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RESUMO

A retinopatia diabética (RD) é uma doenga devastadora que esté entre as maiores causas
de cegueira entre pessoas na idade adulta em todo o mundo. Considerada multifatorial e
progressiva, a RD afeta células neurais e gliais, e também elementos vasculares da retina. Sabe-se
que diversas vias estdo envolvidas na patogénese da RD, no entanto, 0s mecanismos que levam a
exacerbacdo da inflamacdo e morte de células gliais/neurais o que caracteriza a neurodegeneracao
da retina, ainda permanecem desconhecidos. Diante disso, a reducdo desses fatores tem sido
extensivamente estudada como alvo no combate a RD. As Sirtuinas, histonas desacetilases
dependentes de nicotinamida adenina dinucleotideo (NAD®), atuam em resposta a Varios
estresses e atualmente tem sido relacionadas as importantes funcdes moleculares na regulacéo de
varias doencas. Considerado um redox sensivel, a SIRT1 pode estar reduzida em condicdo de
doenca, 0 que agravar ainda mais a situacdo patoldgica. No entanto, ndo se sabe ao certo o
mecanismo de modulacéo e/ou atuacdo da SIRT1 frete as doencas neurodegenerativas, tais como
aRD.

No Artigo I, foram avaliados os possiveis efeitos protetores do cacau rico em polifenois
na retina diabética. As células Miller da retina (rMC-1) foram expostos por 24h a glicose normal
(NG), alta glicose (HG) ou peroxido de hidrogénio (H,0,) e submetidas ao tratamento com cacau
na presenca ou nao de um inibidor da SIRT1 ou siRNA. O estudo animal foi desenvolvido em
ratos experimentalmente diabéticos induzidos por estreptozotocina e randomizado para receber
tratamentos com cacau com baixa, intermedidria, ou elevada dose de polifenol (0,12 mg; 2,9 mg;
22,9 mg/kg/dia) por gavagem durante 16 semanas. As células expostas a H,O, ou HG
apresentaram aumento de proteina acidica fibrilar glial (GFAP) e acetil-RelA/p65 e diminuicéo
da atividade/expressdo da SIRT1. Estes efeitos foram anulados pelo cacau, que diminuiu a
producdo de espécies reativas de oxigénio e reduziu a ativacdo da poli(ADP-ribose) polimerase-1
(PARP-1); melhorou os niveis intracelulares de NAD® e consequentemente aumentou da
atividade da SIRT1. As retinas dos ratos diabéticos exibiram os primeiros marcadores de
retinopatia acompanhada pela eletrorretinografia prejudicada. A presenca de diabetes levou a

ativacdo da PARP-1 e diminuicdo dos niveis de NAD", resultando em comprometimento da

Resumo
XVii



SIRT1. O aumento na acetilagdo do RelA/p65 levou na hiperexpressio do GFAP. A
administragdo oral de cacau polifenol restaurou as alteragcdes acima referidas. Este estudo revelou
que o cacau enriquecido com polifendis teve efeito protetor da retina diabética restabelecendo a
via da SIRT-1.

