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A patogénese da retinopatia diabética (RD) estd associada ao estresse nitrosativo.
Alteragdes na barreira hemato-retiniana (BHR) externa, formada pelas células do
epitélio pigmentado da retina (EPR), estdo associadas as fases precoces da RD e podem
acarretar no desequilibrio da manutencdo dos fotorreceptores e consequentemente
promoverem mudangas nas células neuronais da retina. O estresse nitrosativo como
consequéncia do aumento da produ¢do de 6xido nitrico (NO) produzido pela super
expressdo da oxido nitrico sintetase induzida (iNOS) esteve presente em todas as
camadas da retina, inclusive no EPR em condi¢des de RD experimental in vivo precoce
ou na linhagem celular humana do EPR (ARPE-19) expostas a alta concentracdo de
glicose. O tratamento com agentes quimicos como a S-nitrosoglutationa (GSNO), ou
naturais (cacau enriquecido com polifenol) atuaram em diferentes vias de inibi¢do da
iNOS, prevenindo o estresse nitrosativo. Para o estudo in vivo com o colirio de GSNO
(artigo I) foram utilizados animais espontaneamente hipertensos (SHR) com 4 semanas
de idade. O diabetes (DM) foi induzido por STZ. Apds a confirmagdo do DM (48
horas), os animais foram divididos em 6 grupos: controles (CTs) veiculo; GSNO 900nm
e GSNO 10pm ou DMs veiculo; GSNO 900nm e GSNO 10um. O efeito do tratamento
com colirio de GSNO foi dependente da presenca ou auséncia da condi¢do do DM. Nos
animais CT, o GSNO atuou como um agente nitrosativo e nos animais DM preveniu o
aumento da expressdo da iNOS, preservando a retina funcional. Os estudos in vitro,
demonstraram que o efeito do GSNO foi deletério ou protetor dependente da
concentragdo de glicose. Nas células ARPE-19 expostas a condi¢cdes normais de glicose,
o tratamento promoveu um aumento na produ¢do de NO” sem aumentar a expressio de
iNOS e nas células sob alta glicose induziu uma modificacdo pds-translacional de
proteina, a S-glutationilagdo da iNOS prevenindo o estresse nitrosativo. No estudo do

cacau (artigo II), foi avaliado in vitro (ARPE-19 exposta a alta concentracdo de glicose)
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o seu efeito protetor dependente da concentracio de polifendis. Para isso foram testadas
duas formulagdes de cacau que diferiram somente na concentracdo de polifenol: 0,5%
para o cacau com baixo teor de polifenol e 60,5% para o cacau com alto teor de
polifenol. A epicatequina (EC), encontrada na concentracdo de 12% no cacau com alto
teor de polifenol foi tdo eficaz quanto o préprio e esteve envolvida no controle da
expressdo da iNOS através da estimulacdo do receptor d-opidide (DOR) diminuindo os
niveis de TNF-a. A modulagdo da iNOS, preveniu a S-nitrosilacdo da caveolina-1
(CAV-1) e diminui¢do da expressdo das juncdes intercelulares claudina-1 e ocludina
através da prevencdo da interacdo CAV-1jungdes. Em ambos os estudos, o alvo
terapéutico foi a iNOS em duas diferentes modalidades: modificagdo pds-translacional
de proteina e modulac¢ido do TNF-a via DOR no EPR em modelos experimentais de RD.
Os tratamentos apresentados neste trabalho demonstraram a iNOS como alvo
terapéutico e mostraram-se eficaz em conter danos funcionais e morfolégicos
promovidas pela situacdo de mimetismo do DM no EPR demonstrando o importante

papel da iNOS no desenvolvimento da RD.
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The pathogenesis of diabetic retinopathy (DR) is associated with nitrosative stress.
Changes in outer blood-retinal barrier (BRB), formed by retinal pigment epithelium
cells (RPE) are associated in the early stages of DR and can cause imbalance in the
maintenance of photoreceptors and thereby cause changes on retinal neuronal cells. The
nitrosative stress as a result of increased production of nitric oxide (NO) produced by
overexpression of nitric oxide synthase (iNOS) was present in all layers of the retina
and mainly in RPE cells in early in vivo experimental DR or in human RPE cell line
(ARPE-19) exposed to high glucose condition. Therapy with chemical agents such as S-
Nitrosoglutathione (GSNO) or natural compounds (enriched cocoa polyphenol) acted in
different pathways of iNOS inhibition, preventing nitrosative stress. For the in vivo
study with GSNO eye drops (article 1), it were used spontaneously hypertensive rats
(SHR) rats with 4 week old. Diabetes (DM) was induced by streptozotocin (STZ). After
DM confirmation (48 hours), the animals were divided into 6 groups: controls (CTs)
vehicle; GSNO 900nm and GSNO 10pum or DMs vehicle; GSNO 900nm e GSNO
10pum. The effects of treatments were dependent on glucose concentration. In CT
animals, GSNO acted as a nitrosative agent and in DM rats prevented iNOS
overexpression, preserving the retina function. In vitro study showed that GSNO
protective or deleterious effects were dependent on the glucose concentration. In ARPE-
19 cells exposed to normal glucose, the treatment promoted an increase of NO'
production without increase iNOS expression and in cells under high glucose (HG)
condition induced post-translational protein modification, S-glutationylation of iNOS,
preventing nitrosative stress. In the study with cocoa (article II), it was evaluated its
protective effect dependent on concentration of polyphenols in ARPE-19 cells under
HG condition. For this study, the composition of cocoa was the same in both

preparations with the only difference in the amounts of polyphenol, 0.5% for low
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polyphenol cocoa (LPC) and 60.5% for high polyphenol cocoa (HPC). Epicatechin
(EC), found in 12% of HPC was similarly protective compare to HPC and it was
involved in controlling iNOS expression by stimulation of the delta opioid receptor
decreasing TNF- o levels. The modulation of iNOS prevented S-nitrosylation of
caveolin-1 (CAV-1) and decreased expression of claudin-1 and occluding tight
junctions by preventing CAV-1/junctions interactions. The treatments presented here
showed iNOS as a therapeutic target containing functional and morphological changes
promoted by DM milieu in RPE showing the important role of iNOS in the

development of DR.
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1.1- A Retina

A retina é a camada mais interna do globo ocular, possui cerca de 0,5 mm de
espessura e é responsavel pela visdo. Possui células sensiveis a estimulagdo luminosa e
responsdveis por enviar as imagens ao cérebro. Durante a embriogénese, o
desenvolvimento e a diferenciacdo da retina, exige a concomitante formagdo de
elementos neuronais e gliais, juntamente com uma densa rede vascular. Em adultos,
esses trés compartimentos interagem entre si para manter a estrutura e fungdo da retina
normal (Provis, 2001; Saint-Geniez ¢ D’ Amore, 2004).

A retina neural é composta por 10 camadas: membrana limitante interna, camada
de fibras nervosas, camada de células ganglionares, plexiforme interna (células
amdcrinas), nuclear interna (células bipolares), plexiforme externa (células horozontais),
os fotorreceptores (nuclear externa, segmento interno e o externo) e epitélio pigmentado

z

da retina. A camada dos fotorreceptores é composta de células chamadas cones e
bastonetes. Essas células estdo proximas 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 é conduzido para as células bipolares, que transmitem os sinais para a camada de
células ganglionares, cujos ax6nios que chegam ao cérebro se agrupam na superficie
interna da retina para formar o nervo éptico. As células horizontais também recebem
informagdes dos fotorreceptores e influenciam as células bipolares enquanto as células
amdcrinas influenciam a excitabilidade das células ganglionares. O nervo 6ptico
também contém os vasos sanguineos que irrigam as camadas internas da retina. Ele
situa-se no centro da retina e possui cerca de 2 x 1,5 mm de didmetro. A camada mais

externa da retina é o epitélio pigmentado da retina (EPR), o qual estd em intimo contato

com os segmentos externos dos fotorreceptores. A retina também possui colunas de
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sustentacdo, compostas pelas células gliais (ou fibras de Miiller), que sustentam o

metabolismo dos neurdnios da retina (Cormack, 1996; Heegand, 1997).
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Figura 1. Diagrama do circuito bésico da retina. Os trés canais das células neurais: os
fotorreceptores, as células bipolares e as células ganglionares — determinando a mais
direta rota para a transmisso visual da informacéo para o cérebro. Células horizontais e
células amacrinas mediadas lateralmente nas camadas plexiformes externas e internas,

respectivamente.
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Figura 2. Figura representativa de um corte histologico de retina. A membrana apical

do epitélio pigmentado da retina

(EPR) conecta-se com os segmentos dos

fotorreceptores e a membrana basolateral com a membrana de Bruch, que separa o EPR
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do endotélio fenestrado da coriocapilar. SF: segmento dos fotorreceptores; CCB:
camada dos cones e bastonetes; CNE: camada da nuclear externa; CPE: camada da
plexiforme externa; CNI: camada da nuclear interma; CPI: camada da plexiforme
interna; CCG: camada das células ganglionares (adaptado de Simd, Villarroel et al.,
2010).

O suprimento sangiiineo da retina interna advém de dois sistemas circulatorios
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 ramos da artéria oftdlmica (ramo direito da carétida interna). O

suporte para a retina externa é dado por difusdo através dos vasos da cordide que estdo

adjacentes ao EPR.

Artérias e veiais
da retina interna
rx_x.

CCG
CPI

CNI

CPE

CNE
EPR

=

Artérias e veias
da cordide

Figura 3. A retina neuro-vascular. O suprimento sanguineo das camadas da retina
interna provenientes do ramo direito da carétida interna e da camada dos fotorreceptores
por difusdo de nutrientes dos vasos da coroide através do epitélio pigmentado da retina
(EPR). CCG: camada das células ganglionares; CPI: camada da plexiforme interna;
CNI: camada da nuclear interma; CPE: camada da plexiforme externa; CNE: camada
da nuclear externa.

Juntos, o endotélio dos vasos da retina (barreira interna) e o EPR (barreira

externa) formam a barreira hemato-retiniana (BHR), uma forte barreira contra
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macromoléculas, fazendo da retina neural um tecido imunologicamente privilegiado e
propiciando mecanismo para controlar fluxo de fluidos e metabdlitos. A principal
caracteristica desta barreira € a presenca de jungdes intercelulares, responsaveis pela alta

permeabilidade seletiva.
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Figura 4. A barreira-hemato retiniana interna composta pelo endotélio responsavel pelo
fornecimento de nutrientes para a retina interna (células ganglionares e bipolares) e a
barreira hemato-retiniana externa formada pelo epitélio pigmentado da retina (EPR) que
regula o transporte de duas vias de fluidos: nutrientes e residuos entre os fotorreceptores
e o rapido escoamento do alto volume de sangue da corrente sanguinea proveniente da
cordide. A presenca de jungdes intercelulares em ambas as barreiras conferem a
caracteristica de alta permeabilidade seletiva (adaptado de Forrester e Xu, 2012).

1.1.2. A Barreira Hemato-Retiniana Interna

Os capilares sao revestidos por uma membrana basal que ancora suas células
endoteliais a matriz intersticial adjacente. O endotélio dos capilares é rodeado, em
intervalos irregulares, por células chamadas pericito. Ha controvérsias se os pericitos
exercem papel regulador no fluxo sangiiineo dos capilares, pds-capilares e vé€nulas, mas
a presenca de actina, miosina e tropomiosina sugere capacidade contratil (Schroder,

Brad et al., 1990).
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Os vasos da retina de humanos e animais sdo caracterizados por células
endoteliais continuas, ndo fenestradas, com jung¢des intercelulares impermedveis, que se
apresentam para formar a BHR. A interaco entre as células endoteliais forma a barreira
que permite ao tecido, criarem condi¢des para um tecido com integridade funcional. H4
duas vias de permeabilidade vascular, o 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 € responsavel pelas
trocas transcapilares de dgua e outras moléculas hidrofilicas menores que 15A. Ha trés
tipos de jungdes intercelulares que fazem essa mediagdo no endotélio: as juncgdes ou
zonas de oclusdo (tight junctions), as zonas de adesdo e as juncgdes gap (Schroder, Brad
et al., 1990; Cormack, 1996).

As proteinas de juncdo envolvidas no transporte paracelular, ou seja, situadas no
espaco intercelular da célula endotelial da retina sdo as tight junctions (ocludina,
claudina, proteinas de juncdes de adesdao (JAMs), proteinas de adesdo seletiva da célula
endotelial (ESAM) e NECTIN) e as de zonulas de oclusdo (ZO-1). As caderinas (VE-
caderina e N-caderina) e a B-catenina, também presentes na retina, sdo proteinas de
juncdo de adesdo dependente do célcio que permitem a ligacdo entre as células vizinhas.

O transporte de vesiculas transcelular, envolve as seguintes proteinas: caveolina-
1 (CAV-1), dinamina (Dnm), flotilina (FLOT), proteinas de membrana associada a
vesiculas (PV) e proteinas do complexo SNARE: Pacsina, NSF, SNAP, VAMP

(Klaassen, Hughes et al., 2009).
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Figura 5. Esquema de localizag@o de proteinas envolvidas no transporte intracelular e
paracelular na barreira hemato-retiniana interna (Klaassen, Hughes et al., 2009).

1.1.3. A Barreira Hemato-Retiniana Externa

O EPR é uma monocamada de células pigmentadas situada na interface entre a
retina neural e a cordide. A membrana apical do EPR conecta-se com os segmentos dos
fotorreceptores e a membrana basolateral com a membrana de Bruch, que separa o EPR
do endotélio fenestrado da coriocapilar. A polaridade apical-basolateral do EPR ¢é
determinado pela estrutura, organizacdo de organelas e distribuicdo das proteinas de
membrana. Na porcdo apical, o EPR estende microvilosidades longas, e na porcéo
basolateral, a membrana possui dobraduras profundas. A maioria das mitocondrias estao

localizadas proximas ao lado basolateral (Marmorstein, 2001).
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Figura 6. Desenho representativo do epitélio pigmentado da retina (EPR). Na porcéo
apical, o EPR estende microvilosidades (MV) longas que se conectam com os
segmentos dos fotorreceptores, e na porcdo basolateral possui dobraduras profundas que
se conectam com a membrana de Bruch (MB), que separa o EPR do endotélio
fenestrado da coriocapilar. CNE: camada da nuclear externa; SIF: segmento interno dos
fotorreceptores; SEF: segmento externo dos fotorreceptores; JI: jungdes intercelulares;
CE: células endoteliais (Adaptado de Sonoda, Spee et al., 2009).

Além da funcdo de barreira, o EPR participa nos seguintes processos: 1)
transporte principal de fluxo de nutrientes entre a retina neural e a coriocapilar, onde
transporta fons, dgua e produtos metabdlicos do espagco sub-retiniano para a cordide
(Dornonville de la Cour, 1993; Hamann, 2002; Marmor. 1999) e na outra direcio, o
EPR transporta glicose, retinol e dcidos graxos do sangue para as células fotorreceptoras
(Ban e Rizzolo, 2000; Baehr, Wu et al.,, 2003; Bazan, Gordon et al.,1992); 2) na
absor¢do de luz e protecdo contra oxidacdo fotoquimica (Bok, 1993); 3) na
reisomerizacdo da forma de all-trans-retinal para 11-cis-retinal, que € um elemento-
chave do ciclo visual (Steinberg, Linsenmeier et al., 1983); 4) na fagocitose dos discos
de membranas que sdo transmitidos pelos segmentos externos dos fotorreceptores
(Finnemann, 2003); 5) na liberacao de fatores tréficos para a retina neural, promovendo

a diferenciacio e sobrevivéncia dos fotorreceptores e a integridade estrutural da retina
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(Adamis, Shima et al., 1993); 6) no estado “imune privilegiado” do olho (Ishida,

Panjwani, et al., 2003; Streilein, Ma, et al., 2002).

A importancia das juncdes intercelulares no transporte paracelular e das
vesiculas endociticas no transporte transcelular no EPR é semelhante ao endotélio. No
entanto, o transporte entre a retina neural e a coriocapilar, e vice e versa, é bastante
complexo.

A retina neural produz uma grande quantidade de dgua derivada principalmente
como conseqiiéncia do grande fluxo metabdlico dos neurdnios e células fotorreceptoras.
Portanto, é necessaria a remog¢éo constante de dgua da retina (Hamann, 2002; Marmor
MEF. Eye, 1990). A 4gua na retina interna é transportada pelas células de Muller
(Nagelhus, Horio et al., 1999) e a dgua no espago sub-retiniano € eliminado pelo EPR.
Além disso, o transporte de dgua é necessario para a interagdo estrutural da retina com
os seus tecidos de suporte no estabelecimento de uma forca adesiva entre o EPR e a
retina (Kita e Marmor, 1992). A enzima Na*-K"™-ATPase, localizada na membrana
apical, fornece a energia o transporte transepitelial (Marmorstein, 2001; Gundersen,
Orlowski et al., 1991) e estabelece um gradiente para o sédio do espaco extracelular
para o espaco intracelular. Na parte apical, este gradiente facilita a absor¢cdo de HCO;
via co-transporte de Na'™- HCO7 e absor¢do de K™ and CI” via the Na™-K™-2CI" co-
transporte (Adorante e Miller, 1990). O transporte de 4gua ocorre principalmente via
transcelular conduzido pelo transporte de Cl" e K*(Frambach, Valentine et al, 1989). Em
uma recente publicacdo foi detectada a expressdo da proteina funcional aquaporina-1 no
EPR que também facilita o transporte transepitelial de d4gua (Stamer, Bok et al., 2003).0
principal produto removido pelo EPR produzido pelos fotorreceptores € o acido latico

(Adler e Southwick, 1992).
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Na outra direcdo, o EPR transporta glicose e outros nutrientes do sangue para os
foterreceptores. Para o transporte da glicose, o EPR contém quantidades elevadas de
transportadores de glicose em ambas as membranas, apical e basolateral. Ambos
GLUTI1 e GLUT 3 séo altamente expressos no EPR (Ban e Rizzolo, 2000; Bergersen,
Jéhannsson et al ., 1999; Senanayake , Calabro et al., 2006). Outra fungdo importante
do EPR ¢ o transporte de retinol para garantir o fornecimento para os fotorreceptores.
Esta interagdo € responsdvel pelo processo de ciclo visual onde all-trans-retinol
(vitamina A) fornecido aos fotorreceptores é removido pelo EPR, convertido em 11-cis-
retinal e liberado novamente para os fotorreceptores onde se liga a opsina e inicia a
cascata de fototransducdo (Baehr, Wu et al.,, 2003). O transporte de é&cido
docosahexaendico para os fotorreceptores também € importante para a funcio visual
(Bazan, Gordon et al., 1992). As membranas dos neurdnios e fotorreceptores assim
como as membranas dos discos dos fotorreceptores sdo seletivamente construidas a
partir de fosfolipidios altamente enriquecidos com acido docosahexaendico (Anderson,
O’Brien et al., 1992). Este composto ndo pode ser sintetizado pelos tecidos neuronais.
Sendo assim, o tecido neuronal é dependente do transporte de 4cido docosahexaendico
pelo EPR.

As jungdes intercelulares formam a barreira entre o espaco subretiniano e a
coriocapilar (Ban e Rizzolo, 2000; Kniesel e Wolburg, 1993) e sdo responsdveis pelo
estabelecimento da polaridade (Rizzolo e Heiges,1991). As principais ocludentes ou
tight do EPR da retina adulta sdo ZO-1, ocludina e claudinas 1, 2, 5, 12 (Rahner,
Fukuhara et al., 2004). Desempenham um papel muito importante na modulacdo do
fluxo paracelular, atuando como uma barreira semipermeavel que regula a passagem de
fons, solutos e dgua. A ocludina é uma proteina que apresenta quatro passagens pela

membrana, dois loops extracelulares e os dominios C- e N-terminal intracelulares,
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foram as primeiras proteinas integrais de membrana a serem identificadas nas tight
junctions (Feldman et al., 2005). As claudinas compreendem uma familia de proteinas
com cerca de 24 membros em humanos. Possuem quatro passagens pela membrana,
dois loops extracelulares e os dominios C- e N-terminal intracelulares, no entanto sem
nenhuma similaridade com a ocludina. As proteinas ZOs (ZO-1, -2 e -3) fazem parte da
familia de proteinas guanilato quinase associadas a membrana (MAGUK), possuem
dominios PDZ que permitem a interacdo com as proteinas integrais de membrana da
juncdo tight, como JAM, ocludina e claudina, e atuam na ligagcdo destas proteinas ao
citoesqueleto (Gonzdlez-Mariscal et al., 2008).0 transporte paracelular possui uma
resisténcia 10 vezes maior do que a resisténcia transcelular e por isso podemos
classificar o EPR como um epitélio “estreito” (Miller e Steinberg, 1977; Miller e
Steinberg RH, 1977). O término da formagdo embriogénica das junc¢des intercelulares
coincide com inicio do transporte epitelial, onde EPR comeca a expressar os
transportadores como o transportador de glicose, o que € essencial para o transporte de
glicose transepitelial (Ban e Rizzolo, 2000). A forte adesdo intercelular € uma
caracteristica tissular mantida pelo complexo juncional. O complexo juncional
constituido por estruturas de membrana especializadas que regulam a adesdo célula-
célula como as jungdes ocludentes, aderentes e desmossomos sdo essenciais para
morfologia e fun¢do epitelial. Elas se conectam ao citoesqueleto (jungdes aderentes e

tight se conectam a microfilamentos, e desmossomos a filamentos intermedidrios),

estabilizando a adesdo célula-célula (Braga, 2002).

Com estas fungdes complexas, o EPR € essencial para a funcdo visual e,
portanto, anormalidades dessas fun¢des podem comprometer a sua funcgio alterando a

retina neural e os fotorreceptores.
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1.1.4. Caveolina-1 e seu Papel Crucial na Manutenciao Funcional da Barreira
Hemato-Retiniana Externa

Como descrito acima, uma das proteinas envolvidas no transporte de vesiculas
transcelular, é a caveolina (CAV). A CAV ¢ o principal componente estrutural das
cavéolas e é composta por uma sequéncia helicoidal lipofilica incorporado no folheto
interno da membrana plasmatica com dominios citoplasmaticos ambos N - e C -
terminais. O dominio N-terminal liga-se a moléculas de sinalizacdo que sdo necessarias
para a multimerizacdo da CAV. A cavéola possui papel fundamental em processos de
endocitose independente da clatrina, transcitose, sinalizacdo de cdlcio e de outros
eventos de sinalizacdo celular. A compreensdo do trifico de CAV e a formacdo da
cavéola tem sido crucial para a investigacdo de seu papel em diversos tipos celulares

(Parton e Simons, 2007).

Palmitoylation

Cholesterol

Caveolin

Figura 7. Desenho representativo de uma cavéola que se apresenta invaginado na
membrana plasmatica e seu principal componente estrututal, caveolina (CAV),
envolvida no trafego transcelular e sinalizagdo celular. A CAV apresenta dominios
citoplasmaticos N- e C-terminais. O dominio N-terminal liga-se a moléculas de
sinalizacdo que s@o necessdrias para a multimerizacdo da CAV-1 (Parton e Simons,
2007).

