de FN no tecido da retina é uma caracteristica cldssica na patogénese
precoce da RD. Nos resultados deste trabalho, o aumento da expressao de GFAP na retina foi
detectada mais cedo do que o acumulo de matriz extracelular (FN) no grupo SHR controle.
Este fato sugere que a ativagdo glial pode preceder as alteracdes vasculares observadas na

retina de ratos hipertensos.

Estudos anteriores demonstraram que na presenca do DM, a PARP aumenta os fatores
vasoativos, como a endotelina-1 e produgdo de proteina de ECM, e que a ribosilacdo da PARP
estd associada com o aumento do estresse oxidativo na retina (Xu e cols., 2008). Embora
tenha sido descrita pela primeira vez hd 40 anos atrds (Chambon e cols., 1963), sua
importancia aumentou quando descobriram a sua mediagdo na morte neuronal induzida pelo
oxido nitrico (Zhang e cols.,1994). A geracdo de ROS danifica o DNA e desencadeia a
hiperatividade da PARP-1 durante a isquemia. Na patogé€nese da RD, a isquemia causa
mudancas estruturais e a quebra da barreira hematoretiniana (Kaur e cols., 2008). A
hiperativacdo da PARP-1 provoca a morte celular devido ao acumulo celular de polimeros de
ADP-ribose da PARP-1 que causa a translocacdo do fator de indu¢do de apoptose (AIF) a
partir da mitocondria para o nucleo e a ativacdo de uma via de apoptose independente da
caspase (Yu e cols., 2002). Em modelos experimentais de isquemia cerebral, o uso de um
inibidor da PARP-1, PJ34, preservou as jungdes endoteliais e diminuiu a expressdo da
molécula de adesio ICAM-1, limitando assim a infiltracdo de leucdcitos para cérebro

isquémico (Zhang e cols., 2007).
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O estresse oxidativo € o possivel promotor de muitas alteragdes implicadas na
patogénese da retinopatia diabética. Com isso, o uso de antioxidantes pode desempenhar uma
grande defesa contra as anormalidades metabdlicas e funcionais da RD. Os antioxidantes
podem inibir a formacdo de ROS ou “sequestrar” os radicais livres, ou aumentar a capacidade
da defesa dos antioxidantes enzimaticos (Kowluru e Chan, 2007). A administracdo a longo
prazo de antioxidantes promovem melhoras na retina de ratos diabéticos, como a Nicanartina
que inibiu a perda de pericito (Hammes e cols., 1997) e o 4cido lipdico que atenuou a
apoptose e diminuiu os niveis de 8-OHdG e (Kowluru e Odenbach, Diabetes 2004).
Semelhante ao tempo de tratamento do nosso estudo, 3 semanas, o antioxidante dcido lipdico
foi capaz de normalizar o desbalanco do sistema oxidante e antioxidante e melhorar a fungao

da retina de ratos diabéticos (Johnsen e cols., 2008).

O tempol apresenta muitos beneficios comparados aos outros antioxidantes. Em
contraste com 0s outros que geralmente sdo ativos contra apenas uma espécie de radicais, o
tempol pode reagir com diversos radicais resultantes da geracdo de ROS/RNS. Ele possui um
modo catalitico ciclico de a¢do que “reabastece” a sua capacidade antioxidante, comparado
aos outros antioxidantes que acabam por esgotar a capacidade antioxidante. Além disso, por
apresentar baixo peso molecular e ser permedvel, tem sido utilizado para a remocdo de O,
intracelular e extracelular diferentes dos outros antioxidantes, que ndo penetram nas
membranas celulares efetivamente. Com isso, ndo € vidvel a utilizacdo exdgena diretamente
da SOD, pois a adi¢do pode ser imunogénica, ndo penetrar facilmente nas células e, com
excecdo que ela se ligue a uma proteina ou polietileno glicol, apresenta uma meia vida
metabdlica de apenas alguns minutos (Boccu e cols., 1982). Estudos em animais
demonstraram que o TEMPOL ¢€ livre de efeitos toxicos graves. Apesar destes efeitos
aparentemente benéficos em uma ampla gama de modelos animais, o TEMPOL ainda estd em
desenvolvimento para ser utilizado com uma droga humana (Wilcox e Pearlman, 2008).
Matsumoto e colaboradores testaram os efeitos toxicos de cinco nitroxidos e o TEMPOL foi o
menos téxico (Matsumoto e cols., 2004). Estas doses toxicas ou letais do TEMPOL sio
aproximadamente 30 vezes superiores a dose terapéutica para reducdo da pressdo arterial.
Além disso, o TEMPOL nao teve efeitos negativos sobre a mutagdo genética em hamster
chinés (An e Hsie, 1992). A velocidade constante de reacdo para o TEMPOL com o O, tem
sido determinada em 3,4 ¢ 10°mol L' 57! (Mitchell e cols., 1990) tornando-se um antioxidante
muito mais eficaz do que as vitaminas, uma vez que a taxa constante de interacdo da SOD

como O,, é€decercade 1,6 -2,4 10° mol L™ s'l, e da vitamina E com o O;’, aproxima-se
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0,59 mol Lts! (Mitchell e cols., 1990). O TEMPOL possui dois locais de reacdo com o anion
OH' que pode ser derivado do ROS como o peroxinitrito. Em culturas de células, o TEMPOL
age como um mimético da SOD e as protege contra o estresse oxidativo (Samuni e cols.,
1991). Além disso, em culturas de células endoteliais corondrias, a exposicdo a condicoes de
estresse oxidativo leva a um aumento dos produtos finais do NO, ou seja, nitrito e nitrato. A

presenca do TEMPOL reverteu estes efeitos (Vaziri e Ding, 2001).

Em modelos experimentais (Du e cols., 2002) e na retina de pacientes diabéticos (Abu
e cols., 2001), assim como no fluido vitreo de pacientes diabéticos com RD proliferativa
(Hernéndez e cols., 2002) foram relatados um aumento dos niveis dos produtos finais do NO e
uma super regulacdo da iNOS. Semelhante a estes relatos, o presente estudo demonstrou que o
tratamento com TEMPOL reduziu os produtos finais do NO e a produgdo de superéxido no

tecido da retina dos ratos DM-SHR.

Estudos demonstram que TEMPOL pode agir através de diversas maneiras contra as
espécies reativas de oxigénio e nitrogénio além de sua atividade de mimético da superdxido
dismutase, impedindo a reac¢do de radicais derivados do peroxinitrito (Carrol e cols., 2000),
facilitando o metabolismo do peréxido de hidrogénio pela acdo semelhante a da catalase
(Krishna e cols., 1996b), limitando a formacdo de radicais hidroxila téxicos produzidos por
reacoes de Fenton (Glebska e cols., 2001)), melhorando a bioatividade do NO durante a

hipertensiao (Wilcox 2005) e reduzindo a atividade da PARP (Di Paola e cols., 2005).

Neste nosso estudo, os dados sugerem que além de catalisar a dismutacdo do O, o
tratamento com o TEMPOL agiu como um “scavenger” dos radicais livres de O, reduziu a
geracdo dos produtos finais do Oxido nitrico e aumentou a biossintese da glutationa,
restabelecendo o status oxidativo/nitrosativo da retina diabética. Da mesma forma, observou-
se um aumento da expressdo e atividade da Cu-Zn SOD na retina dos ratos diabéticos tratados
com TEMPOL. Mais estudos serdo necessdrios para compreender como a expressiao e
atividade da Cu-Zn SOD foi restabelecida pelo TEMPOL no tecido da retina. Estudos em
cultura de células e em modelos animais de doengas neurodegenerativas e cardiovasculares,
cancer e inflamacdo, bem como diabetes, sugerem que a ativagdo da PARP € prevenida ou
revertida por miméticos da superéxido dismutase (Virag e Szabo, 2002; Cuzzocrea e cols.,
2004), “seqiiestradores” de radicais hidroxila (Virag e Szabo, 2002; Zingarelli e cols., 2000) e

catalisadores de decomposicdo do peroxinitrito (Obrosova e cols., 2005; Alvarez e cols.,
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1994). Estudos experimentais oftalmolégicos ndo muito recentes, demonstraram a associagdo
entre o uso do tempol e a diminuicdo de quebra do DNA, deplecdo do NAD e ativacdo da
PARP sendo eficaz na protecdo contra a catarata (Reddan e cols., 1993) e glaucoma
(Padgaonka e cols., J Glaucoma 1994). Em nosso estudo, o tempol diminuiu o produto da
reacdo entre superéxido e Oxido nitrico, peroxinitrito, observado pelo ensaio de
imunohistoquimica para nitrotirosina. A diminuicdo de espécies reativas radicalares e nao
radicalares pelo Tempol previne o dano de proteinas, lipideos e DNA. Nesta situacio, enzimas
reparadoras de DNA, como a PARP nao serd ativada e ndo havera sinaliza¢do para fatores de
transcricao e processo inflamatério. Embora o TEMPOL néo seja um inibidor especifico da
PARP, a “inibicdo” da via da PARP pode ser um mecanismo envolvido nos efeitos benéficos

conferidos pelo TEMPOL.

Retina diabética
tratada com TEMPOL
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Figura 35. Esquema proposto para demonstrar os mecanismos envolvidos nos beneficios
conferidos pelo TEMPOL no grupo DM-SHR nos parametros estudados.

127
Discussio



6-CONCLUSAO

129



Em conclusdo, estes dados revelam que o TEMPOL possui um importante potencial
terapéutico nas fases iniciais da RD. A administracdo do nitréxido TEMPOL restabeleceu o
status redox e impediu o dano oxidativo/nitrosativo. Este efeito promoveu a reducdo da
ativacdo exacerbada da PARP e diminuiu os niveis da expressdo super regulada da iNOS nos
ratos DM-SHR. Como conseqii€ncia, os marcadores estruturais precoces da RD, GFAP e FN,
foram prevenidos pelo TEMPOL. Os possiveis mecanismos de acdo de TEMPOL para
proteger a retina contra os marcadores precoces da RD sugere ser através da neutralizagdo do
desbalanco do sistema oxidante/antioxidante, o que acarretou na diminui¢do da ativagdo da via
da PARP na retina dos animais hipertensos e diabéticos. Estes resultados fornecem uma base
racional para o desenvolvimento com fins farmacolégicos do TEMPOL na prevencio e

tratamento da RD.
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133



Os achados deste trabalho demonstram que o tratamento com o antioxidante tempol
protege a retina das lesdes precoces causadas pelo estresse oxidativo. Logo, a compreensao
obtida deste estudo, e os mecanismos envolvidos, nos permitem inferir que € racional o estudo
e o desenvolvimento do uso tépico do tempol. O segundo passo deste trabalho serd o uso do

colirio de tempol na retina de ratos diabéticos que desenvolverei como projeto de doutorado.
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A decrease in retinal progenitor cells is associated with early
features of diabetic retinopathy in a model that combines diabetes

and hypertension

Jacqueline Mendonca Lopes de Faria, Kamila Cristina Silva, Patricia Aline Boer, Tiago Correa Cavalcanti,
Mariana Aparecida Brunini Rosales, Ana Luiza Ferrari, José Butori Lopes de Faria

Renal Pathophysiology Laboratory, Investigation in Diabetes Complications, Departinent of Internal Medicine, Faculty of Medical

Sciences, State University of Campinas, Campinas, Séo Paulo, Brazil

Purpose: Hyperglycemia and hypertension contribute to the development of diabetic retinopathy, and this may involve
alterations in the normal retinal cell cycle. In this work, we examined the influence of diabetes and hypertension on retinal
cell replication in vivo and the relationship between these changes and several early markers of diabetic retinopathy.
Methods: Diabetes was induced with streptozotocin in 4- and 12-week-old spontaneously hypertensive rats (SHR) and
their Wistar Kyoto (WKY) controls. The rats were killed 15 days later. Retinal cells stained with bromodeoxyuridine
(BrdU) were seen in rats of both ages.

Results: In 12-week-old rats, the number of BrdU-positive retinal cells was higher in SHR than in WKY rats. After 15
days of diabetes mellitus. there was a marked reduction in cell replication only in diabetic SHR. (p=0.007). The BrdU-
positive cells expressed neural. glial, or vascular progenitor markers. There was greater expression of p27%P! in the
ganglion cell layer of both diabetic groups (p=0.05). whereas in the inner nuclear layer there was enhanced expression
only in diabetic SHR (p=0.02). There was a marked increase in the retinal expression of fibronectin (p=0.04) and vascular
endothelial growth factor (p=0.02) in diabetic SHR that was accompanied by blood-retinal barrier breakdown (p=0.01).
Discussion: Concomitant diabetes and hypertension attenuated the proliferation of retinal cells, and it is associated with
an increase in p27%P! expression, fibronectin accumulation, and blood-retinal barrier breakdown. The replicative retinal

cells displayed characteristics of progenitor cells.

Diabetic retinopathy is a progressive neurologic disease
that is characterized by neuronal degeneration and extensive
vascular changes. However, our knowledge of the
mechanisms leading to neuronal cell loss and vascular
dysfunction in diabetic retinopathy is still incomplete. We do
know cells other than endothelial cells and pericytes are
affected by hyperglycemia in diabetes [1.2]. Clinical studies
[3-8] have shown that hyperglycemia causes neural
dysfunction in the retina before the onset of diabetic
microvasculopathy.

The development of retinal disease varies among patients
with diabetes. Although hypertension may be an important
contributor, the precise mechanism by which hypertension
can exacerbate diabetic retinopathy remains to be established.
Diabetic individuals frequently have concomitant retinopathy
and nephropathy. and it has been suggested that similar
mechanisms may be involved in these two long-term
complications of diabetes [9]. Inhibitors of cyclin-dependent
kinases (Cdk) such as p27%%!, a negative cell cycle regulator,

Correspondence to: Jacqueline M. Lopes de Faria, Faculty of
Medical Sciences, State University of Campinas (UNICAMP), P.O.

are involved in the development of diabetic nephropathy, with
associated mesangial hypertrophy and extracellular matrix
accumulation [10-13]. In addition. genetic hypertension
potentiates the cell-cycle abnormalities induced by renal
hyperglycemia [14]. These findings suggest that cell cycle
regulators are altered by the diabetic milieu and that such
alterations contribute to the pathogenesis of diabetic
microvascular complications.

The early phase of diabetic retinopathy involves
microangiopathy characterized by a diffuse increase in
vascular permeability and capillary basement membrane
thickening [15-18]. Fibronectin, a component of the basement
membrane, is overexpressed in the retina of diabetic adults
[15]. Experimental studies have indicated that this
accumulation of fibronectin in retinal tissue is simply an
epiphenomenon of the diabetic state, but may be operative in
sight-threatening ~ diabetic  retinopathy. Indeed, the
downregulation of fibronectin production in galactose-fed rats
partly prevented retinal basement membrane thickening and
reduced pericyte and endothelial cell loss [19].

The developing and postnatal vertebrate retina contains
neural progenitor cells that divide, generate neurospheres, and

Box 6111,13083-070, Campinas. SP, Brazil, Phone:  undergoneuronaland glial differentiation [20-23]. These cells
+55-10-3521-7499: FAX: +55-19-3521-7366: email: can be identified by their ability to proliferate based on the
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expression of progenitor markers such as nestin, membrane
receptor tyrosine kinase, also designated vascular endothelial
growth factor receptor-2 (Flk-1), and paired box gene 6 (Pax6)
[24-27]. p2 75! has recently been implicated in the molecular
mechanism that controls the decision of multipotent central
nervous system progenitors fo withdraw from the cell cycle
and to maintain the differentiated state of the postmitotic cell
[28]. In the retina, p27%%®! is expressed in a pattern coincident
with the onset of the differentiation of most retinal cell types,
and in vitro the accumulation of p27%¥! in retinal cells
correlates with cell cycle withdrawal and differentiation,
thereby inhibiting progenitor cell proliferation [28].

These observations prompted us to search for potential
progenitor cells in adult rat retina. We also wanted to assess
the impact of hypertension and short-term diabetes on the
number of retinal BrdU positive cells and to examine the
relationship between these cells and the well known
abnormalities associated with the early stages of diabefic
retinopathy. We have identified a small population of
potential progenitor cells characterized by BrdU positivity
that colocalize with nestin, protein kinase C-alpha (PKC-a),
Flk-1, and glial fibrillary acidic protein (GFAP) antigens.
Furthermore, the higher number of 84 proliferating cells in the
retina of adult spontaneously hypertensive rats compared with
normotensive rats was 85 significantly reduced in diabetic
SHR rats. These findings were associated with enhanced
expression of p27¥¢! and with the classic abnormalities of
diabetic retina—i.e.. fibronectin accumulafion, increased
expression of refinal vascular endothelial growth factor
(VEGF), and blood-retinal barrier breakdown.

METHODS

The experiments were done in accordance with the ARVO
Statement for the Use of Animals in Ophthalmic and Vision
Research. The protocol for this study complies with the
guidelines of the Brazilian College for Animal
Experimentation (COBEA) and was approved by the
institutional Committee for Ethics in Animal Research
(CEEA/IB/UNICAMP, protocol no. 1408-1). This study used
spontaneously hypertensive rats (SHR) and their genetically
normotensive counferparts, Wistar Kyoto rats (WKY), which
were derived from animals supplied by Taconic
(Germantown, NY) and bred in our animal facility. The rats
were housed at a constant temperature (24 °C) ona 12 h:12h
light-dark cycle with access to food and tap water ad libitum.
The rats were weighed on the day before the induction of
diabetes and before they were euthanized.