No Artigo Il, foi investigado o possivel efeito terapéutico de células derivadas de
animais saudaveis (Dock7 m +/+ Leprdb db/m) e diabéticos (BKS.Cg-Dock7 m +/+ Leprdb/J,
db/db) na retinopatia diabética (RD). Os camundongos db/db (espontaneamente diabéticos) com
8 semanas de idade foram randomizados para receber uma Unica injecdo intravenosa de PBS ou
células early outgrowth (EOCs) de doadores db/m ou db/db. Quatro semanas mais tarde, 0s
animais foram sacrificados e os olhos enucleados. Para estudo in vitro, 0 meio condicionado das
EOCs (EOC-CM) foi gerado a partir do cultivo de EOCs de animais db/m e db/db. As células
rMC-1 foram expostas por 24h a NG ou HG e submetidas ao tratamento com db/m ou db/db
EOC-CM, em presenca ou ndo de um inibidor farmacoldgico (EX527) ou génico (SiRNA) da
SIRT1. Nos ratos diabéticos, houve um aumento de marcadores de RD e do dano oxidativo,
acompanhado por uma diminuicdo da proteina SIRT1 e seguido pelo aumento da acetilacdo da
lisina-310 do complexo p65-NFkB. A terapia celular com EOCs reduziu significativamente todas
as alterac6es mencionadas acima. As rMC-1 expostas a HG apresentaram aumento da expressao
de GFAP, fator de crescimento do endotélio vascular e Nox4, acompanhado pelo aumento dos
niveis de espécies reativas de oxigénio e acetil-lisina-310-p65-NFkB. Além disso, a
expressao/atividade da SIRT1 foram reduzidas em ambiente diabético. O tratamento com EOC-
CM impediu todas estas alteracGes. Este estudo demonstra que a capacidade paracrina das EOCs,
na secrecao de fatores, é eficaz no restabelecimento da via de SIRT1 retina, e assim, proteger a

retina dos insultos diabéticos.

Em resumo, a presente tese fornece evidéncias que tanto a administracdo oral do cacau
enriquecido com polifendis quanto a terapia celular com EOCs, conferem neuroprotecao da retina
aos insultos do diabetes. Portanto, intervencfes que modulem a atividade das sirtuinas sdo

promissoras no tratamento farmacoldgico da retinopatia diabética.
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ABSTRACT

The diabetic retinopathy (RD) is a devastating disease and the principal cause of
blindness among people in adulthood worldwide. The RD is considered a multifactorial and
progressive disease, affecting neuronal and glial cells, and also vascular elements of the retina. It
is known that several pathways are involved in the pathogenesis of RD, however, the
mechanisms that lead to exacerbation of inflammation and death of glial/neuronal cell,
characterizing retinal neurodegeneration, remain unknown. Therefore, the reduction of these
factors have been extensively studied as a therapeutic target against RD. Sirtuin 1 (SIRT1), a
family of histone deacetylase enzyme, acts in response to various stresses and, currently, has been
related to important molecular functions in the regulation of various diseases. Considered a
redox-sensitive, SIRT1 may be reduced under disease condition, whereby aggravate the
pathological situation. However, is not known the mechanism of modulation/activity of SIRT1 in

neurodegenerative diseases, such as RD.

In the article 1, were studies the possible protective effects of cocoa in the diabetic retina
were assessed. rMCs exposed to NG, HG or H,O, were submitted to cocoa treatment in the
presence or absence of SIRT-1 inhibitor and SiRNA. The experimental animal study was
conducted in streptozotocin-induced diabetic rats and randomized to receive low, intermediate, or
high polyphenol cocoa treatments via daily gavage for 16 weeks (i.e., 0.12 mg/kg/day, 2.9
mg/kg/day, or 22.9 mg/kg/day of polyphenols). The rMCs exposed to HG or H,O, exhibited
increased GFAP and acetyl-RelA/p65 and decreased SIRTL1 activity/expression. These effects
were cancelled out by cocoa, which decreased ROS production and PARP-1 activity, augmented
the intracellular pool of NAD", and improved SIRT1 activity. The rat diabetic retinas displayed
the early markers of retinopathy accompanied by markedly impaired electroretinogram. The
presence of diabetes activated PARP-1 and lowered NAD" levels, resulting in SIRT1 impairment.
This augmented acetyl RelA/p65 had the effect of upregulated GFAP. Oral administration of
polyphenol cocoa restored the above alterations in a dose-dependent manner. This study reveals
that cocoa enriched with polyphenol improves the retinal SIRT-1 pathway, thereby protecting the

retina from diabetic milieu insult.