51



As juncgdes intercelurares sdo relativamente ricas em colesterol (Feltkamp e Van
der Waerden, 1983). A CAV - 1 foi identificada como um dos componentes dos
microdominios de membrana das jungdes intercelulares ao longo de uma década por
Nursrat e colaboradores (Nusrat, Parkos et al., 2000). Muitos estudos demonstraram
evidéncias do envolvimento da CAV- 1 na regulacio da permeabilidade endotelial
(Schubert, Frank et al, 2001; Bauer, Yu et al., 2005) e na endocitose da juncdo
intercelular ocludina em células epiteliais do intestino (Marchiando, Shen et al., 2010).
Modificag¢des poés-translacionais da CAV-1 no dominio N-terminal estdo envolvidas no
seu trafego exacerbado, como a ubiquitinag@o (Kirchner, Bug et al., 2013) e fosforilagdo
(Takeuchi, Morizane et al., 2013).

A CAV-1 ¢ expressa em diversos tipos celulares da retina: fotorreceptores
(Kachi, Yamazaki et al., 2001), EPR (Mora, Bonilha et al.,2006), células gliais de
Miiller (Roesch, Jadhav et al., 2008) e células vasculares (Feng, Venem et al.,
1999).Um estudo recente com camundongos knock-out para CAV-1 demonstrou a sua
importancia fundamental na manuten¢do funcional do EPR, que ndo foi dependente dos
fotorreceptores, mas sim a um distirbio no microambiente do espaco sub-retiniano
como diminuicdo na absor¢do de fons, aumento da adesdo do EPR na superficie da
retina e aumento no espaco entre células. Neste trabalho foi demonstrado que o EPR co-
localiza com a Na'™-K"-ATPase e que a auséncia de CAV-1 diminuiu a afinidade de K*
sugerindo uma diminui¢do na atividade Na*-K'-ATPase. A desregulagdo de Na'-K*-
ATPase foi associado aos distirbios no pH, fluidos e homeostase do fons pelo EPR no
espaco sub-retiniano (Li, McClellan et al., 2012).

Sendo assim, a proteina CAV-1 possui papel fundamental na regulacdo de
juncgdes celulares, homeostase no espago sub-retiniano e consequentemente na funcéo

BHR externa no EPR. No entanto, mais estudos serdo necessdrios para a compreensao
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da regulagdo molecular e os mecanismos envolvidos no trafego e sinalizacdo celular da

CAV-1 em condigdes fisioldgicas normais e patoldgicas.

1.1.5. O Exame Funcional da Retina

A eletrorretinografia (ERG) é um método eletrofisiolégico ndo invasivo que
registra os potenciais elétricos da resposta retiniana produzido entre a cérnea e a retina
frente a estimulos luminosos permitindo uma informagéo objetiva da funcio da retina.
Esta técnica permite acessar a fungdo dos diferentes tipos de células neuronais da retina
e também do EPR em humano e modelos animais. A onda "a" é a primeira deflexdo
negativa onde se origina e representa a atividade dos fotorreceptores. A onda "b" é uma
deflexdo positiva gerada pelas células de Muller, que representa a atividade elétrica das
células bipolares. A onda “c” (onda positiva de aparecimento bem mais tardio) estd
relacionada com a polarizagdo do EPR e s6 pode ser observada quando é feito um ERG
de flashes longos. Enquanto as ondas “a” e “b” aparecem na escala de milissegundos, a
onda “c” aparece na escala de segundos. O aparecimento da onda “c” no EPR depende
do fluxo de potéssio das outras camadas da retina, mas o fluxo extracelular de potdssio
depende da fototransdugdo. Portanto, a onda “c” pode nos dar um panorama da
fototransduc¢do como um todo, da integridade do EPR e de sua interagdo com o restante
da retina. A investigacdo da onda “c” ndo € rotineira, geralmente sé é pesquisada
quando ja se sabe que ha algo errado com o ERG de flash-padréo e, conseqiientemente,

com a retina.
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Figura 8. Exame funcional da retina. Exemplo de um eletroretinograma obtido por

eletroretinografia (ERG). Amplitude da onda “A” (atividade dos fotorreceptores),

amplitude da onda “B” (atividade elétrica das células bipolares) e amplitude da onda
“C” (polarizagdo do EPR).

1.2. A Retinopatia Diabética

A retinopatia diabética (RD) € uma das complicagdes do diabetes (DM).
Atualmente é compreendida como uma doenca neuronal degenerativa progressiva
acompanhada por extensas alteracdes vasculares. Pode estar presente no DM tipo 1 e
tipo 2 da doenca (Arden, 2004; Zheng, Gong et al., 2007). Estas complica¢des estdo
diretamente associadas ao tempo de duracdo do DM (Klein, Klein et al.,1989) e ao

controle glicEmico (DCCT, 1993).
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Figura 9. Efeito do controle glicémico intensivo na progressdo da RD em pacientes
DM tipo 1 (DCCT, 1993).
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Alguns fatores de risco sdo descritos associados ao desenvolvimento e
progressdo da RD, dentre eles destacam-se principalmente a hipertensao arterial (HA)
como fator de risco independente mais importante associado a RD em pacientes com
DM tipo 1 e 2 (Klein, Klein et al., 1998; UKPDS, 1998). Foi observado que pacientes
com DM tipo 1 e HA apresentam 3 vezes mais chance de desenvolver a forma mais
grave da RD, a RD proliferativa (Roy, 2000). Estudos do nosso grupo demonstraram
que em modelos de RD experimental com ratos espontaneamente hipertensos (SHR) e
diabéticos induzidos por estreptozotocina (STZ), a concomitancia da RD e HA
exacerbam parametros inflamatérios e oxidativos (Silva, Pinto er al., 2007; Silva, Pinto
et al., 2007; Pinto, Silva et al., 2007; Lopes de Faria, Silva et al., 2011; Duarte, Silva et
al., 2013). Outros fatores também estdo associados como a dislipedemia, nefropatia
diabética, tabagismo, gravidez e a genética (Mitchell e Foran, 2008).

Controle normal presséo arterial

Controle intensivo da presséo arterial

20

Controle intensivo da pressiao
arterial: reduziu 37% a chance de

progresséo da RD

10

Progressao da RD em pacientes com HA (%)

0 1 2 3 4 5 6 T 8 9

Anos de tratamento
Figura 10. Tratamento intensivo da pressdo arterial reduz a chance da progressdo da
RD em pacientes hipertensos e DM tipo 2 (UKPDS, 1998).
As possiveis causas das alteragdes anatomicas da retina sdo agrupadas em trés
categorias: bioquimicas, hemodinidmicas, enddcrinas (Fong, Aiello et al., 2004). As

categorias interagem entre si e apresentam sequéncia temporal, sendo a bioquimica a
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anormalidade mais consistentemente ligada ao inicio destas alteracdes (Alder, Su et al.,

1997).

1.2.1. Epidemiologia, Relevancia e Prevaléncia da Retinopatia Diabética

A RD é uma das complicacdes mais temidas entre os pacientes com DM
comprometendo a qualidade de vida. No ano de 2000, o nimero de individuos com DM
no mundo foi aproximadamente 171 milhdes e destes, mais de 5 milhdes tornaram-se
cegos devido a RD. Estima-se que até 2030 estes valores aumentem (Bragge, Gruen et
al., 2011; Zhang , Saaddine et al., 2010). A RD € a principal causa de cegueira
adquirida em adultos em idade produtiva nos paises desenvolvidos (Wild, Roglic et al.,
2004; Sharma, Oliver-Fernandez et al., 2005). Aproximadamente 25 a 44% das pessoas
com DM desenvolvem alguma forma de RD em algum momento da doenca (Mitchell e
Foran, 2008). 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 duracido do DM, sendo
que ap6s 15-20 anos praticamente todos os individuos apresentardo alguma forma de
RD. Por outro lado, a forma proliferativa acomete apenas um subgrupo de
aproximadamente 17%, que 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 correlagdo com a
duracdo da doenca. A doenga com duragdo de dois anos tem uma prevaléncia de 23% de
RD, 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 assintomadticos por varios anos antes do diagndstico. Cerca de 4% dos pacientes
com DM tipo 2 ja apresentam RD proliferativa na ocasido do diagnédstico (Klein, Klein

et al., 1989).
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Figura 11. Prevaléncia de RD e RD proliferativa em pacientes com DM tipo 1 e 2
(Klein, Klein et al., 1989).

1.2.2. A Barreira Hemato-Retiniana Externa e a Retinopatia Diabética

A maioria das investigacdes sobre a patogénese da RD se detém no
comprometimento da retina neural e na BHR interna formada pelas células endoteliais
BRB (Frank, 2004; Jackson e Barber, 2010). No entanto, estudos t¢m demonstrado o
importante papel da BHR externa (formada pelo EPR) no inicio e progressao da RD
(Pautler e Ennis, 1980; Simé, Villarroel et al., 2010; Xu e Le, 2011). E bem
documentado que alteracdes funcionais do EPR podem estar envolvidas em uma série
de condicdes que comprometem a visdo, como a degeneracdo macular relacionada a
idade (Eagle, 1984), vitreoretinopatia diabética (Dorey, Wu et al., 1989) e RD (Vinores
SA, Gadegbeku et al.,1989; Hewitt e Adler et al.,1994; Sim¢, Villarroel et al., 2010; Xu

e Le, 2011).

Disfungdes na funcdo visual do EPR, avaliadas por ERG através da
quantificagdo da diminui¢cdo da amplitude da “onda c”, foram observadas em ratos com

apenas 2 semanas de duragdo do DM induzido por STZ (Pautler e Ennis, 1980).
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Figura 12. Eletroretinograma representativo da “onda c¢” obtido por exame de
eletrorretinografia em ratos pigmentados (Long-Evans) observados 2, 4, e 19 semanas
apos a indugdo de DM por STZ (Pautler e Ennis, 1980).

Estudos prévios demonstraram que a alta concentracdo de glicose promove
alteracdes nas fungdes de transporte do EPR entre coriocapilar e a retina neural ou
espaco sub-retiniano para a cordide (Simd, Villarroel er al., 2010). Estudos anteriores
demonstraram que a alta glicose promove diminui¢do na expressdo do transportador de
glucose, GLUT-1 (Kim, Lim et al., 2007); alteracdes no transporte de retinol via
diminuicdo da proteina de ligacdo do retinol intersticial e do 4cido ascérbico limitando o
sistema antioxidante do EPR (Salceda ¢ Contreras-Cubas, 2007; Minamizono, Tomi et
al., 2006). Em células do EPR bovina cultivadas sob alta concentragcdo de glicose, foi
observado uma perda na funcdo da Na*/ K' ATPase, diminuindo, assim, a
permeabilidade (Crider, Yorio et al., 1997); sendo assim, a hiperglicemia pode
prejudicar o transporte de dgua a partir do espago sub-retiniano aos coriocapilares e,
conseqiientemente, contribuir para o desenvolvimento do edema macular diabético

(Simé, Villarroel et al., 2010).

58



A expressdo das juncdes intercelulares, presentes no EPR, responsdveis pelo
controle seletivo de solutos e fluidos que atravessam a retina, também é prejudicada em
condicdo de RD experimental in vitro e in vivo (Villarroel, Garcia-Ramirez et al.,
2.009; Silva , Rosales et al., 2013; Xu e Le, 2011). No entanto, os efeitos da alta
concentracdo de glicose ou hiperglicemia na integridade das jungdes intercelulares e a
consequéncia no transporte e outras fungdes da BHR externa ndo estdo completamente
esclarecidos e apresentam resultados contraditérios. Foi descrito que altas concentragdes
glicose resultam em uma reducio da permeabilidade celular acompanhado pelo aumento
da resisténcia elétrica transepitelial (TER) em linha celular humana do EPR (ARPE-19)
que foram independentes do aumento da expressdo do RNA mensageiro da claudina-1
(Villarroel, Garcia-Ramirez et al., 2.009). No entanto, células ARPE-19 expostas sob
estresse do reticulo endoplasmético induzido por tunicamicina ou thapsigargin
apresentou um aumento significativo na expressdo das proteinas ZO-1, ocludina e
claudina -1 associado com o aumento do TER (Yoshikawa, Ogata, et al., 2011). Por
outro lado, com um ensaio de imagens microscopicas foi possivel observar o aumento
de macromoléculas que extravasaram a BHR externa em roedores DM induzidos por
STZ (Xu e Le, 2011). Resultados recentes do nosso grupo demonstram que a linhagem
celular ARPE-19 exposta a condi¢des de alta glicose durante 24 horas apresenta uma
diminuic¢do na expressdo da proteina de juncdo intercelular claudina-1 acompanhada do

aumento de espécies reativas do oxigénio (ERO) (Silva, Rosales et al., 2013).
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Figura 13. Fotomicrografia representativa de imunofluorescéncia da proteina de juncdo
intercelular claudina-1(verde) em linhagem celular ARPE-19 exposta a concentragéo de
glicose normal (SmM)(A) e elevada (30mM) (B) durante 24 horas. O nidcleo apresenta-
se em vermelho corado com iodeto de propideo (Silva , Rosales et al., 2013).

A linhagem celular humana ARPE-19 apresenta as caracteristicas do EPR
quanto a fungdo das juncdes intercelulares, habilidade de fagocitose dos segmentos
externos dos fotorreceptores, polaridade, entre outras (Dunn, Aotaki-Keen et al., 1996;
Finnemann, Bonilha et al., 1997; Dunn, Marmorstein et al., 1998). A ARPE-19 tem
sido muito utilizada em estudos para avaliagdo da fungfo, organizacio e mecanismos
para compreensdao da BHR externa da retina, mas poucos dados estdo disponiveis a
respeito da ARPE-19 em alta concentracdo de glicose. A maioria dos efeitos da alta
concentracdo de glicose foi observada nesta linhagem apds semanas de exposi¢do, tais
como aumento na expressdo de nitrotirosina, poli ADP-ribose polimerases (PARP)
(Ihnat, Thorpe et al., 2007); acimulo de matriz extracelular (MEC) fibronectina (FN) e
coldgeno-IV (Trudeau, , Roy er al, 2011). No entanto, hd estudos recentes que
demonstram efeitos precoces da exposi¢do a alta concentracdo de glicose durante 48
horas como, por exemplo, apoptose (Song, Roufogalis et al., 2012); diminui¢do da
superoxido dismutase e glutationa reduzida (GSH) (Xie , Fujii et al., 2012); super
regulacdo do NF-kB e TNF-a (fator de necrose tumoral alfa)/VEGF (Chen XL, Zhang

et al., 2013).
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Atualmente, foram demonstrados alguns estudos com o proteoma desta
linhagem celular na presenca de alta concentragdo de glicose onde foram observadas
alteracdes como aumento na expressdo de catepsina B, glutationa peroxidase, heat
shock protein 27 e diminuicdo na atividade da cobre/zinco superéxido dismutase
citosdlica comparados ao controle (Yokoyama, Yamane et al., 2006); secre¢do de
proteinas associada ao citoesqueleto adesdo/jungdo (tais como a proteina de ligagcdo da
galectina-3), transporte (proteina associada a resisténcia de multiplos farmacos) (Chen,
Chou et al., 2012) e mudangas na expressdo de proteinas presentes no DM tipo 2 como

lamina nuclear B2, PUMA, WTAP, ASGRI, e proibitina 2 (Chen, Chen et al., 2012).

Estes achados demonstraram que a hiperglicemia ou alta concentracdo de glicose
induzem alteracdes no EPR e podem estar envolvidos na patogénese da RD. No entanto,
os mecanismos envolvidos nas alteracdes promovidas pela alta concentrag@o de glicose
ndo estdo completamente elucidados e necessitam ser investigados, uma vez que a

integridade do EPR ¢ necesséria para a homeostase dos fotorreceptores e retina neural.

1.2.3. A Bioquimica da Patogénese da Retinopatia Diabética

A patogénese da RD é complexa e multifatorial e implica em compreender como
a hiperglicemia prolongada causa lesdes nas células vasculares e neurais da retina.
Virias vias bioquimicas t€m sido propostas para explicar as lesdes na retina secundarias
a hiperglicemia. Esses mecanismos, que também ocorrem na nefropatia e neuropatia
diabéticas, s@o: glicagdo ndo-enzimdtica de proteinas intra e extracelulares, ativacdo da
via do poliol, aumento da atividade da proteina quinase C (PKC), lesdao tecidual por

aumento na producdo dos radicais livres e ativacdo de processos inflamatdrios. Esses
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mecanismos atuam no processo de lesdo tecidual por meio dos seus efeitos no
metabolismo celular, sinalizacdo e fatores de crescimento. Igualmente importante é
compreender a origem de alteracdes especificas da retina, como, por exemplo,

disfuncdes na BHR (Lopes de Faria, Silva KC et al., 2014).

A lesdo tecidual pode ser consequéncia de ambas, hiperglicemia intra e
extracelular. A primeira é importante particularmente em células nas quais a entrada da
glicose se faz independentemente da insulina, como é o caso do nervo, o glomérulo,
cristalino e retina. O aumento da glicose extracelular resulta na glicacdo nio enzimaética
de proteinas, processo universal de ligacdo da glicose a proteinas que é dependente do
nivel de glicose. A ligacdo glicose-proteina da origem aos produtos iniciais e avangados
(advanced glycated end-products, AGEs) da glicacdo ndo-enzimatica. Um exemplo do
primeiro, que € reversivel, € a glicacdo da hemoglobina utilizada na pratica clinica como
indicador da glicemia. Os AGEs interage com o receptor de AGE (RAGE) na
membrana plasmatica e promove a producdo de espécies reativas do oxigénio (ERO). O
aumento intracelular de glicose conduz um aumento da atividade mitocondrial, NADPH
oxidase, PKC e promove um aumento do fluxo da via do poliol e como consequéncia a
geracdo de ERO. O excesso de ERO poderd interferir em diversas vias de sinalizacdo,
ativar fatores de transcri¢do, aumentar fatores inflamatérios e acarretar no acimulo de
MEC. Células e consequentemente Orgdos do rim, olhos e sistema nervoso sofrem
mudangas fenotipicas como resultado do ERO gerado pela hiperglicemia. O aumento de
ERO, também induzir ao aumento de espécies reativas do nitrogénio (ERN) que
também podem ativar fatores de transcri¢do ou agir diretamente em proteinas, lipideos e

DNA alterando as suas fungdes (Calcutt, Cooper et al., 2009).
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Figura 14. A hiperglicemia extracelular produz a glica¢do ndo enzimatica nas proteinas
e subsequente formacdo de AGE que interage com o receptor RAGE na membrana
plasmaética e promove a producdo de espécies reativas do oxigénio (reactive oxygen
species-ROS). O aumento intracelular de glicose pode atuar na via mitocondrial,
aumento da atividade da NADPH, aumento da via do poliol e atividade da PKC. O
aumento de ROS e RNS prejudicard em algumas vias de sinalizag¢do e nos fatores de
transcricao. Como consequéncia ocorrerd acimulo de moléculas de adesao, alteracdes
de fatores vasoativos que resultard na alteracdo do fluxo sanguineo e acarretard
producao de proteinas de MEC (Calcutt, Cooper et al., 2009).

Como citado, o aumento de ERN estd envolvido nas complicacdes patogénicas
do DM. No entanto, o estresse nitrosativo per se, como resultado dos niveis elevados de
oxido nitrico (NO) produzidos pela enzima 6xido nitrico sintetase induzida (iNOS), esta
implicado na patogénese da RD (Tilton, Chang et al., 1993; Goldstein, Ostwald et al.,

1996; Schmetterer, Findl et al.,1997; Zheng, Du et al., 2007).

63



1.3. A Biossintese do Oxido Nitrico

Para compreendermos o papel do NO na patogénese da RD, devemos entender a
sua biossintese e fisiologia. O final do século XX é marcado por uma revolugdo na
Biologia, ocasionada pelo radical livre que até entdo era mais conhecido pelos quimicos
como pequeno, gasoso € poluente NO. A descoberta de sua fungcdo em processos
fisiologicos rendeu o prémio Nobel para os pioneiros cientistas Furchgott, Ignarro e
Murad em 1998. No entanto, Moncada também contribuiu para caracterizar as
diferentes atividades fisioldgicas do NO, mas ndo compartilhou o prémio, pois o comité
nunca indica mais que trés. Atualmente, sabe-se que o NO € uma molécula instavel de
sinalizacdo celular endégena envolvida na regulacdo de funcdes fisioldgicas e também
de processos fisiopatolégicos dependente de sua concentracio, contexto celular e de sua
biossintese (Augusto, 2006). Dentre suas fungdes, podemos citar vasodilatagéo,
relaxamento muscular, proliferacdo celular, apoptose, liberacdo de neurotransmissores,
neurotoxicidade, citotoxicidade, diferenciacdo, entre outras (Griffith e Stuehr, 1995;
Knowles e Moncada, 1994; Moncada e Bolanos, 2006; Schmidt e Walter, 1994).

A sintese de NO se realiza por acdo de uma enzima, a 6xido nitrico sintetase
(NOS) a partir de uma oxidacdo sequencial, onde o aminodcido L-arginina é convertido
em L-citrulina e ocorre liberagdao de produgdo de NO, necessitando da presenca de dois
cofatores, o oxigénio e a nicotinamida adenina dinucleotideo fosfato (NADPH).

Existem trés isoformas de NOS, a forma induzida (iNOS) e as constitutivas
endotelial (eNOS) e neuronal (nNOS) (Rodeberg, Chaet et al., 1995). As isoformas
constitutivas sdo reguladas por fons de célcio ligados a proteina calmodulina (proteina
de baixo peso molecular, que funciona como cofator) e produzem baixas concentragdes
(estimados na faixa de nM) de NO em um periodo curto. A nNOS estd presente em

células neuronais e musculares ligadas a proteinas de membrana e a eNOS, soldvel,
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pode ser encontrada em células endoteliais, epiteliais, cardiomidcitos, certos neurénios e
estd localizada no complexo de Golgi e cavéolo. A forma induzida, que nao depende do
complexo célcio-calmodulina produz uma grande concentracdo de NO (ordem de uM),
1.000 vezes maior comparado ao gerado pelas formas constitutivas (Patel, Levonen et
al.,2000) por um longo periodo em resposta a estimulos inflamatérios lipopolissacarideo
(LPS), citocinas e estd presente nos macréfagos, hepatdcitos, astrécitos e outros. Pode

ser solivel e localizada no citosol (Augusto 2006).
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Figura 15. Esquema representativo da forma dimera da enzima 6xido nitrico sintase
(NOS). Biossintese do NO: na presenca de Ca**/calmodulina, a enzima NOS produz NO
através da conversdo da L-arginina (L.-Arg) em L-citrulina (L-Cit) pela transferéncia de
elétrons da NADPH via dominio redutase contendo flavina para o oxigénio ligado ao
grupo heme do dominio oxigenase, o qual contem sitios para tetrahidrobiopterina
(BH4) e L-Arg.

O NO derivado da eNOS promove vasodilatagdo, inibicio da agregacdo
plaquetéria, inibicdo da aderéncia de leucdcitos e da proliferacdo de células musculares
lisas vasculares (Wong e Marsden, 1996). O processo de vasodilatacdo se dd pelo
aumento do fluxo de célcio para o interior da célula. O célcio e a calmodulina irdo ligar-
se a eNOS. Esta ligacdo ird ativd-la e ocorrerd a catilise da transformacgéo da L-arginina

em L-citrulina e NO. Sera produzida uma pequena quantidade de NO, porém suficiente

para difundir-se para a musculatura lisa. Neste caso, o NO ndo precisa de
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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 reagc@o da guanosina trifosfato (GTP) em
guanosina monofosfato ciclica (cGMP) ird acontecer. A cGMP é responsavel pelo
relaxamento da musculatura lisa e consequente aumento do diadmetro dos vasos
sangiiineos, levando ao aumento do fluxo sanguineo e reducdo da pressdo arterial
(Moncada e Higgs,1993).