Experimental diabetes was induced in 4- and 12-week-
old hypertensive male SHR and WKY rats, who had been
allowed to fast overnight. Each animal was given a single
infravenous injection of 50 mg/kg streptozotocin (STZ;
Sigma, St. Louis, MO), dissolved in sodium citrate buffer, pH
4.5, within 5 min of its preparation. Control rats received only
vehicle (500 pl citrate buffer). Blood glucose levels were
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measured using an enzymatic colorimetric GOD-PAP assay
(Merck. Darmstadt. Germany) 72 h after the injection of STZ
or citrate buffer and on the day before euthanasia. Values >15
mmol/l were indicative of diabetes. Systolic blood pressure
was obtained by tail-cuff plethysmography (Physiograph®
MK-III-S:  Narco Bio-System, Houston, TX) in
unanesthetized. warmed rats. Three to five determinations
were made per rat. Readings were taken on the day before the
induction of diabetes and before rats were euthanized. Rats
were habituated with the procedure for measurement before
taking the blood pressure readings.

Fifteen days after the induction of diabetes, retinal
capillary permeability was assessed, and the rats were
euthanized with an overdose (twice the anesthesic dose) of
anesthesia. The eye globes and refinas were collected for
immunohistochemistry, immunofluorescence, and western
blot analyses. We have previously described early
inflammatory and oxidative changes in retina from diabetic
SHR rats after 20 days of diabetes mellitus [29.30]. The aim
of the present work was to examine the alterations in cellular
proliferation and apoptosis that precede the changes we have
mentioned, and to investigate the relationship between these
changes and the well established abnormalities associated
with the early stages of diabetic retinopathy.

Detection of proliferating cells in vivo. Retinal cell
replication was evaluated based on the incorporation of BrdU
(Calbiochem, La Jolla, CA), a thymidine analog that
incorporates into DNA in the S phase [14.31]. Briefly. the rats
were given an intraperitoneal injection of 100 mg/kg BrdU,
dissolved in saline, | h before they were euthanized. An equal
number of control rats received saline alone. The rats were
euthanized with an intraperitoneal injection of 30 mg/kg
sodium pentobarbital (Hipnol. Fontoveter, Itapira. SP.
Brazil). Their eyes were enucleated, and 130 a portion of the
gastrointestinal tract (positive control for BrdU staining) were
excised. The eye globe and the GI tract were 131 fixed in
buffered formalin, and embedded in paraffin-embedded, or
placed in OCT 132 cryoprotector (Tissue-Tech, Sakura, CA)
and snap frozen in liquid nitrogen for subsequent sectioning
in a cryostat. Next. 4 pm-thick consecutive sections were
mounted on silane-coated slides for immunofluorescence.

Immunohistochemistry for BrdU and p27%¥!: Detection
of BrdU and p27%*! was performed by dewaxing slides of eye
sections, rehydrating them, and placing in 2 N HCl at 31 °C
for 20 min and in 0.005% trypsin in phosphate-buffered saline
(PBS) at 37 °C for 2 min for anfigen retrieval. After this
pretreatment, the slides were placed in 1% nonfat milk in PBS
for 1 h to block nonspecific sites. The sections were then
incubated with a 1:50 dilution of mouse antihuman antibodies
for BrdU (Dako. Glostrup, Denmark) or a 1:100 dilution of
mouse monoclonal anfi-p27%¥! antibody (Transduction
Laboratories, Lexington, KY) for 1.5 h at room temperature.
The slides of eye sections were washed in, a biotinylated
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secondary antimouse IgG antibody (Vector. Burlingame, CA)
was applied and allowed to sit for 1 h. Endogenous peroxidase
was blocked by incubating the slides in 3% H,0O, for 5 min.
To detect p275¥!, we performed microwave post-fixation of
slides immersed in 0.01 M citrate buffer. pH 6.0 using a
domestic oven (Panasonic Junior, Sao Paulo, SP, Brazil)
operated at 700 W. The slides were incubated with an avidin-
biotin complex (ABC) reagent (Vector) for 30 min followed
by the addition of diaminobenzidine tetrahydrochloride
(DAB; Sigma) as a substrate-chromogen solution. Next, the
slides were counterstained with hematoxylin before they were
dehydrated and mounted in Entellan (Merck, Darmstadt,
Germany). Positive controls for BrdU staining consisted of
sections of the gastroinfestinal tract of each rat. Negative
controls for the reaction consisted of omitting the primary
antibody.

Quantitative analysis of BrdU posifivity was done by an
observer unaware of the slide identification. The results were
expressed as the total number of positive cells counted in eight
random retinal sections from the right eye of each rat. For
p2750L the results were expressed as a percentage of positive
cells in the ganglion cell and inner nuclear layers, using the
following scale: 0 (no positivity). 0.5 (up to 10% positivity).
1 (11%-25% positivity). 1.5 (26%—40% positivity), 2 (41%—
53% positivity), 2.5 (54%66% positivity), 3 (67%80%
positivity), and 4 (>80% positivity) [29]. The infervening
distance between retinal sections was approximately 24 pum.

Immunocolocalization by immunofluorescence: The
slides were fixed with acetone for 3 min at room femperature,
after which they were washed with PBS, pH 7.4, and blocked
in PBS containing 5% bovine serum albumin (BSA) for 2 h
at room temperature. The sections were then incubated with
the appropriate primary antibody to identify glial, endothelial,
and neuronal cells (1:10 goat polyclonal anti-GFAP antibody:;
Santa Cruz Biochemical, Santa Cruz, CA; 1:100 mouse
monoclonal anti-FLK-1 antibody; Santa Cruz: 1:10 mouse
antinestin anfibody; BD PharMingen™, Franklin Lakes, NI;
and 1:10 mouse monoclonal anti PKC-a antibody; Abcam,
Inc., Cambridge, MA) for 5 h at room temperature. After they
were washed with PBS, the sections were incubated with
secondary antibody (donkey antigoat IgG-FITC or goat
antimouse IgG-FITC) as appropriate for 1 h at room
temperature. The slides were then washed with PBS and
incubated with 1:10 sheep polyclonal anti-BrdU antibody
(Abcam, Inc.) overnight at 4 °C. followed by another wash
with PBS and incubation with rabbit polyclonal antibody to
1:1,000 sheep IgG-rhodamine (1,5 mg of IgG; Abcam) for 1
h at room temperature. Finally, the sections were rinsed with
PBS then coverslipped with Vectashield antifading medium
confaining 4',6'-diamino-2-phenylindole (DAPI) to stain
nuclei (Vector). The sections were examined under a confocal
laser scanning microscope (CLSM. LSMS510 Zeiss. Jena,
Germany) with appropriate emission filters for FITC and
thodamine. Digital images were captured using specific
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software (LSM; Zeiss). The negative controls consisted of
omitting the primary antibody.

Terminal deoxynucleotidvl transferase-mediated nick-
end labeling: To determine whether retinal cell apoptosis was
influenced by age, diabetes or rat strain, the terminal
deoxynucleotidyl transferase (TdT)-mediated dUTP-biotin
nick-end labeling (TUNEL) method for detecting DNA
breaks in situ [32] was applied to retinal tissue from the same
rats used for BrdU immunostaining. [14.32]. Sections (4 pm
thick) were deparaffinized, boiled in 0.01 M citric acid, pH
6.0, and incubated with 9.3 pg/ml proteinase K (Boehringer
Mannheim, Indianapolis, IN) for 15 min at room temperature.
Endogenous peroxidase was quenched, and sections were
rinsed in One-Phor-All buffer (Amersham Pharmacia
Biotech. Piscataway. NJ), pH 7.2. and incubated with diluted
1:50 TdT (Amersham Pharmacia) and diluted 1:50
biotinylated-dUTP (Gibco, Grand Island, NY) in TdT buffer
(100 mM TRIS. 1 mM dithiothreitol. 50% of glycerol. 0.1%
sodium azide, 0.01%. Brij®35 [Polyoxyethyleneglycol
dodecyl ether], pH 7.2) for 60 min at room temperature.
Labeled nuclei were detected with ABC Vectastain (Vector)
in PBS and DAB, chloride, and hydrogen peroxide and
counterstained with hematoxylin. As a positive control, some
slides were treated with 20 Kunitz units/ml DNase (Sigma).
The quantitative analysis for TUNEL-positive cells was done
by an observer with no knowledge of the studied groups.
Results were expressed as the number of positive cells per
retinal section in at least eight random retinal sections from
the right eye of each animal. The distance between sections
was approximately 24 pm.

Isolation of retina: The eyes were enucleated, and the
retinas were dissected and isolated from the retinal pigmented
epithelium. The refinas were lysed directly on ice in 300 pl of
a buffer containing 2% SDS and 60 mM Tris-HCl (pH 6.8)
supplemented with a cocktail of protease inhibitors
(Complete®, containing irreversible and reversible protease
inhibitors such as antipain. aprotinin. bestatin, chymostatin,
Ethylenediaminetetraacetic  acid (EDTA).  leupeptin,
pepstatin and phosphoramidon; Boehringer-Mannheim). The
lysed retinas were centrifuged. The supernatants were
transferred fo new tubes, and the protein concentrations were
measured by the Bradford method [33]. using BSA as the
standard.

Western blotting for fibronectin, GFAF, and VEGE: For
western blotting, 30 g (for GFAP), 50 pg (for fibronectin),
and 100 pg (for VEGF) of total retinal protein in 5% glycerol/
0.03% bromophenol blue/10 mM dithiothreitol was loaded
onto 8%—15% SDS polyacrylamide gels. Molecular weight
markers (Rainbow; Amersham Pharmacia) were used as
standards. After electrophoresis, proteins were transferred to
nitrocellulose membranes (Bio-Rad, Hercules, CA) in transfer
buffer consisting of 50 mM Tris-HCL, pH 7.0, 380 mM
glycine. 0.1% SDS, and 20% methanol. Nonspecific binding
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Figure 1. Immunohystochemistry for
BrDU mn retmal slides from studied rats.
The BiDU positive cells. although rare,
are localized in ganglion cell layer (A)
and in inner nuclear layer (B). The scale

bar represents 50 pum.
T4BLE 1. GENERAL CHARACTERISTICS OF THE STUDIED RATS
Younger rat groups Adult rat groups
Parameter CT-WKY DM-WKY CT-SHR DM-SHR CT-WKY DM-WKY CT-SHR DM-SHR

N 20 24 25 24 22 26 29 26
Fmal body weight 19821 13923+ 134£15 105£127 406+ 54 293431 207=42 18925¢

(2

Systohe blood 14071 142 £5% 118£13 12013 174141 174£181 117=12 115=14

pressure (mmHg)
Glycemia (mmol/l) 6903 30.422.5§ 7.1£0.5 28 644§ 62413 2562528 5.8:16 25.324.2§

The following abbreviations are in effect: CT-WKY: control WKY: DM-WKY: diabetic WKY; CT-SHR: control SHR: DM-
SHR: diabetic SHR: SBP: systolic blood pressure; * p<0.005 versus respectively WKY groups, Tp<0.003 versus control groups,

1p=0.0001 versus WKY groups, §p<0.0001 versus control groups.

was blocked by incubating the membranes overnight at 4 °C
in 5% nonfat milk, or at 4 °C in PBS containing 1% gelatin
with 0.1% Tween 20 (Fisher Chemicals. Fairlawn, NI) for
VEGE. The membranes were then incubated for 1 h at room
temperature  with primary antibodies: 1:1.000 goat
monoclonal anti-fibronectin antibody (Calbiochem, San
Diego. CA). 1:100 polyclonal goat-GFAP antibody (Santa
Cruz, Santa Cruz. CA), and 1:5000 rabbit polyclonal IgG anti-
VEGF antibody (Santa Cruz). The blots were subsequently
washed in Tris-buffered saline with Tween and incubated with
horseradish  peroxidase (HRP)-conjugated secondary
antibody (New England Biolabs, Beverly, MA).
Immunoreactive bands were visualized with the enhanced
chemiluminescence method (Super Signal CL-HRP Substrate
System; Pierce. Rockford. IL). Exposed films were scanned
with a densitometer (Bio-Rad) and analyzed quantitatively
with Multi-Analyst Macintosh Software for Tmage Analysis
Systems Bio Rad (Hercules, CA). Western blots were
repeated 3-5 times: qualitatively similar results were obtained
each time. Equal loading and transfer was ensured by
reprobing the membranes for p-actin.

Quantitative  measurement of  retinal  capillary
permeability using Evans blue dve: Briefly [34]. the rats (SHR
and WKY ) were anesthetized with an intraperitoneal injection
of 30 mg/kg sodium pentobarbital. and the left femoral vein
and right femoral artery were cannulated with 0.28 mm
internal diameter polyethylene tubing (Becton Dickinson,
Sparks, MD) filled with heparinized saline (400 units heparin/
ml saline). Next. 45 mg/kg Evans blue dye was injected
through the femoral vein over a period of 10 s. The blue color
of the rats confirmed the uptake and distribution of the dye.
Two minutes after the injection of the dye. 0.2 ml of blood
was drawn from the femoral artery to determine the initial
Evans blue plasma concentration. Subsequently, 0.1 ml of
blood was drawn from the femoral artery at 15 min intervals
for up to 2 h postinjection to obtain the time-averaged Evans
blue plasma concentration. Exactly 2 h after infusion, needle
was inserted info the left ventricle and the rats were perfused
for 2 minutes at 37°C with 0.05 M. pH 3.5, citrate-buffered
paraformaldehyde at a physiological pressure of 120 mm Heg.

Linmediately after perfusion. both eyes were enucleated
and bisected at the equator. These animals were euthanized
with an injection of overdose of penthabarbitol. The retinas
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Figure 2. Immunofuorescence assay for double labeling of BrDU positive cells in retinal sections against glial, neuron and endothelial markers.
In panel A, it is shown a retinal section showing two cells labeled for glial fibrillar acidic protein (GFAP) and BrdU in the ganglion cell layer.
In B, there are the presence of two BrdU-positive cells in outer nuclear layer of the retina co-stained with GFAP antibody. In this slide (C).
the BrDU positive cell is stained for nestin in the inner nuclear (long arrows) and ganglion cell (short arrows) layers of the retina. For
identification of amacrine/bipolar origin of BrDu positive cell in the retina. an immunofluorescence for PKC- o antigen was performed. There
1s a BrDU positive cell that also stained for PKC- o in the outer nuclear (D). In panel E. elongated endothelial cells were identified expressing
both Flk-1 and BrdU, localized in theinner nuclear layer of the retma
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were carefully dissected under an operating microscope and
weighed. They were then dried in a Speed-Vac for
approximately 5 h. The Evans blue dye was extracted from
the tissue by incubating each retina in 120 pl formamide
(Sigma) for 18 h at 70 °C followed by cenfrifugation at
27,000x g for 45 min in a Beckman TLX rotor at 4 °C. The
absorbance of 60 ul aliquots of the supernatant was measured
spectrophotometrically in triplicate at Asonm at 5 s intervals.
The absorbances were corrected for background readings. and
the dye content of the extracts was calculated from a standard
curve of Evans blue in formamide. Blood-retinal barrier
breakdown was calculated using the following equation:

(png of Evans blue)( time-averaged png of Evans blue)/
(retinal wet weight in g)(ul of plasma x h of circulation)

The results were expressed as il of plasma x retinal wet
wtt (g)x 't

Statistical analysis: The results were expressed as the
meanststandard deviation or standard error of measurement
as indicated. Comparisons between groups were done using
ANOVA followed by Fisher’s protected least-significant
difference test. All comparisons were done using the StatView
statistics software for Macintosh. with a value of p<0.05
indicating significance.

RESULTS

SHR rats are normotensive when they are 4 weeks old, but are
fully hypertensive by the time they are 12 weeks old. We used
both age groups because they allowed us to assess the
contribution of the genetics of hypertension (4-week-old rats)
and the influence of genetics plus hypertension per se (12-
week-old rats) on retinal abnormalities. As previously
demonstrated by our group and others, the systolic blood
pressure (SBP) in 4-week-old SHR was significantly higher
than in WKY, although still within the normal range (Table
1). The SBP of 12-week-old SHR was significantly higher
(p=0.0001) than that of age-matched WKY (Table 1).
Bodyweight was lower, and blood glucose levels were higher
in diabetic rats than in their respective controls at both ages
(p=0.0001: Table 1).