Abstract
XiX



In the article I, were investigated the possible therapeutic effect of cells derived from
control (db/m) and spontaneously diabetic (db/db) mice on diabetic retinopathy. The db/db mice
with 8 weeks of age were randomized to receive a unique intravenous injection of PBS or 0,5x10°
db/m EOCs or 0,5x10° db/db EOCs. Four weeks later, the animals were euthanized and the eyes
enucleated. For in vitro study, EOC-CM was generated from db/m and db/db EOCs cultures.
rMCs were exposed for 24h to NG or HG combined or not with db/m or db/db EOC-CMs. In
diabetic rats, there was an increase of DR and oxidative damage markers, accompanied by
decrease in SIRTL1 protein followed by lysine-310-p65-NF«kB acetylation. The treatment with
cells from db/m significantly reduced all the above-mentioned, but interestingly the treatment
with cells from db/db mice fully restored the above alterations to normal levels. rMCs exposed to
HG displayed GFAP and VEGF expression up regulated, accompanied by increase in Nox4
expression and ROS levels, and acetyl-lysine-310-p65-NFkB. SIRT1 protein expression and
activity were markedly reduced in diabetic milieu conditions. The treatment with both EOC-CMs
prevented all these abnormalities, but db/db EOC-CM fully restored to NG conditions. This study
demonstrates that endocrine capacity of EOCs is effective in improving retinal SIRT1 pathway

thus protecting the retina from diabetic milieu insult.

In summary, compelling novel evidence is provided herein that either through oral
administration of polyphenol enriched cocoa or cell therapy with EOCs, conferred retinal
neuroprotection against diabetic insults in animal models. The identification of SIRT-1 as a
potential therapeutic target in the treatment of diabetic retinopathy may provide new perspective

in the pharmacological treatment of this diabetic complication.

Abstract
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1- INTRODUCAO

1.1 - Retinopatia Diabética
1.1.1 - Definicéo

Atualmente a retinopatia diabética (RD) € considerada uma doenca neurovascular
decorrente da hiperglicemia cronica, o que leva a degeneracdo de neurdnios retinianos
acompanhada por extensas alteracOes vasculares. Caracterizada como uma complicacdo do
Diabetes Mellitus (DM), a RD esta presente tanto no DM tipo 1 como no DM tipo 2 (Barber,
2004; Zheng e cols., 2007). Portanto, a RD esta diretamente associada ao tempo de duracdo do
DM (Klein e cols., 1984) e ao controle glicémico (DCCT, 1993; UKPDS, 1998).

1.1.2 — Epidemiologia

Estima-se que 7,5% da populacdo mundial sejam acometidas pela DM. No dltimo
Congresso da Associacdo Europeia para o Estudo da Diabetes (EASD, 2014) foi divulgado pela
Federacdo Internacional de Diabetes que atualmente no mundo 382 milhGes de pessoas sdo
acometidas pelo DM, alcancando uma propor¢éo epidémica, o que tem sido um dos desafios de
salde publica do século XXI, principalmente nos paises desenvolvidos e emergentes (Figura 1)
(INTERNATIONAL DIABETES FEDERATION, 2011).

Introducao
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Figura 1. Prevaléncia de pessoas acometidas pelo DM nos diversos continentes no ano de 2013
(Federacdo Internacional do Diabetes, 2013).

Aproximadamente 25 a 44% das pessoas com DM desenvolvem alguma forma de RD
em algum momento da doenca (WESDR, 2009). A RD em algum grau ocorre em cerca de 95%
dos pacientes com DM tipo 1 e em mais de 60% dos pacientes com DM tipo 2, prevaléncia que

varia de acordo com o tempo de DM (Figura 2) (Fong e cols., 2004).
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Figura 2. Prevaléncia de RD e RD proliferativa em pacientes com DM tipos 1 e 2 (ETDRS,
1985).
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A RD é a principal causa de cegueira em adultos em idade produtiva em paises
desenvolvidos. Sua prevaléncia apresenta uma variagdo muito grande segundo a literatura,
dependendo basicamente da populacdo em estudo, variando de 18% a 40%. Calcula-se que 1 a
3% da populacdo mundial esteja acometida pela doenca. Aproximadamente 85% dos casos se

manifestam apos 0s 40 anos de idade, sendo apenas 5% abaixo dos 20 anos (Imesch, 1997).