A producdo neuronal de NO obtida através da nNOS é conduzida quando um
neurdnio 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, o mensageiro quimico glutamato que ¢ liberado de
vesiculas no neurdnio pré-sindptico e liga-se ao receptor N-metil-D-aspartico (NMDA)
do neurdnio adjacente. Esta ligacdo abre um canal no receptor, admitindo Ca® para o
interior da célula, onde se liga a calmodulina que age como uma subunidade para muitas
enzimas de Ca” O complexo Ca**/calmodulina liga-se a forma da NOS encontrada nas
células nervosas, nNOS. Esta ligacdo ativa a enzima, que catalisa a oxidagcdo de L-
arginina 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 neurdnio pré-sindptico ativando a guanilato ciclase naquela célula. Dessa forma,
o NO pode desempenhar um papel importante nos circuitos neurais envolvidos na
memodria. O NO aumenta a liberagdo de glutamato no neurdnio présindptico,
estabilizando a transmissdo sindptica (Moncada e Higgs, 1993).

A isoforma iNOS nao requer Ca® para ativagdo e ¢ sintetizada como uma nova
proteina em resposta a uma mistura de citocinas. A enzima € induzida pelo LPS

bacteriano e/ou citocinas sintetizadas em resposta ao LPS, notavelmente interferon-
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gama, cujo efeito antiviral é explicado por essa acdo. Em resposta ao interferon-gama e
ao TNF-q, que atua de modo sinérgico com o interferon-alfa, seqiiéncias do DNA do
macrdfago relativas a sintese da iNOS, sdo transcritas no nucleo para formar o RNA
mensageiro, depois de processado, este mRNA ¢ liberado para o citosol, onde sera
traduzido em proteina pelos ribossomos. Na presenca de cofatores apropriados, a cadeia
de proteina nascente enovela-se a formacao da iNOS ativa. A nova enzima produzida
comeca imediatamente a converter L-arginina em NO e L-citrulina. 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, Dale et al., 2001).

1.3.1. O Estresse Nitrosativo e a Lesao Tecidual

O estresse nitrosativo é causado pelo aumento da producdo excessiva de NO
promovido pela isoforma iNOS. Assim que esta enzima é expressa, ela sintetiza NO
continuamente, ao que parece até o esgotamento do aminodcido arginina. Nesta o NO’
atinge concentracdes locais de ordem de UM que podem gerar ERN mais oxidantes
como o radical hidroxila (OH"), fon carbonato (CO;"), di6xido de nitrogénio (NO,"),
peroxinitrito (ONOQ"). Estas espécies reativas estdo também envolvidas em vdrias
doencas cronicas nao-transmissiveis como doencas cardiovasculares, diabetes,
hipertensdo, sindrome metabdlica, artrite reumatéide e doencas neurodegenerativas
(doenga de Alzheimer, doenga de Parkinson). A lesdo tecidual ocorre, uma vez que as
ERN em excesso podem reagir em proteinas, lipideos e DNA. Destacam-se alguns
exemplos de lesdes teciduais promovidas por reagdes com as ERN: nitrag@o da tirosina,

onde o anion ONOO™ ou o radical NO,"reage com o residuo do aminodcido tirosina e
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formam o produto final nitrotirosina; reagdo do radical OH'com a base
desoxiguanosina do DNA resultando no- 8-hidroxi-desoxiguanosina (8-OH-dG) ou de
sua reacdo com os acidos graxos polinsaturados dos lipideos resultado na formacéo de
hidroxinonenal (HNE). As ERN estdo associadas também a inativagdo enzimatica,
ativacdo excessiva de genes pro-inflamatdérios como fator TNF-a, interleucinas, fator
nuclear kappa beta (NF-kB), fator de crescimento transformado beta (TGF-$) (Augusto

2006; Ferrari, Franca, et al., 2009).
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Figura 16. Espécies Reativas do Nitrogénio (ERN) — Biomarcadores de doencas em
sangue humano (Valko, Leibfritz et al., 2007).

Outra forma direta de ag@o bidlogica do instadvel NO enddgeno é através da S-
nitrosilagdo, isto é, a transferéncia do fon nitrosonium (NO*) ao grupo sulfidril da
cisteina na cadeia protéica com grupos tiol (C-SH ou R-SH), para formar S-nitrosotidis
(SNO) que s@o mais estaveis. Os tidis com baixo peso molecular, tais como cisteina,
glutationa (GSH) e penicilamina sdo moléculas candidatas para o transporto de NO no

sistema bioldgico. A S-nitrosilacdo de proteinas tem sido amplamente estudada como
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um protétipo de modifica¢des pds-translacionais, redox-dependente e independente da
cGMP (Stamler, Lamas et al., 2001), responsavel por diversas a¢des do grupo NO em
varios processos bioldgicos (Hess, Matsumoto et al., 2001).

Os SNO enddgenos t€m gerado consideravel interesse devido a sua capacidade
de agir como doadores de NO, atuar em sistemas bioregulatérios e controlar inflamacao.
Discute-se se existem mecanismos transportadores andlogos em mamiferos, como
proteinas contendo cisteina e/ou grupo sulfidril-SH, permitindo a atuacdo do NO fora
do seu local de sintese. Foram demonstradas aproximadamente mais de 100 proteinas S-
nitrosiladas in vitro, em cultura de células e in vivo. E muitas destas proteinas, a S-
nitrosilagdo esteve associada com as alteragdes funcionais, tais como vasodilatacdo,
inflamacdo, e neurodegeneracdo (Stamler, Simon et al., 1992). Recentemente a S-
nitrosilag¢do e denitrosilacdo tem sido reconhecida como um componente regulatdrio de
traducdo de sinal comparado com a fosforilagdo e defosforilagdo (Mannick e Schonhoff,

2002; Liu, Yan et al., 2004).

1.3.2. O Estresse Nitrosativo na Patogénese da Retinopatia Diabética

Todas as isoformas da NOS sdo expressas na retina (Park, Pardhasaradhi et al.,
1994). No cenério diabético, o aumento da produg¢do de NO como resultado da indugdo
de iNOS estd associado a resposta inflamatéria, bem como o aumento do estresse
oxidativo, nas retinas de modelos experimentais (Du, Sarthy et al., 2004).

O aumento de ERN provenientes da super regulacdo da iNOS pode promover
lesdes teciduais como citado acima, ocasionados por exemplo por danos no DNA, e
consequentemente, ativacdo de enzimas reparadoras de DNA, como as Poli ADP-ribose
polimerases (PARPs). A PARP-1 € responsavel pela organizacdo espacial e temporal do

reparo do DNA. Em resposta a fragmentacdo do DNA, ela transfere unidades de ADP
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ribose do NAD* para as proteinas nucleares. Esta transferéncia é considerada uma
modifica¢do pds-translacional que recebe o nome de poli (ADPribosil)agdo. A intensa
poli ADP-ribosilagdo resulta em niveis elevados de apoptose, pois aumenta o consumo
de NAD" celular que acarreta na deplecdo de NAD+ e ATP. A 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, Wang et al., 2002). Como as
caspases ndo estdo 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. Sua ativacdo contribui para a
formagdo de pericitos fantasmas e capilares acelulares, (Zheng, Szabo et al., 2004),
aumento da adesdo de leucécitos nas células endoteliais (Sugawara, Hikichi et al.,
2004), formagdo de VEGF (Obrosova, Minchenko et al., 2004) e angiogénese (Tentori,
Lacal et al., 2007). Na RD, dentre as caracteristicas iniciais, observa-se o aumento da
produgdo de fatores vasoativos, como a endotelina 1 (ET-1) e o aumento da sintese de

proteinas de MEC como a FN (Xu, Chiu et al., 2008).
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Figure 17. Papel postulado da contribuicio do estresse oxidativo e nitrosativo no
desenvolvimento da RD (Zheng e Kern, 2009) e abordagens terapéuticas.

Estudos tém demonstrado que o NO € responsavel pela neurotoxicidade, pelo
menos em parte, da retina apds a injuria causada pela isquemia e reperfusdo (Neufeld,
Kawai et al., 2002). Em um estudo realizado com camundongos DM induzidos por
STZ e knock out para iNOS™", foi demonstrado a prevengdo do aumento de metabdlitos
de NO, nitragdo de proteinas e ativacio da PARP seguido posteriormente da
preservacdo dos compartimentos vasculares (Zheng, Du et al., 2007). Em estudos
publicados pelo nosso grupo, demonstramos o aumento da expressio da iNOS
acompanhada do aumento na concentracdo dos metabdlitos do NO e formacdo de
nitrotirosina na retina de ratos espontaneamente hipertensos com apenas 20 dias de
duracdo de DM (Rosales, Silva et al., 2010). Foi demonstrado em retinas de pacientes
com DM e com retinopatia ndo proliferativa, maior imuno-reatividade da iNOS
localizada na camada nuclear interna, provavelmente em células gliais de Miiller, em
comparagdo com individuos sem DM e sem doenca ocular (Abu El-Asrar, Desmet et al.,
2001). Além disso, metabdlitos finais estiveis do NO (nitritos e nitratos) foram
significativamente elevados no vitreo de pacientes com RD proliferativa em
comparagdo com o grupo controle (Herndndez, Lecube ef al., 2002). Estudos também
mostraram que a inibicdo quimica de iNOS ou o knock out para iNOS, na retina
isquémica preveni a angiogénese localmente na retina avascular, mediada pelo menos
em parte, pela regulacdo negativa do receptor do fator de crescimento endotelial
vascular VEGF 2 (VEGFR2). Ao mesmo tempo, a neovascularizacdo da retina
patolégica foi consideravelmente mais forte nos animais que expressam iNOS,

mostrando que a iNOS desempenha um papel crucial na doenga neovascular da retina
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(Sennlaub, Courtois et al., 2001). Estes dados sugerem que as altas concentragdes de

NO produzido principalmente pela iNOS podem contribuir para a patogénese de RD.

1.3.3. O Estresse Nitrosativo no Epitélio Pigmentado da Retina

O EPR da retina constitui parte da BHR externa e € responsavel pelo estado
“imune privilegiado” do olho e em resposta a citocinas inflamatérias como o TNF-q,
produz NO (Holtkamp, Kijlstra et al., 2001). Nao h4d muito estudos investigativos
relacionados ao estresse nitrosativo promovido pela hiperglicemia ou concentracdes

elevadas de glicose no EPR e seu envolvimento na patogénese da RD.

Ja foi descrito, que camundongos com DM induzidos por STZ e células ARPE-
19 expostas sob alta concentracdo de glicose, apresentam redugcdo na expressio e
atividade do transportador de folato associado a niveis elevados de NO independente da
ativacdo do c-GMP (Naggar, Ola et al., 2002). Outro estudo experimental in vivo
demonstrou que em ratos com DM também induzidos por STZ, hd um aumento nos
niveis de NO na retina e no EPR e, no entanto, o aumento do transporte e consumo de
arginina ocorre somente no EPR comparados aos controles sugerindo a importancia do
EPR no desenvolvimento da RD via NO (Salceda, Herndndez-Espinosa et al., 2008). A
elevada producdo de metabdlitos do NO acompanhada com aumento da expressdo iNOS
e nitrotirosina em ARPE-19 exposta a alta concentracio de glicose esteve associada a

ativacdo dos sistema p38MAPK e ERK (Yuan, Feng et al., 2008).

Sendo assim, as informag¢des descritas na literatura indicam que o EPR pode ser

a fonte principal ou contribuir para o estresse nitrosativo presente na retina na
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patogénese da RD. No entanto, mais estudos serdo necessarios para a compreensao dos

mecanismos.

1.4. Mecanismos Proposto para Inibicao da iNOS

Como discutido, o aumento da expressdao da iNOS estd implicado nos efeitos da
hiperglicemia no EPR e esta relacionado a patogénese da RD e por isso do interesse
como um alvo terapéutico. Muitos mecanismos tém sido propostos para a sua

modulagdo, sejam direta ou indiretamente.

Dentre os diversos mecanismos, ji foi demonstrado que mecanismos de
modifica¢do pds-translacional da proteina i-NOS, como auto S-nitrosilagdo, ocorrem
para promover a sua inibi¢do e auxiliar sua no controle da producio excessiva de NO
em condi¢Ges de estresse celular (Rosenfeld, Bonaventura et al.,, 2010). Um possivel
mecanismo também de modificacdo pos-translacional de proteina, que possivelmente
inibiria a alta atividade da iNOS, seria a S-glutationilagdo. Em condicdes de estresse
oxidativo, a S-glutationilacdo pode ocorrer através da troca de tiol-dissulfeto entre uma
proteina alvo com a glutationa oxidada (GSSG) ou a da reacdo da glutationa reduzida
(GSH) com os grupos tidis proteicos oxidados (Ying, Clavreul et al., 2007; Hill e
Bhatnagar, 2007). Em um estudo recente com a isoforma e-NOS isolada, confirmou-se
que o tratamento com GSSG induz a S-glutationilacdo da proteina eNOS resultando na
diminuicdo de sua atividade e producdo de NO promovido pelo seu desacoplamento em
sua forma dimera. Através de sua cristalizacio e ensaios com espectrometria de massa
foi possivel identificar o sitio de S-glutationilagdo da proteina (PrS-SG), Cys 689 e Cys

908, no dominio redutase contendo flavina (FAD-FMN). A alteracdo destes residuos
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interferiu no alinhamento FAD-FMN interrompendo a transferéncia de elétrons entre as
flavinas e aumentando a sua accessibilidade solvente, de modo que o O, pode obter
acesso e aceitar um elétron da flavina reduzida, resultando na formagdo de O,” (Chen,
Wang et al., 2010). O aumento da S-glutationilacdo da eNOS e diminuicdo de sua
atividade também foi demonstrado in vivo em tecido da aorta em ratos diabéticos
(Schuhmacher, Oelze et al., 2011). Estes dados sugerem que a S-glutationilagcdo da
eNOS diminui a sua atividade e promove efeitos deletérios em sua fungdo fisioldgica
como a vasodilatagdo. No entanto, a indug¢do da S-glutationilagdo da iNOS pode ser
vista como forma positiva, sendo que a sua inibi¢do é considerada um alvo terapéutico

na patogé€nese de diversas doencas.

Outra forma cléssica de inibi¢do da iNOS seria através da modulagdo do TNF-a.
E uma maneira de promover esta modulacdo, seria através do uso de agonistas de
receptores opidide. A familia de receptores de opidide é composta por 3 tipos, os
receptores p-, 0- ¢ k- que respondem a alcaldides opidides cldssicos, tais como a
morfina e a heroina, assim como a ligantes peptidicos endégenos como as endorfinas.
Eles pertencem a superfamilia de receptores acoplados a proteina G, e sdo excelentes
alvos terapéuticos para o controle da dor (Pradhan, Befort ef al., 2011). Recentemente
foi demonstrado que a estimulagdo do receptor opidide com o agonista morfina
promove a supressdo de TNF-a. na retina em modelo de ratos com isquemia/reperfusao

e o pré-tratamento com o antagonista, naloxone, reverte este efeito (Husain, Liou et al,

2011).

Baseado nestes achados, os dois mecanismos propostos acima tém como alvo
terapéutico a inibi¢do da iNOS, no entanto em mecanismos diferentes. O sucesso de

ambos serd dependente do “agente indutor” (tratamento) escolhido. No caso da
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modificag¢do pds-translacional, o agente deverd promover a S-glutationilag@o, e no caso

da modulacdo do TNF-a, o agente devera estimula o receptor opidide.

1.4.1 A S-Nitrosoglutationa (GSNO) como Agente Indutor de S-glutationilacio e
Inibicao da iNOS

A existéncia de formas de transporte mais estaveis do NO enddgeno tem sido
postulada para aumentar a meia vida do NO in vivo (Liu, Rudd et al., 1998). Tidis com
baixo peso molecular, tais como a cisteina, glutationa reduzida (GSH) e penicilamina
sdo os principais candidatos para carrear moléculas e podem formar SNO em reacdo
com 6xidos de nitrogénio (Stamler, Lamas et al., 2001). A S nitrosoglutationa (GSNO),
formada pela reagdo de S- nitrosilacio do NO com GSH no ambiente extracelular é o
SNO mais abundante e ¢ uma das formas mais importantes do NO in vivo. Devido a
capacidade da GSNO modular sinalizacdo celular através de modificagdes pos-
translacional de proteinas S-nitrosilagdo e/ou S-glutationilagdo, a GSNO é um grande

candidato para a inducgdo de S-glutationilagdo da i-NOS.

(GSH + NO = GSNO)

s
i H
HOOCMN N.__COOH
: H
NH; O

Figura 18. A molécula de GSNO obtida através da reagdo de S-nitrosilacdo entre a
GSH e o NO.

A GSNO ¢é um composto relativamente estdvel, e a sua degradagdo requer

reacdes quimicas e/ou enzimdticas, que podem ser tiol e metal-dependente (Hogg, 2002;
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Singh, Wishnok et al., 1996; Zeng, Spencer et al., 2001). A degradag@o enzimdtica mais
importante é a reducdo da GSNO a glutationa oxidada (GSSG) e amodnia (NHj3)
dependente da glutationa desidrogenase formaldeido ou dlcool desidrogenase III (ADH
IID), também denonimada GSNO redutase (GSNO-R). Esta enzima oxida o NADH para
NAD" e converte a GSNO em glutationa S-hidroxisulfonamida (GSNHOH), que por sua

vez é convertida em GSSG.

g

GSNO + GSH = NO + GSSG
GSNO-R

NADH NAD+ = GSNO + SH das proteinas

GSNO—> GSSG + NH,
GSNO + Fe 3+

—

Figura 19. As diversas formas de degradacdo do GSNO. A GSNO-R ¢ a principal
enzima responsavel pela sua denitrosilagcdo, através do consumo de NADH, reduz o
GSNO a GSSG e NH; O GSNO pode diretamente reagir com tiéis como a GSH
resultando na producdo de NO e GSSG e também podem agir diretamente com os
grupos tiéis das proteinas. O GSNO possui alta afinidade com o Fe™.

A GSNO-R ¢ altamente conservada entre bactérias e seres humanos e é
amplamente expressa em organismos. Os niveis de GSNO-R influenciam
significativamente o nivel de proteinas S-nitrosiladas (Hedberg, Griffiths et al., 2003;
Liu, Hausladen et al., 2001). Sua atividade redox depende das concentracdes da razdo
NADH/NAD",

A GSNO tem sido utilizada como terapéutico em estudos com modelo de
inflamacdo. Foi demonstrado que a administragdo do GSNO conferiu protecdo em
modelo experimental de isquemia cerebral através da regulacdo da expressdo da iNOS e
NF-kB (Khan, Sekhon et al.,2005). H4 poucos estudos com a retina relacionados ao
GSNO e nenhum demonstrando sua atuacdo na RD. Um estudo prévio demonstrou

efeitos terapéuticos do GSNO em modelo experimental de uveite autoimune, onde a

76



administracdo oral promoveu a diminui¢do dos niveis de mediadores inflamatérios
associados com a “manuten¢@o” histoldgica e funcional da retina (Haq, Rohrer et al,
2007).

Baseado em todas estas informagdes e principalmente na sua capacidade de
induzir modificagdes pds-translacionais de proteina como a S-glutationilagdo, o GSNO
€ um possivel candidato sintético para modular a expressdo da iNOS em situacdes de

estresse nitrosativo.

1.4.2. O Cacau como Agente Supressor de TNF-a e Inibidor da iNOS

Outro candidato proposto para atuar na inibicdo da iNOS via TNF-a, é o natural
cacau, rico em flavondides (a maior subclasse dos polifendis) e com propriedades anti-
inflamatdrias (Selmi, Mao et al., 2006). O cacau e seus derivados tém sido consumidos
pelos humanos desde 460 AC e era considerado como um alimento dos deuses e a cura
da humanidade (Dillinger, Barriga et al., 2000).

O cacau tem despertado muita atencdo devido ao seu significativo contetido de
polifendis. O cacau e seus produtos, ou seja, licor de cacau, cacau em p6 e os chocolates
podem apresentar propriedades antioxidantes dependente do conteddo dos
predominantes flavondides, catequina e epicatequina. Além disso, a presenga de
metilxantinas, peptideos, fibras e minerais pode sinergicamente aumentar ou reduzir as
propriedades antioxidantes do cacau e seus produtos. Nos tltimos dez anos, pelo menos
28 estudos em humanos foram realizados utilizando diferentes produtos derivados do
cacau (Jalil e Ismail, 2008). Dentre elas, destacam-se o seu efeito protetor nas seguintes
linhas de pesquisa: regulacdo da pressao arterial, diabetes, efeito anti-envelhecimento e

prevencdo de arteriosclerose (Latif, 2013).
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Os dados epidemioldgicos sobre os efeitos benéficos do chocolate veio da
populacdo indigena Kuna das ilhas do Panamd. Esta populag@o era caracterizada por
uma baixa prevaléncia de aterosclerose, diabetes tipo 2 e hipertensdo. O "segredo" por
trds disso era a ingestdo didria da bebida caseira feita com cacau pelos indios Kuna.
Estes tracos desapareceram apds a migragdo para as dreas urbanas no Panama
continental devido a alteracdes posteriores na dieta, como um menor consumo de cacau,
sendo este industrializado (McCullough, Chevaux et al., 2006). Estudos demostram que
6,3 g (30 kcal) por dia de ‘“chocolate escuro” contendo 30 mg de polifendis sdo
suficientes para reduzir a pressdo arterial em pacientes hipertensos (Taubert, Roesen et
al., 2007).

A epicatequina € o polifenol mais abundante encontrado no cacau e no
“chocolate escuro” (com alta porcentagem de cacau) e é conhecida pelo seu papel
antioxidante (Ramiro-Puig e Castell, 2009) e de protecdo cardiovascular (Taubert,
Roesen et al., 2007). Estudos in vitro demonstram a alta afinidade de flavondides com
receptores opidide (Katavic, Lamb et al., 2010). J4 foi demonstrado que a epicatequina
induz protecdo cardiaca dependente da estimulacio do receptor opidide-d
(Panneerselvam, Tsutsumi et al.,2010).

Sendo assim, o cacau enriquecido com polifendis, € um candidato natural

proposto para modular o TNF-a e controlar a expressdo da iNOS via receptor opidide-6.

OH
HO 0 >
v
u OH
"IoH

OH  epicatequina

Figura 20. Estrutura molécular do flavonéide epicatequina encontrado no cacau.
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1.4.3 Justificativa

Baseado nestes dados, a investigacdo do estresse nitrosativo no EPR ¢
importante na compreensdo da patogénese da RD em fases precoces. Novas
modalidades terap€uticas para o tratamento da RD s@o desejaveis. Nos estudos
desenvolvidos, investigamos a iNOS como um possivel alvo terapéutico no
desenvolvimento da RD e os mecanismos propostos para a sua inibi¢do, modificacdo
pos-translacional e/ou modulagdo sdo diferentes estratégias que no futuro poderdo ser

testadas.
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Como decrito na literatura, o DM promove o estresse nitrosativo através do
aumento da expressdo da proteina iNOS e produg¢do de NO em modelo de RD. Este
mecanismo pode estar associado as alteragdes precoces na BHR externa na condi¢éo de
RD. O objetivo dessa pesquisa foi verificar os mecanismos nitrosoativos envolvidos na
patogénese da RD e os possiveis alvo-terapéuticos para esta condicdo, em modelos in

VIvo € in Vitro.