Cells with progenitor characteristics in adult rat retina:
BrdU-positive-stained cells were rare but clearly identifiable
in retinal sections of adult rats (Figure 1AB). The
proliferating retinal cells of adult rats were characterized
further by using specific cell markers. including GFAP, the
tyrosine-kinase receptor Flkl1, the intermediate filament
protein nestin, and PKC-o. BrdU and GFAP colocalized in
cells of the ganglion cell layer. suggesting that they may
represent glial cells in proliferation (Figure 2A.B). Other
BrdU-positive cells were also colabeled with nestin (Figure
2C). an intermediate filament structural protein expressed in
primitive neural tissue. The detection of this protein in the
inner nuclear and ganglion cell layers suggested the presence
of neural progenitor cells. Figure 2D shows a PKC-u-positive
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cell in the outer nuclear layer that was also positive for BrdU.
In this case, cellular maturation involved a bipolar—amacrine
neural cell. The elongated BrdU-positive cells in the inner
nuclear layer reacted strongly with antibody against Flk-1
(Figure 2E), a surface receptor protein characteristic of
endothelial cells in cell cycle progression. These findings
indicate that adult rat retina contains different populations of
replicating cells with characteristics of glial or endothelial
cells. The detection of cells that coexpressed BrdU and nestin
or PKC-o suggests that subpopulations of replicating cells
may differentiate into neural cell subtypes.

Diabetes decreases the number of progenitor cells only
in refina from 12-week-old SHR: The total number of BrdU-
positive retinal cells in 12-week-old rats was significantly
higher in hypertensive SHR than in normotensive WKY
(9.544.0 versus 1.240.4 positive retinal cells; p=0.01). After
15 days of diabetes mellitus, there was a significant decrease
in the number of these cells only in SHR (0.2+0.2 positive
retinal cells: p=0.007; Figure 3). In contrast, in 4-week-old
SHR and WKY rats, the number of proliferating cells was
similar in all groups (4.5+0.5 for control WKY versus 2.8+0.4
for diabetic WKY versus 3.4+0.4 for control SHR versus
4.040.5 for diabetic SHR BrdU-positive cells (p=0.03).

TUNEL staining is unaltered by rat strain, animal age,
or shori-term diabetes: The number of TUNEL-positive
retinal cells in 4-week-old rats (SHR and WKY) was 3.2+2.8
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Figure 3. Total number of BrdU-positive cells counted in eight
random retinal sections from 12-week-old rats. See Methods for
further details. The results are expressed as the mean+SEM; asterisk
(*)is p=0.02 versus CT- spontaneously hypertensive rats (SHR). The
number of BrDU positive cells present in retina from WKY rats is
very low and do not change according to experiment condition
(presence of experimental diabetes); by contrast in SHR rats, it is
observed a higher number of these BrDU cells in retina and the
induction of diabetes dramatically reduced this number abbreviations
used are as follows: control WKY (CT-WKY), diabetic WKY (DM-
WKY), control SHR (CT-SHR), and diabetic SHR (DM-SHR).
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Figure 4. Retinal expression of p2 7%l
in  retina  evaluated  through
immunohystochemistry assay. In (A),
we can see a  replesentative
immunohistochemical ~ staining ~ for
p2751 in retina of control and diabetic
Wistar Kyoto (WKY) rats and
spontaneously hypertensive rats (SHR).
The brownish color represents staining
for p27%#1 and the blue color represents
the staining of retinal tissue with
hematoxylin. Original magnification
1000x. the bar in the figure represents a
scale of S0um. The graphs represents
the score of positivity of p27¥iel in
retinal slides expressed by mean£SD in
ganglion cell (B) and inner nuclear (C)
layers. Asterisk (*)is p=0.05 versus CT-
WKY and CT-SHR, and dagger (7) is
p=0.02 versus CT-SHR.

Groups of Animals

positive cells per retinal section in control WKY rats. This
number did not differ significantly from the 2.0+2.7 positive
cells per retinal section seen in diabetic WKY rats or the
2.042.0 and 0.9£0.8 positive cells per retinal section seen in
control and diabetic SHR, respectively. The rates of apoptosis
in retinal tissue in 12-week-old rats were also similar among
the groups (1.2+1.3 for control WKY versus 1.9£2.7 for
diabetic WKY versus 1.6+1.7 control SHR versus 1.1+0.1 for
diabetic positive cells/retinal section, p<0.05). Hence, in eight
retinal sections. the number of TUNEL-positive cells was 9.6
for control WKY, 15.2 for diabetic WKY, 12.8 for confrol
SHR. and 8.8 for diabetic SHR.

Since diabetes and hypertension influenced the number
of BrdU-positive cells only in 12-week-old rats, all
subsequent experiments were done only 12-week-old rats.

To investigate a potential role for cell cycle regulatory
proteins in the reduction in BrdU-positive retinal cells in 12-
week-old diabetic SHR, we examined the expression of
p27%#! Immunohistochemistry revealed a heterogeneous
distribution for p27%¥! in the retinal cell layers, with greater
positivity in the ganglion cell layer (Figure 4A). There was a
significant increase in p27¥®! protein positivity in this layer
in diabetic rats (1.5£1 in confrol WKY versus 2.54£0.5 in
diabetic WKY, and 1.5+1.5 in control SHR versus 2.5+1 in
diabetic SHR positive score, p=0.05; Figure 4B).
Interestingly, there was a significant increase in p27%#!
protein in the inner nuclear layer only in diabetic SHR rats
(0.7+0.6 versus 1.6£0.4 positive score for control versus
diabetic SHR, p=0.02; Figure 4C). The increase in p27<#!
expression in diabetic WKY, was not significant (0.9+0.5 and
1.64+0.5 positive score for normal and diabetic WKY'; Figure
4C). The accumulation of p27%*! in retinal tissue is

accompanied by increased fibronectin expression in diabetic
hyperfensive rats.

To identify factors potentially involved in the
pathogenesis of diabetic retinopathy, we examined the refinal
expression of fibronectin. an extracellular matrix component
associated with functional properties of the inner blood-retinal
barrier. Western blot analysis of total retinal lysates revealed
a significant increase in fibronectin expression in diabetic
SHR compared with control SHR (p=0.04) or diabetic
(p=0.03) and control WKY (p=0.009; Figure 5). The enhanced
expression of p27%%! and fibronectin reflected a generalized
response to hyperglycemia in target organs such as the kidney.
This is the first demonstration of an association between
increased expression of p27%#! and fibronectin accumulation
in retinal tissue, and could contribute to thickening of the
retinal capillary basement membrane seen in diabetic retina.

The expression of retinal GFAP is unaltered in SHR or
WKY rats: The refinal expression of GFAP in tofal refinal
lysates. as evaluated by western blotting, was used as an
indicator of glial cell reactivity. This expression did not differ
between 345 control SHR (5.2+1 .4 arbifrary units ) and WKY
rats (4.5£0.5 arbitrary units). nor was it significantly altered
by 15 days of diabetes mellitus (4.5£0.5 for diabetic WKY
and 4.4+0.8 arbitrary units for diabetic SHR; Figure 6)

VEGF expression is enhanced in diabetic SHR after 15
days of diabetes mellitus: There was a significant increase in
the retinal expression of VEGF only in diabetic SHR (0.9£0.1
arbitrary units versus 1.1+0.1 arbitrary units for diabetic WKY
and 0.8=0.1 arbitrary units for control SHR and 1.3+£0.2
arbitrary units for diabetic SHR. p=0.02) (Figure 7).

Blood-retinal barrier breakdown occurs only in diabetic
hypertensive rats: The extent of blood-retinal barrier
breakdown. estimated by the extravasation of Evans blue dye.
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was similar in control and diabetic WKY rats (11.4£1.5 for
control WKY and 10.3+1.3 ug plasma x g retinal wet wt! x
! for diabetic WKY: n=5 rats). In contrast, there was a
significant increase in retinal capillary permeability in
diabetic SHR compared with control SHR (8.640.7 for control
SHR and 17.4+4.6 for diabetic SHR pig plasma x retinal wet
wtixh’; p=0.01, n=>5 rats; Figure ).

DISCUSSION

The results of this study show that the adult rat retina contains
a small number of BrdU-positive cells that also express glial.
neural, and endothelial progenitor cell markers. The number
of these cells was higher in hypertensive rats but was markedly
reduced by the concomitant presence of hypertension and
diabetes. The greater expression of the Cdk inhibitor,
p27%!, probably accounts for the reduction in the number of
proliferating cells in diabetic retina. Additionally, diabetic
hiypertensive rats with a reduction in the number of BrdU-
positive cells and enhanced p27%%! expression also displayed
classic characteristics of early diabetic retinal disease:
enhanced fibronectin and VEGF expression and greater
blood-retinal barrier breakdown. These observations—i.e.,
cell cycle withdrawal and enhanced production of
extracellular matrix and VEGF expression—could provide a
basis for a new understanding of the mechanisms involved in
the pathogenesis of diabetic retinopathy.

It is known that SHR rats display innate abnormal
endothelial function associated with eNOS compensatory

© 2008 Molecular Vision

activity and increased nitric oxide production [35]. Evidence
is accumulating that implicates oxygen free radical formation
and  N-methyl-D-aspartate  (NMDA)-receptor-mediated
toxicity in the pathophysiology of ischemic retinal injury
[36.37]. These two mechanisms are linked by nitric oxide.
NMDA-receptor activation generates nitric oxide, which
reacts with superoxide to form toxic species such as
peroxynitrite. Neuropeptide Y (NPY) is a 36 amino acid
peptide widely present in the central nervous system including
the retina. NPY was recently found to stimulate retinal neural
cell proliferation mediated through nitric oxide-cyclic
guanosine monophosphate (GMP) and extracellular signal-
regulated kinases (ERK) 1/2 pathways [38]. These results
suggest that the increased retinal cell proliferation observed
in SHR rats may be due to activation of NPY through nitric
oxide-cyclic GMP and ERK 1/2 pathways. Previous data from
other cell types of SHR also demonstrated that mesangial cells
have a higher proliferation rate in vitro than control WKY
mesangial cells [39]. suggesting that the genetics of
hypertension may contribute to this phenotype.

The changes described for diabetic hypertensive SHR
were not associated with the foxicity of streptozotocin for two
reasons: 1) they occurred in the retina of diabetic hypertensive
SHR but not in normotensive diabetic WKY rats; and 2) they
were absent in diabetic WKY and SHR rats rendered diabetic
at four weeks of age. These changes are also not attributable
to differences in metabolic control, because the blood glucose
levels were similar in both diabetic groups.
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Figure 5. Western blot assay to access the retinal expression of
fibronectin. A: The membranes were incubated with antibody against
glial fibrillar acidic protein in total retinal lysates. B: Band densities
(ratio of fibronectin to P actin) expressed in arbitrary densitometric
units. The columns are the mean=SD of five independent
experiments.
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Figure 6. Retinal expression of glial fibrillar acidic protein assayed
by western blot. A: The membranes were incubated with antibody
against glial fibrillar acidic protein (GFAP) in total retinal lysates.
The columns represent the band densities (ratio of GFAP to ff-actin)
expressed in arbitrary densitometric units. MeantSD of five
independent experiments. B: Band densities (ratio of GFAP to p-
actin) expressed in arbitrary densitometric units. The used symbols
are CT-WKY for control WKY, DM-WKY for diabetic WKY, CT-
SHR for control SHR and DM-SHR for diabetic SHR.
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The presence of neuronal progenitor cells in human retina
has recently been demonstrated. It was suggested that these
cells may potentially replace neurons and photoreceptors
[40]. The BrdU-positive retinal cells seen in the present study
were not completely characterized. However, their
proliferative capacity and their colocalization with antigens
of neural. glial. and endothelial origin suggest multipotent
properties—i.e., they may represent progenitor cells.

Not all dividing cells in the retina are progenitors.
Numerous studies have sought to identify neural progenitor
cells. The intermediate filament protein nestin has a
widespread, early expression in the developing retina and
central nervous system and is one of the best-characterized
protein markers for immature neural cells [41.42]. The
coexpression of nestin with other developmental markers,
such as the incorporation of BrdU (such as that seen in the
present study) strongly suggests that the cells involved are
immature. In addifion to nestin, we also observed
immunostaining for PKC-o (a bipolar—amacrine cell marker)
in BrdU-positive cells in the retina. The coexpression of BrdU
and nestin or BrdU and PKC-o was also seen.
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Figure 7. Retinal expression of vascular endothelial growth factor
(VEGF) was accessed by western blot assay. Tn A, the membranes
were incubated with antibody against VEGF in total retinal lysates.
B: The graph display the band densities (ratio of VEGF to f actin)
expressed in arbitrary densitometric units. The columns are the mean
+SD of four experiments. The used symbols are CT-WKY for control
WKY. DM-WKY for diabetic WKY, CT-SHR for control SHR and
DM-SHR for diabetic SHR. Asterisk (*) is p=0.02 versus other
SrOups.
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The cyclin kinase inhibitor p27%#!' may be involved in
reducing the number of proliferating retinal cells. Levine et
al. [28] suggested that p27%°! is part of the molecular
mechanism that controls the decision of multipotency central
nervous system progenitor cells to withdraw from the cell
cycle. These authors also proposed that postmitotic Miiller
glia have a novel. intrinsic requirement for p27%#! to maintain
their differentiated state. The heterogeneous distribution of
p27%9 ! geen in retinal tissue, with greater expression in the
nner nuclear layer only in diabetic SHR, may contribute to
the different number of replicating cells in this group. Further
clarification of the other mechanisms involved in what
prompts a replicating retinal cell to withdraw or continue in
the cycle when in the presence of diabetes and hypertension
is beyond the scope of this study and requires a new
experimental design.

In the present study, we did not detected an enhanced
apoptotic rate in retina from normotensive diabetic WKY and
hypertensive diabetic SHR rats, as reported by others. Thus,
for example, Gastinger et al. [43] reported a significant
increase in the apoptotic rate in retina from diabetic rats, based
on the number of TUNEL-positive nuclei seen in whole-
meounted retinas from Sprague-Dawley rats after two weeks
of streptozotocin-induced diabetes. The discrepancy between
our findings and the latter study may be related to differences
in rat strain and in the use of whole-mounted retina compared
to retinal cross-sections. In our study, the retinas of
diabetic=WKY and SHR rats after 12 weeks of diabetes
showed a significant increase in the number of TUNEL-

pg plasma x g retinal wet wt-1x h-1 wt

CT-WKY DM-WKY CT-SHR

Groups of Animals

DM-SHR

Figure 8. Retinal capillary permeability assessed by the Evans blue
method in control and diabetic spontaneously hypertensive rats
(SHR) and Wistar Kyoto (WKY) rats. The permeability was
expressed in ul of plasma = g retinal wet wt=! « h~! wt. The results
are expressed as the mean=SD. The following abbreviations are in
effect: control WKY (CT-WKY). diabetic WKY (DM-WKY).
control SHR (CT-SHR), and diabetic SHR (DM-SHR).
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positive cells in the diabetic groups, particularly in diabetic
SHR rats (p=0.0003: unpublished).

Increased extracellular matrix protein production leading
to structural abnormalities is a hallmark of diabetic
microangiopathy and has been demonstrated in all target
organs of diabetic complications, including retina, kidney. and
heart [44.45]. Enhanced extracellular matrix protein synthesis
is instrumental in thickening of the basement membrane [16,
46]. Fibronectin is a major extracellular matrix component but
its overproduction may decrease the motility and replication
of many cells [46]. As revealed in the present study, retinal
tissue from diabetic WKY rats and nondiabetic SHR showed
enhanced fibronectin expression in total refinal lysates,
although this expression was not significantly different from
that in control WKY rats.

The accumulation of fibronectin in retinal tissue is a
classic finding encountered early in the pathogenesis of
diabetic retinal disease and in the microcirculation in models
of hypertension [47-49]. Several studies have described the
accumulation of extracellular matrix in target organs of
hypertensive rats. In stroke-prone SHR there is enhanced
accumulation of extracellular matrix proteins in the cerebral
vasculature [47.48]. Agabiti-Rosei demonstrated that
structural and functional changes in the microcirculation
during arterial hypertension, e.g., remodeling of the
extracellular matrix and accumulation of collagen and
fibronectin, were associated with several neurohumoral and
hormonal factors [49]. Hence, the similar extracellular protein
accumulation seen here between diabetic WKY rats and
nondiabetic SHR may be the result of either diabetes or
hypertension alone.

The induction of diabetes in SHR leads to a reduction in
renal cell replication with concomitant overexpression of
p27%#! [14]. p27%#!.deficient mice do not develop the classic
features of diabetic nephropathy such as renal hypertrophy,
glomerular expression of fibronectin, and albuminuria, all of
which are marked in wild-type mice [50]. This finding
suggests that modulation of p27%*! function may ameliorate
diabetic nephropathy. The effect of a reduction in p27%!
expression on diabetic retinopathy remains to be elucidated.

In conclusion, the combination of genetic hypertension
and experimental diabetes markedly reduced retinal cell
proliferation. This reduction was associated with enhanced
p27%0!, fibronectin, and VEGF retinal expressions and greater
blood-retinal barrier breakdown. Additional studies are
required to clarify the mechanisms by which these cellular
changes contribute to the structural abnormalities associated
with the early pathogenesis of diabetic retinopathy.
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ORIGINAL ARTICLE

Diabetic Retinal Neurodegeneration Is Associated With
Mitochondrial Oxidative Stress and Is Improved by an
Angiotensin Receptor Blocker in a Model Combining

Hypertension and Diabetes

Kamila C. Silva, Mariana A.B. Rosales, Subrata K. Biswas, Jose B. Lopes de Faria,

and Jacqueline M. Lopes de Faria

OBJECTIVE—Diabetic retinopathy displays the features of a
neurodegenerative disease. Oxidative stress is involved in the
pathogenesis of diabetic retinopathy. This investigation sought to
determine whether hypertension exacerbates the oxidative
stress, neurodegeneration, and mitochondrial dysfunction that
exists in diabetic retinopathy and whether these changes could
be minimized by the angiotensin II type 1 (AT;) receptor blocker
(ARB) losartan.