Segundo Hirschi (1997) e Polak. (1997), no continente americano, a RD é responsavel
por 12% de todos os casos de perda de viséo anuais em americanos com idade entre 20 a 74 anos.
Em especial no Brasil, as estatisticas sdo insuficientes, mas provavelmente apresenta incidéncia

semelhante aos paises ocidentais.
1.1.3 - Patogénese

A patogénese da RD envolve varias alteracGes anatdmicas da retina, tais como:
hemodinamicas, bioquimicas e enddcrinas que culminam em alteracdes de elementos vasculares
e neurais (Fong e cols., 2004). Ha uma série de fatores relacionados ao desenvolvimento e
progressdo da RD, alguns mais fortemente associados com a gravidade da retinopatia, outros
menos (Hirschi e D’ Amore, 1997).

A RD ¢é caracterizada por alteragdes neurogliais seguidas por extensivas alteraces
vasculares. As manifestacdes vasculares sdo principalmente caracterizadas por capilares
acelulares, perda de pericitos, formacdo de microaneurismas, espessamento da membrana basal e
quebra da barreira hematoretiniana (Cogan e cols., 1961) Por outro lado, a concomitante relacéo
entre os elementos neuronais e gliais permite deduzir que estas alteragdes possam interferir na
homeostase vascular. Ha evidéncias crescentes de que a incapacidade funcional precede as
manifestacdes clinicas mais precoces de doenca vascular da retina do diabético (Hyvrinen,1983;
Dosso, 1996; Sokol, 1985).

Levantamentos clinicos e experimentais ajudam a elucidar a fisiopatologia da RD.
Estudos eletrofisiolégicos mostraram em pacientes diabéticos alteragfes funcionais da retina, no

entanto, sem qualquer alteracdo de fundo de olho através da eletrorretinografia (Puvanendran e
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cols., 1983; Lopes de Faria e cols., 2001, Ghirlanda e cols., 1991). Estas evidéncias caracterizam
a RD como uma doenca neurodegenerativa, em que a disfuncdo visual comeca no inicio do
diabetes. Portanto, as células neurais e gliais estdo envolvidas na cascata de eventos

fisiopatogénicos da RD.

A influéncia do diabetes em células neurais da retina também foi analisada ao nivel
molecular. Sob condic¢Ges diabéticas, 0 aumento de superdxido na retina neural leva a uma
diminuicdo da biodisponibilidade do 6xido nitrico, que € originalmente induzida na retina para a
protecdo do tecido; a diminui¢do da acdo do déxido nitrico aumenta a formacdo de peroxinitrito,
que inibe a sinalizacdo de fatores neuroprotetores e leva a senescéncia neurocelular (Lambooij e
cols., 2000).

Os mecanismos patoldgicos que levam a déficits neuronais sdo desconhecidos. No
entanto, parece que as células gliais da retina desempenham um papel essencial na manutencao
da funcdo normal e integridade da retina, incluindo células de Miiller, as principais células gliais
da retina (Tretiach e cols. 2005) (Figura 3). As células gliais sdo importantes na manutencédo da
barreira retiniana, no revestimento endotelial da microvasculatura retiniana e também no
ambiente extracelular i6nico auxiliando na funcéo eletrofisioldgica de neurénios. Além disso, as
células da glia mantém os niveis sinapticos de neurotransmissores (Gardner e cols, 1997). O
principal neurotransmissor excitatério da retina € glutamato, um aminoacido toxico para 0s
neurdnios da retina, quando presente em quantidades elevadas (Romano e cols., 1995). Assim, a
regulacdo do glutamato na retina pelas células gliais é essencial para a funcdo visual (Riepe e
Norenburg, 2000). Um estudo anterior, mostrou que na RD experimental a funcdo da glia e o

metabolismo do glutamato sdo alterados na retina de ratos (Lieth e cols., 1998).