OBJETIVOS ESPECIFICOS

ARTIGO I: O objetivo deste trabalho foi avaliar os efeitos do tratamento t6pico
(colirio) com um composto sintético, GSNO, em modelo de RD experimental in vivo na
modulacdo da expressdo da iNOS. Os mecanismos foram investigados através dos

estudos in vitro com células ARPE-19 expostas a alta concentracdo de glicose.

ARTIGO II: O objetivo deste estudo foi avaliar o efeito do cacau com baixo ou
alto teor de polifenol na prote¢cdo da integridade das juncdes intercelulares via
modulagdo da expressdao da iNOS em modelo in vitro com células ARPE-19 submetidas

a concentracdes elevadas de glicose.
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S-Nitrosoglutathione inhibits inducible nitric oxide synthase upregulation by redox
post-translational modification in experimental diabetic retinopathy
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Abstract

Purpose: Diabetic retinopathy (DR) is associated with nitrosative stress. The purpose of this
study was to evaluate the beneficial effects of S-nitrosoglutathione (GSNO) eye drop
treatment on an experimental model of DR. Methods: Diabetes (DM) was induced in
spontaneously hypertensive rats (SHR). Treated animals received GSNO eye drop (900nM or
10pM) twice daily in both eyes for 20 days. The mechanisms of GSNO effects were
evaluated in human retinal pigment epithelium (RPE) cell line (ARPE-19). Resulrs: In
animals with DM, GSNO decreased inducible nitric oxide synthase (INOS) expression and
prevented tyrosine nitration formation, ameliorating glial dysfunction measured with ghal
fibrillary acidic profein, resulting in improved retinal function In confrast, in non-diabetic
animals, GSNO induced oxidative/nitrosative stress in tissue resulting in impaired retinal
function. Nitrosative stress was markedly present in RPE layer accompanied by c-wave
dysfunction and the in virro study confirmed that high glucose (HG) condition, mcereased
nitric oxide production, accompanied by iINOS upregulation and tyrosine nitration. Also, it
was demonstrated decreased GSNO and reduced glutathione levels and GSNO reductase
expression. Treatment with GSNO under HG condifion counteracted nitrosative stress due to
INOS downregulation by S-glutathionylation. This post-translational modification was
probably promoeted by the release of oxidized glutathione through GSNO denitrosylation via
GSNO-R. In contrast, in the normal glucose condition, GSNO treatment promoted mifrosative
stress by NO formation. Cenclusien: In this study, a new therapeutic modality (GSNO eye
drop) targeting nitrosative stress by redox post-translational modification of INOS was
efficient against early damage in the retina due to experimental DR. The present work
showed the potential clinical implications of balancing the S-nifrosoglutathione/glutathione

system in treating DR.
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Introduction

Diabetic retinopathy (DR) 1s the leading cause of blindness and visual disability m
working-age adults’. The pathogenesis of DR is complex and multifactorial, and includes
molecular alterations to reactive oxygen species (ROS) and reactive nitrogen species (RNS),
elevated nitric oxide (NO) and superoxide production, expression of different isoforms of
mitric oxide synthase (NOS), mtrate and polyADP-ribosylate protemns (PARP), and
downregulation of antioxidant enzymes. Therefore, better understanding of these mechanisms
is a valuable tool for the pharmacological treatment of DR”.

NO formed by constitutive endothelial NOS (eNOS) and neuronal NOS (aNOS) plays
an important role in regulating physiological functions from the cardiovascular system to the
central and peripheral nervous systems. However, NO produced by inducible NOS (1NOS) 1n
excessive amounts for long periods of time promotes nitrosative stress and results in
cytotoxicities such as apoptosis, inhibition of mitochondrial respiration, regulation of
oxidative phosphorylation, neurodegeneration, and circulatory failure™®. This can be
achieved through reaction with superoxide anions to yield peroxynifrite. which can produce
toxic hydroxyl radicals and promote oxidative injury via the formation of peroxynitrous acid,
a reactive nitrogen-containing species. Endogenous NO is unstable, and some of ifs main
biological actions are mediated through S—njtrosylation?,i_e_1 the covalent incorporation of
mitric oxide moiety mfo thiol groups (C-SH or R-SH) to form S-mitrosothiol (SNO). S-
mitrosylation promotes postiranslational modification of certam proteins and affects thewr
activities such as transcription factors, enzymes, and structural proteins. Thus, S-nitrosylation
demonstrates action in vasodilation, inflammation, and neurodegenerations’g_

In the diabetic setting. the increase in NO production as a result of iNOS induction 1s
associafed with mflammatory responses and oxidative stress, in refinas of experimental

models'®. Studies by our group showed an increase in iNOS protein expression in the retinas
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IL12 Retinas from donors with

of amimals with short duration of experimental diabetes
diabetes (DM) and nonproliferative DR (NPDR) showed higher iNOS immuno-reactivity
localized on the inner nuclear layer, probably on Miiller ghal cells, compared to subjects
without DM and without ocular disease’®. In addition, NO stable end product concentrations
(nitrites and nitrates) in the vitreous were significantly elevated in patients with proliferative
DR (PDR) compared with the control group'®. These data suggest that high concentrations of
NO mainly produced by iNOS might contribute to the pathogenesis of DR

The existence of more stable transport forms of endogenous NO has been postulated
in view of the increased half-life of NO in vive". Low-molecular-weight thiols such as
cysteine, reduced glutathione (GSH), and penicillanune are prime candidates for such carrier
molecules, and they can form SNO on reaction with nitrogen oxides'®. S-nitrosoglutathione
(GSNO) 1s formed by the S-nifrosylation reaction of NO with GSH in the extracellular
setting. GSNO 15 the most abundant endogenous SNO and the most important form of nitrie
oxide in vivo, due to GSNO’s ability to modulate cellular signaling through posttranslational
modifications of redox-sensitive proteins by S-nitrosylation and/or S-glutathionylation. The
mtracellular stability of GSNO i1s regulated by chemically driven degradation reactions-thiol
and metal-mediated decomposition and enzymatically reactions’ . The main enzymatic-
dependent degradation described 1s the reduction of GSNO to oxidized glutathione (GSSG)
and ammonia (NH;) by glutathione-dependent formaldehyde dehydrogenase (or alcohol
dehvdrogenase IIT); also called GSNO reductase (GSNO-R). This enzyme uses the reducing
power of NADH to convert GSNO to glutathione S-hydroxysulfenamide (GSNHOH), which
m turn 1s converted into GSSG. GSNO-R turnover significantly influences the whole-cell

level of S-nitrosation """

. Its relative redox activities depend on substrate concentrations of
nicotinamide adenine dinucleotide and 1ts reduced form (NAD /NADH) ratio.

Previous studies showed that GSNO admmistration provided protection i an

4
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experimental model of cerebral ischemia by downregulating the expression of INOS and
nuclear factor kappa B (NF —kB)ﬂ_ The therapeutic effects of GSNO have been demonstrated
i experimental autoimmune u'\-'eirisﬁ_, in which the oral admimstration of GSNO
significantly suppressed the levels of inflammatory mediators associated with maintaimning
normal retinal histology and function.

The outer blood refinal barrier (BRB) 1s formed by refinal pigment epithelial (RPE)
cells, which consist of the tight junction proteins present in a monolayer epithelinm and are
implicated in the pathogenesis of DR™. RPE constitutes a site of
immunosuppressive/inflammatory factor secretion inside the eye™ such as iNOS and tumor
necrosis factor-alpha (TNF-u)*®*"_ For this reason, human retinal pigment epithelial cell line
(ARPE-19) cells constifute an adequate model for assessing nitrosative stress in vitro.

To our knowledge, no study has addressed the possible effects of GSNO i the
development or progression of DR. Based on these observations, we hypothesized that
diabetes increases 1INOS profein expression and NO production, and that treatment with a
GSNO compound could modulate iNOS expression/activity in the diabetic retina and further
determine the importance of the S-nitrosoglutathione/glutathione system in DR pathogenesis.
The hypothesis was tested with an in vive model of diabetes and through in vinro exposure of

ARPE-19 cells to a high glucose (HG) condition.

Material and Methods
Animals study

The animal study complies with the Statement for the Use of Animals in Ophthaliie
and Vision Research (ARVO) m accordance with the local Committee for Ethics in Amimal
Research (1834-1/CEEA/IB/UNICAMP). Spontaneously hypertensive rats (SHR) were

provided by Taconic (Germantown, NY) and bred in our amimal facility. We have chosen to
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use SHR rats because these animals display an earlier and exfensive retinal changes after
streptozotocin (STZ. 50 mg'kg; Sigma, St. Louis, MO) induction when compared with
normotensive counterpaﬂls"g_ On the day of confirmation. the control (CT) and diabetic
(DM) rats were randomly assigned to be treated with either eye drop wvehicle only,
hydroxypropyl methylcellulose (HPMC), low-dose eye drop GSNO (900nM). or high-dose
eye drop GSNO (10pM) fwice daily in both eyes. The preparation of GSNO eye drops was
performed at the Chenustry Institute, State University of Campinas (UNICAMP). GSNO was
synthesized by the equimolar reaction between glutathione (GSH) and sodium nitrite, in the
dark, and remained dormant for 40 minutes to allow complete mitrosation of thiol. After this
period, it was precipifated with acetone, filtered, and lyophilized in the dark. To prepare the
eye drops. the GSNO was dissolved in a phosphate buffer and added to a solution vehicle
(HPMC) at a final concentration of 10 pm or 900 nm of GSNO and 2% (w/w) of HPMC. The
basal and final systolic blood pressures (SBP) were obtamed by noninvasive tail cuff blood
pressure amplifier with a built-in automatic cuff pump (Model 229; IITC Inc. Life Science,
CA). Twenty days after DM induction, the rats were submitted to full-flash

electroretinography and then euthanized.

ARPE-19 cell line culture

ARPE-19 was obtained from the Federal University of Rio de Janewo (RICB
Collection). Cells were cultured in Dulbecco’s Modified Eagle’s Medium and Ham’s F12
(DMEM: F12) supplemented with 10% FBS and 1% penicillin/streptomyecin. ARPE-19 cell
cultures were serum starved and then treated with normal glucose (NG), HG, with or without
the following treatments. The cytotoxicity of the treatments with GSNO (from 10 pM to 10
nM) and NOS mhibitors (from 2 mM to 2 uM) after 24 hours in ARPE-19 cells was obtamed

by MTT cell viability assay’’. We considered no cytotoxicity if cell death was below 10%
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(data not shown). For NOS inhibitors, the cells were pre-treated for one hour with a non-
selective L-NAME (Sigma-Aldrich, St Lows, MO USA). and specific for iNOS,
ammoguanidine (AG) (Sigma-Aldrich, St. Lows, MO USA) and N6-(1-iminoethyl)-lysme,

hydrochlonide (L-NIL) (Cayman Chemical, Ann Arbor, MI Ann Arbor, USA).

Full-flash electroretinogram (ERG) recording
Retinal function was measured in SHR amimals as previously described, with some
modification’ . For retinal function analysis, we used -10 dB light stimulus for recordmgs of

a- and b-waves and 0 dB for c-wave i which better signal responses are evoked.

Immunohistochemistry for glial fibrillary acidic protein (GFAP), nitrotyrosine (NT) and
indicible wnitric oxide synthase (iNOS) in retinal tissues and immunofluorescence of
nifrotyrosine in ARPE-19 cells

Immunohistochemistry was performed as previously described by our group’ . The
retinal sections were mcubated with goat polyclonal anti-GFAP (Santa Cruz Biotechnologies,
Santa Cruz, CA) or rabbit polyclonal anti-NT (Upstate Cell Signaling Solutions, Lake Placid,
NY) or rabbit polyclonal anti-iNOS (Santa Cruz) overnight at 4°C.

The immunofluorescence for ARPE-19 cells was performed as previously
published®®. Rabbit anti-NT (1:20) for overnight incubation at 4°C and secondary antibody
Alexa 488 goat anti-rabbit (Invifrogen; San Diego, CA USA) at1:200 for 1 h at room

temperature were applied.

Western blotting analysis for inducible nitric oxide synthase (iNOS) in whole retinal tissue
and in ARPE-19 cells

The western blotting was performed as previously described’!. Membranes were
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mcubated with rabbit polyclonal iNOS antidoby (Cell Signaling Technology, USA).

Measuring intraceliular ROS production in cells by H:DCFDA and NO' formation by
DAF-2DA

As previously published’”* we measured the total intracellular ROS production by
27, 7"-dichlorodihydrofluorescein diacetate (H,DCFDA) and intracellular NO' levels by

dianunofluorescein diacetate (DAF-2DA).

Immuno-precipitation of S-nitrosoglutathione reductase (GSNO-R) and GSH/ANOS

The cells were lysed directly in a buffer containing 100 mM tris base, 10 mM sodium
pyrophosphate, 100 mM sodium fluoride, 10 mM EDTA, 2 mM phenylmethylsulfonyl
fluoride, 10 mM sodium ortovanadate, and 1% Triton X-100. Samples were incubated with
rabbit anti-GSNO-R (ADHS5 polyclonal antibody, Protein Tech Group. Chicago, IL. USA) or
mouse monoclonal anti-glutathione (GSH) antibody (Virogen, USA) overmight, followed by
the addition of protein A Sepharose for 1 h. After centrifugation, the pellets were washed m
buffer (100 mM Tris Base, 2 mM sodium ortovanadate, 1 mM EDTA. and 0.5% Triton X-
100). The immune-precipitated samples were prepared under reducing or non-reducing
conditions as necessary and loaded onto SDS polyacrylamide gels. The membranes were
blocked 1n nonfat milk and incubated with anti-GSNO-R or rabbit polyclonal anti-INOS (Cell
Signaling) and subsequently incubated with appropriate secondary antibodies. Equal loading

and fransfer were ascertamed by ponceau for GSNO-R.

Determination of reduced glutathione (GSH) levels
Retinal GSH level was measured using the method described by Beutler et al ** with a

few modifications™ .
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Determination of GSNO by uitra high-performance liguid chromatography (UHPLC)

As described previously”” and with some adaptations, for the measurement of GSNO,
the cells were washed with ice-cold PBS once before lysis with an extraction buffer (25 mM
ammonia sulfamate dissolved in o-metaphosphoric acid 5%). The lysate was sonicated for 30
seconds. Samples were centrifuged, and the supernatant collected and filtrated. GSNO
measurement analyses were carried out on an Agilent 1290 Infinity UHPLC system (Agilent
Technology, Waldbronn, Germany) by Liquid Chromatography with Diode Array Detection
(LC/DAD). Chromatographic separation was achieved on a 2.6um Kinetex-C18 column (50
X 2.1 mm) (Phenomenex, Torrance, CA, USA), operating at 25°C. Mobile phases were
constifuted with 100% 20mMECI pH 2.5 (Ecibra, Curitiba, Brazil). The flow rate was 500
pL/min and mjection volume was 3 pL. Chromatographic data were recorded and integrated

using LCD ChemStation software.

Staristical analysis

The results were expressed as the means = SD. The groups were compared by one-
way analysis of variance (ANOVA), followed by the Fisher protected least-significant
difference test. StatWView statistics software was used for all comparisons, with a significance

value of P<0.05.

Results

In vive study

The physiological characteristics of the study animals are shown in Table 1.
GSNO eye drops prevented DM retinal function impairment and early markers of DR

A significant retmal function impairment was observed in b waves among CT high-
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dose and DM rats compared to those treated with vehicle (P<0.02) (Figure 1B). To assess the
RPE function, we acquired c-wave responses (Figure 1C) and also a significant decrease in ¢
wave amplitude in the CT high-dose and DM rats compared to the CT group (P<0.02) was
observed. Both doses of GSNO eye drops prevented this impairment m DM anmmals
compared to the non-treated DM and CT high-dose groups (P<0.01) (Figure 1D) To evaluate
early structural marker of DR, we assessed GFAP mmmunoreactivity (Figure 2A). There was
a clear increase in retinal GFAP positivity in the DM rats in all layers of the retina compared
to the CT group (P=0.02). The treatment with GSNO in both doses significantly decreased

the GFAP expression in the DM groups (P<0.02) (Figure 2A B).

GSNO eye drop reestablished the nitrosative status in rerinas of DM rats

The nitrosative stress was estimated by nitrotyrosine expression, a product of tyrosine
nitration mediated by RNS such as peroxynitrite anion and nitrogen dioxide (Figure 2C). We
observed a GSNO-induced increase in NT expression in the CT treated groups (P<0.03 vs CT
group). The DM group also presented higher levels of NT compared to the CT group
(P=0.007). Treatment with GSNO in the DM groups prevented the increase in NT production
(P<0.03) (Figure 2C D).

To better understand the nitrosative stress mechanisms involved in producing NT in
retinal tissue among different conditions, we evaluated the expression of iNOS (Figure 3A).
There was no difference in iINOS expression among the CT low- and high-dose compared to
the CT group (P=0.1). Among the DM rats, there was a significant increase in iNOS
expression compared to the CT groups (P=0.03) and 1f was observed an effective prevention
i DM high-dose group (P=0.04) (Figure 3A.B). Immuno-reactivity for iNOS localization
showed diffuse positivity among all retinal layers, markedly in RPE layer in DM compared to

CT groups (P=0.0005); in DM high-dose group. the iNOS up regulation was prevented
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(P=0.0004)(Figure 3C.D).

Collectively, these data suggest that the nitrosative stress observed in the CT animals
treated with eye drops was GSNO-mediated. However, in the DM animals the nitrosative
stress was associated with INOS uvpregulation. The following in vifro experiments were
designed in order to better understand the different effects of GSNO treatment eye drop in CT

and DM animals.

In vitro study
To better understand the role of the S-mitrosoglutathione/glutathione system in the

diabetic setting. we conducted experiments with ARPE-19 cells since RPE immuno-reactivity

for INOS was highly expressed i diabetic tissue.

GSNQ counteracted the upregulation of ROS and RNS in cells exposed to HG, but
promoted nitrosative stress in NG

We observed an increase in total ROS levels in response to HG compared to the NG
condition (P=0.03). The treatments with HG plus GSNO i nanomolar concentrations were
effective in counteracting the upregulation of ROS production (P<0.02). but not in
micromolar concentrations (P=0.09) (Figure 4A C). Since nanomolar concentrations of
GSNO were more efficient in protecting the cells against increased ROS production, the
subsequent experiments were conducted only at 1 and 100 nM of GSNO. At NG condition,
treatment with GSNO did not alter the levels of ROS production compared to NG (P=0.3)
(Figure 4B.,C).

As detected in ROS production, the intracellular NO" production was increased in HG
compared with the NG condition (P=0.0007); both doses of GSNO treatments prevented this

mcrease i diabetic milieu condition (P<0.008)(Figure SA).
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To investigate which i1soform of NOS i1s the main source of the observed increased
NO’ under the DM setting conditions, the cells cultured in the HG conditions were treated
with L-NAME, a non-selective NOS mhibitor, and with specific blockers for the iINOS
isoform, AG and L-NIL*®. All treatments with AG or L-NAME similarly prevented the
increase in NO' production observed in the HG condition (P<0.0001). L-NIL at 500 pM and
2 mM concentrations alse prevented these increases (P<0.0001) (Figure 5B), suggesting that
the mam source of NO production under HG conditions 1s INOS, since blocking all 1soforms
of NOS with L-NAME added no further effect to that observed with iNOS selective blockers.
In agreement, GSNO treatments in NG conditions did not alter the iINOS expression
compared to control NG (P=0.7). In the HG condition. there was a significant mcrease in
INOS expression compared with the NG conditions (P=0.02). Treatment with GSNO at 1
and100 nM concentrations prevented this increment (P<0.009) (Figure 5C).

To estimate the oxidative/mitrosative damage in ARPE-19 cells, we assessed NT
(Figure 6). Under NG conditions, the GSNO treatments (either 1 or 100 nM) did not
significantly change the positivity of NT compared to NG (P>0.05). However, in the highest
dose of the GSNO treatment there was a tendency to increase compared to NG (P=0.07).
Higher positivity was clearly observed m cells exposed to HG compared to the NG condition
(P=0.0006), and the presence of GSNO treatments counteracted this increase (P=0.003)
(Figure 6 AB).

These findings suggest that, under HG condition, there 15 an increase in RNS
accompanied by upregulation of iNOS expression. The NO' upregulation in HG was
mediated by INOS i1soform and GSNO counteracted this effects. Based on this, these data

indicate that GSNO under DM mulieu 1s not a nifrosating agent but instead prevented RNS.

The dual effect of GSNO

12
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To better understand whether GSNO itself can generate NO under NG conditions
mdependently of iINOS, and whether in HG conditions GSNO can inhibit NO production via
NOS system, we assessed NO', GSNO and GSH levels under NG and HG condition.

In NG+GSNO condition, the NO levels increased when compared to NG alone
(P=0.01). In the presence of INOS inhibitor, the NO levels did not decrease compare to
NG+GSNO (P=0.2). These observations indicate that in NG. GSNO acts as NO donor
mducing nitrosative stress. Under the HG conditions, there was a marked mcrease in the NO
levels compared with the NG condition (P=0.001). In the presence of GSNO alone or
associated with AG, we observed sumilar decreases in the NO" mntracellular levels compared
with the HG conditions (P=0.002). The combination of AG m the presence of GSNO
treatment did not further decrease NO' levels, demonstrating that in HG conditions GSNO
counteracts NO upregulation through iNOS mhibition (Figure 7A).

The redox state of the GSH/GSSG combination is an important indicator of the redox
environment’ . and glutathione dysregulation 1s linked with the etiology and progression of
human diseases’. We quantified the GSH levels in ARPE-19 cells. in the NG plus GSNO
condition, we observed an increase in GSH levels compared with the NG condition (P=0.04).
In the HG condition. the GSH levels were lower when compared to NG (P=0.04). The
presence of GSNO in the HG conditions did not prevent this effect (P=0.9) (Figure 7B). In
the NG conditions, the presence of GSNO resulting in GSH increase might be due to an
merease in its synthesis through increased expression of gamma-glutamyleysteine
synthetase’ promoted by NO' generated by the GSNO+GSH=GSSG+NO" reaction'® or might
be metal-catalyzed'’ or thioredoxin-catalyzed*’ degradation-dependent.

We also evaluated the levels of endogenous GSNO in ARPE-19 cells with UHPLC
method. Curiously, mm NG condition freated with GSNO, the levels of GSNO decreased

compared with NG condition (P=0.02). This intriguing observation indicates that exogenous
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GSNO is rapidly catalyzed by either by enzymatic process or chemically reacting with thiol
groups as GSH leading to total GSNO intracellular pool decreasing. The levels of GSNO are
lower in HG compared with NG condition (P=0.005) and the treatment with GSNO under
HG condition did not lead to an increase in GSNO levels (P=0.2) (Figure 7C). In the HG
condition, GSNO unproved nitrosative stress, not through the reestablishment of GSH and/or

GSNO levels.

GSNO decreases NO' levels in HG by S-glurathionylation of iNOS

One possible mechanism by which GSNO displays different effects under NG or HG
conditions 1s through GSNO-R, which reduces GSNO to GSSG. To address whether GSNO-
R plays a role in decreasing NO levels under the HG plus GSNO treatment, we evaluated the
expression of GSNO-R. There was no difference between NG and NG plus GSNO freatment
(P=0.8); however, under HG, GSNO-R proteimn expression was markedly decreased (P=0.05).
The HG plus GSNO freatment increased GSNO-R protein expression but did not reach
convenfional statistical significance (P=0.09) (Figure 8A). This merease in GSNO-R 1n cells
exposed to HG treated with GSNO contributes to denttrosylation of GSNO leading to GSSG
release. The decrease of endogenous GSNO under NG+GSNO treatment (Figure 7C) may be
also explained by the denitrosylation promoted by GSNO-R (Figure 8A).