RESEARCH DESIGN AND METHODS—Diabetes was in-
duced in spontaneously hypertensive rats (SHRs) and normoten-
sive Wistar-Kyoto (WKY) rats. The diabetic SHRs were assigned
to receive or not receive losartan.

RESULTS—The level of apoptosis in the retina was higher in
diabetic WKY rats than in the control group, and higher levels
were found in diabetic SHRs. The apoptotic cells expressed
neural and glial markers. The retinal glial reaction was more
evident in diabetic WKY rats and was markedly accentuated in
diabetic SHRs. Superoxide production in retinal tissue increased
in diabetic WKY rats, and a greater increase occurred in diabetic
SHRs. Glutathione levels decreased only in diabetic SHRs. As a
consequence, the levels of nitrotyrosine and 8-hydroxy 2'-deox-
yguanosine, markers of oxidative stress, were elevated in dia-
betic groups, mainly in diabetic SHRs. Mitochondrial integrity
was dramatically affected in the diabetic groups. The ARB
treatment reestablished all of the above-mentioned parameters.

CONCLUSIONS—These findings suggest that concomitance of
hypertension and diabetes exacerbates oxidative stress, neuro-
degeneration, and mitochondrial dysfunction in the retinal cells.
These data provide the first evidence of AT, blockage as a
neuroprotective treatment of diabetic retinopathy by reestablish-
ing oxidative redox and the mitochondrial function. Diabetes
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iabetic retinopathy is a vision-threatening dis-

ease presenting neurodegenerative features as-

sociated with extensive vascular changes. At

present, there is no established neuroprotec-
tive treatment that avoids visual disturbance in patients
with diabetes. Earlier studies have focused on improv-
ing glycemic control for prevention and treatment of
diabetic retinopathy (1,2). However, with the publica-
tion of EURODIAB EUCLID (Controlled Trial of Lisinopril
in Insulin-Dependent Diabetes) (3) and UK. Prospective
Diabetes Study results (1), controlling blood pressure and,
specifically, interference in the renin-angiotensin system
have emerged as important strategies for treating diabetic
retinopathy. More recently, DIRECT (Diabetic Retinopa-
thy Candesartan Trial), a randomized double-blind place-
bo-controlled study with type 1 or type 2 diabetic patients
into daily placebo or 32 mg candesartan groups, an angio-
tensin II receptor blocker (4,5), showed the importance of
the renin-angiotensin system in diabetic retinopathy. In
patients with type 1 diabetes, candesartan had a mild
effect on reducing the incidence of retinopathy by 18%, and
in post hoc analyses, candesartan reduced the incidence of
retinopathy by three or more steps by 35%. In patients with
type 2 diabetes, treatment with candesartan decreased the
progression of retinopathy by 34% in participants with
early retinopathy. These data showed that the potential
benefits of the angiotensin II type 1 (AT,) receptor blocker
(ARB) candesartan might be seen in early stages of
diabetic retinopathy.

Previous studies had demonstrated the presence of all
renin-angiotensin system components in the retina (6,7).
Clinical studies by Funatsu et al. (8) have showed in-
creased angiotensin II levels in vitreous specimens of
diabetic patients with retinopathy, demonstrating that the
renin-angiotensin system is activated in diabetic retinopa-
thy. Besides the vascular effects of renin-angiotensin sys-
temm components, a mechanism of neuronal dysfunction
involving this system was described in the diabetic retina
in vivo and in vitro through phosphorylated extracellular
signal-regulated kinase, downregulating synaptophysin,
the major synaptic vesicle protein (9).

Diabetes increases oxidative stress, which plays a key
regulatory role in the development of its complications
(10,11). Reactive oxygen species (ROS) generated by high
glucose are considered a causal link between elevated
glucose and the pathways of development of diabetic
complications (12). In the retina, mitochondrial dysfunc-
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TABLE 1
Physiological parameters evaluated monthly in each of the studied groups
Body weight SBP Glycemia

n Weeks (g) (mmHg) (mmol/1)
Control WKY rats 27 0 37229 125 £4 89=x12
Diabetic WKY rats 30 0 368 + 37 126 6 35 + 5.8%
Control SHRs 26 0 252 + 22+ 188 = 15 8.6 =10
Diabetic SHRs 31 0 248 = 157 189 = 13 36.2 £ 5.7
Diabetic SHRs with losartan 25 0 253 = 147 189 = 11% 36.4 = 5.8
Control WKY rats 27 4 419 + 26 126 £ 8 101 = 1.5
Diabetic WKY rats 30 4 351 *+ 19§ 1232 37 £ 5.4*
Control SHRs 26 4 299 + 44 190 = 113 97+18
Diabetic SHRs 31 4 235 + 47§ 191 + 9% 36.8 = 5.9%
Diabetic SHRs with losartan 25 4 247 * 36§ 136 £ 6 372 £ 52
Control WKY rats 27 § 480 + 33 126 =1 99+18
Diabetic WKY rats 30 § 357 * 25§ 121 £4 3T = T7.1%
Control SHRs 26 § 325 £33 192 = 133 10.1 =14
Diabetic SHRs 31 8 229 + 30§ 194 + 153 37.9 = 6.0%
Diabetic SHRs with losartan 25 § 238 + 27§ 135 =8 379 + 6.1*
Control WKY rats 27 12 519 * 40 1246 108 =17
Diabetic WKY rats 30 12 372 £ 52§ 38.0 £ 6.2*
Control SHRs 26 12 334 + 25 103 £ 15
Diabetic SHRs 31 12 210 = 27§ 387 £6.1%
Diabetic SHRs with losartan 25 12 223 * 28§ 37.8 = 6.3*

#P < 0.0001 vs. respective control groups; P < 0.0001 vs. WKY group;
losartan; §P < 0.0001 vs. respective control groups.

tion is present in hyperglycemic conditions and is an
important source of superoxide production (12,13). Re-
cently, our group has demonstrated that there is an
increase in superoxide retinal production in diabetic spon-
taneously hypertensive rats (SHRs) concomitant with a
decrease in reduced GSH, an important antioxidant sys-
tem present in the retina (14). As a consequence, extensive
retinal oxidative damage, evaluated by retinal tyrosine
nitration and 8-hydroxy-2'-deoxiguanosine (8-OHdG), was
observed (14).

Oxidative stress may lead to cell death (15) via
apoptotic means, and it is widely known that apoptosis
of retinal cells is a consummated phenomenon in dia-
betic retinopathy. Retinal capillary cells undergo accel-
erated apoptosis, which precedes the detection of any
histopathological changes characteristic of diabetic ret-
inopathy (16). The retinal vascular changes present in
the retina from diabetic models were well documented
(17,18), but some investigators have demonstrated pro-
found retinal abnormalities, evaluated by electroreti-
nography, and potential visual changes evoked before
the onset of the first vascular change is detectable in the
diabetic retina (19,20). In this regard, it has been
recently reported that both apoptosis and glial activa-
tion, two characteristic features of retinal neurodegen-
eration, are present in the retinas of diabetic donors free
of microvascular abnormalities according to the oph-
thalmoscopic examinations performed in the preceding
2 years (21,22). In view of the good evidence suggesting
that the protective benefits of renin-angiotensin system
inhibition extend beyond blood pressure control, the aim of
the current study was to determine whether hypertension
exacerbates oxidative stress—induced neuronal damage in
the diabetic retina and whether treatment with the ARB
losartan abrogates retinal neurodegeneration in diabetic hy-
pertensive rats.
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P < 0.0001 vs. WKY groups and diabetic SHRs treated with the ARB

RESEARCH DESIGN AND METHODS

The protocol complies with the guidelines of the Brazilian College of Animal
Experimentation (COBEA) and the Statement for the Use of Animals in
Ophthalmie and Vision Research (ARVO), and it was approved by the local
committee for ethics in animal research (CEEA/IB/Unicamp). The SHRs and
normotensive control Wistar Kyoto (WKY) rats used were provided by
Taconic (Germantown, NY) and bred in our animal facility. The rats were
housed at a constant temperature (22°C) on a 12-h light/dark cycle with ad
libitum access to food and tap water.

Experimental diabetes was induced in 12-week-old hypertensive male

SHRs and WKY rats with a single intravenous injection of streptozotocin (50
mg/kg in sodium citrate buffer, pH 4.5; Sigma, St. Louis, MO). From the day
after diabetes induction, the diabetic SHRs were randomly assigned to receive
no antihypertensive treatment or to be treated with the ARB losartan (200
mg/l; Merck Sharp & Dome Farmaceutica, Sao Paulo, Brazil) m drinking
water. During the study, diabetic rats received 2 wnits of insulin (human
insulin HI-0310; Lilly) three times per week subcutaneously to promote
survival and prevent ketoacidosis. Control rats received only vehicle. Blood
glucose levels were measured by the colorimetric GOD-PAP assay (Merck,
Darmstadt, Germany). Values =15 mmol/l were indicative of diabetes. Systolic
blood pressure (SBP) was obtained by tail-cuff plethysmography (Physiograph
ME-II-S; Narco Bio-System, Houston, TX) as previously reported (14). Body
weight, blood glucose levels, and SBP were measured at 0, 4, 8, and 12 weeks
of duration of diabetes. At 12 weeks after diabetes induction, the rats were
killed, and the retinas in one eye were detached from the retmal pigmented
epithelium cell layer and used for protein extraction or colorimetric assays;
the other eye was used for immunochistochemical or immumofluorescence
assays.
Terminal deoxynucleotidyl transferase-mediated dUTP nick-end
labeling. To determine whether retinal cell apoptosis was influenced by
diabetes or rat strain, the terminal deoxynucleotidyl transferase (TdT)—
mediated dUTP nick-end labeling (TUNEL) method for detecting DNA
breaks in situ was applied to retinal tissue. After quenching endogenous
peroxidase, the sections were rinsed in One-Phor-All buffer (Amersham
Pharmacia Biotech, Piscataway, NJ) and incubated with TdT (Amersham
Pharmacia Biotech) and biotinylated dUTP (Gibco/BRL, Life Technologies,
Grand Island, NY) in TdT buffer. Labeled nuclei were detected with ABC
Vectastain (Vector Laboratories, Burlingame, CA) and diaminobenzidine
tetrahydrochloride/chloride/hydrogen peroxide and counterstained with
hematoxylin. As a positive control, some slides were treated with DNase
(Sigma). The quantitative analysis for TUNEL-positive cells was performed
by an observer with no knowledge of the studied groups and expressed as
the number of positive cells per retinal section.
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Double-immunofluorescence for caspase-3 and glial fibrillary acidic
protein or nestin to identify the cell type origin. The eyes were
enucleated and fixed with 4% paraformaldehyde, cryoprotected in 30%
sucrose in phosphate buffer, frozen in embedding medium (OCT; Sakura
Finetek, Torrance, CA), and cut perpendicularly to the vitreal surface. The
slides were blocked with BSA and the sections were stained with both
primary antibodies to polyclonal cleaved caspase-3 (1:10; Cell Signaling), a
marker of apoptosis, and polyclonal anti-glial fibrillary acidic protein
(GFAP) antibody (1:10; Santa Cruz Biotechnology, Santa Cruz, CA) for
Miiller glial cell or anti-rat nestin monoclonal antibody (1:10; BD Pharm-
ingen, Franklin Lakes, N.J) for neural cell identification. The sections were
then incubated with the appropriate secondary antibodies. Afterwards, the
sections were rinsed and cover-slipped with Vectashield antifading me-
dium containing 4',6'-diamino-2-phenylindole used for nuclei staining
(Vector). The sections were examined with a confocal laser scanning
microscope (LSM510; Zeiss) using appropriate emission filters. Digital
images were captured using specific software (LSM; Zeiss).
Immunofluorescence for GFAP for estimation of glial reaction on
retinal tissue. The immunofluorescence labeling of GFAP was performed as
described above in double-immunofluorescence staining assay. The sections
were examined using an Olympus BX51 fluorescence microscope. Digital
images were captured using specific software (Image Pro Express 6.0). The
GFAP analyses were determined using the public domain program Image J
(National Institutes of Health, available online at http:/rsb.info.nih.gov/ij). The
semiquantitative analyses were performed as mentioned above in TUNEL
assay. The fluorescence of GFAP was expressed as the percentage of
fluorescence per millimeter squared of retina.

Detection of superoxide anion production in retinal tissue. Lucigenin
(bis-N-methylacridinium nitrate; Invitrogen, Eugene, OR) was used to mea-
sure superoxide anion production (23). Briefly, the retinas were isolated and
placed into tubes containing RPMI-1640 medium (Gibco/BRL, Life Technolo-
gies, Gaithersburg, MD) at 37°C in a humidified atmosphere of 95% air/5% CO,,.
Then, 25 mmol/l of lucigenin was added, and photon emission was measured
over 10 s; repeated measurements were made over a 3-min period using a
luminometer (TD 20-E; Turner). Superoxide production was expressed as the
relative luminescence units (RLU) per minute per milligram protein. Protein
concentration was measured using the Bradford method (24) using BSA
standard.

Determination of reduced glutathione levels in the retina. Retinal
glutathione (GSH) levels were measured using a method described previously
(25), with a few modifications described previously (14). The absorbance was
read at 412 nm and the GSH concentration expressed as micromoles per liter
3SH per microgram of retinal protein. GSH was used as an external standard
for preparation of a standard curve.

Immunohistochemistry for nitrotyrosine and 8-OHdG in retinal
slides. Briefly (14), after quenching endogenous peroxidase, the sections
were incubated with nonfat milk. Tissue sections were incubated with
polyclonal rabbit anti-nitrotyrosine antibody (Upstate Cell Signaling Solu-
tions, Lake Placid, NY) and a mouse monoclonal anti-8-OHdG antibody
(1:50, N45.1; Japan Institute for the Control of Aging). Afterwards, second-
ary appropriated antibodies were applied to the sections. Labeled nuclei
were detected as described above in the section on immunohistochemistry
for TUNEL. Staining was performed, omitting the primary antibody for
negative controls. For nitrotyrosine, quantitative analyses were performed
as a positivity percentage in all retinal layers, grading from 0 for no
positivity to 4 for =80% of pesitivity (14). The 8-OHdG analyses were
determined using the public domain program Image J (National Institutes
of Health) and expressed by percentage of positivity per retinal field.
Semiquantitative analyses were performed as described above in the
section on GFAP immunofluorescence assay.

Waestern blotting analysis for Bel-2 protein. The retinas were lysed in a
buffer containing 2% SDS and 60 mmol Tris-HCI (pH 6.8) supplemented with
a protease inhibitor cocktail (Complete; Boehringer-Mannheim, Indianapolis,
IN). After centrifugation, the protein concentrations were measured by the
Bradford method. For analysis, 100 ng of total retinal protein was loaded into
SDS polyacrylamide gels. Molecular weight markers (Rainbow; Amersham
Pharmacia) were used as standards. Proteins were transferred to nitrocellu-
lose membranes (Bio-Rad, Hercules, CA). Membranes were blocked in nonfat
milk, incubated with primary antibody (rabbit polyclonal anti-Bel-2; Santa
Cruz), subsequently incubated with goat anti-rabbit IgG horseradish peroxi-
dase (HRP) secondary antibody, and developed by chemiluminescence
method (Super Signal CL-HRP substrate system; Pierce, Rockford, IL). Ex-
posed films were scanned with a densitometer (Bio-Rad) and analyzed
quantitatively with Multi-Analyst Macintosh Software for Image Analysis
Systems. Equal loading and transfer were ascertained by reprobing the
membranes for B-actin.
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FIG. 1. A: A representative immunohistochemical identification of
TUNEL-positive cells in the retinal sections of contrel and diabetic
WKY rats and SHRs and losartan-treated diabetic SHRs. The positive
controls were retinal slides treated with DNase. The majority of
positive cells were localized in the outer nuclear layer of the retina,
indicating, therefore, that the photoreceptors are the most affected
cells. B: Summary of the number of TUNEL-positive cells per retinal
section (0.5 = 0.1 vs. 2.3 = 0.9 positive cells per retinal section for
control WKY vs. diabetic WKY rats, P = 0.03; 2.3 = 0.9 vs. 4.4 = 2.0
positive cells per retinal section for diabetic WKY rats vs. diabetic
spontaneously hypertensive rats, P = 0.01; 0.6 = 0.3 vs. 4.4 = 2.0
positive cells per retinal section, control spontaneously hypertensive
vs. diabetic spontaneously hypertensive, P = 0.0003; 4.4 = 2.0 vs. 2.0 =
0.4 positive cells per retinal section for diabetic spontaneously hyper-
tensive vs. diabetic spontaneously hypertensive-losartan, P = 0.01).
*P = 0.03; {P = 0.01. CT, control; DM, diabetic; GCL, ganglion cell
layer; INL, inner nuclear layer; IPL, inner plexiform layer; Los, losar-
tan; ONL, outer nuclear layer; OPL, outer plexiform layer. (A high-
quality digital representation of this figure is available in the online
issue.)