A barreira hematoretiniana (BRB) limita a permeabilidade entre os elementos do sangue
e do tecido da retina. Esta barreira tem caracteristicas de permeabilidade particulares e parece
desempenhar um papel de grande importancia na fisiopatologia da doenga da retina (Runkle e
Antonetti, 2011). Um marcador precoce bem estabelecido de RD é o colapso da BRB interna, a

qual é formada por juncdes intercelulares endoteliais dos capilares da retina (Qaum e cols., 2001)
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e na BRB externa, constituida também por juncGes em células do epitélio pigmentado da retina
(RPE) (Xu e cols., 2011). As jungdes intercelulares em ambas as células sdo essenciais para o
controle rigoroso do fluxo eletrolitico da retina, bem como para impedir a entrada de moléculas
toxicas e componentes do plasma para o tecido retiniano (Runkle e Antonetti, 2011). Os
componentes vasculares da BRB mantém o ambiente apropriado da retina neural, regulando o
equilibrio osmotico, concentragdo idnica, e o transporte de nutrientes (agucares, lipideos, e

aminoéacidos), ajudando assim a controlar o ambiente especializado da retina (Frank, 2004).

As alteracdes vasculares iniciais na retina diabética incluem leucoestase (Haimovich e
cols., 1993), a agregacdo de plaquetas (Jian e cols., 2001), o fluxo de sangue alterado (Alder e
cols., 1998) e a degeneracdo de pericitos (Cai J e Boulton, 2002). A permeabilidade vascular
pode ser afetada pelo transporte paracelular e transcelular; o paracelular envolve as juncdes
endoteliais, e a via intracelular é mediada por endocitose (Simo e cols., 2010; Brankin e cols.
2005; Barber e cols., 2003; Hofman e cols. 2000; Antonetti e cols., 1998; Cunha-Vaz, 1980;
Benolken e cols.,1973).

O epitélio pigmentado da retina (RPE) € um epitélio especializado que se encontra entre
a retina neural e a camada coriocapilar e desempenha um papel essencial para 0 bom
funcionamento e manutencdo da retina neural, permitindo a difusdo de oxigénio a partir da
circulacdo coroideia para cones e bastonetes, que controlam o fluxo de solutos e de fluidos,
evitando assim a acumulacdo de fluido extracelular no espago sub-retinal (Simo e cols., 2010).
Assim, a BRB externa desempenha um papel fundamental no transporte e reciclagem de
componentes importantes para a funcéo retiniana (Benolken e cols. 1973). A disfuncdo da BRB
induzida pelo diabetes foi claramente identificada em um estudo realizado por Vinores e cols
(1989). Neste estudo, os autores localizaram albumina em sitios extravasculares de pacientes
diabéticos em varias fases de retinopatia. A presenca de albumina extravascular foi detectada nas
camadas internas da retina, no entanto, foram observados somente nos estagios mais avangcados
da RD (Vinores e cols., 1989). Por eletrofisiologia, as alteracdes morfologicas na RPE podem ser
facilmente detectadas em animais diabéticos, que sdo refletidas por alteracdo na onda C da
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eletrorretinografia (Pautler e Ennis, 1980; MacGregor e Matschinsky, 1986). Apesar dessas
observagOes, a contribuicdo da disfuncdo de BRB externa necessita de mais estudos. O
desenvolvimento de terapias inovadoras que permitam o transporte de compostos especificos
através das barreira da retina depende da compreensdo dos mecanismos de funcionamento da

BRB no meio diabético.