It was previously demonstrated that S-glutathionylation of eNOS regulates its
activity''. To investigate whether similar post-translational modification could be involved in
inhibition of INOS by GSNO in HG conditions, we addressed the S-glutathionylation of
INOS. We observed that there was no expression of S-glutathionylated iNOS in NG alone or
in NG plus GSNO. Under HG conditions, we observed a faint signal that was markedly
increased m the presence of GSNO. This finding indicates that GSNO treatment promotes S-

glutathionylation of iINOS (Figure 8B). To verify and confirm the specificity of iNOS
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glutathionylation immuno-blotting. we treated the cells with GSSG 0.5 mM to induce S-
glutathionylation or with the reducing agent dithiothreitol (DTT) 025 mM to reverse this
reaction’’. We observed that GSSG in NG conditions promoted S-glutathionylation of iNOS
similar to that observed in the HG plus GSNO treatment; as expected, the presence of DTT
reverse the S-glutathionylation of INOS protein (Figure 8C). Taken together, these results
suggest that nitrosative stress was prevented by GSNO ftreatment through iNOS inlubition by
S-plutathionylation. The posttranslational modification was probably promoted by the release
of GSSG through GSNO denitrosylation via GSNO-R. In contrast, in the NG condition,
GSNO treatment promoted nitrosative stress through NO formation. These findings showed
the potential clinical implications of balancing the S-nitrosoglutathione/glutathione system n

treating DR..

Discussion

In this nnovative study, we described that GSNO eye drop mutigated nitrosative stress
and slowed the early structural changes present in the retina. thus improving retinal function
m an experimental model of diabetes. Of interest, INOS upregulation in the RPE layer in the
DM animals may reveal the role of RPE in the pathogenesis of DR. In the ARPE-19 cells
exposaed to HG, treatment with GSNO alleviated oxidative and nitrosative stress by
decreasing INOS protein expression, thus reducing intracellular NO" levels. In addition,
GSNO-R  expression was unproved. Therefore, posttranslational modification (S-
glutathionylation) of INOS by GSNO in ARPE-19 cells under HG condition suggested 1its
whibition. This evidence further explains the protective mechanism of GSNO. Rosenfeld and
colleagues have already 1dentified a GSH binding site adjacent to the N-NO-pterin of 1N os*.
However, under NG conditions, where the intracellular GSH pool is high the GSNO

compound acts as a donor of free NO.
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Nitrosative stress is caused by overproduction of RNS. Diabetic stimuli may trigger
generation of excess superoxide, which is rapidly converted to peroxymitrite (reaction of O,
with NO*), hydroxyl radicals (Fenton reaction or the iron-catalyzed Haber—Weiss reaction),
and hydrogen peroxide (reaction catalyzed by superoxide dismutase). Peroxynifrite can
modify tyrosine residues in protemns to form mitrotyrosine. Nitrofyrosine 1s a well-accepted
mdicator of RNS generation, and this stable end product is mvolved in maetivating
mitochondrial and cytosolic proteins, resulting in damage to cellular constifuents. Moreover,
nitrotyrosine can initiate lipid peroxidation, increase DNA damage, deplete intracellular GSH
levels, and induce overexpression of proinflammatory factors and adhesion molecules.
Therefore, nitration 1s being increasingly proposed as a contributor to tissue mnjury in human
diseases™*.

It 15 becoming increasingly clear that INOS activity is induced m rats and humans

with DR¥** Previous studies showed that iNOS/"or the inhibition of iNOS in the ischemic

retina prevented angiogenesis locally in the avascular retina, mediated at least in part by
downregulation of vascular endothelial growth factor (VEGF) receptor 2 (VEGFR2). At the
same time, pathological retinal neovascularization was considerably stronger in iINOS-
expressing animals, showing that iNOS plays a crucial role in retinal neovasculardisease® . It
was also shown that iNOS”/" mice display protection from refinal cell apoptosis in an
ischemic proliferative retinopathy model*. Diabetic iNOS”/ mice showed downregulation of
several mflammatory factors, mitration of protems, superoxide production, and leucostasis,
thus preventing the formation of acellular capillaries and pericyte ghost549_ Our data showed
that the upregulation of INOS expression in diabetes or HG conditions led to excessive NO
generation. Furthermore, treatment with GSNO was highly associated with S-
glutathionylation of iINOS, thus decreasing NO levels. When NO generation by iNOS is
pharmacologically mhibited by the INOS-specific inlubitor, AG, NO levels were significantly
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decreased in the presence or absence of GSNO.

In NG situations, treatment with GSNO evoked an increase in nifrosative stress in
vitro with higher levels of NO, although the GSH levels were upregulated in the ARPE-19
cells. Therefore, the presence of GSNO leads to GSH and NO production. This might be
either spontaneous or metal-catalyzed'’ or thioredoxin-catalyzed” degradation-dependent.
Under HG conditions, we observed an increase in oxidative/nitrosative stress and higher
levels of NO" accompanied by decreases in the GSH and GSNO levels. The low GSH content
m these cells may contribute fo these effects. Cells exposed to HG showed decreased levels
of GSNO-R. protein expression, and the supplementation of GSNO at 100 nM mproved
GSNO-R protein expression and possibly increased the denitrosylation of GSNO, leading to
GSSG  generation (Figure 9). A previous work reported that GSSG mduces S-
glutathionylation of eNOS protein under oxidative stress, uncoupling it and thus altering its
function*! and other investigator demonstrated that this process was described in
streptozotocin-induced animals’. The S-glutathionylation of NOS isoforms shows fo be
protective or not, dependent of the physiology function of the 1soform. In this present work,
S-glutathionylation of INOS 1soform 1s retinal protective.

GSNO-R acts only on GSNO, meamng that SNO protemns are not substrates, and 1t
controls protein S-nitrosylation by influencing the cellular equilibrium between SNO proteins
and GSNO°'”? Others enzymatic systems such as human carbonyl reductase 1 (hCBR1). an
NADPH-dependent short chain dehydrogenase/reductase has been demonstrated to reduce
GSNO™_ Previous studies using GSNO-R"" mice showed increased levels of SNO proteins
and decreased survival mn mice when exposed to endotoxin, and these effects are attenuated
by an inhibitor of iNOs™. Subsequent studies demonstrated that GSNO-R. deficiency 1s
linked to S-nitrosylation of the DNA repair enzyme'. In our in vitro model we described

decrease expression of GSNO-R accompanied by reduction of GSNO levels in HG condifion.
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The present study showed for the first time the therapeutic effect of GSNO eye drop
m counteracting nitrosative stress in an experimental model of DR, with consequent
improved retinal function. GSNO supplementation prevented nifrosative stress by reducing
NO generation through iNOS mhibition by S-glutathionylation under diabetic milien
conditions. The regulation of the S-nitrosoglutathione/glutathione system with RNS-based

signaling pathways might be potential therapeutic targets in ocular diabetic complications.
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Table 1.Physiological Parameters of the Animals

Initial : Systolic Blood Glycated
i . Final bodv - . : P
Groups body weight (gj Pressure hemoglobin(%o
weight (g) (mmHg) GHb)
CT (n=5) 17016 215+18 191+18 9.25+1.13
CT-low dose (n=6)  178+13 245+10 184+5 9.67+0.76
CT-high dose (n=5) 163+14 240+8 182+4 9.81+0.72
DM 1=6 166222 127£13 185=8 15634225
DM-low dose(n=5) 169=9 133-114* 188=11 15_10-:4_23*
DM-high dose (n=6) 17316 13614 18246 138422 13

The diabetic groups (DM) had lower final body weight and higher glycated hemoglobin levels
compared to the control (CT) animals ('P<0.01). The treatment did not change any parameters. Legend
of treatments:CT:non diabetic rats treated with vehicle of eye drop: CT-low dose: non diabetic rats
treated with GSNO 900nM: CT-high dose:non diabetic rats treated with GSNO 10pM: DM:diabetic
rats treated with vehicle of eve drop: DM-low dose:diabetic rats treated with GSNO 900nM; DM-
high dose: diabetic rats treated with GSNO 10uM.
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Figure legends

Figure 1. Retinal function evaluated by electroretinography. A. Representative
waveforms of the a- and b-waves in the control (CT) and diabetic (DM) groups. which
corresponds to the photoreceptor and inner retinal cell responses, respectively, in response to
light stimulus intensity at -10dB. B. The bars represent the mean = SD of the b-wave
amplitude in pvolts. "P<0.02 versus CT group; 'P<0.05 versus DM and CT high-dose group.
C. Waveforms of c-waves in normal and diabetic groups m response to light stimulus
intensity at 0dB. D. The bars represent the mean + SD of the c-wave amplifude in pvolts.
"P<0.02 versus CT group; 'P>0.01 versus DM and CT high-dose group. There was no
significant difference i g-waves and mmplicit b-wave tune befween the studied groups (data

not shown)

Figure 2. Early marker of diabetic retinopathy and nitrosative stress of the studied
groups. A. Photonucrograph represenfing immuno-localizatton of glial fibrillary acidic
protein (GFAP) on retmal fissue. The GFAP 1n retinal tissue sections (5 pm) 1s shown m
brown color (Magnification x400). B. Bars represent the mean + SD of GFAP positivity
analyses. The percentage of positivity per retinal field (mm®) was transformed to
changes/fold in relation to the media of control in each experiment to compare independent
experiments. P=0.02 versus CT group; 'P<0.05versus DM group. The treatment in the CT
low- and high-dose groups did not alter GFAP immuno-reactivity compared to the CT group
(P=0.2). C. Representative photomicrograph of nitrotyrosine (NT) immuno-reactivity. The
presence of nitrotyrosine is shown in brown on retinal tissue sections (5 pm) (Magnification
x400). The positivity was widely expressed among all retinal layers, and especially in RPE.
D. The bars represent the mean + SD of the percentage of positivity per retinal field (mm”).

"P<i0.03 versus CT group: "P< 0.03versus DM group. At least 3 independent experiments
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were preformed for each assay. RPE: retinal pigment epithelium; RCL: rods and cones
layer; ONL: outer nuclear layer; OPL: outer plexiform layer; INL: inner nuclear layer; IPL:

mner plexiform layer; GCL: ganglion cell layer.

Figure 3. Evaluation of nitrosative stress of studied groups. A. Western blot for mducible
nitric oxide synthase (iNOS) expression in fotal retinal lysate. B. Equal loading and transfer
were ascertained by reprobing the membranes for B-actin. The bars represent mean +SD of
band densities expressed in arbitrary units of densitometry. P=0.03 versus CT group;
"P=0.04 versus DM group. C. Representative photomicrograph of iNOS immuno-reactivity
and localization on refmal tissue (Magnification x400). The presence of INOS 1is shown 1n
brown in all layers of the retina especially m RPE layer. D. The bars represent the mean + SD
of the percentage of positivity per retinal field (mm”). "P=0.0005 versus CT group; 'P=0.0004
versus DM group. At least 3 independent experiments were preformed for each assay. RPE:
retinal pigment epithelinm; RCL: rods and cones layer; ONL: outer nuclear layer; OPL:
outer plexiform layer; INL: inner nuclear layer; IPL: inner plexiform layer; GCL: ganglion

cell layer.

Figure 4. Total intracellular ROS production in ARPE-19 cells. Total ROS production
was obtained by H,DCFDA fluorescence. ARPE-19 cell cultures at 80% of confluence were
serum starved, then exposed to glucose 5.5mM (normal glucose, NG); to NG plus GSNO at
1InM — 100pM (NG + GSNO); to glucose 30mM (high glucose, HG): and to HG plus GSNO
at 1InM — 100pM (HG + GSNO) for 24 hours. NG + 24.5 mM of mannifol was used as an
osmotic control. A. Bars represent the mean + SD of fluorescence units obtained in ELISA
reader and corrected by the number of cells at the end of each treatment. Mannitol was used

for an osmotic control in this experiment to see if there is some effect of osmolarity. "P=0.03
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versus NG; "P<0.02 versus HG group. B. Total ROS production under normal glucose
condition. C. Representative photomicrographs of qualitative H;DCFDA assay indicating the
levels of total ROS production in ARPE-19 cells using fluorescence microscope (Zeiss Axio

Observer Al Inverted; Zeiss, Germany).

Figure 5. Intracellular nitric oxide (NO') production and iNOS expression in ARPE-19
cells. ARPE-19 cell cultures at 80% of confluence were serum starved, then exposed to
glucose 5.5mM (normal glucose, NG); to NG plus GSNO at 100nM (NG + GSNO); to
glucose 30mM (high glucose, HG); and to HG plus GSNO at 1nM and 100nM (HG +
GSNO) for 24 hours. NG + 24.5 mM of manmtol was used as an osmotic control A
Detection of intracellular NO' by DAF-2DA fluorescence. Bars represent the mean = SD of
the fluorescence units obtained via ELISA reader corrected by the number of cells at the end
of each treatment. "P=0.0007 versus NG condition: TP<<0 008 versus HG treatment. B. NO'
production in the presence of total NOS (L-NAME) and specific for iINOS (AG and L-NIL)
inhibitors in cell culture. “P<0.0001 versus NG; "P<0.0001 versus HG. The mannitol
treatment did not change the levels of NO' production (P=0.8). AG: aminoguamidine. C.
Western blot for iNOS expression on total cell lysate. Exposed 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. The bars represent mean+=SD of band densities expressed in arbitrary
densitometric units. 'P=0.02 versus NG condition; TP50_009 versus HG condition. At least 3

independent experiments were preformed for each assay.

Figure 6. Immunofluorescence of nitrotyrosine in ARPE-19 cell lines. ARPE-19 cell

cultures at 80% of confluence were serum starved, then exposed to glucose 5.5mM (normal
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glucose, NG); to NG plus GSNO at 1 and 100nM (NG + GSNO); to glucose 30mM (high
glucose, HG); and to HG plus GSNO at 1 and 100nM (HG + GSNO) for 24 hours. A.
Confocal images showing mifrotyrosme (NT) positivity and localization. The positivity of
nitrotyrosine is shown in green (localized on the cytoplasm) and the nucleus is indicated with
nuclear dye (DAPI) under a confocal laser scanning microscope (Zeiss, 3630).B. The bars
represent the mean + SD of the score of positivity, from 0 for no positiveness to 4 for =80%
of positiveness by blindness. "P=0.0006 versus NG treatment; "P<0.003 versus HG treatment.
At least 3 independent experiments were preformed.

Figure 7. Effects of GSNO under NG and HG conditions in ARPE-19 cells. ARPE-19
cell cultures at 80% of confluence were serum starved, then exposed to glucose 5.5mM
(normal glucose, NG); to NG plus GSNO at 100nM (NG + GSNO); to glucose 30mM (high
glucose, HG); and to HG plus GSNO at 100nM (HG + GSNO) for 24 hours. A. Detection of
mtracellular NO* by DAF-DA fluorescence method in cells exposed to NG and HG 1n the
presence or absence of specific iINOS inhibitor (AG). Bars represent the mean+SD of the
fluorescence units corrected by the cell number. 3P20_DDI versus NG treatment; P=0.002
versus HG condifion. B. Measurement of GSH by colorimetrie assay. Absorbance was read at
412 nm GSH was used as an external standard for preparation of a standard curve. Bars
represent the mean+SD of pmol of GSH corrected by protein cell lysate concentration (ug).
*P<0.04 versus NG; 'P<0.03 versus NG. C. Measurement of endogenous GSNO by UHPLC
method. Chromatography analyses of standard GSNO and levels of GSNO under different
treatments. retention time=0.6 min. Bars represent the mean+SD of pmol of GSNO levels
corrected by protein cell lysate concentration (pg) under different conditions. "P<0.02 versus

NG condition. At least 3 independent experiments were preformed.

Figure 8. GSNO promotes S-glutathionylation of iNOS. ARPE-19 cell cultures at 80% of
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confluence were serum starved, then exposed to glucose 5.5mM (normal glucose, NG); fo
NG plus GSNO at 100nM (NG + GSNO); to glucose 30mM (high glucose. HG): and to HG
plus GSNO at 100aM (HG + GSNO) for 24 hours. A. Immuno-precipitation of cell lysate
with GSNO-R antibody mcubated with GSNO-R antibody. The GSNO-R protein expression
was measured by Western blot. Equal loading protein and fransfer were confirmed by
Ponceau. Bars represent the mean=SD expressed in arbitrary units of densitometry. "P=0.05
versus NG. At least 3 mdependent experiments were preformed for each assay. B. Cell lysate
was immuno-precipitated with the GSH protem complex antibody and immuno-blotted
agaimnst INOS. The GSH-protein complexes were blotted against INOS. Equal loading protein
was ascertained by reprobing the membranes for total GSH complex protems. C. Controls for
S-glutathionylation of iINOS were done by 0.5 mM GSSG (positive control) or GSSG plus
the reduced agent DTT 0.25 mM (negative control) to reverse the reaction. The detection of
S-glutationylated 1NOS at 130 kDa was present in cells exposed to HG treated with GSNO;
i cells exposed to NG in the presence of GSSG, the expression of S-glutationylated iNOS
was equally increased as compared with HG plus GSNO, and DTT reversed this post-

translational INOS modification.

Figure 9. Schematic representation of possible mechanisms involved in nitrosative stress
under normal or high glucose conditions in ARPE-19 cells.

In normal glucose condition plus GSNO: The high content of intracellular GSH can react
with exogenous GSNO generating NO. thus promoting mtrosative stress. The exogenous
and/or endogenous GSNO may be converted by GSNO-R or metal or other enzyme-
catalyzed, leading to low levels of GSNO.

In high glucose condition: iINOS generates high levels ofNO accompanied by decrease of

endogenous GSH, GSNO and GSNO-R levels, resulting in nitrosative stress. The low content
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of GSH can explain the low levels of endogenous GSNO.

In high glucose condition plus GSNO: The effect of treatment was not due to endogenous
GSH and GSNO reestablishment levels GSNO-R  expression 1s improved which
denitrosylates exogenous GSNO generating GSSG + NH; formation; GSSG S-

glutathionylates iNOS, reducing NO production thus preventing nitrosative stress.
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Figure 4. Total intracellular ROS production in ARPE-19 cells.
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Figure 7. Effects of GSNO under NG and HG conditions in ARPE-19 cells.
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stress under normal or high glucose conditions in ARPE-19 cells.
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3.2-CAPITULO I

ORIGINAL ARTICLE
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ABSTRACT

Background: Retinal pigment epithelium cells (RPE) along with tight junctions (TJs)
proteins constitute the outer blood retinal barrier (BRB). Contradictory findings suggest
the role of outer BRB in the pathogenesis of diabetic retinopathy (DR). The aim of this
study was to investigate whether the mechanisms involved in these alterations are
nitrosative-sensitive, and if cocoa or epicatechin (EP), the predominant polyphenol
found in cocoa, protects from thisdamage under diabetic (DM) milieu conditions.
Methods: Human RPE cells line (ARPE-19) were exposed to high glucose (HG)
conditions (30 mM glucose) for 24 hours in the presence or absence of cocoa powder
with 0.5% or 60.5% of polyphenol (low-polyphenol cocoa [LPC] and high-polyphenol
cocoa [HPC]). Results:Cells exposed to HG presented decreased claudin-1 and
occluding TJs expressions and increased extracellular matrix accumulation (ECM); the
levels of tumor necrosis factor-alpha (TNF-a) and inducible nitric oxide synthase
(INOS) were upregulated accompanied by an increased production of nitric oxide (NO)
levels. This nitrosative stress resulted in S-nitrosylation of caveolin-1 (CAV-1), which
in turn increased the CAV-1 traffic and its interactions with claudin-1 and occludin. In
the presence of HPC or EC through its 3-opioid receptor (DOR) binding and stimulating
capacities, this cascade is inhibited, thus decreasing TNF-a-induced iNOS upregulation
and CAV-1 endocytosis. As a result, the TJs were restored, leading to prevention of
paracellular permeability and resistance of ARPE-19 monolayer and decreased ECM
accumulation.Conclusion: These results reveal that TJs detriment in ARPE-19 cells
exposed to DM milieu is througha CAV-1 S-nitrosylation dependent endocytosis
mechanism and that HPC or its EP exerts the protective effects through its DOR-

binding capacity. Artigo 11
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INTRODUCTION

Diabetic retinopathy (DR) is the most serious complication of diabetic (DM) eye
disease and one of the most common causes of irreversible blindness worldwide (1).
The retinal pigment epithelium (RPE) is a monolayer of pigmented cells that separates
the neural retina from a network of fenestrated vessels called choriocapillaris, which is
the major blood supplier for the photoreceptors, and therefore constitutes the outer
blood-retinal barrier (BRB). It is increasingly recognizedthat impairment of the outer
BRB plays an important role in the initiation and progress of early DR (2,3). The outer
BRB is responsible for transport of nutrients, ions and water; absorption of light and
protection against photo-oxidation; visual cycle and the phagocytosis of shed
photoreceptor membranes and secretion of essential factors for the structural integrity of
the retina. It also contributes to the immune-privileged status of the eye (4). Apart from
these functions, the RPE stabilizes ion composition in the subretinal space, which is
crucial for the maintenance of photoreceptor excitability. Any disturbance in function of
these cells necessarily has detrimental consequences for the retina (2). It is well
documented that defects in RPE function may underlie a number of sight-threatening
conditions, such as age-related macular degeneration (5), proliferative vitreoretinopathy
(6) and DR (7,8,2,3).It was reported that RPE dysfunction measured by c-wave
amplitude of the electroretinogram (ERG) in experimental DM models is deeply
reduced (9,10).However, the direct data for the effects of high glucose (HG) or
hyperglycemia on the tight junctions (TJs) integrity and transport functions at the outer

BRB are not completely understood.
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TJs expressed in the outer BRB control fluids and solutes that enter the retina,
and this sealing function, which is essential to retinal homeostasis, is impaired in DR
(11). Our previous work showed that ARPE-19 cells exposed to HG displayed a
decreasein claudin-1 expression (12), but the mechanisms were not addressed. It was
shown that tumor necrosis factor-alpha (TNF-0) induced focal intrajunctional
concentration of occludin followed by caveolin-1(CAV-1)-dependent endocytosis in the
intestinal epithelial cells (13). CAV-1, the main scaffolding protein of caveolae, is
composed of a lipophilic, hairpin-shaped, helical sequence embedded in the inner leaflet
of the plasma membrane with both N- and C-terminal cytoplasmic domains. The N-
terminus binds to signaling molecules that are required for CAV multimerization.
Caveolae have been implicated in endocytosis, transcytosis, calcium signaling and
numerous other signal transduction events. An understanding of CAV trafficking and
caveola formation is crucial to understanding the possible role of CAV and caveolae
(14). Tt has long been recognized that TJs are relatively cholesterol-rich (15), and the
cholesterol-binding protein, CAV-1, was identified as a component of TJs membrane
microdomains more than a decade ago by Nursratand coworkers (16). Many studies
have provided compelling evidence that CAV-lis involved in regulating endothelial
permeability (17). CAV-1 can be precipitated and binds independently to claudin-2 and
occludin in MDCK 1I cells, suggesting a potential mechanism for selective retrieval of
tight junction components(18).Thus, CAV-1 might have a more general role in
regulating cell junctions, but its molecular regulation of epithelial cell adhesion and
barrier function needs to be defined.