Immunoprecipitation of retinal protein extract for mitochondrial
uncoupling protein-2. The retinas were lysed directly with buffer A contain-
ing 100 mmol/l Tris, 10 mmol/l sodium pyrophosphate, 100 mmol/l sodium
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This is indicative of the glial nature of the apoptotic cell. B: Caspase-3-positive cell expressing the intermediate filament nestin in the outer
nuclear layer of the retina, demonstrating the neural origin of the indicated cell. Scale bars = 50 pm. Both double-labeling immunofluorescence
assays were performed in retinal tissue obtained from diabetic hypertensive rats because of its higher number of TUNEL-positive cells observed.

DAPI, 4',6'-diamino-2-phenylindole;

'L, ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; ONL, outer nuclear layer; OPL,

outer plexiform layer. (A high-quality digital representation of this figure is available in the online issue.)

fluoride, 10 mmol/l EDTA, 2 mmol/1 phenylmethylsulfonyl fluoride, 10 mmol/l
sodium ortovanadate, and 1% Triton X-100. The protein concentrations were
measured by the Bradford method (24). Samples containing 1 mg of total
protein were incubated with antibody goat polyclonal IgG uncoupling pro-
tein-2 (UCP-2; Santa Cruz) overnight, followed by the addition of protein A
Sepharose for 1 h. After centrifugation, the pellets were repeatedly washed in
buffer C (100 mmol/l Tris, 10 numol/l sodium vanadate, 10 mmol/l EDTA, and
1% Triton X-100). For immunoblotting, 400 g of protein was loaded into 5%
glycerol/0.03% bromophenol blue/10 mmol dithiothreitol and then loaded onto
15% SDS polyacrylamide gels. Molecular weight markers were used as
standards. Proteins were transferred to nitrocellulose membranes (Bio-Rad),
and the membranes were blocked in nonfat milk and then incubated with
primary antibody goat polyclonal [gG UCP-2 (1:500). The blots were subse-
quently incubated with secondary antibody donkey anti-goat 1gG HRP and
developed using a chemiluminescence method. Equal loading and transfer
were ascertained by Ponceau S staining.

Statistical analysis. The results are expressed as the means = SD. The
groups were compared by one-way ANOVA, followed by the Fisher protected
least-significant difference test. StatView statistics software for Macintosh was
used for all comparisons with a significance value of P < 0.05.

RESULTS

Physiological characteristics of the studied groups.
The final body weight was lower after streptozotocin
injection in both WKY and SHRs (P < 0.0001), and it was
not affected by treatment with losartan in diabetic SHRs.
As expected, SBP was significantly higher in SHRs than in
WKY rats, and it was reduced in the treated SHRs (P <
0.0001). Blood glucose levels were higher in diabetic rats
compared with nondiabetic groups, and these were not
modified by ARB treatment (P < 0.0001) (Table 1).
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TUNEL staining is modified by diabetes or rat strain.
TUNEL staining was a rare event in the retina from control
rats. After 12 weeks of diabetes in WKY rats, an increment
of retinal cells staining positive for TUNEL was observed
(P = 0.03). The diabetic SHRs exhibited an increased
number of TUNEL-positive cells in the retina compared
with diabetic WKY rats (P = 0.01) and control SHRs (P =
0.0003). Losartan significantly reduced the number of
TUNEL-positive cells in all retinal layers compared with
diabetic SHRs (P = 0.01) (Fig. 1).

Identification of apoptotic cell type. To further char-
acterize the apoptotic cells in the retina of adult rats, we
labeled retinal sections for GFAP and nestin. A caspase-
S-positive cell colabeled with the GFAP marker was
observed (Fig. 24), and another caspase-3—positive cell
expressed nestin (Fig. 2B); both cells were in the outer
nuclear layer. These findings indicate that the apoptotic
retinal cells are of glial and neural origin.
Immunofluorescence for detection of glial reactivity
induced by diabetes and hypertension. Retinal glial
reaction, demonstrated by a local increase in GFAP ex-
pression, is an early marker in the pathogenesis of diabetic
retinopathy (26). In the retina of control WKY rats, GFAP
positivity is minimally apparent. In contrast, after diabetes
induction there was an accentuated increase in glial
reactivity (P < 0.0001). Similarly observed in diabetic WKY
rats, there was a moderate glial reaction throughout the
retina in control SHRs (P = 0.4), and the concomitance of
both diabetes and hypertension extensively exacerbated
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FIG. 3. Evaluation of glial cell reactivity by GFAP immunofluorescence
in retinas of control and diabetic WKY and spontaneously hypertensive
rats. The presence of diabetes or hypertension alone induced a clear
increase in GFAP immunoreactivity throughout the retina. The con-
comitance of both provoked a further increase in glial reactivity, and
the losartan treatment abolished this effect. Bars = means * SD of
percentage of fluorescence per millimeter squared of retina. Scale
bars = 50 pm. The graph shows 1.3 = 0.3 vs. 5.3 + 0.5% of fluores-
cence/mm> of retina for control WKY vs. diabetic WKY rats, *P <
0.0001; 5.3 = 0.5 vs. 4.9 = 0.08% of fluorescence/mm> of retina for
diabetic WKY rats vs. control SHRs, P = 0.4; 4.9 + 0.08 vs. 10.8 = 0.5%
of fluorescence/mm? of retina for control SHRs vs. diabetic SHRs, 7P <
0.0001; 10.8 = 0.5 vs. 4.7 + 0.5% of fluorescence/mm> of retina for
diabetic SHRs vs. diabetic losartan (Los)-treated SHRs, TP < 0.0001.
CT, control; DM, diabetic; GCL, ganglion cell layer; INL, inner nuclear
layer; IPL, inner plexiform layer; ONL, outer nuclear layer; OPL, outer
plexiform layer. (A high-quality digital representation of this figure is
available in the online issue.)

the GFAP staining in retinal tissue (P < 0.0001). The
treatment prevented the retinal glial reaction seen in
diabetic SHRs, which remained similar to control levels
(P < 0.0001) (Fig. 3).

Superoxide anion production and GSH levels. After 12
weeks of diabetes, a significant increase of superoxide
anion production was observed in diabetic WKY rats
compared with the control WKY rats (0.9 = 0.3 vs. 2.0 £
0.8 RLU * min~! - mg proteilfl, P = 0.03), and the
concomitance of diabetes and hypertension exacerbated
the superoxide production compared with the other
groups (P = (0.0002). To identify the source of superoxide
production, we used diphenyliodonium, an inhibitor of
flavin-containing oxidases, and rotenone, an inhibitor of
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FIG. 4. Total superoxide generation in retinal tissue. Superoxide anion
generation of retinal tissue was determined by the lucigenin-enhanced
chemiluminescence method, and photoemission was measured every
10 s for 3 min. The peak level of superoxide generation was observed
~3 min after lucigenin was added to the reaction buffer containing
retina from different groups. Diabetes increased superoxide produc-
tion (RLU - min~! - mg protein™!) in the retina, and the concomitance of
diabetes and hypertension further exacerbated this parameter. The
presence of diphenyliodonium (20 pmol/l), an inhibitor of flavin-
containing oxidases, did not affect superoxide production, whereas
preincubation with rotenone (100 pmol/l) resulted in a marked redue-
tion in superoxide production from retinal tissue. This indicates that
mitochondria are an important source of the superoxide in retina
tissue. Treatment with the ABR losartan reduced superoxide produc-
tion to levels observed in the control groups. Bars are the means = SD.
#P = 0.03 vs. control WKY; 1P = 0.0002 vs. other groups. CT, control;
DM, diabetic; DPI, diphenyliodonium.

complex I of the mitochondrial respiratory chain, in vials
containing retina from diabetic SHRs. Preincubation of the
retinal tissue with diphenyliodonium (20 pmol/1) did not
affect superoxide production, whereas preincubation with
rotenone (100 pmol/1) resulted in a marked reduction in
superoxide production. This indicates that mitochondria
are an important source of the superoxide in retinal tissue
(Fig. 4A). Therefore, we evaluated the effect of the treat-
ment with losartan on retinal superoxide production. It
was observed that the ARB restored the superoxide pro-
duction in retina in diabetic SHRs to control WKY levels
(P = 0.0003) (Fig. 4B).

Antioxidant defense was examined using the quantita-
tive measurement of GSH levels in the retinal tissue; it was
diminished in diabetic WKY rats compared with control
WKY rats, but not significantly (P = 0.1). However, the
concomitance of diabetes and hypertension led to a
marked diminution in GSH concentration (~2.5-fold de-
crease) compared with control SHRs (P = 0.0005). The
treatment with losartan reestablished this parameter to
control SHR levels (P = 0.006) (Fig. 5).
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FIG. 5. Concentration of reduced GSH from retinas of control and
diabetic WKY and SHR rats and treated diabetic SHRs (jumol/l GSH per
1g of retinal protein). There was a significant decrease in GSH levels
in diabetic SHRs compared with control SHRs; the ARB treatment in
diabetic hypertensive rats prevented this reduction. Bars = means *
SD (79 = 17 vs. 43 £ 7 pmol/l reduced GSH per pg retina protein for
control WKY vs. diabetic WKY rats, P = 0.1; 140 = 54 vs. 56 = 10 pmol/l
reduced GSH per pg retina protein for control SHRs vs. diabetic SHRs,
P = 0.0005). *P = 0.006. CT, control; DM, diabetic; Los, losartan.

Diabetes elevated the nitrosative imbalance and was
prevented by ARB treatment in diabetic SHRs. The
nitration of tyrosine, an effect of peroxynitrite on proteins,
was assessed by nitrotyrosine expression. The immuno-
histochemistry for nitrotyrosine showed stronger staining
throughout retinal layers in diabetic WKY rats and control
SHRs compared with control WKY rats (P < 0.0001 and
P = 0.0003, respectively). The presence of diabetes alone
showed an increment in nitrotyrosine values compared
with hypertension alone (P = 0.004). The concomitance of
diabetes and hypertension further increased nitrotyrosine
expression in all retinal layers compared with other
groups (P = 0.001). Losartan completely reestablished
retinal nitrosative status in the retinas of diabetic SHRs
(P < 0.0001). These findings suggest that losartan protects
the refinal tissue against nitrosative stress in diabetic
SHRs (Fig. 6A).

Oxidative DNA damage in diabetic SHR retina was
prevented by treatment with losartan. The distribution
of positive 8-OHdG, a marker of oxidative damage on
nucleic acids, was heterogeneous in retinal tissue, present-
ing higher positivity in the outer nuclear layer of diabetic
WKY rats and in all cellular layers of diabetic SHRs. The
presence of diabetes or hypertension alone induced a
significant increment in 8-OhdG—positive cells in retinal
tissue compared with the control WKY group (P = 0.003).
The concomitance of both resulted in a marked increase in
oxidative DNA damage compared with control SHRs (P <
0.0001). Similarly, as observed with nitrotyrosine, losartan
significantly protected the retinal cells against DNA dam-
age (P < 0.0001) (Fig. 6B).

Diabetes induced retinal mitochondrial dysfunction
and was prevented by losartan. The overexpression of
Bel-2 mitochondrial protein inhibits the release of cyto-
chrome c into the cytosol, protecting the cells against
early death (27). Therefore, the estimation of Bel-2 may be
indicative of mitochondrial involvement in the apoptotic
cascade. The expression of Bel-2 in total retinal lysates
was decreased in both diabetic groups when compared
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with the controls (P = 0.01) and reestablished in diabetic
SHRs treated with losartan (Fig. 7A).

UCP-2 expression reflects the mitochondrial energy
metabolism and might play a role in retinal neurodegen-
eration (28). Similarly, as observed in Bel-2 protein, the
expression of UCP-2 was diminished in both diabetic
groups compared with the respective control groups
(P = 0.03), and it was restored to the levels of the
control groups in losartan-treated diabetic SHRs (P =
0.04) (Fig. 7B).

DISCUSSION

The ARB used in the treatment of hypertension exerts a
variety of pleiotropic effects, including antioxidant, anti-
apoptotic, and anti-inflammatory effects (29). However,
the possible antioxidant/antiapoptotic effects of ARB in
the diabetic retina have never been addressed. In the
current study, we investigated the potential effect of the
losartan on retinal neurodegeneration in a model that
combines diabetes and hypertension. We observed that
the apoptotic rate was higher in the retina of diabetic
SHRs compared with control WKY rats, and the cells
exhibited neural and glial characteristics, as demonstrated
by specific antigens. The oxidative imbalance, character-
ized by an increase in superoxide production and a de-
crease in reduced GSH levels in retinal tissue, was higher
in diabetic rats and accentuated in diabetic SHRs in the
presence of mitochondrial involvement, as demonstrated
by decreased expression of Bel-2 and UCP-2 mitochondrial
proteins. Losartan treatment led to amelioration of the
apoptotic rate in neural and glial retinal cells, reestablish-
ment of redox status by decreasing superoxide production
and improving the antioxidative enzymatic system GSH,
and restoration of mitochondrial protein expression lev-
els. Therefore, the ARB seemed to offer neural protection,
including antiapoptotic and antioxidant benefits, in the
retina of diabetic hypertensive rats.

The increased number of TUNEL-positive cells detected
in the retinas of diabetic SHRs occurred mainly in the
outer nuclear layer, and this may contribute to widespread
retinal dysfunction. In line with previous studies of elec-
troretinography, Phipps et al. (30) demonstrated a signifi-
cant reduction in the rod photoreceptor response in
diabetic Ren-2 rats compared with nondiabetic Ren-2 rats,
which in turn translated losses to b-wave and oscillatory
potentials. Other studies had confirmed that rod photore-
ceptors are the primary retinal neuron affected by diabetes
(31,32). The photoreceptors are most vulnerable to oxida-
tive damage because of the high content of polyunsatu-
rated fatty acids in their membranes; oxidative stress may
cause lipid peroxidation reactions (33) and therefore
damage their structure and function. In this study, we
observed glial reactivity, as evaluated by GFAP immuno-
reactions, but not apoptosis of photoreceptor, as evalu-
ated by TUNEL, in hypertensive rats. This is explained by
the fact that glial cells and photoreceptors are damaged by
oxidative stress through different mechanisms. The glial
cells possess mechanisms providing high intracellular
GSH concentration (34). Depending on the insult, the
depletion of GSH in glial cells and the subsequent heme
oxygenase-1 induction (35) is associated with the produc-
tion of bilirubin, a potent free radical scavenger (36), and
with the reduction of heme, a powerful pro-oxidant (37).
One reason for this is that Miiller cells provide metabolic
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FIG. 6. A: Representative photomicrograph of immunolocalization of nitrotyrosine in control and diabetic WKY and SHRs and diabetic SHRs
treated with losartan. The presence of nitrotyrosine is indicated by the brown color, and the positivity is diffuse. Bars represent the means = SD
of score of positivity of nitrotyrosine per retinal section, as defined in RESEARCH DESIGN AND METHODS. Diabetes increased tyrosine nitration in
retinal tissue, and concomitance of diabetes and hypertension exacerbates this phenomenon. A significant reduction was observed in treated
diabetic SHRs. The graph shows 2.0 = 0.1 vs. 3.2 = 0.2 score of positivity for control WKY vs. diabetic WKY rats, “*P < 0.0001; 2.0 £ 0.1 vs. 2.7 =
0.2 score of positivity for control WKY vs. control SHRs, P = 0.0003; 3.2 = 0.2 vs. 2.7 £ 0.2 score of positivity for diabetic WKY rats vs. control
SHRs, P = 0.004). P = 0.001 vs. other groups. B: Representative photomicrograph of immunohistochemistry for 8-OHdG from retinas of control
and diabetic WKY and SHRs and diabetic SHRs treated with losartan. Bars represent the means = SD of percentage of positive 8-OHdG retinal
cells per retinal field, as defined in RESEARCH DESIGN AND METHODS. The presence of 8-OHdG is indicated by the brown color, and the positivity is
in the nucleus of the cells. The presence of diabetes or hypertension separately increased the oxidative DNA damage in retinal cell layers, and
concomitance of both induced a markedly pronounced effect; the antihypertensive treatment with ARB promoted significant neuroprotection of
retinal tissue, abolishing this damage. All the retinal layers were included in the quantitation for both proteins. *P = 0.003 vs. control WKY; tP <
0.0001 vs. other groups. CT, control; DM, diabetic; GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; Los, losartan;

ONL, outer nuclear layer; OPL, outer plexiform layer. (A high-quality digital representation of this figure is available in the online issue.)

support to adjacent neural cells, providing protective
mechanisms for photoreceptors.