+ e
R e g
v

Liberacdo de Disfun¢do mitocondrial, NADPH
CisEmeie © oxidade, citocromo P450, via do ”
poliol, NOS, PKC e RAGE Lesdo do DNA
| Caspase, Bax/Bcl-2 | Ativacao da PARP
v / do NMDA ‘1’
Nitragdo de proteinas e ‘1'

- produgdo de 8-OHdG

Figura 3. AlteracGes moleculares da retinopatia diabética (adaptado de Duarte e cols., 2013).
Tanto o diabetes como a hipertenséo afetam microvasos da retina. Entre as vias bioquimicas séo:
disfuncdo mitocondrial, sistema NADPH oxidase, via de poliol e enzima sintetizadora de 6xido
nitrico. O estresse oxidativo mitocondrial libera o citocromo c, ativando a cascata de caspase e
levando a apoptose das células vasculares e neuronais. Além disso, a deplecdo de glutationa
reduzida (GSH) ira prejudicar o ciclo glutamina glutamato, que € o principal mecanismo de
citotoxicidade e neurodegeneracéo da retina. Por outro lado, o stress oxidativo produz nitragao de
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proteina e os danos do DNA com consequente ativacdo da via da poli (ADP-ribose) polimerase
(PARP), translocagdo fator nuclear kappa B (NF-xB) e transcricdo de varios genes pro-
inflamatdrios. Como consequéncia, multiplas alteracfes estruturais sdo detectadas no tecido da
retina: capilares acelulares, perda de pericitos e quebra da barreira hematoretiniana (BRB).
NMDA: N-Methil-D-aspartato; SOD: superoxido dismutase; ROS: espécies reativas de oxigénio;
NO: éxido nitrico; IL-1 B: interleucina-1B; ICAM-1: molécula de adesdo intercelular 1; iNOS:
oxido nitrico-sintase induzivel; TNF-a: fator de necrose tumoral a.

1.1.3.1 — O estresse oxidativo

O estresse oxidativo é definido como o desequilibrio entre os mecanismos pré-oxidantes
e antioxidantes, conceito elaborado pelo pesquisador alemdo Helmut Sies. Este sistema é
complexo onde, as substancias consideradas pré-oxidante sdo capazes de gerar espécies reativas
de oxigénio (ROS) e induzir o estresse oxidativo; por outro lado, os antioxidantes previnem a
oxidacdo de substratos, ou seja, evitam a perda de elétrons (Figura 4) (Halliwell e Whiteman,
2004).

Antioxidantes Oxidantes

Equilibrio
AOX (AOX=ROS) [ .J

Esty,

e,

Ss, OXidatj,,
o

(Excesso de ROS)

(Deplegéao de AOX)

Figura 4. Balanca ilustrativa do conceito de estresse oxidativo criada por Helmut Sies e
atualmente definido como “um desequilibrio entre oxidantes e antioxidantes em favor dos
oxidantes, conduzindo a lesao celular” (Ohara, 2006).
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O estresse oxidativo, consequente da producdo exacerbada e/ou pela supressdo da
ablacdo de ROS, conduz a lesdes celulares e alteragdes moleculares importantes, como oxidagéo
de biomoléculas, lesdo a proteinas e enzimas, mutacdo e morte celular (Halliwell e Whiteman,
2004). Estas alteracdes estdo implicadas no desenvolvimento de muitas patologias, incluindo a

doencga de Alzheimer, o diabetes e as suas complicaces, tais como a RD (Kowluru e cols., 2007).

A retina € particularmente susceptivel ao estresse oxidativo por ter alto consumo de
oxigénio, alta proporcdo de acidos graxos poliinsaturados e por ser exposta a luz (Jain, 2006).
Portanto, o estresse oxidativo é considerado como uma das causas do desenvolvimento e
progressdo da RD (Kowluru, 2001) com a producdo de ROS e/ou diminui¢do dos sistemas
antioxidantes (Budd e cols., 2000). Esse desbalanco oxidativo, leva a inapropriada apoptose,
tanto em células vasculares (Danial e Korsmeye, 2004) como em células neurais da retina
(Joussen e cols., 2001).