RPE contributes to the immune-privileged status of the eye as part of the blood-

eye barrier and by the secretion of immunosuppressive/inflammatory factors inside the
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eye (19).It was demonstrated that rat RPE cells express inducible nitric oxide synthase
(AINOS) and produce nitric oxide (NO) in response to inflammatory cytokines and
activated T cells (20,21).In addition, it was demonstrated that 48 hours of HG

exposition causes an increase of iNOS expression in ARPE-19 cells(22).

Recently it was demonstrated that activation of opioid-receptors, particularly o-
opioid receptor (DOR),blocks pro-inflammatory cytokines such as TNF-a in the retina
under ischemia/reperfusion conditions (23). Epicatechin (EC), the predominant
flavonoid present in dark chocolate, is a well-known antioxidant agent (24). Structure-
activity relationships of flavonoids with opioid receptor ligands show binding activity in

vitro (25, 26).

Based on these, the purpose of this study was to evaluate the mechanism by
which TJs are decreased in ARPE-19 cells under HG conditions and whether cocoa,
through its EC content, could prevent this effect. Our data revealed that under HG, there
was an increase in TNF-a levels and iNOS expression accompanied by an increased
production of NO resulting in nitrosative imbalance. As a consequence, CAV-1 is S-
nitrosylated, modulating the claudin/occludin CAV-1 interactions and CAV-1 traffic.
EC, through its opioid receptor binding capacity, activates DOR-mediated downstream
signaling, thus decreasing TNF-a-induced CAV-1 endocytosis. As a result, the TJs
claudin-1 and occludin were restored, leading to reestablishment of paracellular

permeability and resistance of ARPE-19 monolayer capacities.

MATERIAL AND METHODS

Characteristics of Low- and High-Polyphenol-Content Cocoa
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The cocoa powder with different amounts of polyphenol was provided by Barry
Callebau®. The composition of cocoa was the same in both preparations, with the only
difference in the amounts of polyphenol—0.5% for low-polyphenol cocoa (LPC) and
60.5% for high-polyphenol cocoa (HPC). The quantitative characterization of high
polyphenol cocoa (HPC) compounds determined by Ultra High-Performance Liquid

Chromatography (UHPLC) is shown in supplementary figure 1.

ARPE-19 Cell Line Culture

Human RPE cell line (ARPE-19) cell cultures at 70-90% of confluence were
serum starved with FBS concentration to 1%, then were exposed to normal glucose
(5.5mM=NG) or high glucose (30mM=HG); or HG plus cocoa containing low (0.5%)
or high (60.5%) amounts of polyphenols (LPC or HPC) at 100ngml (HG + LPC or
HG+HPC, respectively) for 24 hours in the presence or absence of NOS non-selective
inhibitor L-NAME and iNOS specific inhibitor aminoguanidine (AG) (2mM-2 uM),
epicatechin (EC) (0,38nM-380nM), naltrindole (Nalt) (10nM-100uM) (Sigma-Aldrich,
St. Louis, MO USA); GSNO (10nM-10uM) synthesized at the Chemistry Institute,
State University of Campinas (UNICAMP) as previously described (27)and TNF-a (10-
100ng/ml) (Calbiochem-Novabiochem, La Jolla, CA). The citotoxicity of treatments on
ARPE-19 cells was determined by a thiazolyl blue tetrazolium bromide (MTT)
colorimetric assay (28). Concentrations that cause less than 10% of cell toxicity were

chosen for the experimental treatments.

Immunofluorescence

The immunofluorescence for ARPE-19 cells was performed as previously
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published (29). The cover glasses with fixed cells were incubated with the appropriate
primary antibodies—anti claudin-1, occludin, ZO-1 (Zymed Lab Gibco; Invitrogen, San
Diego, CA, USA); FN (Calbiochem-Novabiochem, La Jolla, CA); Col-IV (Southern
Biotech) and CAV-1 (Santa Cruz Biotechnologies, Santa Cruz, CA)—overnight at 4°C,

and the appropriate secondary antibodies were applied for 1 h at room temperature.

Western Blotting Analysis

Western blotting was performed as previously described (12).Membranes were
incubated with the appropriate primary antibodies—anti-claudin-1, occludin-1, ZO-1
(Zymed Lab Gibco, Invitrogen, San Diego, CA, USA); FN (Calbiochem-Novabiochem,
La Jolla, CA); Col-IV (Southern Biotech) and iNOS (Cell Signaling Technology,
USA)—overnight at 4°C, and the appropriate secondary antibodies were applied for 1 h
at room temperature. Equal loading and transfer were ascertained by reprobing the

membranes for -actin.

Measurement of Permeability to Dextran and Paracellular Epithelial Electrical

Resistance (TER)

TJs integrity in cell culture is generally measured using transepithelial electrical
resistance (TER) and/or paracellular tracer flux (29) as previously described with some
modifications. ARPE-19 cellswere placed onTranswell-Clear Polyester Membrane
Insert (HTS, Costar; Corning Inc, NY, USA).At day 5, a monolayer structure
wasobserved and the complete medium wasreplaced by a medium with the treatments.
The permeability of the RPE cells was determined by measuring the apical-to-

basolateral movements of fluorescein isothiocyanate (FITC) dextran 40 kDa (100 ug/
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mL) (Sigma, Saint Louis, Missouri, USA). Samples were measured at 485 nm of
excitation and 528 nm of emission with a microplate fluorescence reader (SynergyMx,

Biotek, USA).

For TER measurement, ARPE-19 5-day monolayer cells wereobtained in the
same transwell membrane insert as described above. TER values were obtained using an
epithelial voltmeter (MILLICELLERS; Millipore, Billerica, MA, USA) with STX100C
(for 24-well format) electrode (World Precision Instruments, Sarasota, FL, USA)
according to the manufacturer’s instructions. Resistance measurements were calculated
by subtracting the resistance of the filter alone (background) from the values obtained

with the filters with RPE cells.

Measurement Intracellular ROS Production in Cells by Dichlorodihydrofluorescein

Diacetate (DCF) and NO® Formation by Diaminofluorescein Diacetate (DAF)

Cells were grown on a 96-well plate and incubated for 30 min with 10 uM of
2’,7’-dichlorodihydrofluorescein diacetate (H,DCFDA) for total intracellular ROS
production, and diaminofluorescein diacetate (DAF-2DA) for intracellular NO"levels in
Hank’s buffer. The amount of fluorescence of DCF or DAF was measured using a
fluorescence microplate reader (SynergyMx, Biotek, USA) at excitation and emission
wavelengths of 485 and 528 nm, respectively. The relative fluorescence values were

corrected by the number of cells in each treatment.

Immunoprecipitation
Cells were washed after treatments with ice-cold PBS and lysed directly in a

buffer containing 100 mM tris base, 10 mM sodium pyrophosphate, 100 mM sodium
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fluoride, 10 mM EDTA, 2 mM phenylmethylsulfonyl fluoride, 10 mM sodium
ortovanadate and 0.1mg/inl aprotinin. After centrifugation at 11.000 rpm for 15 min at
4°C, the supernatants were collected and Protein A-sepharose (GE Healthcare Life
Sciences) was added (10% of total volume) and incubated for 15 min at 4°C to remove
unspecific binds. Then, the samples were centrifuged at 11.000 rpm for 10 min at 4°C
and the protein content was determined by Bradford method (30). 500ug of samples
were incubated with mouse anti-caveolin-1(Santa Cruz Biotechnologies, Santa Cruz,
CA) or anti-S-Nitroso-Cysteine antibody (Sigma-Aldrich, St. Louis, MO USA)
overnight, followed by the addition of protein A-sepharose for 2 h. After centrifugation,
the pellets were washed in PBS containing 1 mM EDTA. The immunoprecipitated
samples were prepared under reducing or non-reducing conditions as necessary. The
Western blotting was performed as described above and incubated with rabbit anti-
claudin-1 or occludin for immunoprecipitated samples and subsequently incubated with

appropriate secondary antibodies.

Albumin Endocytosis Assay

ARPE-19 cells were submitted to treatments with concomitant addition of BSA
conjugated with Alexa 594 (50 pg /ml, Life Technologies, Gaithersburg, MD) in the
medium as previously described with some modifications (31). Cells on coverslips were
washed with Hank’s buffer and fixed with cold methanol (-20°C) for 10 min at room
temperature. Cells were then blocked and incubated in rabbit polyclonal caveolin-1
antibody overnight at 4°C, and then incubated for 1 h with the appropriate secondary
antibody.
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Human TNF-a Levels

The quantitative levels of human TNF-a in cell culture supernatant of ARPE-19
cells after 24 hours of treatments were determined by Invitrogen Human Tumor
Necrosis Factor-Alpha Ultra Sensitive (Hu TNF-a US) colorimetric ELISA Kit

(Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions.

Fluorometric Measurement of CAV-1 S-Nitrosylation by Diaminonaphthalene(DAN)

Assay

S-Nitrosylation of CAV-1 was measured as previously described with some
modifications (32).Samples were immunoprecipitated with mouse anti-caveolin-1. The
immunoprecipitates were washed with PBS containing 1 mM EDTA. The pellets were
resuspended in 500 pl of PBS+EDTA and incubated with 200pM HgCl, and 200pM
diaminonaphthalene (DAN) for 30 min in the dark at room temperature followed by the addition
of 0.1 N NaOH of final concentration. In the DAN assay, NO is displaced from S-NO bonds on
S-nitrosylated proteins by HgCl,. A fluorescent triazole generated from the reaction between
DAN and NO released from S-nitrosylated CAV-1 was recorded using a spectrofluorometer
(Hitachi, model F-4500, Tokyo, Japan) operating at excitation and emission wavelengths of 375

and 450 nm, respectively, with slit widths of2.5 nm.

Statistical Analysis

Results are presented as folders of increment to independently compare
experiments and expressed as the means + SD. The groups were compared by one-way
analysis of variance (ANOVA), followed by the Fisher protected least-significant
difference test. StatView statistics software was used for all comparisons, with a

significance value of P<0.05.
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RESULTS

High-Polyphenol Cocoa Preserved the Integrity of Tight Junctions of ARPE-19

CellsExposed to Diabetic Milieu Conditions

In order to investigate the integrity of the ARPE-19 cells monolayer, we
evaluated the expression of the TJs proteins claudin-1, occludin and ZO-1. ARPE-19
cells exposed to HG conditions for 24 hours showed a decrease in the expression of
claudin-1 and occludin proteins compared to NG (P<0.03)(Figure 1A,C). In addition,
the immunofluorescence showed the loss of these proteins on the cell membrane under
HG treatment (Figure 1B, D). This decrease was prevented by HPC (P<0.03) but not by

LPC (P>0.2) compared to HG conditions (Figure 1A-D).

In contrast, an increasewas detected in ZO-1 expression under HG compared to
NG conditions (P=0.03); the treatment with HPC significantly prevented this alteration
compared to HG (p=0.001) (Figure 1E,F). The LPC treatment showeda tendency to

decrease compared to HG, but it did not reachstatistical significance (P=0.09).

High-Polyphenol Cocoa Prevented Extracellular Matrix Accumulation in

CellsExposed to HG Conditions

The RPE cells play a crucial role in the survival of photoreceptors,
choriocapillaris and choroid, through the release of growth factors and production of
extracellular matrix (ECM) (4,33). Besides the changes and disorganization on TJs
proteins observed under HG conditions, the ARPE-19 monolayer barrier depends upon
the ECM accumulation. After 24 hours under HG, the cells upregulates the production
of collagen IV and fibronectin proteins when compared to NG conditions (P<0.02), and
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the treatment with HPC protected from this alteration (P<0.05) (Figure 2). In light of the
findings that ARPE-19 cells exposed to HG for 24 hours showed a profound disturbance
on TJs proteins expression accompanied by accumulation of ECM proteins, and that
HPC prevented these abnormalities, we assessed the functional features (permeability

and resistance) of this monolayer barrier.

High-Polyphenol Cocoa Protected the Barrier Features of ARPE-19 Cell Monolayer

Under HG Medium

To investigate whether the above changes could influence the functional features
of these cells, we assessed the ARPE-19 monolayer barrier by measuring the
paracellular permeability apical-basolateral movements of FITC-dextran and its
transepithelial resistance (TER). The cells grown underHG conditions showed
significant lower dextran diffusion accompanied by higher TER compared to NG
(p<0.04). Similar to the previous results, only HPC significantly protected the barrier
function (p<0.05) from these abnormalities (Figure 3A,B). One possible mechanism by

which the TJs claudin-1 and occludin expressions are decreased in HG medium could

be a mechanism dependent on CAV-1 endocytosis phenomenon. In vitro studies have
reported occludin endocytosis via macropinocytosis, clathrin-coated pits and caveolae

(34,35,36).To test this hypothesis, we assessed CAV-Iclaudin-1 and CAV-1l/occludin

immunocomplexes.

High-Polyphenol Cocoa Prevented Caveolin-1/Claudin and Caveolin-1/Occludin

Complexes in ARPE-19 Cells Under Diabetic Milieu Conditions

In HG conditions, there was a clear augment of CAV-1/claudin-1 and CAV-1/occludin
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1/occludin bindings compared to NG (p<0.04); the presence of HPC prevented these
interactions compared to HG (p<0.04) (Figure 4A,B). Through immunolocalization of
the CAV-1 protein on the ARPE-19 monolayer, we observed a uniform distribution of
CAV-1 in all parts of the cell, membrane, cytoplasm and nucleus in NG conditions.
When the cells were exposed to HG, there was a massive internalization of CAV-1
forming roundish structures in the cytoplasm compatible with caveossome. These
structures are associated with endocytosis. The use of LPC seems to attenuate this

process, but it was clearly prevented on HPC treatment (Figure 4C).

Collectively, these results suggest that in DM milieu conditions, the decrease in
TJs claudin-1 and occludin of ARPE-19 cells is associated with caveossome
formation.The protective effect of HPC was at least partly dependent on the amount of

polyphenols present in the cocoa treatment.

Epicatechin, the Main Compound of Cocoa Polyphenols, Counteracts to Nitrosative

Stress, Preventing CAV-1 S-nitrosylation

It was described that TNF-a stimulates occludin endocytosis via caveolin in
intestinal epithelial cells (37), but the mechanism by which TNF-a induces increase of
internalization and traffic of CAV-1 is unclear. Post-translational modifications of
CAV-1 in N-terminal near the scaffolding domain, such as ubiquitination (38) and
phosphorylation (31), were involved in exacerbated traffic. As TNF-a increases NO
production by regulating iNOS, we verify whether NO® directly modifies the assembly
and mobility of CAV-1 by S-nitrosylation, thus regulating vesicular trafficking in

ARPE-19 cells.
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First we evaluate the oxidative and nitrosative stress in our system. In cells
exposed to HG, an increase in total ROS production was observed compared to NG
(P<0.0001). This effect was prevented by the LPC (P=0.01) and was even more
significantly decreased with HPC treatment compared to HG (P<0.0001) or LPC
conditions (P=0.01). To test the effect of EC, the most abundant polyphenol present in
cocoa, we used the corresponding percentage found in LPC and HPC doses, 0.15 and
12%, respectively. Only the EC concentration correspondent to the percentage present
in HCP was able to abrogate the increase in ROS production (P=0.0005) compared to
HG (Figure 5A). This demonstrates that the high amount of polyphenols present in our
HPC counteracts the increase of ROS production in ARPE-19 cells exposed to HG.
Following, the NO pathways that could be involved in ROS production in HG
conditions were investigated by theH,DCFDA method. The presence of HPC or
unspecific NOS blocker (L-NAME) was able to prevent increased ROS levels compared

to HG (P<0.02). Concomitant treatments of L-NAME+HPC or L-NAME+EC under HG

conditions showed no additive effect. The difference between HG+L-NAME+HPC and
HG+L-NAME+EC (P=0.05) suggests that other cocoa compounds might exert a

protective effect through different pathways (Figure 5B).

Then, we evaluated the production of intracellular NO by theDAF-2DA method
and the specific effect of EC on its production. We observed an increase in NO
production in cells exposed to HG compared to the CT (P=0.008). Just HPC or the
corresponding EC content were able to prevent this increment (P<0.005) (Figure 5C).

These data suggest a specific effect of EC on the NO system. In order to confirm the
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source of NO, we assessed the iNOS expression. As expected, iNOS was found
upregulated under HG conditions (P=0.003), and in the presence of HPC, this alteration

was abolished (P=0.007) (Figure 5D).

As the nitrosative stress induced by iNOS is present in this system, we
investigated whether CAV-1 would possibly be nitrosylated by the excessive amounts
of NO. The nitrosylated CAV-1 was assessed by immunoprecipitation experiments and
analyzed by spectrofluorometry with the DAN method and Western blot (Figure 6A,B).
In Figure 6A, the NO released from S-nitrosylated CAV-1 detected by DAN was
quantified. It showed that in cells incubated with a NO donor (NG+GSNO), a positive
control or HG there was a clear induction of S-nitrosylation on the CAV-1 molecule
(P<0.0001). HPC, EC alone or AG equally prevented this process (P<0.002) compared
to HG. The presence of iNOS inhibitor AG with HPC showed an additional effect
compared to HPC alone (P=0.05). This latter result suggests that other cocoa
compounds might act in this pathway. However, HG+AG+EC treatment did not offer an
additional effect compared to HG+EC (P=0.6), meaning that the main action of EC is in
the prevention of CAV-1S-nitrosylation via iNOS downregulation (Figure 6A). In line
with fluorimetric assays, a significant increased expression of S-nitrosylated CAV-1
was detected under HG compared to NG (P<0.0001), and there was no difference
between the protective effect of HPC or EC compared to HG (P=0.5). The treatment
HG+AG+HPC again presented an additional effect compared to HG+HPC (P=0.04),
and there was no difference between HG+EC and HG+AG+EC treatments (P=0.2)

(Figure 6B).
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To further understand whether the nitrosylation of the CAV-1 molecule
interferes inthe interaction between CAV-1 and the TJs and the CAV-1 internalization,

we studied the endocytosis of CAV-1.

Epicatechin Prevents CAV-1 Endocytosis Process, and This Effect Is Dependent of

TNFa-iNOS Upregulation Through J-Opioid Receptor

We measured the TNF-a levels in the supernatant of these cells and observed an
increase in cells exposed to HG compared to NG (P=0.002), and both HPC and EC
similarly prevented this increment (P<0.03) (Figure 7A). As activation of opioid
receptors can reduce TNF-a production in the retina model of ischemic/reperfusion
(23),we used DOR blocker naltrindole (Nalt) to test this hypothesis on ARPE-19 under
HG conditions. In the presence of Nalt, the effects of HPC or EC were abolished
compared to controls (P<0.0008) (Figure 7A), indicating that EC modulates TNF-a via
DOR receptor. Then, we confirm whether TNF-a can induce iNOS upregulation in our
in vitro model and if the DOR receptor is involved in this modulation. As expected, the
iNOS expression increased when stimulated with TNF-a compared to NG (P=0.0006);
the treatment with EC prevented this stimulus (P=0.001); the presence of Nalt abrogated
this effect compared to NG+TNF-0+EC (P=0.0002). As expected, ARPE-19 cells under
HG conditions increased iNOS expression (P=0.008 vs. NG conditions), and the
presence of EC prevented this alteration, leading to normal levels (P=0.02); DOR
blocker Nalt abrogates the effects of EC protection compared to HG+TNF-0+EC

(P=0.04) (Figure 7B).

To test whether EC prevents CAV-1 endocytosis via DOR receptor, we
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performed the albumin endocytosis assay. The process of endocytosis of CAV-1 was
observed in a low degree under NG, while it was greatly increased under HG
conditions. The treatment with HPC or EC decreased CAV-1 endocytosis, and in the
presence of the DOR blocker, this effect was abolished. These findings indicate that the
protective effect of EC is at least in part via DOR receptor blockage preventing caveolin

transcellular trafficking (Figure 8).

Collectively, these data strongly suggest that the beneficial effects of
polyphenols, especially epicatechin, on ARPE-19 cells under DM milieu conditions are
via 9-opioid receptor binding, thus decreasing iNOS-TNF-a-dependent upregulation. As
a consequence, the NO intracellular production is ameliorated and CAV-1 nitrosylation

is prevented, restoring CAV-1 trafficking.

DISCUSSION

In the present study we provide evidence that the process by which claudin-1
and occludin TJs decrease in ARPE-19 cell monolayer exposed to DM milieu
conditions is through the CAV-1 endocytosis associated with a profound unbalance in
paracellular resistance and permeability. In addition an increase in ZO-1 expression and
ECM accumulations was observed. The CAV-1 endocytosis process is dependent of
stimulation by TNF-q, which in turn upregulates iNOS expression. The NO production
is increased, resulting in S-nitrosylation of CAV-1. The treatment with HPC or EC
abolished this effect through direct interaction on DORin ARPE-19 cells. These results

reveal for the first time to the best of our knowledge the protective role of EC in
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preventing nitrosative posttranslational modification of CAV-1 on ARPE-19 cells, thus

restoring the properties of the ARPE-19 barrier exposed to HG conditions.

Most of the research on the physiopathology of DR has focused on the
impairment of the neuroretina and the breakdown of the inner BRB. By contrast, the
effects of DM on the RPE and in particular on its secretory and transport activity have
received less attention. In one direction, the RPE transports electrolytes and water from
the subretinal space to the choroid, and in the opposite direction, the RPE transports
glucose, retinol, ascorbic acid and fatty acids from the choriocapillaries to the
photoreceptors. Both directions showed changes under HG conditions (2). To transport
glucose, the RPE contains high amounts of glucose transporters in both apical and
basolateral membranes. Both GLUT1 and GLUT3 are highly expressed in the RPE
(39,40,41).Recently it has been demonstrated that HG promoted alterations in transport
such as downregulation of GLUT-1 (42); alterations in transport of retinol due to a
downregulation of the interstitial retinol binding protein (IRBP); impairment of the
transport of ascorbic acid limiting the RPE’s antioxidant defense (43, 44). There is a
large amount of water produced in the retinal tissue, mainly as a consequence of the
large metabolic turnover in neurons and photoreceptors. The Na*™-K*-ATPase, located in
the apical membrane, provides energy for the transepithelial transport (45).Constant
elimination of water from the subretinal space produces an adhesion force between the
retina and the RPE that is lost by inhibition of Na'™-K*-ATPase by ouabain (46). In
cultured bovine RPE cells, it has been demonstrated that HG induces a loss of

Na*/K*ATPase function, thus decreasing the permeability (47).

TJs constitute the barrier between the subretinal space and the choriocapillaris.
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The effects of TJs expression in permeability function have some contradictory
findings. It was described that HG concentrations result in a reduction of permeability
accompanied by increased TER in human ARPE-19 cells that was unrelated to claudin-
1 overexpression mRNA levels (48).However, ARPE-19 cells under endoplasmic
reticulum stress induced by tunicamycin or thapsigargin presented a significant increase
of ZO-1, occludin and claudin-1 associated with an increase of TER (49).In addition,
hyperglycemia could impair the transport of water from subretinal space to the
choriochapilaris and, consequently, might contribute to DME development (2). On the
other hand, a microscopic imaging assay for directly visualizing macromolecules leaked
through the outer BRB in rodents demonstrated the importance of outer BRB

breakdown in DM induced by STZ and ischemia experimental model (3).