Previous studies demonstrated that local angiotensin II
expression was extremely elevated during retinal inflam-
mation, thereby influencing the condition of the retinal
neural and vascular cells through AT; receptor signaling.
The ARB was effective in keeping the retinal neural cells
from losing their physiological activities and normal elec-
troretinography responses; therefore, the ARB plays a key
role in neuroprotection, and it preserves good visual
function by reducing inflammatory reactions in the retinal
neural and vascular cells, preventing the development of
diabetic retinopathy (7,38). This treatment also reduced
the accumulation of one of the advanced glycation end
products as well as vascular endothelial growth factor
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expression in a model of type 2 diabetes (39). Other
studies also showed that treatment with ARBs in hyper-
tensive diabetic Ren-2 rats prevented acellular capillary
and endothelial cell proliferation as well as development
of neuronal deficits in diabetes, namely loss of function in
photoreceptors and neurons, independent of controlling
hypertension (30,40). These findings support the concept
that ARBs may be useful as a therapeutic target for
diabetic retinopathy. Although in this study we did not
treat the diabetic SHRs with another antihypertensive drug
that does not act on the renin-angiotensin system, to avoid
the hypotensive effect of the losartan treatment, the nor-
motensive diabetic WKY rats still had markers of oxidative
stress and mitochondrial dysfunctions that were not
present in diabetic SHRs treated with losartan.
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FIG. 7. A: Western blot analysis of Bel-2 in total retinal lysated of the
studied groups; the bars represent the means = SD of band densities
expressed in arbitrary densitometric units from at least three indepen-
dent experiments. *P < 0.05. B: Western blot analysis of UCP-2 in
immunoprecipitated retinal protein of the studied groups. The bars
represent the means = SD of band densities expressed in arbitrary
densitometric units from at least three independent experiments. *P =
0.03. CT, control; DM, diabetic; Los, losartan.

The marked effect in reducing the oxidative damage in
diabetic retinal tissue of hypertensive rats treated with
losartan may be attributable to its antioxidant effect
through ARB and an increase in nitric oxide (NO) biodis-
ponibility via the angiotensin II type 2 receptor (41). A
recent study demonstrated that intravenous application of
angiotensin II reduces plasma NO levels and increases the
peroxynitrite concentration, which significantly increases
nitrosative stress. Treatment with valsartan, an ARB sim-
ilar to losartan, suppressed this effect (42). The question of
how NO can attenuate oxidative damage is still intriguing.
A previous study provided direct evidence that NO inacti-
vates xanthine oxidase by reacting first with the superox-
ide anion to form peroxynitrite, which in turn reduces
both xanthine oxidase activity and superoxide generation
(43), thus reestablishing the oxidative status.

It was previously demonstrated that hyperglycemia-
induced production of ROS is associated with the devel-
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opment of diabetic microvascular complications (11) and
that the normalization of mitochondrial superoxide pro-
duction blocks the pathways of diabetic damage (44).
Normalization of mitochondrial ROS production prevents
pathways involved in the development of diabetic micro-
vascular complications (44). In the current study, the
blockage of mitochondria complex I using rotenone re-
vealed a significant reduction in its superoxide production.
This fact may be explained by the observation of diversity
in electron chain transport components present in differ-
ent neuron subpopulations, as demonstrated by a study
where mitochondria from retinal ganglion cells decreased
the superoxide production in response to rotenone (45).

Mitochondria are a major endogenous source and target
of superoxide and hydroxyl radicals (46). Reactive oxidant
intermediates can trigger mitochondria to release cyto-
chrome c¢, resulting in activation of caspase-3 (27,46).
Increasing evidence indicates that mitochondria are inti-
mately associated with the initiation of apoptosis (47,48).
In this study, mitochondrial integrity was evaluated by
determining Bcl-2 and UCP-2 protein expressions. The
mechanism that involves angiotensin II in mitochondrial
ROS production is supported by the fact that in vivo
preconditioning effects of angiotensin II for cardiac isch-
emia/reperfusion injury may be mediated by cardiac mito-
chondria—-derived ROS enhanced by NAD(P)H oxidase
(49). The superoxide production via NAD(P)H oxidase
stimulates the opening of reconstituted mitochondrial
ATP-sensitive K" channels via a direct action on the
sulthydryl groups of this channel (50). Thus, the over-
stimulation of angiotensin II and renin-angiotensin system
may account for mitochondrial dysfunction, in line with
the observed effect that AT, blockage with losartan rees-
tablished the UCP-2 and Bel-2 contents in retinal tissue.

In surmary, the findings of this study provides evidence
for the first time of the benefits of the AT, blocker losartan
in ameliorating diabetic retinal neurodegeneration, mito-
chondrial function, and oxidative balance.
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ABSTRACT

Purpose: The aim of this study 1s to vestigate the efficacy of tempol (4-hydroxy-
2.2.6.6-tetramethylpiperidinyloxy), a superoxide dismutase (SOD) mimetic, in preventing
the early retinal molecular changes m a model that combines hypertension and diabetes.
Methods: Four-week-old spontaneously hypertensive rats (SHR) were rendered diabetic
by streptozotocin. Diabetic SHR rats (DM-SHR) were randomized to receive or not
receive tempol treatment. After 20 days of nduction of diabetes, the rats were euthamized
and their retinas were collected. Resulfs: The early molecular markers of diabetic
retinopathy (DR), glial fibrillary acidic protein and fibronectin, were evaluated by
western blot assays ,and showed an increase in DM-SHR compared to the SHR group.
The oxidative balance. evaluated by superoxide production and nitric oxide end product
levels estimated by a nitric oxide analyzer, and the counterpart antioxidative defense,
revealed an accentuated unbalance in DM-SHR compared to the SHR group. As a result,
the product peroxymitrite, which was detected by immunohistochemistry for
nitrotyrosine, was higher in the DM-SHR group. The retinal poly ADP-ribose (PAR)
modified proteins, which reflect the activation of PARP, and the inducible mtric oxide
synthase (INOS) expressions were found to have increased in this group. The treatment
with tempol reestablished the oxidative parameters and decreased the PAR modified
proteins, thus preventing extracellular matrix accumulation and ghal reaction.
Conclusions: The administration of tempol prevented oxidative damage, decreased iINOS
levels, and ameliorated the activation of PARP in the retina of diabetic hypertensive rats.
Consequently, the early molecular markers of DR, such as glial reaction (GFAP) and

extracellular matrix accumulation (FN), were prevented in tempol-treated rats.
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Keywords: Diabetic retinopathy. superoxide dismutase mimetic, poly (ADP-ribose)

polymerase, inducible nitric oxide synthase, oxidative stress
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INTRODUCTION

Diabetes mellitus (DM) has become one of the most challenging health problems of the
twenty-first century. Diabetic retinopathy (DR) is a vascular complication in either type 1
or type 2 diabetes, and it is considered the leading cause of blindness in developed
countries’. It is characterized by extensive neuro and glial degeneration” accompanied by
damage to the integrity of the vasculature, as evidenced by an early breakdown of the
blood-retinal barrier’. Risk factors in the development and progression of DR include
glycemic control and hypertension®. Epidemiological studies clearly identify
hypertension as the most important independent risk factor for DR®. In UKPDS. the
control of hypertension reduced the progression of DR in 35% of cases surpassing even

: 5
glycemic control”.

The renin-angiotensin system (RAS) has been implicated in the progression of DR®.
Moreover, overactivity of the retinal RAS, which has been shown to be independent of
the systemic RAS’. promotes endothelial cell proliferation in DR®. We have recently
demonstrated that angiotensin II type | receptor blockage ameliorates diabetic retinal

neurodegeneration by reestablishing oxidative balance and mitochondrial function®.

Superoxide dismutase (SOD) catalyzes the conversion of superoxide (O,") to hydrogen
peroxide (H,O,), which can then be tumed mto water by catalase or the glutathione

peroxidase system. Although SOD 1s the first line of physiological defense against
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oxidative stress, the reaction of O, with nitric oxide (NO) 1s about three times faster than
its reaction with SOD'. Tt has been demonstrated that nitroxides such as tempol exert a
cytoprotective action against diverse oxidative insults'' and catalyze the dismutation of
superoxide to H,O, plus O, (SOD-like activity). Previous studies demonstrated the
beneficial effects of tempol in diabetic retinas for reducing leukostasis'* and protecting
the retina’s neural cells”. Tempol was found to attenuate the aorta’s response to
angiotensin II (increasing O, formation and inducing vasoconstriction); this effect was
endothelium-dependent and reversed by the inhibition of NO synthesis'™*, suggesting that
tempol counteracts vasoconstriction by scavenging O, and by increasing the

bioavailability of NO.

The antioxidant defense enzymes responsible for scavenging free radicals and
maintaining redox homeostasis such as SOD, glutathione (GSH) reductase, peroxidase,
and catalase are diminished in the retina of animals with diabetes'®. In an animal model
with genetic hypertension and streptozotocin-induced diabetes, the antioxidant system 1s
reduced compared with that of the normotensive control'®. Under DM conditions, the
induction of the glycation reaction produces free radicals such as O,” and NO. NO
interacts with O, to form the highly reactive hydroxyl radical, peroxynitrite, which leads
to reactive oxidative damage. Peroxynitrite interacts with lipids. DNA, and proteins,
resulting in damaging cellular effects. The effects on DNA are the most damaging to the
cell function. The nitrosative stress induces DNA single-strand breaks and leads to over-
activation of the DNA repair enzyme poly (ADP-ribose) polymerase (PARP). PARP 1s

the enzyme that cleaves nicotinamide adenine dinucleotide (NAD+) to form nicotinamide
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and a poly (ADP-ribose) polymer. Generally, the activation of PARP contributes to
energy failure!’, transcriptional gene regulation, and the induction of apoptosis/necrosis' .
In DM, PARP activation contributes to endothelial cell dysfunction and appears to be
central in the mechanisms by which hyperglycemia induces diabetic vascular
dysfunction'®. In animal studies with PARP-1 knockout mice that were fed a 30%
galactose diet for 2 months, Xu and colleagues showed that the hyperhexosemia-induced
oxidative stress and increased expression of fibronectin observed m wild-type control
groups were not observed in PARP-17/" hyperhexosemic mice, suggesting that the PARP
blockade in this animal model might prevent hyperhexosemia-induced effects’®. Tn
addition, a previous paper addressing endothelial dysfunction in diabetes complications
showed that PARP-deficient endothelial cells incubated with high glucose did not exhibit
production of reactive nitrogen and oxygen species, consequent single-strand DNA
breakage, or metabolic and functional impairments *°. PARP activation may also cause
NFkB activation’’. In this work, Zheng and colleagues demonstrated that in
streptozotocin induced diabetes, as well as in vitro studies, the use of a specific PARP
inhibitor (PJ-34) prevented the early apoptosis of retinal vascular cells and the
development of acellular capillaries and pericyte ghosts in bovine retinal endothelial cells
(BRECs)*'. Tt also inhibited the NFkB activation and inflammatory markers in BRECs*'.
By using PARP inhibitors or knocking out PARP genes, both NFkB activation and
transcription of NFxB-dependent genes, such as inducible nitric oxide synthase (iNOS) or
intracellular adhesion molecule (ICAM)-1, can be reduced*. This suggests that the
inhibition of PARP activation might prevent the consequences of inflammation or

oxidative stress by modifying the NFkB-dependent pathways. In our previous studies, we
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revealed that atter 20 days of diabetes, SHR showed an increased expression of the early
inflammatory markers NF-kB, ICAM-1. and microglial activation™. In a recent paper by
Drel et al.**, treatment with PARP inhibitors prevented apoptosis. glial reaction. and

nitrosative imbalance in experimental-diabetes retina.

In view of the evidence that the prevalence of hypertension is very high among patients
with diabetes and that antioxidants can provide protective benefits for the treatment of
DR, we sought to investigate in vivo whether treatment with tempol would prevent the
early molecular events in the pathogenesis of retinopathy. We have already demonstrated
that the early molecular changes observed in diabetic retina are more evident and first
detected in concomitance of arterial hypertension and experimental diabetes'®*** A
number of papers investigating the mechanisms of tempol are in hypertensive animal
models or in vitro studies”™*’. For this purpose, we used a murine model genetically
hypertensive (spontaneously hypertensive rats, SHR) and expermmentally mduced
diabetes. Among diabetic SHR, the tempol treatment prevented the early molecular
changes of DR through the reestablishment of the redox status thus decreasing the

amount of modified PAR proteins and iNOS expression in the retinal tissue.

METHODS

Research Design and Methods

The protocol for this study complies with the guidelines of the Brazilian College for
Animal Experimentation (COBEA), and it was approved by the local Animal Research

Ethics Committee (CEEA/IB/Unicamp, protocol number 1833-1). It is also in accordance
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with the Statement for the Use of Animals in Ophthalmic and Vision Research (ARVO).
Taconic (Germantown, NY) provided the SHR and the genetic control Wistar Kyoto rats
(WKY) used in the present study, and we bred them i our anmmal facility. Experimental
diabetes was induced in 4-week-old male SHR (DM-SHR) by injecting streptozotocin
(STZ, 60 mg/kg) (Sigma, St. Louis, MO) dissolved in a sodium citrate buffer (pH 4.5) via
the tail vein after overnight fasting. The WKY control normotensive rats and the control
SHR (CT-SHR) received only the citrate buffer. From the first day after diabetes
induction, the DM-SHR’s were randomized to receive or not to receive a daily
intraperitoneal injection of tempol (DM-SHR tempol - 250 mg/kg/day; 1.45 umol/g). We
used an enzymatic colorimetric GOD-PAP assay (Merck, Darmstadt, Germany) to
measure plasma glucose levels 72 hours after the STZ or citrate buffer injection and on
the day before sacrificing the rats. Rats with plasma glucose values > 15 mmol/I. were
considered diabetic for the present study. We obtained systolic blood pressure by indirect
tail-cuff plethysmography in unanesthetized rats with an MK III physiograph (Narco Bio-
System, Houston, TX). Twenty days after diabetes induction, the rats were euthanized
and their retinas were detached from the retinal-pigmented epithelium cell layer and
collected for colorimetric assays and Western blotting analysis, or their eye globes were

prepared for immunohistochemistry assays.

Western Blotting Analysis for GFAP, FN, Cu-Zn SOD, PARP and iNOS
The retinas were lysed in 300 plL of a buffer containing 2% SDS and 60 mmol Tris-HCI
(pH 6.8), supplemented with a protease inhibitor cocktail (Complete®, Boehringer-

Mannheim, Indianapolis, IN). After centrifugation, we measured protein concentrations
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with the Bradford method®. SDS—polyacrylamide gel electrophoresis and Western
blotting were performed as described elsewhere'®. To assess the protein expression of
GFAP. FN, iNOS. and Cu-Zn SOD and to detect poly (ADP-ribose) (PAR) polymers, the
membrane was incubated for an additional hour with antibodies against goat polyclonal
anti-GFAP (1:100, Santa Cruz Biotechnologies, Santa Cruz. CA). goat polyclonal anti-
FN (1:1000, Calbiochem-Novabiochem, La Jolla, CA), rabbit polyclonal anti-INOS
(1:500, Cell Signaling Technology, Beverly, MA), rabbit polyclonal anti-Cu-Zn SOD
(1:4000, AbFrontier, Seoul, Korea). or anti-poly (ADP-ribose) mouse monoclonal
antibody (1:1000, Trevigen, Gaithersburg, MD), along with horseradish peroxidase
conjugated appropriate secondary antibodies and developed by the chemiluminescence
method (Super Signal CL-HRP Substrate System; Pierce, Rockford, IL). A densitometer
(Bio-Rad) scanned exposed films, and Multi-Analyst Macintosh Software for Image
Analysis Systems quantitatively analyzed them. Equal loading and transfer were

ascertained by reprobing the membranes for 3-actin.

Immunohistochemistry for GFAP, Nitrotyrosine (NT) and PAR Modified Proteins in
Retinal Tissues

After quenching endogenous peroxidase, the sections were incubated with nonfat milk.
Tissue sections were then incubated with goat polyclonal anti-GFAP (Santa Cruz), rabbit
polyclonal anti-nitrotyrosine antibody (Upstate Cell Signaling Solutions, Lake Placid,
NY). and mouse monoclonal anti-poly (ADP) ribose (Trevigen, Gaithersburg, MD). The
antibody anti-poly (ADP-ribose) detects poly (ADP-ribose) (PAR) polymers. Appropriate

secondary antibodies were applied to the tissue sections. Labeled nuclei were detected
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with ABC Vectastain (Vector Laboratories, Burlingame, CA) and diaminobenzidine
tetrahydrochloride  (DAB)/chloride/hydrogen peroxide and counterstained with
hematoxylin (only for NT). For the negative controls, the staining was performed
omitting the primary antibody. Quantitative analyses were performed as a percentage of
positive cells per mm® of retina with the public domain program Image J (National
Institutes of Health). An observer with no knowledge of the studied groups counted the

positivity under high-power microscopic fields (x1000).

Detection of Superoxide Anion Production in Retinal Tissue

Lucigenin (bis-N-methylacridinium nitrate) (Invitrogen Inc., Eugene, OR) was used to
measure superoxide anion production®”. The retinas were isolated and placed into tubes
contaming an RPMI-1640 medum (Gibco/BRL, Life Technologies, Inc., Gaithersburg,
MD) at 37°C m a hunudified atmosphere of 95% air-5% CO,. Lucigenin (25 mM) was
added, and photon emission was measured over 10 seconds; repeated measurements were
made over a 3-minute period using a luminometer (TD 20-E Luminometer Turner, USA).
Superoxide production was expressed in relative luminescence units (RLU)/min/mg
protein. Protein concentration was measured using the Bradford method™ with BSA as

the standard.

Measurements of Nitric Oxide End Products (NOY) (Nitrite and Nitrate) in Retina Tissue
Various cell types in the picomolar to nanomolar range produce NO. which has a very
short half-life in biological fluids. Thus, the stable products of NO oxidation nitrite (NO

») and nitrate (NO";) are often analyzed instead to estimate the NO level in biological
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fluid. The NO;™ and NO; concentrations were detected using an NO chemiluminescence
analyzer (NOA, Sievers Instruments Inc, Boulder, Colorado, USA) in retina samples.
With a syringe, 4 uL aliquots of supernatant were added to a purge chamber containing
vanadium chloride (VCl;) (97°C) (Aldrich Chemical Company) in 1 N HCI under a
nitrogen atmosphere. The VCls solution reduces nitrites and nitrates to NO gas, which the
NOA detects. NO was liberated from the samples into the gaseous headspace and
conducted to the NOA, where it reacted with the ozone to produce a chemiluminescent
signal. The amount of light was proportional to the NO concentration, which was
calculated from a standard curve of known NO; concentrations. Each sample was

analyzed 1n triplicate.

Measurement of Activity of Cu-Zn Superoxide Dismutase (SOD)

The enzyme activity of Cu-Zn SOD in retinal protein was measured using a kit from
Cayman Chemical (Ann Arbor. MI), according to the manufacturer’s instructions. The kit
utilizes a tetrazolium salt for detection of superoxide radicals generated by xanthine
oxidase and hypoxanthine. One unit of SOD is defined as the amount of enzyme needed
for a 50% dismutation of the superoxide radical. The assay measures activity of Cu-Zn
SOD 1n tissue. The standard curve was generated using a controlled SOD standard. The
reaction was initiated by adding 20 uL of diluted xanthine oxidase. A spectrophotometer
(EIx800, Bio-TEK Ins, USA) monitored the absorbance continuously at 450 nm. Protein

. - 28
concentrations were measured by the Bradford method™.
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Determination of Reduced Glutathione (GSH) Levels in the Retina

Retinal GSH levels were measured using the method described previously™, with a few
modifications. also described previously'®. The absorbance was read at 412 nm and the
GSH concentration expressed as M GSH per ng of retinal protein. GSH was used as an

external standard for the preparation of a standard curve.

Statistical Analysis

The results were expressed as the meantSD, unless otherwise stated. We used the one-
way analysis of variance (ANOVA) followed by Fisher's protected least significant
difference test to assess differences among the groups. All comparisons were carried out
using the StatView statistical package software. The significance level adopted was p<

0.05.

RESULTS

Physiological Characteristics of the Studied Groups

The body weight of the 4-week-old SHR was lower than the age-matched WKY rats
(p<0.0001). The weight gain was lower in DM-SHR than in CT-SHR (p<0.0001), and the
tempol treatment significantly reduced the body weight of treated DM-SHR in
comparison to the non-treated SHR (p=0.03). Systolic blood pressure (SBP) was
significantly higher in the SHR groups than in the WKY-rat group (p=0.004) and was not
affected by the treatment. Plasma glucose levels were higher in diabetic rats when
compared with the nondiabetic group (p<0.0001) and were not affected by tempol

treatment (Table 1).
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Glial Reaction and Fibronectin Retinal Accumulation

To assess retinal lesion in this short-term study of diabetes and hypertension, we used the
retinal expression of GFAP and fibronectin. These two abnormalities have been identified
as early markers of retinal lesion in diabetes’’~*. We did not use classical morphological
methods, such as retinal capillary morphology in trypsin digest retinas because the
abnormalities seen in this preparation, such as acellular capillaries and pericyte ghosts,
require a longer-term diabetes to be detected™*. GFAP levels were evaluated by
Western blot analysis and immunohistochemistry. In the Western blot assay, an increase
of GFAP levels in CT-SHR was observed compared with the WKY rats, (p=0.001) and
this expression was exacerbated in the DM-SHR group (p=0.0001). The treatment with
tempol prevented the enhancement of GFAP expression, maintaining levels similar to the
control WKY levels (p=0.7) (Figure 1A). With immunohistochemistry, we observed an
incrementally higher glial activity in the DM-SHR group compared with the WKY and
CT-SHR rats. The treatment reestablished this expression to approximately the same

levels as the CT-SHR group (Figure [B).

The retinal expression of FN increased in the DM-SHR group when compared with the
WKY (p=0.004) and CT-SHR (p=0.02) groups. Treatment with tempol (p=0.02)

prevented the retinal expression of FN (Figure 2).

Evaluation of Oxidative/antioxidative Systems and the Peroxynitrite Oxidative Damage

in Retinal Tissue
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The redox state 1s dependent upon the balance between free radicals and antioxidant
systems that influence tyrosine mitration and oxidative damage of lipids. protemns. and
nucleic acids. For estimation of the oxidative status in retinal tissue, we evaluated the
production of O;” and NO,~ as well as the antioxidative system’s GSH concentrations and

the activity and expression of Cu-Zn SOD.

Superoxide production 1n the retma, evaluated by the lucigenm-enhanced
chemiluminescence method. was increased in the DM-SHR group compared with the CT-
SHR group (p<0.05), and the tempol treatment reestablished superoxide production to
normal levels (p=0.01) (Figure 3A). Additionally, the retinal NO, production was
increased in the DM-SHR group compared with control groups (p=0.004 vs. WKY and
p=0.003 vs. SHR), in which the tempol treatment (p=0.01) prevented retinal NO,

production (Figure 3B).

The antioxidant defense was evaluated by retinal expression, Cu-Zn SOD activity, and
the levels of GSH in retinal tissue. Two isoforms of SOD have Cu and 7Zn at their
catalytic center and are localized to the intracellular cytoplasmic compartment and
extracellularly’. Presently, there was a marked reduction in Cu-Zn SOD retinal
expression in DM-SHR was observed compared to the WKY group (p=0.0008) and the
CT-SHR group (p=0.02). Sumularly, the activity of Cu-Zn SOD was also significantly
decreased in DM-SHR compared to WKY and CT-SHR (p=0.002 and p=0.001,
respectively). The treatment with tempol protected both the expression and activity of

Cu-Zn SOD from the effect of short-term diabetes and hypertension. The expression of
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Cu-Zn SOD was restored in tempol-treated DM-SHR compared with DM-SHR (p=0.04),
and the activity of Cu-Zn SOD presented similarly to the CT-SHR and WKY (p=0.1)

(Figures 4A-B).

Although the presence of hypertension or short-term diabetes did not affect the levels of
GSH in the retina (p=0.4), the treatment with tempol increased its levels by
approximately 47% compared with all other groups (p=0.01). This effect may be
explained by the metabolism of hydrogen peroxide by tempol’s catalase-like actions that
diminish the formation of hydroxyl radicals, thus increasing the levels of GSH available

in the retinal tissue (Figure 4C).

An immunoreaction for NT in retinal tissue detected the product peroxynitrite, generated
by the reaction between NO and O,". There was an evident increase of NT in the retina
tfrom DM-SHR compared to the WKY and SHR (p<0.0001 and p=0.0001, respectively).
By the mechanism of an SOD mimetic, tempol competed with NO by O,” and dismuted it
to peroxide hydrogen and oxygen, leading to a marked reduction of NT levels in the

treated DM-SHR group similar to those observed in the SHR group (p=0.6) (Figure 5).

Expression of Ribosylated Proteins in the Retinal Tissue of Tempol-treated Rats

Nitrosative stress induces DNA single strand breaks, leading to the over-activation of
PARP. In the present study. the activation of PARP was accessed determined through the
amount of PAR modified proteins by Western blot and immunohistochemistry analyses.

In Western blot analyses, the presence of hypertension in the CT-SHR increased the
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content of PAR ribosylated polymers compared with the normotensive WKY rats
(p=0.04). The concomitance of both diabetes and hypertension m the DM-SHR
significantly increased these levels compared with WKY and CT-SHR (p<0.001 and
p=0.02, respectively). The treatment with tempol in the DM-SHR reestablished this
parameter to SHR levels (p=0.3) (Figure 6A). As detected by immunohistochemistry, the
distribution of poly (ADP-ribose) polymer positive cells was homogeneous among the
ganglion cells, both the inner and outer nuclear lavers. The presence of hypertension
solely and in concomitance with diabetes revealed a significant increase in poly (ADP-
ribose) polymer positive retinal cells compared with the WKY group (p=0.01 and
p=0.006, respectively) suggesting activation of PARP evaluated through the amount of
PAR modified proteins. Treatment with a SOD mimetic for 20 days reestablished this

element to WKY levels (p=0.7) (Figure 6B).

iNOS Expression Associated with Poly(ADP-ribosyl)ation in Retinal Tissue

INOS has been shown to cause DNA breaks and the subsequent activation of PARP,
which was recently implicated in early diabetic retinal changes*'”®. Other investigators
have shown that with specific PARP mhibitors or knocking out the PARP gene, NFxB
activation and transcription of NFkB-dependent genes, such as inducible nitric oxide
synthase, are reduced*’, suggesting that the inhibition of poly(ADP-ribosyl)ation might
prevent the consequences of inflammation or stress by modification of NFxB-dependent
pathways. In the present work, we addressed the retinal expression of iNOS, which may
be accepted as an indicator of the NFkB-dependent pathways and PARP activation. A

significant increase in retinal INOS expression was demonstrated in the DM-SHR group
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compared with the WKY group (p=0.04). and the treatment with tempol restored it to

normal levels (p=0.26) (Figure 7).

DISCUSSION

The findings presented herein demonstrate that the systemic administration of tempol
reestablished the cell’s oxidative parameters and thus prevented the poly(ADP-
ribosyl)ation of proteins and iNOS expression in the retina of diabetic hypertensive rats.
Consequently, the early molecular changes of DR, represented here by FN accumulation

and mcreased GFAP expression, were prevented in tempol-treated rats.

Serious retinal injuries such as retinal detachment®®, glaucoma® or DR**** can trigger
retinal reactive gliosis and neurodegeneration characterized by changes 1n astrocyte and
Miiller cell morphologies and increased production of intermediate filament proteins
(GFAP)*. Miiiller cells and blood vessels of the retina are in close apposition and are
likely to interact to each other. It has been suggested that the increase in vascular
permeability in DR may be due to the effects of diabetes that alter the neural components
of the retina, demonstrated by an increased production of vascular endothelial growth
factor by Miiller cells and neurons***’, leading to a breakdown in the interactions
between neurons, glia, and endothelial cells'’. Thickening of the basal lamina that
surrounds the endothelial cells and pericytes of the retinal capillaries due to extracellular
matrix accumulation®®*® is another finding present early in DR pathogenesis and this is
believed to be pivotal in the progression of DR. This concept was based on the findings

in DM animal models where the down-regulation of fibronectin (FN) synthesis partially
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prevented retinal basal lamina thickening and prevented the classical early vascular
changes such as the apoptosis of pericytes and the development of acellular capillaries*’.
In m vitro studies, Oshitari and colleagues down-regulated several components of the
extracellular matrix such as fibronectin, laminin, and collagen type IV, and thus reduced
vascular leakage in streptozotocin-induced diabetes’. In light of these evidences
fibronectin accumulation and GFAP expression might be used as molecular markers of

diabetic changes in the retina in short-term experimental diabetes.

DM 1ncreases oxidative stress, which plays a key regulatory role in the development of its
complications’”. Since oxidative stress may be the promoter of many alterations
implicated i the pathogenesis of DR and that represents an imbalance between excess
formation and the impaired removal of reactive oxygen species (ROS), the antioxidant
defense system of the cell is a crucial part of the overall oxidative stress experienced by a
cell. A number of works have demonstrated beneficial effects of antioxidant treatments
in diabetic retina. Antioxidants may act at different levels, may inhibit the formation of
ROS or scavengers of free radicals, or increase the antioxidant defense enzyme
capabilities”. For instance, long-term lipoic acid treatment attenuated the apoptosis of rat
retinal capillary cells and decreases the levels of 8-hydroxy-2' -deoxyguanosine (8-
OHdG) and NT in diabetic rats™, and short-term treatment prevented the significant
decrease of glutathione (GSH) content, normalized the malondialdehyde (MDA)
concentration, and restored the electroretinogram b-wave amplitude™. In addition, dietary
supplementation with multi-antioxidants, including vitamins C and E, in diabetic rats

prevented the inhibition of retinal glutathione reductase, glutathione peroxidase, SOD
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activities™, and superoxide production’’. Tt also reduced the development of retinal
acellular capillaries and pericyte ghosts™. In addition. the overexpression of
mitochondrial SOD in hemizygous transgenic mice (MnSOD-Tg) prevented the diabetic

retinal oxidative stress protecting the mitochondria from dysfunction™ .

Previous studies demonstrated that PARP activation increased vasoactive factors, such as
endothelin-1 and ECM protein production, in diabetes and that PAR modified proteins
are associated with an increase in oxidative stress up-regulation in the retina'®. Among
the PARPs, nuclear PARP-1 is a DNA damage-activated enzyme and is the most
abundant and commonly studied member of the family. Its enzymatic activity leads to
poly (ADP-ribose) formation, and it was first described over 40 years ago®. More
recently. PARP mcreased in importance when 1t was discovered to mediate nitric-oxide-
induced neuronal death®’. ROS-dependent DNA damage is thought to play a major role in
triggering PARP-1 hyperactivity during ischemia. In the pathogenesis of DR, 1schenua
causes structural changes and a breakdown of the blood retinal barrier®™. PARP-1
hyperactivation causes cell death because of cellular accumulation of the PARP-1
product, poly (ADP-ribose), which causes the translocation of the apoptosis-inducing
factor (AIF) from mitochondria to the nucleus and the activation of a caspase-
independent programmed cell-death pathway™. In experimental models of brain
ischemia, the use of a PARP-1 inhibitor, PJ34, preserved the endothelial tight junctions
and decreased the expression of ICAM-1, thus limiting leukocyte infiltration to the

ischemic brain®.
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Tempol is a cell membrane-permeable nitroxide and is among the most potent of the
nitroxides for protecting cells and tissues from the damaging effects of ROS®. Tempol
has multiple antioxidant actions due to the ability of mitroxides to mhibit three or more
sequential sites i an oxidative chain (for example O, H,0,, and OH’). This may
underlie its efficacy in diverse models of oxidative stress. Tempol is free of serious toxic
effects in animal models. Despite these apparently beneficial effects in a wide range of
animal models. tempol has vet to be developed as a drug for human use®. Matsumoto et
al. tested the toxic effects of five nitroxides and tempol was the least toxic®’. These toxic
or lethal doses of tempol are approximately 30-fold higher than the therapeutic dose for
the reduction of blood pressure. In addition, tempol had no adverse effects on gene
mutation in Chinese hamster®. The reaction rate constant for tempol with O, has been
determined to be 3.4+ 10° mol L' s™". This makes it a much more efficient antioxidant
than vitamins since the rate constant for the interaction of SOD with O, 1is about 1.6—
24-10°mol L' s7" and for vitamin E with O,”, 0.59 mol L™ s % Tempol has two
reaction sites with OH™ that can be derived from ROS-like peroxynitrite. In cell cultures,
tempol catalyses the SOD reaction and protects against oxidative stress’. In addition,
exposure to conditions of oxidative stress in cultured coronary endothelial cells leads to
an increase in NO end products, namely nitrite and nitrate. In the presence of tempol,

. 5n
these effects are reversed”’.

In experimental models”' and in post-mortem retinas from diabetic patients’. as well as
in the vitreous fluid from diabetic patients with proliferative diabetic retinopathy’,

increased levels of NO end products and the up-regulation of iNOS have been reported.
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In line with this evidence, the treatment with tempol in this study reduced NO end
products and the superoxide production observed in retina from diabetic SHR rats. In the
treatment, tempol acted as an O, scavenger, reducing nitric oxide end products and
ncreasing the glutathione biosynthesis, thereby reestablishing the oxidative-nitrosative
status of the diabetic retina. Likewise, we observed the prevention of Cu-Zn SOD retinal
expression/activity reduction in treated diabetic rats. Further studies are required to
address whether the variation in Cu-Zn SOD expression and activity plays a role in the

effect of tempol in retinal tissue.

In conclusion, our data reveal tempol’s potential therapeutic role in the early phases of
DR. In hypertensive diabetic rats, treatment with tempol reestablished the redox status by
acting as an O, scavenger, which enhances the glutathione biosynthesis and Cu-Zn SOD
activity, thus preventing oxidative damage. These effects were associated with a
reduction i retinal extracellular matrix accumulation and glial reaction. The possible
mechanism conferred by tempol to protect against the early molecular changes present in
retina from diabetic hypertensive rats 1s through the counteraction of oxidative-nitrosative

stress thus diminishing the amount of ADP-ribosylated proteins.
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FIGURE LEGENDS

Figure 1. (A) Western blot of retinal lysates for GFAP from studied rats. The membranes
were reprobed with anti-B-actin antibody as a control for protein loading. Bars represent
mean+SD of the band densities of GFAP/ p-actin ratio expressed in arbitrary
densitometric units. (1.18£0.2 vs. 0.51+0.2 arbitrary densitometric units for CT-SHR vs.
WKY rats, respectively, ‘p=0.001: "1.43=0.2 vs. 0.51+0.2 arbitrary densitometric units
for DM-SHR vs. WKY rats, respectively. 'p=0.0001: and 0.5120.2 vs. 0.590.2 arbitrary
densitometric units for WKY vs. DM-SHR tempol groups. respectively, “p=0.7). (B)
Representative photomicrograph of the immunolocalization of GFAP in retinal sections.