Nitrosative stress is an early event present on pathogenesis of DR (50). In this
present work, the iNOS activation leading to increased NO levels posttranslationally
altered CAV-1 molecules, thus increasing the communication with claudin-1 and
occludin. Recently, it was demonstrated the pivotal role of CAV-1-dependent occludin
endocytosis induced by TNF-a in regulating TJs in intestine epithelial cells (13). Other
work showed that phosphorylation of CAV-1 increases its association with vascular
endothelial(VE)-cadherin/catenin complexes in response to the pro-inflammatory
mediator thrombin. As a consequence, the association of catenin with VE-cadherin is
weakened and the junction-associated actin filaments is lost, thus compromising the
barrier function (51). Abnormalities in gene expression of CAV-1 have been linked to
DR (52), but the possible implications of the CAV-1/caveolae in the outer retina need to

be better understood. In RPE cells, caveolae exhibit a unique bipolar distribution (53),
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but their functions in either the apical or basolateral RPE membrane domains have not
been elucidated. A previous work showed that ablation of CAV-1 resulted in reduced
inner and outer retinal functions and Cav-1 KO retinas also displayed unusually tight
adhesion with the RPE, suggesting alterations in outer retinal fluid homeostasis. These
findings demonstrate that the reduced retinal function resulting from CAV-1 ablation
involves impairment of subretinal and/or RPE ion/fluid homeostasis (54).Post-
translational modifications of CAV-1 in N-terminal near the scaffolding domain were
involved in exacerbated traffic, such as ubiquitination (55) and phosphorylation (31).In
line with our present data, these authors demonstrated that CAV-1 SNO is an important

mechanism of caveolae trafficking regulation in endothelial cells.

The opioid receptor family comprises three members—the -, 8- and k-opioid
receptors—which respond to classical opioid alkaloids such as morphine and heroin as
well as to endogenous peptide ligands like endorphins. They belong to the G-protein-
coupled receptor (GPCR) superfamily, and are known as excellent therapeutic targets
for pain control (56). Activation of one or more opioid receptors by morphine can
reduce ischemic/reperfusion injury by the suppression of TNF-a production in the
retina. Naloxone, an opioid antagonist, reversed the morphine-induced suppression of
TNF-a production in vitro (23). EC, the predominant flavonoid component present in
cocoa and dark chocolate, is a well-known antioxidant associated with a lower risk of
stroke and heart failure (57,58,59). Moreover, EC-induced cardiac protection dependent
on DOR receptor stimulation was shown (26).Herein, we demonstrated that the increase
of TNF-a levels on ARPE-19 cells exposed to HG is abolished when the cells were

treated with HPC or the corresponding amount of EC, neutralizing the HG effect; this
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action was abrogated in the presence of Nalt, a DOR blocker. This set of experiments
clearly demonstrated that EC protects the ARPE-19 monolayer barrier/permeability
through stimulation of DOR, thus modulating the TNF-a actions. It was reported the
crystal structure of the mouse DOR, bound to the subtype-selective antagonist Nalt (60),
and it was showed that blocking the DOR with oral administration with Nalt resulted in
a decrease of the EC protective effect on the mitochondrial structure in mice cardiac

protection (61).

In conclusion, we identified EC as a negative regulator of CAV-1 nitrosylation
in ARPE-19 cells under DM milieu conditions through the activation of &-opioid
receptor. Because CAV-1 plays an important role in major diseases such as cancer (62),
atherosclerosis (63), DM complications (64)and inflammation (65), our findings might
provide insights not only into the regulatory mechanism of claudin-1 and occluding by
CAV-1 internalization in ARPE-19 cells exposed to HG conditions, but also into the

above pathological conditions.
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FIGURE LEGENDS

Figure 1. Expression of claudin-1, occludin and ZO-1 tight junctions proteins in
ARPE-19 cells under HG conditions and the effects of LPC and HPC treatments.
The expression of tight junctions was evaluated after 24 hours in NG, HG, HG+HPC or
LPC (100ngml) treatments. A,C,E. Western blot for claudin-1, occludin and ZO-1
expression, respectively, in total cell lysate. Equal loading and transfer were ascertained
by reprobing the membranes for B-actin. The arbitrary unit of densitometry was
transformed to folders of increment in relation to the media of NG in each experiment to
compare independent experiments. The bars represent mean +SD.P<0.03 versus NG;
*P<0.03 versus HG. B,D,F. Confocal immunofluorescence images showing claudin-
1,occludin and ZO-1 expression and localization. The marked TJs are shown in green
(located on cell membrane), and the nucleus is indicated in red with propidium iodide

(PI) under confocal microscopic field (X630).

Figure 2. HPC prevents the ECM accumulation in ARPE-19 cells under 24 hours
in HG.The expression of ECM accumulation was evaluated after 24 hours in NG, HG,
HG+HPC or LPC (100nginl) treatments. A,C. Western blot for fibronectin and
collagen-IV expression, respectively, in total cell lysate. Equal loading and transfer
were ascertained by reprobing the membranes for B-actin. The arbitrary unit of
densitometry was transformed to folders of increment in relation to the media of NG in
each experiment to compare independent experiments. The bars represent mean
+SD."P<0.02 versus NG;*PP<0.05versus HG. B,D. Immunofluorescence images

showing fibronectin and collagen-IV expression and localization. Fibronectin was
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marked in red and its nuclei by DAPI, and collagen-IV was marked in red and its nuclei
with propidium iodide (PI), both localized on the membrane under microscopic field

(X630).

Figure 3. HPC-protected RPE dysfunctionin ARPE-19 cells under 24 hours in HG.
A. The permeability and transepithelial electrical (TER) of the RPE cells was
determined after 24 hours in NG, HG, HG+HPC or LPC (100ng/ml) treatments. For
permeability, the apical-to-basolateral movements of FITC dextran (40 kDa) were
measured. 200 pL of samples were collected from the basolateral side at 30, 60, 120 and
240 minutes after adding the molecules. A minimum ofthree cultures wasused for each
measurement. B.For TER measurement, resistance wascalculated by subtracting the
resistance of the filteralone (background) from the values obtained with the filters
withRPE cells and expressed in ohms-cm® TER changes were monitored before and
after 24 hours of treatments. The bars represent mean +SD in both

experiments. P<0.04versus NG; *P<0.05versus HG.

Figure 4. HPC-prevented CAV-1tlaudin and occludin complexes and CAV-1
internalization. The expression of CAV-1tlaudin or occludin complexes and CAV-1
expression were evaluated after 24 hours in NG, HG, HG+HPC or LPC (100ng/ml)
treatments. A, B. Immunoprecipitation of cell lysate with CAV-1 antibody incubated
with claudin-1 or occludin antibodies, respectively. The CAV-ltclaudin or occludin
complex expressions were measured by Western blot. Equal loading and transfer were
ascertained by reprobing the membranes forCAV-1.The arbitrary unit of densitometry

was transformed to folders of increment in relation to the media of NG in each
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experiment to compare independent experiments.The bars represent mean +SD in both
experiments.*P§0.04versus NG; *P<0.04versus HG.C. Immunofluorescence images
showing CAV-1 expression and localization. CAV-1 was marked in green and its nuclei

with propidium iodide (PI) under microscopic field (X630).

Figure 5. Epicatechin, the main compound of HPC, counteracts nitrosative stress.
Measurements ofintracellular ROS and NO productions after 24 hours in NG, HG,
HG+HPC or LPC (100ng/ml); HG+EC correspondent to percentage found in LPC and
HPC, 0.25% and12%, respectively. A,B.Total intracellular ROS production obtained by
H,DCFDA fluorescence method.A. The effects of epicatechin (EC) amounts on ROS
production. Bars represent the mean £ SD of fluorescence units obtained in ELISA
reader and corrected by the number of cells at the end of each treatment. Mannitol was
used for an osmotic control in this experiment to see if there is some effect of
osmolarity. "P<0.0001versus NG;*P<0.01 versus HG group. B. The NOS non-selective
inhibitor L-NAME (2 mM) was used to test EC role in downregulating ROS production
via NO system. Bars represent the mean + SD of fluorescence units obtained in ELISA
reader and corrected by the number of cells at the end of each treatment.” P<0.03versus
NG:*P<0.02versus HG; 'P=0.05 versus HG+L-NAME+EC. C. Intracellular NO
production measured by DAF-2DA method. Bars represent the mean * SD of
fluorescence units obtained in ELISA reader and corrected by the number of cells at the
end of each treatment. P=0.008versus NG;#PS0.00S versus HG. D. Western blot for
iNOS expression in total cell lysate. Equal loading and transfer were ascertained by
reprobing the membranes for B-actin. The arbitrary unit of densitometry was

transformed to folders of increment in relation to the media of NG in each experiment to
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compare independent experiments. The bars represent mean +SD. P=0.003versus

NG:*P=0.007versus HG.

Figure 6. Epicatechin counteracts nitrosative stress and prevented S-nitrosylation
of CAV-1. Measurement of CAV-1 S-nitrosylation after 24 hours in NG, HG, HG+HPC
(100ng/ml), HG+EC (12ng/ml).The specific iNOS blocker aminoguanidine (AG) was
used in a concentration of 2mM to access the protective effects of EC via
downregulation iNOS. A. Fluorometric Measurement of CAV-1 S-nitrosylation by
diaminonaphthalene (DAN) assay. GSNO (1uM) was usedas a positive control on
induction of CAV-1 S-nitrosylation. The fluorescence units obtained via ELISA reader
weretransformed to folders of increment in relation to the media of NG in each
experiment to compare independent experiments. Bars represent the mean =+
SD."P<0.0001 versus NG conditions; *P<0.002versus HG treatment; "P=0.05 versus
HG+HPC.B. Expression of S-nitrosylated CAV-1. Western blot of cell lysate immune
precipitated with S-Nitroso-Cysteine (SNO-Cys) antibody and immunoblotted for anti-
CAV-1.Equal loading and transfer were ascertained by reprobing the membranes for
SNO-Cys antibody.The arbitrary unit of densitometry was transformed to folders of
increment in relation to the media of NG in each experiment to compare independent
experiments.The bars represent mean +SD in both experiments.*P<0.000lversus NG;

#P<0.002 versus HG; "P=0.04 versus HG+HPC.

Figure 7. Epicatechin prevents TNFo-iNOS upregulation through &-opioid
receptor (DOR). A. Measurement of TNF-a levels in the supernatant of ARPE-19 cells
by ELISA assay. We used specific DOR blocker naltrindole (Nalt) in a concentration of
10uM to investigate whether the effects of EC are dependent on DOR receptor.
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The absorbance values were corrected by protein concentration and expressed as
pg/mljtg. P=0.002 versus NG; *P<0.03 versus HG; "P<0.0008 versus HG+HPC and
HG+EC, respectively.B. Western blot for iNOS expression in total cell lysate. TNF-a
treatment, in a concentration of 40ng/ml, was used to induce iNOS expression. Equal
loading and transfer were ascertained by reprobing the membranes for B-actin. The
arbitrary unit of densitometry was transformed to folders of increment in relation to the
media of NG in each experiment to compare independent experiments. The bars

represent mean +SD."P<0.01versus NG; #PSO.02versus;TP=0.04 versus HG+EC.

Figure 8. Epicatechin prevents CAV-1 endocytosis process through &-opioid
receptor blockage. Albumin (BSA) Endocytosis Assay. Immunofluorescence images
showing endocytosis of BSA conjugated with Alexa 594 (red), CAV-1 localization

(green) and its nuclei with DAPI (blue) under microscopic field (X630).
Legends:

NG: normal glucose; NG+GSNO: normal glucose + GSNO; HG: high glucose;
HG+LPC: high glucose + low polyphenol cocoa; HG+HPC: high glucose + high
polyphenol cocoa; HG+EC:high glucose + epicatechin; HG+EC (%LPC): high
glucose + epicatechin 0.25ng/iml; HG+EC (%HPC): high glucose + epicatechin
12ng/ml; HG+L-NAME: high glucose + L-NAME; HG+L-NAME+HPC: high
glucose + L-NAME-+high polyphenol cocoa; HG+L-NAME+EC: high glucose + L-
NAME-+epicatechin, HG+AG: high glucose + aminoguanidine; HG+AG+HPC:high
glucose + aminoguanidine + high polyphenol cocoa; HG+AG+EC:high glucose +

aminoguanidine + epicatechin; NG+TNF-a: normal glucose + TNF-a; NG+TNF-
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0+EC: normal glucose + TNF-a + epicatechin; NG+TNF-a+Nalt+EC: normal glucose

high polyphenol cocoa; HG+Nalt+EC: high glucose + naltrindole + epicatechin.
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Figure 3. HPC-protected RPE dysfunction in ARPE-19 cells under 24 hours in
HG.
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Figure 5. Epicatechin, the main compound of HPC, counteracts nitrosative stress.
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Figure 6. Epicatechin counteracts nitrosative stress and prevented S-nitrosylation
of CAV-1.
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Figure 7. Epicatechin prevents
receptor (DOR).
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Figure 8. Epicatechin prevents CAV-1 endocytosis process through o-opioid
receptor blockage.
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Supplementary figure 1.

Compounds Quantity (%)
Polyphenols 60.5
Catechin 1
Epicatechin 12
Epigallocatechin 0.58
Epigallocatechin gallate 0.25
Gallocatechin gallate 3
Epicatechin gallate 1.12
Procyanidine B1 0.2
Procyanidine B2 4.1
Procyanidine B3 0.2
Carbohydrates 12
Solubre fibres 55
Proteins 9.5
Xanthines 9.42
Theobromine 8
Caffeine 1.42
Others 8.58

Supplementary figure 1: Quantitative characterization of high polyphenol cocoa
(HPC) compounds determined by UHPLC. The polyphenols (catechin, epicatechin,
epigallocatechin, epigallocatechin gallate, gallocatechin gallate, epicatechin gallate) and
xanthines were quantified by our group. The remainder of the compounds was
determined by Barry Callebau®. Among the polyphenols, epicatechin (EC) was
presented in a higher percentage, 12%.
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4. CONCLUSOES GERAIS
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Como descrito na literatura e também observado em nossos trabalhos, o aumento
da expressdo da iNOS estd presente nas fase precoces da RD. Seu envolvimento na
patogé€nese da RD faz com que esta enzima seja alvo terapéutico para prevengdo. Até o
momento ndo ha tratamento farmacolégico e principalmente ndo invasivo para a RD, e
0 uso de tratamentos tépicos como o colirio ou o consumo de compostos naturais,
seriam de grande interesse.

No estudo do Artigo I, escolhemos a formulacido de um colirio de GSNO devido
a sua capacidade de modulacdo de proteinas através de modificacdes pds-translacional,
S-nitrosilacdo e/ou S-glutationilacdo. O GSNO € conhecido por ser um doador de NO,
no entanto se comportou de maneira diferente dependente da presenga ou auséncia do
diabetes. No animal controle induziu o estresse oxidativo/nitrosativo no tecido da retina
resultando em altera¢des funcionais. Nos animais com DM, o tratamento com colirio de
GSNO reduziu a elevacdo da expressdo da iNOS e preveniu a nitragdo da tirosina,
melhorando a disfung¢éo glial resultando na melhora da fungdo retiniana. A presenca do
estresse nitrosativo esteve presente em todas as camadas das células da retina e foi mais
acentuado no EPR. A onda “c” também apresentou alteragdes, afirmando o
envolvimento da BHR externa. Baseado nestas observagdes, investigamos in vitro os
efeitos do GSNO dependente das concentracdes de glicose na linhagem celular humana
ARPE-19. Nas células expostas a alta concentracdo de glicose, foi observado um
aumento na producdo de superdxido e NO acompanhado do aumento da expressdo da
iNOS, nitracdo da tirosina e diminui¢@o nos niveis endégenos de GSNO assim como na
expressdao de GSH e GSNO-R. O tratamento com GSNO preveniu o estresse nitrosativo
(diminuig¢do de iNOS, NO e nitragao de tirosina) e a diminuicdo dos niveis de GSNO-R,
mas nao restaurou os niveis de GSH ou GSNO. Este efeito foi provavelmente através da

inibi¢do da iNOS através da S-glutationilacido promovida pela GSSG liberada através da
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denitrosilacdo do GSNO exdgeno via GSNO-R. Em contraste, em condi¢gdes de glicose
normal, o tratamento com GSNO promoveu o estresse nitrosativo através do aumento
da produgdo de NO independente da iNOS. Neste caso, o nitrosotiol GSNO atuou como
um doador direto de NO através de reacdes com grupos tidis. Curiosamente, 0s niveis
endégenos ndo aumentam com o tratamento, sugerindo o seu consumo. Este estudo
demonstra a importdncia da iNOS e a relevancia do sistema S-
nitrosoglutationa/glutationa na patogénese da RD. Além disso, através de técnica de
alta precisdo pudemos quantificar os niveis endégenos de GSNO o que aprofundou o
entendimento do papel do NO em condicdes que mimetizam o DM.

No Artigo II, nés demonstramos o papel do cacau enriquecido com polifendis na
protecdo da integridade das juncdes intercelulares em células ARPE-19 expostas a alta
concentracdo de glicose. Através do Artigo I, observamos que o alvo terapéutico € a
iNOS e neste estudo, investigamos a participacdo da iNOS na regulacdo das juncdes
intercelulares e dos possiveis mecanismos protetores do cacau. Neste trabalho
demonstramos que a diminuicdo da expressdo das jungdes intercelulares claudina-1 e
ocludina em células ARPE-19 sob alta concentracdo de glicose estiveram associadas a
interacdo com a CAV-1. O aumento do trafego da CAV-1 foi dependente de sua S-
nitrosilagdo. O cacau com alto teor de polifenol ou a epicatequina diminuiram a
expressao da iNOS através da modulacdo do TNF-a via DOR. Este efeito foi revertido
com o uso do antagonista, naltrindole, demonstrando a alta especificidade da

epicatequina com o DOR e o seu mecanismo de acao.

Em ambos os estudos, os tratamentos aplicados foram primarios, ou seja,
preventivos. Futuros estudos clinicos serdo necessdrios para a avalicdo dos efeitos

dessas modalidades terapéuticas em pacientes diabéticos com RD ndo proliferativa leve.
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Retinal Cell Biology

Exogenous SOD Mimetic Tempol Ameliorates the Early
Retinal Changes Reestablishing the Redox Status in

Diabetic Hypertensive Rats

Mariana A. B. Rosales, Kamila C. Silva, José B. Lopes de Faria, and

Jacqueline M. Lopes de Faria

Purposk. The purpose of this study was to investigate the efficacy
of tempol (4-hydroxy-2,2,6,6tetramethylpiperidine-N-oxyD), a su-
peroxide dismutase mimetic, in preventing early retinal molecular
changes in a model that combines hypertension and diabetes.
Memons. 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 induction of diabetes, the
rats were euthanatized, and their retinas were collected.

Resurts. The early molecular markers of diabetic retinopathy
(DR), glial fibrillary acidic protein, and fibronectin were eval-
uated by Western blot assays and showed an increase in DM-
SHR compared with the SHR group. The oxidative balance,
evaluated by superoxide production and nitric oxide end prod-
uct levels estimated by a nitric oxide analyzer, and the coun-
terpart antioxidative defense revealed an accentuated imbalance
in DM-SHR compared with the SHR group. As a result, the prod-
uct peroxynitrite, which was detected by immunohistochemistry
for nitrotyrosine, was higher in the DM-SHR group. The retinal
poly-ADPribose (PAR)-modified proteins, which reflect the acti-
vation of PAR polymerase (PARP), and the inducible nitric oxide
synthase (iINOS) expressions were found to have increased in this
group. Treatment with tempol reestablished the oxidative param-
eters and decreased the PAR-modified proteins, thus preventing
extracellular matrix accumulation and ghial reaction.

Conasions. The administration of tempol prevented oxida-
tive damage, decreased iNOS levels, and ameliorated the acti-
vation of PARP in the retinas of diabetic hypertensive rats.
Consequently, the early molecular markers of DR, such as glial
reaction (glial fibrillary acidic protein [GFAP]) and extracellular
matrix accumulation (fibronectin), were prevented in tempol-
treated rats. (Invest Opbthalmol Vis Sci. 2010;51:4327-4336)
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iabetes mellitus (DM) has become one of the most chal-

lenging health problems of the 21st 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 exten-
sive neurodegeneration and glial degena:"r:nia:mZ accompanied
by damage to the integrity of the vasculature, as evidenced by
early breakdown of the blood-retinal barrier.” Risk factors in
the development and progression of DR include glycemic con-
trol and hypertension.® Epidemiologic studies clearly identify
hypertension as the most important independent risk factor for
DR In the United Kingdom Prospective Diabetes Study
Group, the control of hypertension reduced the progression of
DR in 35% of cases, surpassing even glycemic control.”

The renin-angiotensin system (RAS) has been implicated in
the progression of DR.® Moreover, overactivity of retinal RAS,
which has been shown to be independent of systemic RAS,"
promotes endothelial cell proliferation in DR.® We have re-
cently demonstrated that angiotensin II type 1 receptor block-
age ameliorates diabetic retinal neurodegeneration by reestab-
lishing oxidative balance and mitochondrial function.®

Superoxide dismutase (SOD)) catalyzes the conversion of
superoxide (O, ) to hydrogen peroxide (HyO,5), which can
then be turned into water by catalase or the glutathione (GSH)
peroxidase system. Although SOD is the first line of physiolog-
ical defense against oxidative stress, the reaction of O, with
nitric oxide (NO) is about three times faster than its reaction
with SOD." It has been demonstrated that nitroxides such as
tempol exert a cytoprotective action against diverse oxidative
insults'" and catalyze the dismutation of superoxide to H,0,
plus O, (SODHike 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 inhibi-
tion of NO synthesis,'® suggesting that tempol counteracts
vasoconstriction by scavenging O, and by increasing the
bioavailability of NO.

The antioxidant defense enzymes responsible for scaveng-
ing free radicals and maintaining redox homeostasis, such as
50D, GSH reductase, peroxidase, and catalase, are diminished
in the retinas of animals with diabetes.'® In an animal model
with genetic hypertension and streptozotocin-induced diabe-
tes, the antioxidant system is reduced compared with that of
the normotensive control."® Under DM conditions, the induc-
tion of the glycation reaction produces free radicals such as
O, and NO. NO interacts with O, to form the highly reac-
tive hydroxyl radical, peroxynitrite, which leads to reactive
oxidative damage. Peroxynitrite interacts with lipids, DNA, and
proteins, resulting in damaging cellular effects. The effects on
DNMA are the most damaging to cell function. Nitrosative stress

4327



4328 Rosales et al.

induces DNA single-strand breaks and leads to overactivation of
the DNA repair enzyme poly-{ADP-ribose) polymerase (PARP).
PARP is the enzyme that cleaves nicotinamide adenine dinu-
cleotide (NAD+) to form nicotinamide and a PAR polymer.
Generally, the activation of PARP contributes to energy fail-
ure,'” 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 et al.'®
showed that the hyperhexosemia-induced oxidative stress and
increased expression of fibronectin observed in wild-type con-
trol groups were not observed in PARP-1/ hyperhexosemic
mice, suggesting that the PARP blockade in this animal model
might prevent hyperhexosemia-induced effects. In addition, a
previous paper addressing endothelial dysfunction in diabetes
complications showed that PARP-deficient endothelial cells
incubated with high glucose did not exhibit the production of
reactive nitrogen and oxygen species, consequent single-strand
DNA breakage, or metabolic and functional impairments.™
PARP activation may also cause NF-xB activation.?! Zheng et
al.?' demonstrated that in streptozotocindnduced diabetes and
in 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). It also inhibited the
NF-xB activation and inflammatory markers in BRECs.?' By
using PARP inhibitors or knocking out PARP genes, both NF-xB
activation and transcription of NFxB-dependent genes, such
as inducible nitric oxide synthase (iINOS) or intracellular adhe-
sion molecule (ICAM)-1, can be reduced.”® This suggests that
the inhibition of PARP activation might prevent the conse-
quences of inflammation or oxidative stress by modifying the
NE-«B-dependent pathways. In our previous studies, we revealed
that after 20 days of diabetes, SHR showed increased expression
of the early inflammatory markers NF«B, ICAM-1, and microglial
activation.®® In a recent study by Drel et al,** treatment with
PARP inhibitors prevented apoptosis, glial reaction, and nitrosa-
tive 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 the diabetic retina are more
evident and first detected in concomitance with arterial hyper-
tension 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 of genetically hypertensive (spontane-
ously hypertensive rats [SHR]) and experimentally induced
diabetes. Among diabetic SHR, tempol treatment prevented the
early molecular changes of DR through the reestablishment of
the redox status, thus decreasing the amounts 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 Brazil-
ian College for Animal Experimentation, and it was approved by the
local Animal Research Ethics Committee (CEEA/IB/Unicamp, protocol
number 1833-1). It is also in accordance with the ARV Statement for
the Use of Animals in Ophthalmic and Vision Research. Taconic (Ger-
mantown, NY) provided the SHR and the genetic control Wistar Kyoto
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(WKY) rats used in the present study, and we bred them in our animal
facility. Experimental diabetes was induced in 4-week-old male SHR
(DM-SHR) by injecting streptozotocin (STZ; 60 mg/kg; Sigma, St. Louis,
M) dissolved in a sodium citrate buffer (pH 4.5) through 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, each DM-SHR was randomized to receive
or not to receive a daily intraperitoneal injection of tempol (DM-SHR
tempol; 250 mg/kg/d, 1.45 pmol/g). We used an enzymatic colorimet-
ric 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 euthanatizing the rats. Rats with plasma glucose values
=15 mM were considered diabetic for the present study. We obtained
systolic blood pressure by indirect tail-cuff plethysmography in unanes
thetized rats with a physiograph (MK III; Narco Bio-System, Houston,
TX). Twenty days after diabetes induction, the rats were euthanatized, and
their retinas were detached from the retinal pigment epithelium cell layer
and collected for colorimetric assays and Western blot analysis, or their
eve globes were prepared for immunohistochemistry assays.