Presence of the immunoreactivity of GFAP is indicated in brown. Bars represent

mean=SD of the percentage of positive/ mm- of retina.

Figure 2. Western blot of retinal lysates for FN from studied rats. The membranes were
reprobed with anti-B-actin antibody as a control for protein loading. Bars represent
mean=SD of the band densities of FN/B-actin ratio expressed in arbitrary densitometric
units. (1.7£0.6 vs. 0.7+0.04 arbitrary densitometric units for DM-SHR vs. WKY rats,
respectively. p=0.004: 1.7+0.6 vs. 1.02=0.09 arbitrary densitometric units for DM-SHR
vs. CT-SHR rats, respectively, p=0.02: and 1.02+0.2 vs. 1.7=0.6 arbitrary densitometric

units for DM-SHR tempol vs. DM-SHR. respectively. p=0.02).
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Figure 3. (A) Total superoxide generation 1 retinal tissue. Superoxide anion production
from the retinas of control, diabetic SHR, and diabetic SHR treated with tempol was
measured every 10 s for 3 min with the lucigenin-enhanced chemiluminescence method.
The peak level of superoxide generation was observed around 3 min after lucigenin was
added to the reaction buffer containing the retinas from different groups. Bars represent
mean+SD. All data shown are of #>6 observations (6.8+3.5 vs. 3.7+1.2 RLU/min/mg of
protein for DM-SHR vs. WKY rats, respectively, p=0.05; and 2.1402 vs. 6.8+3.4
RLU/min/mg of protein for DM-SHR tempol vs. DM-SHR rats, respectively, “p=0.01).
(B) Nitrite (NO™,) and Nitrate (NO7), the stable products of NO oxidation, are often
analyzed to estimate the NO level in biological fluid by NO chemiluminescence analyzer.
Results are corrected for protein concentration and are expressed as pmol NO./mg
protein. Each sample was analyzed in triplicate. (19.244.4 vs. 11.240.5 pmol NO/mg
protein for DM-SHR vs. WKY rats, respectively, 'p=0.004; 19.2+4.4 vs. 10.6+1.7 pmol
NO/ mg protein for DM-SHR vs. CT-SHR rats, respectively, p=0.003; and 10.0+2.0 vs.
19.244.4 pmol NO/mg protein for DM-SHR tempol vs. DM-SHR rats, respectively,

“p=0.001).

Figure 4. (A) Western blot of retinal lysates for Cu-Zn SOD from studied rats. The
membranes were reprobed with anti-f-actin antibody as a control for protein loading.
Bars represent mean+SD of the band densities of the Cu-Zn SOD/B-actin ratio expressed
in arbitrary densitometric units. (0.65£0.20 vs. 1.20+0.10 arbitrary densitometric units for
DM-SHR vs. WKY rats, respectively, 'p=0.0008; 0.65+0.20 vs. 1.00+0.20 arbitrary

densitometric units for DM-SHR vs. CT-SHR, respectively, 'p=0.02; and 0.89+0.08 vs.
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0.65+0.20 arbitrary densitometric units for DM-SHR tempol vs. DM-SHR, respectively,
*p=0.04). (B) The enzyme activity of Cu-Zn SOD in retinal protein measured using a kit
from Cayman Chemical. The standard curve was generated using quality a controlled
SOD standard. Each sample was analyzed in triplicate. (0.004+0.001 vs. 0.008+0.001
units of SOD/mg protein for DM-SHR vs. WKY rats, respectively, p=0.002;
0.004+0.001 vs. 0.009+0.002 units of SOD/mg protein for DM-SHR vs. CT-SHR rats,
respectively, p=0.001; and 0.007+0.002 vs. 0.004£0.001 units of SOD/mg protein for
DM-SHR tempol vs. DM-SHR, respectively, *p=0.01). (C) Concentration of reduced
glutathione (GSH) from the retinas of studied rats (uM glutathione/pg of retinal protein).
The GSH was not affected by the presence of hypertension or short-term diabetes and the

treatment with tempol increased its levels (“p=0.01).

Figure 5. Representative photomicrograph of immunolocalization of nitrotyrosine.
Presence of mnitrotyrosine is indicated in brown. Bars represent mean+SD of the
percentage of positive/ mm® of retina. (2.03+0.3 vs. 16.7+4.5 percentage of positive/ mm*
of retina WKY vs. DM-SHR rats, respectively, p<0.0001; 3.03+0.8 vs. 16.7+4.5
percentage of positive/ mm® of retina CT-SHR vs. DM-SHR rats, respectively,
p=0.0001; and 3.03+0.8 vs. 4.1+1.0 percentage of positive/ mm? of retina CT-SHR vs.

DM-SHR tempol treated rats, respectively, p=0.6).

Figure 6. (A) Western blot of retinal lysates for PAR modified proteins from studied rats.
The membranes were reprobed with anti-B-actin antibody as a control for protein loading.

Bars represent meantSD of the band densities of the PAR modified proteins /B-actin ratio
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expressed in arbitrary densitometric units. (2.4+1.5 vs. 9.8+£3.2 arbitrary densitometric
units for WKY vs. CT-SHR rats, respectively, “p=0.04; 2.4-1.5 vs. 18.3+7.8 arbitrary
densitometric units for WKY vs. DM-SHR rats. respectively. "p<0.0001: 9.8+3.2 vs.
18.3+7.8 for CT-SHR vs. DM-SHR rats, respectively, p=0.02: and 9.8+3.2 vs. 6.6+3.1
for CT-SHR vs. DM-SHR tempol treated rats, respectively. “p=0.3). (B) Representative
photomicrograph of immunolocalization of poly (ADP-ribose) polymer positive cells in
retinal sections. The presence of immunoreactivity of PAR is indicated by a dark brown
nucleus. Bars represent meantSD of the percentage of positive cells/ mm® of retina.
(5.842.5 vs. 16.8+7.6 percentage of positive cells/ mm® of retina WKY vs. CT-SHR rats,
respectively. *p=0.01: 5.842.5 vs. 18.6=1.5 percentage of positive cells/ mm® of retina
WKY vs. DM-SHR rats, respectively, p=0.006; and 5.8+2.5 vs. 6.7+2.3 percentage of

positive cells/ mm” of retina WKY vs. DM-SHR tempol rats, respectively, “p=0.7).

Figure 7. Western blot of retinal lysates for INOS from studied rats. The membranes were
reprobed with anti-P-actin antibody as a control for protein loading. Bars represent
mean+SD of the band densities of the INOS/B-actin ratio expressed in arbitrary
densitometric units. (1.1=0.4 vs. 0.7+0.3 arbitrary densitometric units for CT-SHR vs.
WKY rats, respectively, p=0.26; 1.5£0.7 vs. 1.1=0.4 arbitrary densitometric units for
DM-SHR wvs. CT-SHR rats, respectively, p=0.17; 1.5£0.7 wvs. 0.7+0.3 arbitrary
densitometric units for DM-SHR vs. WKY rats, respectively, 'p=0.04: 1.540.7 vs.
0.3+0.2 arbitrary densitometric units for DM-SHR vs. DM-SHR tempol, respectively,
‘p=0.001; and 0.7+0.3 vs. 0.3+£0.2 arbitrary densitometric units for WKY vs. DM-SHR

tempol, respectively, “p=0.25).
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WKY: control WKY: CT-SHR: control SHR: DM-SHR: diabetic SHR: DM-SHR
tempol: diabetic SHR treated with tempol, ganglion cell layer (GCL); inner plexiform

layer (IPL); mner nuclear layer (INL): outer nuclear layer (ONL): outer plexiform layer

(OPL).
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Table 1. Physiological characteristics of the studied animals.

Initial body Final body Systolic blood pressure Glycemia
Groups

weight (g) weight (g) (mmHg) (mmol/L)

WKY (n=28) 117.2+21.1 288.5 + 26.0 129.2 +18.3 9.6+ 1.2

CT-SHR (n=27) 704 £ 84" 196.0 £20.7 152.8 + 11.1" 9.1£2.0
DM-SHR (n=31) 69.9+10.5 | 1254+34.6" 151.1 +21.4" 295+ 4.0°
DM-SHR tempol (n=30) | 68.3+8.0" 107.4 £ 18.5™ 152.6 = 14.6!! 29.9 + 6.0
p<0.0001 vs WKY: p<0.0001 vs WKY and *p<0.0001 vs CT-SHR: *p=0.03 vs non treated SHR rats

Hp=0.003 vs WKY: *p<0.0001 vs non diabetic rats. Abbreviations used: WKY: control WKY, CT-SHR
control SHR, DM-SHR: diabetic SHR, DM-SHR tempol: diabetic SHR treated with tempol, SBP:

Systolic blood pressure.
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Figure 1. (&) Western blot of retinal lysates for GFAP from studied rats. The membranes were
reprobed with anti-f-actin antibody as control for protein loading. Bars are representing meanxsD
of band densities of GFAP/ B-actin ratio expressed in arbitrary densitometric units. (1.18x0.2 vs
0.51£0.2 arbitrary densitometric units for CT-SHR vs WEKY rats respectively, Tp=0.001; *1.43£0.2
vs 0.51+0.2 arbitrary densitometric units for DM-SHR vs WKY rats, respectively, *p=0.0001;
0.51£0.2 vs 0.59x0.2 arbitrary densitometric units for WKY vs DM-SHR tempel groups,
respectively, #p=0.7). (B) Representative photomicrograph of immunolocalization of GFAP in retinal
sections. Presence of immunoreactivity of GFAP is indicated in brown color.
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Figure 2. Western blot of retinal lysates for FN from studied rats. The membranes were reprobed
with anti-f-actin antibody as control for protein loading. Bars are representing meanzsD of band
densities of FN/B-actin ratio expressed in arbitrary densitometric units. (1.7x0.6 vs 0.7£0.04
arbitrary densitometric units for DM-SHR vs WKY rats, respectively, *p=0.004; 1.7£0.6 vs
1.02+0.09 arbitrary densitometric units for DM-SHR vs CT-SHR rats, *p=0.02; 1.02+0.2 vs
1.7+0.6 arbitrary densitometric units for DM-SHR tempol vs DM-SHR, respectively, #p=0.02).
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Figure 3. (A) Total superoxide generation in retinal tissue. Superoxide anion production, using the
lucigenin-enhanced chemiluminescence method from retinas of control and diabetic SHR rats and
diabetic SHR treated with tempeol and photoemission, was measured every 10 s for 3 min. The peak
level of superoxide generation was observed around 2 min after lucigenin was added to the reaction
buffer contzining retinas from different groups. Bars represent mean = SD. All data shown are of n
z 6 observations (6.8+£3.5 vs 3.7x£1.2 RLU/min/mqg of protein for DM-SHR vs WKY rats,
respectively, *p=0.05; 2.1+0.2 vs 6.8£3.4 RLU/min/mg of protein for DM-SHR tempeol vs DM-SHR
rats, respectively, #p=0.01). (B) Mitrite (NO-2) and Nitrate (NO-3), the stable products of NO
oxidation, are often analyzed instead to estimate the NO level in biological fluid by MO
chemiluminescence anzalyzer. Results are corrected for protein concentration, and are expressed as
pmal NOx-/mag protein, Each sample was analyzed in triplicate. {19.2£4.4 vs 11.2£0.5 pmol NO/
mg protein for DM-SHR vs WEKY rats, respectively, *p=0.004; 19.2+4.4 vs 10.6+1.7 pmol NO/ mg
protein for DM-SHR vs CT-SHR rats, respectively, *p=0.003; 10.0+£2.0 vs 19.2+4.4 pmol NO/ mag
protein for DM-SHR tempol vs DM-SHR rats, respectively, #p=0.001).
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Figure 4. (A) Western blot of retinal lysates for Cu-Zn SOD from studied rats. The membranes were
reprobed with anti-B-actin antibody as control for protein loading. Bars are representing meanxsD
of band densities of Cu-Zn SOD/B-actin ratio expressed in arbitrary densitometric units. (0.65x0.20
ws 1.20+0.10 arbitrary densitometnc units for DM-SHR vs WKY rats, respectively, *p=0.0008;
0.65x0.20 vs 1.00£0.20 arbitrary densitometric units for DM-SHR vs CT-SHR, respectively,
*p=0.02; 0.89+0.08 vs 0.65+0.20 arbitrary densitometric units for DM-SHR tempol vs DM-SHR,
respectively, #p=0.04). (B) The enzyme activity of Cu-Zn SOD measured in retinal protein using a
kit from Cayman Chemical. The standard curve was generzted using gquality controlled SOD
standard. Each sample was analyzed in each least triplicate. (0.004+0.001 vs 0.008x0.001 units of
S0D/mq protein for DM-SHR vs WKY rats, respectively, *p=0.002; 0.004£0.001 vs 0.009+0.002
units of SOD/mg protein for DM-SHR vs CT-SHR rats, respectively, ¥*p=0.001; 0.007+0.002 vs
0.004x0.001 units of SOD/mq protein, for DM-SHR tempaol vs DM-SHR, #p=0.01}. (C)
Concentration of reduced glutathione (GSH) from the retinas of studied rats (pM glutathione/pg of
retinal protein). The GSH was not affectad by the presence of hypertension or short term of
diabetes and the treatment with tempol increased its levels, #p=0.01,
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Figure 5. Representative photomicrographs of immunolocalization of nitrotyrosine. Presence of
nitrotyrosine is indicated in brown color. Bars represent meanx5SD of percentage of positive/ mm2
of retina. (2.03+0.32 vs 16.7+4.5 percentage of positive/ mm?2 of retina WKY vs DM-SHR rats,
*p<0,0001; 3.03x0.8 vs 16.7x4.5 percentage of positive/ mm?2 of retina CT-SHR vs DM-SHR rats,
*p=0.0001; 3.03£0.8 vs 4.1+1.0 percentage of positive/ mm2 of retina CT-SHR vs DM-SHR. tempaol
treated rats, *p=0.8).
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Figure 6. (A) Western blot of retinal lysates for PAR maodified proteins from studied rats. The
membranes were reprobed with anti-f-actin antiboedy as a control for protein loading. Bars
represent meanxsSD of the band densities of the PAR modified proteins /B-actin ratic expressed in
arbitrary densitometric units. (2.4+1.5 vs. 9.8+ 3.2 arbitrary densitomeftric units for WKY vs. CT-
SHR rats, respectively, Tp=0.04; 2.4%+1.5 vs. 18.317.8 arbitrary densitometric units for WKY vs.
DM-SHR rats, respectively, *p<0.0001; 9.8£3.2 vs. 18.3x7.8 for CT-SHR vs. DM-SHR rats,
respectively, *p=0.02; and 9.8+3.2 vs. 6.6%3.1 for CT-SHR vs. DM-SHR tempol treated rats,
respectively, #p=0.3). (B) Representative photomicrograph of immunclocalization of poly (ADP-
ribose) polymer positive cells in retinal sections. The presence of immunoreactivity of PAR is
indicated by a dark brown nucleus. Bars represent meanx=sD of the percentage of positive cells/
mm2 of retinz. (5.8+2.5 vs. 16.817.6 percentage of positive cells/ mm2 of retina WKY vs, CT-SHR
rats, respectively, fp=0.01; 5.8+2.5 vs, 18.6%1.5 percentage of positive cells/ mm2 of retina WKY
vs, DM-SHR rats, respectively, *p=0.006; and 5.8£2.5 vs, 6.7£2.3 percentage of positive cells/
mm2 of retina WKY vs. DM-SHR tempol rats, respectively, #p=0.7].

221
Artigo III



10VS Page 44 of 44

Fipure 7

[ -SHE
_ WEY _ET EHR M- SE[R _empal

Nos WL e o R W G o

Fratin (N s G g n

.iiii

CT SHE Dk SHR il SHE
Tempol

o
L

a

- goiin
{clens Hpmeiric gy

i

=
L)

Figure 7. Western blot of retinal lysates for iINOS from studied rats. The membranes were reprobed
with anti-f-actin antibody as control for protein loading. Bars are representing meanxsD of band
densities of INOS/B-actin ratio expressed in arbitrary densitometric units, (1.1£0.4 vs 0.7+0.3
arbitrary densitometric units for CT-SHR vs WKY rats, respectively, p=0.26; 1.5£0.7 vs 1.1£0.4
arbitrary densitometric units for DM-SHR vs CT-SHR rats, p=0.17; 1.5£0.7 vs 0.7x0.3 arbitrary
densitometric units for DM-SHR vs WKY rats, *p=0.04; 1.5+0.7 vs 0.2%0.2 arbitrary densitometric
units for DM-SHR vs DM-SHR tempol, respectively, *p=0.001; 0.7%£0.3 vs 0.3+0.2 arbitrary
densitometric units for WKY vs DM-SHR tempol, respectively, #p=0.25).
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