Western Blot Analysis for GFAP, FN, Cu-Zn 50D,
PARP, and iNOS

The retinas were lysed in 300 pL of a buffer containing 2% SDS and 60
mmol Tris-HC1 (pH 6.8), supplemented with a protease inhibitor cock-
tail (Complete; Boehringer-Mannheim, Indianapolis, IN). After centrif-
ugation, we measured protein concentrations with the Bradford
method.*® SDS-PAGE and Western blot analysis were performed as
described. ' To assess the protein expression of GFAP, FN, iNOS, and
Cu-Zn SOD and to detect PARP polymers, the membrane was incu-
bated for an additional hour with antibodies against goat polyclonal
antbGFAP (1:100; Santa Cruz Biotechnology, Santa Cruz, CA), goat
polyclonal antiFN (1:1000; Calbiochem-Novabiochem, La Jolla, CA),
rabbit polyclonal ant-iNOS (1:500; Cell Signaling Technology, Beverly,
MA), rabbit polycloml anti-Cu-Zn SOD (1:4000; AbFrontier, Seoul,
Korea), or antiPARP mouse monoclonal antibody (1:1000; Trevigen,
Gaithersburg, MI)), along with horseradish peroxidase- conjugated ap-
propriate secondary antibodies and were developed by the chemilu-
minescence method (Super Signal CL-HRP Substrate System; Pierce,
Rockford, IL). A densitometer (Bio-Rad, Hercules, CA) scanned ex-
posed films, and image analysis software (Multi-Analyst Macintosh
Software for Image Analysis Systems; Apple, Cupertino, CA) quantita-
tively analyzed them. Equal loading and transfer were ascertained by
reprobing the membranes for factin.

Immunohistochemistry for GFAP, Nitrotyrosine,
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 Biotechnology), rabbit polyclonal
antinitrotyrosine antibody (Upstate Cell Signaling Solutions, Lake
Placid, NY), and mouse monoclonal anti-PAR (Trevigen). The antibody
antiPARP detects PAR polymers. Appropriate secondary antibodies
were applied to the tissue sections. Labeled nuclei were detected with
a tissue staining kit (ABC Vectastain; Vector Laboratories, Burlingame,
CA) and diaminobenzidine tetrahydrochloride (DAB)/chloride/hydro-
gen peroxide and were counterstained with hematoxylin (only for
nitrotyrosine). For the negative controls, staining was performed with-
out the primary antibody. Quantitative analyses were performed as a
percentage of positive cells per square millimeter of retina with Image]
software (developed by Wayne Rasband, National Institutes of Health,
Bethesda, MID); available at http://rsb info nih gov/ijfindex html). An
observer with no knowledge of the studied groups counted the posi-
tivity under high-power microscopic fields (10005 ).
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Tamie 1. Physiological Characteristics of the Studied Animals
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Groups Initial Body Weight (g) Final Body Weight (g) SBP (mm Hg) Glycemia (mmol/1L)
WKY (n = 28) 117.2 * 21.1 2885 *+ 26.0 1202 * 183 9612
CTSHR (n = 27) 704 + 8.4* 196.0 + 207t 152.8 + 1L.1]| 9.1+ 20
DMSHR (n = 31) 69.9 + 10.5* 125.4 + 3461 151.1 + 21.4]| 205 + 4.01
DM-SHR tempol (n = 300 683 = 80 107.4 £ 18.51%§ 152.6 * 14.6]| 29.9 + 6.01

SBP, systolic blood pressure.

* P < 0.0001 vs. WKY.

TP = 0.0001 vs. WKY.

£ F < 0.0001 vs. CT-SHR.

§ P = 0.03 vs. nontreated SHR rats.
| P = 0.003 vs. WEKY.

9P < 0.0001 vs. nondiabetic rats.

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 in tubes containing RPMI-1640 medium
(Gibco/BRL, Life Technologies, Inc., Gaithersburg, MDYy at 37°C in a
humidified 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 with a luminometer
(TD 20-E Luminometer; Promega, Sunnyvale, CA). Superoxide produc-
tion was expressed in relative luminescence units (RLUWmin/mg pro-
tein. Protein concentration was measured using the Bradford method™®
with BSA as the standard.

Measurements of Nitric Oxide End Products
(NO,™; Nitrite and Nitrate) in Retina Tissue

Various cell types in the picomolar to nanomolar range produce NO,
which has a very short halfife 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 fluid. The NO,~
and NOy concentrations were detected using an NO chemilumines-
cence analyzer (NOA; Sievers Instruments Inc., Boulder, CO) in retina
samples. With a syringe, 4L aliquots of supernatant were added to a
purge chamber containing vanadium chloride (VCly; 97°C) (Sigma-
Aldrich, St. Louis, M) in 1 N HCI under a nitrogen atmosphere. The
VCl, solution reduces nitrites and nitrates to NO gas, which the NOA
detects. NO was liberated from the samples into the gaseous head
space and was conducted to the NOA, where it reacted with the ozone
to produce a chemiluminescent signal. The amount of light was pro-
portional to the NO concentration, which was calculated from a
standard curve of known MNO;~ concentrations. Each sample was
analyzed in triplicate.

Measurement of Activity of Cu-Zn SOD

The enzyme activity of Cu-Zn SOD in retinal protein was measured
using a kit from Cayman Chemical (Ann Arbor, M), according to the
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Ficure 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 the GFAP/B-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, £ = 0.001; 1.43 = 0.2 vs. (.51 * 0.2 arbitrary densitometric
units for DM-SHR vs. WKY rats, respectively, *P = 0.0001; and 0.51 = 0.2 vs. (.59 * 0.2 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. Brown: presence of
immunoreactivity of GFAP. GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; ONL, cuter nuclear layer; OPL, outer

plexiform laver.
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manufacturer's instructions. The kit utilizes a tetrazolium salt for de-
tection of superoxide radicals generated by xanthine oxidase and
hypoxanthine. One unit of SOD is defined as the amount of enzyme
needed for a 508 dismutation of the superoxide radical. The assay
measures activity of Cu-Zn SOD in tissue. The standard curve was
generated using a controlled SOD standard. The reaction was initiated
by adding 20 pl diluted xanthine oxidase. A spectrophotometer
(Elx800; BioTek, Winooski, V1) monitored the absorbance continu-
ously at 450 nm. Protein concentrations were measured by the Brad-
ford method.

Determination of Reduced Glutathione Levels in
the Retina

Retinal GSH levels were measured using the method described previ-
ously,* with a few modifications, also described previously.' Absor-
bance was read at 412 nm, and the GSH concentration was expressed
as pM GSH/pg retinal protein. GSH was used as an extemnal standard
for the preparation of a standard curve.

Statistical Analysis

Results were expressed as mean * 5D, unless otherwise stated. We
used one-way analysis of variance (ANOVA) followed by Fisher's pro-
tected least significant difference test to assess differences among the
groups. All comparisons were carried out with statistical software
(StatView; SAS Institute, Cary, NC). The significance level adopted was
P = 0.05.

0
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(A) Total superoxide generation in retinal tissue. Superoxide anion production from the retinas of control, diabetic SHR, and diabetic

SHR treated with tempol was measured every 12 seconds for 3 minutes with the lucigeninenhanced chemiluminescence method. The peak level
of superoxide generation was observed around 3 minutes 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 protein for DM-SHR vs. WKY
rats, respectively, *F = (0L05; and 2.1 * 0.2 vs. 6.8 = 3.4 RLU/min/mg protein for DM-SHR tempol vs. DM-SHR rats, respectively, #P = 0.01). (B)
Nitrite (NO, ) and nitrate (NO, ™), 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_ ™ per milligram of protein. Each
sample was analyzed in triplicate (19.2 = 4.4 vs. 11.2 = 0.5 pmol NO/mg protein for DM-SHR vs. WKY rats, respectively, *F = 0.004; 19.2 = 4.4
vs. 10.6 £ 1.7 pmol NO/mg protein for DM-SHR vs. CT-SHR rats, respectively, *F = 0.003; and 10.0 = 2.0 vs. 19.2 = 4.4 pmol NO/mg protein
for DM-SHR tempol vs. DM-SHR rats, respectively, 2P = 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-g-actin antibody as a

control for protein loading. Bars represent mean = SD of the band densities of the Cu-Zn 50D/ 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. 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 was measured. The standard curve
was generated using a quality-controlled SOD standard. Each sample was analyzed in triplicate (0.004 = 0.001 vs. 0.008 = 0.001 U SOD/mg protein
for DM-SHR vs. WKY rats, respectively, *F = 0.002; 0.004 = 0,001 vs. 0.009 * 0,002 U S0D/mg protein for DM-5HR vs. CT-SHR rats, respectively,
*P = 0.001; and 0.007 = 0.002 vs. 0.004 * 0.001 U SOD/mg protein for DM-SHR tempol vs. DM-SHR, respectively, #F = 0.01). (C) Concentration
of reduced GSH from the retinas of studied rats (uM GSH/ g of retinal protein). GSH was not affected by the presence of hypertension or shor-term

diabetes, and treatment with tempol increased its levels (#F = 0.01).

REsuLrs

Physiological Characteristics of the
Studied Groups

The body weights of the d4-week-old SHR were lower than
those of the age-matched WKY rats (P < 0.0001). The weight
gain was lower in DM-SHR than in CT-SHR (P < 0.0001), and
tempol treatment significantly reduced the body weights of
treated DM-SHR compared with nontreated SHR (P = 0.03).
Systolic blood pressure 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 than in the nondiabetic group (P = 0.0001) and
were not affected by tempol treatment (Table 1).

Glial Reaction and Fibronectin Retinal
Accumulation

To assess retinal lesions 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
classic morphologic methods, such as retinal capillary mor-
phology, in trypsin digest retinas because the abnormalities
seen in this preparation, such as acellular capillaries and per‘i—
cyte ghosts, required longerterm diabetes to be detected. 24
GFAP levels were evaluated by Western blot analysis and im-
munohistochemistry. In the Western blot assay, increased
GFAP levels in CT-SHR were observed compared with WKY
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rats (P = 0.001), and this expression was exacerbated in the
DM-SHR group (P = 0.0001). Treatment with tempol pre-
vented the enhancement of GFAP expression, maintaining lev-
els similar to those of the control WKY levels (P = 0.7; Fig. 1A).
With immunohistochemistry, we observed an incrementally
higher glial activity in the DM-SHR group compared with the
CT-SHR and WKY groups. The treatment reestablished this
expression to approximately the same levels as those of the
CT-SHR group (Fig. 1B).

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) pre-
vented the retinal expression of FN (Fig. 2).

Evaluation of Oxidative/Antioxidative Systems
and Peroxynitrite Oxidative Damage in
Retinal Tissue

The redox state is dependent on the balance between free
radicals and antioxidant systems that influence tyrosine nitra-
tion and oxidative damage of lipids, proteins, and nucleic
acids. For estimation of the oxidative status in retinal tissue, we
evaluated the production of O, and NO_ and the antioxida-
tive system’s GSH concentrations and the activity and expres-
sion of Cu-Zn SOD.

Superoxide production in the retina, evaluated by the lu-
cigenin-enhanced chemiluminescence method, was increased
in the DM-SHR group compared with the CT-SHR group (P <
0.05), and tempol treatment reestablished superoxide produc-
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tion to normal levels (P = 0.01; Fig. 3A). Additionally, retinal
NO,  production was increased in the DM-SHR group com-
pared with control groups (P = 0.004 vs. WKY and P = 0.003
vs. SHR), in which tempol treatment (P = 0.01) prevented
retinal NO_~ production (Fig. 3B).

Antioxidant defense was evaluated by retinal expression,
Cu-Zn S0OD activity, and GSH levels in retinal tissue. Two
isoforms of SOD have Cu and Zn at their catalytic center and
are localized to the intracellular cytoplasmic compartment and
extracellularly.”® Marked reduction was observed in Cu-Zn
S0D retinal expression in the DM-SHR group compared with
the WKY (P = 0.0008) and the CT-SHR (P = 0.02) groups.
Similarly, Cu-Zn SOD activity was significantly decreased in
DM-SHR compared with WKY and CT-SHR (7 = 0.002 and P =
0.001, respectively). Tempol treatment protected both the
expression and the activity of Cu-Zn SOD from the effect of
short-term diabetes and hypertension. The expression of Cu-Zn
50D was restored in tempoHtreated DM-SHR compared with
DM-SHR (P = 0.04), and the activity of Cu-Zn SOD was similar
in the CT-5HR and WKY (P = 0.1) groups (Figs. 4A, 4B).

Although the presence of hypertension or short-term diabe-
tes did not affect the levels of GSH in the retina (P = 0.4),
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
the catalase-like actions of tempol, which diminish the forma-
tion of hydroxyl radicals, thus increasing the levels of GSH
available in the retinal tissue (Fig. 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 retinas of
DM-SHR compared with WKY and SHR (P <X 0.0001 and P =
0.0001, respectively). By the mechanism of a SOD mimetic,
tempol competed with NO by O, and dismuted it to peroxide
hydrogen and oxygen, leading to marked reduction of NT
levels in the treated DM-SHR group similar to those observed in
the SHR group (P = 0.6; Fig. 5).

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

Mitrosative stress induces DNA single-strand breaks, leading to
the overactivation of PARP. In the present study, the activation
of PARP represented by the catalysis of the transference of
ADP-ribose groups from NAD to target proteins (poly(ADP-
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ribosyDation), was accessed through the amount of PAR-mod-
ified proteins by Western blot and immunohistochemistry anal-
yses. In Western blot analyses, the presence of hypertension in
the CT-SHR increased the content of PAR ribosylated polymers
compared with the normotensive WKY rats (P = 0.04). The
concomitance of both diabetes and hypertension in the DM-
SHR significantly increased these levels compared with WKY
and CT-5HR (P < 0.001 and P = 0.02, respectively). Treatment
with tempol in the DM-SHR reestablished this parameter to SHR
levels (P = 0.3; Fig. 6A). As detected by immunohistochemistry,
the distribution of PAR polymer-positive cells was homogeneous
among the ganglion cells in both the inner and outer nuclear
layers. The presence of hypertension solely and in concomitance
with diabetes revealed a significant increase in PAR polymer-
positive retinal cells compared with the WKY group (P = 0.01
and P = 0.006, respectively), suggesting the activation of PARP
evaluated through the amount of PAR-modified proteins. Treat-
ment with a SOD mimetic for 20 days reestablished this element
o WKY levels (P = 0.7; Fig. 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 dia-
betic retinal changes.*'*® Other investigators have shown that
with specific PARP inhibitors or knocking out of the PARP gene,
NF«B activation and transcription of NFxB-dependent genes,
such as inducible nitric oxide synthase, are reduced,”"” suggest-
ing that the inhibition of poly(ADP-ribosyDation might prevent
the consequences of inflammation or stress by modification of
NF-xB-dependent pathways. In the present work, we addressed
the retinal expression of iNOS, which may be accepted as an
indicator of the NF-xB- dependent pathways and PARP activation.
A significant increase in retinal iNOS expression was demon-
strated in the DM-SHR group compared with the WKY group
(P = 0.04), and the treatment with tempol restored it to normal
levels (P = 0.26; Fig. 7).

DiscussioN
The findings presented herein demonstrate that the systemic

administration of tempol reestablished the cell’s oxidative pa-
rameters and thus prevented the poly(ADP-ribosyDation of
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proteins and iNOS expression in the retinas of diabetic hyper-
tensive rats. Consequently, the early molecular changes of DR,
represented here by FN accumulation and increased GFAP
expression, were prevented in tempoktreated rats.

Serious retinal in ﬁluﬂes such as retinal detachment, 38 elau-
coma,*® and DR, ™% can trigger retinal reactive ghosis and
neurodegeneration characterized by changes in astrocyte and
Mller cell morphologies and increased production of interme-
diate filament proteins (GFAP).** Retinal Miiller cells and blood
vessels are in close apposition and are likely to interact with
each other.™® It has been suggested that the increase in vascu-
lar permeability in DR may be caused by the effects of diabetes
that alter the neural components of the retina, demonstrated
by increased production of vascular endothelial growth factor
by Miiller cells and neurons,**~*° leading to a breakdown in
the interactions among neurons, gha, and endothelial cells.*
Thickening of the basal lamina that surrounds the endothelial
cells and pericytes of the retinal capillaries because of extra-
cellular matrix accumulation*®* is another finding early in DR
pathogenesis, and this is believed to be pivotal in the progres-
sion of DR. This concept was based on the findings in DM
animal models in which the downregulation of FN synthesis
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partially prevented retinal basal lamina thickening and pre-
vented classic early vascular changes, such as the apoptosis of
pericytes and the development of acellular capillaries.* In in
vitro studies, Oshitari et al.>' downregulated several compo-
nents of the extracellular matrix, such as fibronectin, laminin,
and collagen type IV, and thus reduced vascular leakage in
streptozotocindnduced diabetes ®! In light of this, fibronectin
accumulation and GFAP expression might be used as molecular
markers of diabetic changes in the retina in short-term exper-
imental diabetes.

DM increases oxidative stress, which plays a key regulatory
role in the development of its complications.”* Because oxida-
tive stress may be the promoter of many alterations implicated
in the pathogenesis of DR, representing 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 treatment in the diabetic retina. Antioxidants
may act at different levels, may inhibit the formation of ROS or
scavengers of free radicals, or may increase the antioxidant
defense enzyme capabilities.®® For instance, long-term lipoic



4334 Rosales et al.
D -SHR
WHY CT-8HR I - SHR vempa
NS v : ] 4 130 kix
docin (N — _______EErn
23
s ?
28
3
s 8
i <)
% o
o &
=2
= L
03 i
0 T .
WHY CTSHR O SHE DM SHR
Tempo]
Ficume 7. Western blot of retinal lysates for iNOS 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
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 vs. CT-SHR rats, respectively, P = 0.17; 1.5 * 0.7 vs.
0.7 = 0.3 arbitrary densitometric units for DM-SHR vs. WKY rats,
respectively, *P = 0.04; 1.5 = 0.7 vs. 0.3 * 0.2 arbitrary densitometric
units for DM-5HR vs. DM-SHR tempol, respectively, *F = 0.001; and
0.7 £ 0.3 vs. 0.3 £ 0.2 arbitrary densitometric units for WKY vs.
DM-SHR tempol, respectively, #F = 0.25).

acid treatment attenuated the apoptosis of rat retinal capillary
cells and decreased the levels of 8-hydroxy-2'-deoxyguanosine
and NT in diabetic rats,** and short-term treatment prevented
the significant decrease of GSH content, normalized the mal-
ondialdehyde concentration, and restored the electroretino-
gram b-wave amplitude.”® In addition, dietary supplementation
with multi-antioxidants, including vitamins C and E, in diabetic
rats prevented the inhibition of retinal GSH reductase, GSH
peroxidase, SOD activities,” and superoxide production.®” It
also reduced the development of retinal acellular capillaries
and pericyte ghosts.'® In addition, the overexpression of mito-
chondrial SO in hemizygous transgenic mice (MnSOD-Tg)
prevented diabetic retinal oxidative stress, protecting the mi-
tochondria from dysfunction.*®

Previous studies demonstrated that PARP activation in-
creased vasoactive factors, such as endothelin-1 and ECM pro-
tein production, in diabetes and that PAR-modified proteins are
associated with increased oxidative stress upregulation 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
PAR formation, and it was first described more than 40 years
ago.” More recently, PARP increased in importance when it
was discovered to mediate nitric oxidedinduced 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, ischemia causes structural changes
and a breakdown of the blood retinal barrier.®" PARP-1 hyper-
activation causes cell death because of cellular accumulation of
the PARP-1 product, PAR, which causes the translocation of
the apoptosisinducing factor from mitochondria to the nu-
cleus and the activation of a caspase-independent programmed
cell death pathway.“? In experimental models of brain isch-
emia, the use of 4 PARP-1 inhibitor, P134, preserved the endo-
thelial 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 because of the ability of nitroxides
to inhibit three or more sequential sites in 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 appar-
ently beneficial effects in a wide range of animal models,
tempol has yet 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 because the rate con-
stant for the interaction of SOD with O, is approximately 1.6
to 2.4 ® 10° mol - L - s. For vitamin E with O, , the rate
constant is 0.59 mol - L - 5.°* Tempol has two reaction sites
with OH™ that can be derived from ROSlike peroxynitrite. In
cell cultures, tempol catalyzes 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, these effects are reversed.”

In experimental models™ and in postmortem 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 upregulation of iNOS have
been reported. In line with this evidence, the treatment with
tempol in this study reduced the NO end products and the
superoxide production observed in retinas of diabetic SHR rats.
In the treatment, tempol acted as an O, scavenger, reducing
nitric oxide end products and increasing GSH biosynthesis,
thereby reestablishing the oxidative-nitrosative status of the
diabetic retina. Similarly, we observed the prevention of Cu-Zn
SOD retinal expression/activity reduction in treated diabetic
rats. Further studies are required to address whether the vari-
ation in Cu-Zn SOD expression and activity plays a role in the
effect of tempol in retinal tissue.

In conclusion, our data reveal the potential therapeutic role
of tempol 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 GSH biosyn-
thesis and Cu-Zn SOD activity, thus preventing oxidative dam-
age. These effects were associated with a reduction in retinal
extracellular matrix accumulation and glial reaction. It may be
that mechanism conferred by tempol to protect against early
molecular changes in the retinas of diabetic hypertensive rats
acts through the counteraction of oxidative-nitrosative stress,
thus diminishing the amount of ADP-ribosylated proteins.
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