A producgdo de anion superoxido na retina se d4 em partes pela via mitocondria, pela
NADPH oxidase e pela enzima oOxido nitrico sintase (Figura 5). Estudos do nosso grupo
demonstraram que a disfuncdo mitocondrial contribui significativamente na producdo de anion
superoxido (O2°) na retina (em torno de 60% da producdo total) (Silva e cols., 2009). Dados
mostram que em condic¢do de diabetes, a NADPH oxidase esta ativada e por meio do aumenta da
subunidade Nox4 onde ocorre hiperproducdo de radicais livres no tecido retiniano (He e cols.,
2013). O mesmo tem sido verificado no que se refere a oxido nitrico sintase, onde a hiperativacao

desta enzima induzida pelo diabetes leva ao estresse oxidativo tecidual da retina (Hao, 2012).

Figura 5. Complexo enzimatico NADPH oxidade e a produgdo de radicais livres (Dusting e cols., 2005).
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Juntamente com o aumento de ROS e seus produtos na retina de animais diabéticos, a
atividade das enzimas responsaveis pela defesa antioxidante como SOD, glutationa redutase,
glutationa peroxidase e catalase também estdo diminuidas (Kowluru e cols., 1997; Pinto e cols.,
2007). Assim como em modelos animais, pacientes diabéticos também possuem baixos niveis de
antioxidantes nao enzimaticos como vitamina C, vitamina E e [-caroteno no plasma (Ford e cols.,
2003). O aumento de ROS e diminuigédo na defesa antioxidante, como demonstraram os estudos
citados acima, sdo observados tanto em modelos experimentais, quanto em pacientes diabéticos,
0 que tém sido associados as complicacdes microvasculares do DM, incluindo a RD (Dandona e
cols., 1996). Portanto o aumento da producdo de superdxido associado com diminui¢do do
sistema antioxidante pode estar envolvido no mecanismo das complicagdes da RD.

Os oxidantes séo gerados pelo metabolismo intracelular mitocondrial e peroxissomal,
bem como a partir de uma variedade de sistemas de enzimas citosolicas. Além disso, certo
nimero de agentes externos pode desencadear a producdo de ROS. Um sofisticado sistema de
defesa antioxidante que inclui a catalase, superdxido dismutase (SOD) e da glutationa peroxidase,
neutraliza e regula os niveis globais de ROS para manter a homeostasia fisioldgica. A diminuigédo
dos radicais livres abaixo dos niveis homeostaticos pode interromper a funcéo fisioldgica de
oxidantes na proliferacdo e defesa celular. Da mesma forma, o aumento do ROS também pode ser
prejudicial e levar a aceleracdo no envelhecimento e morte celular. O prejuizo causado pelo
aumento de ROS sdo os danos as proteinas, lipidios e DNA. Além desses efeitos, pode ocorrer a
sinalizacdo de vias redox-sensiveis especificas. Uma vez ativadas, essas vias podem ter diversas

funcBes prejudiciais ou potencialmente protetoras (Figura 6).
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Figura 6. As fontes e as respostas celulares a espécies reativas de oxigénio (adaptado de Finkel e
Holbrook, 2000 e Schnachenberg, 2002). superdxido (O2"), éxido nitrico (NO), peroxinitrito
(ONOQO:.), peroxido de hidrogénio (H,0,), ferro (Fez2+), cobre (Cus+), radicais livres hidroxila
(OH.), glutationa reduzida (GSH), glutationa oxidada.

Estudos do tecido retiniano diabético mostram que o H,O, € instantaneamente
convertido via catalase e glutationa peroxidase gerando OH-, o0 que leva a réapida interacdo com
gorduras insaturadas causando peroxidacéo lipidica e oxidacdo do DNA (indicada pela presenca
do 8-hidrox-2"-deoxiguanosina (8-OHdG) (Sullivan e cols., 2000). Niveis elevados de

peroxinitrito também foram encontrados elevados na retina no DM de curta duracdo e
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permanecem elevados até 14 meses de DM em ratos (Kowluru e cols., 2001). Dados obtidos pelo
nosso grupo de pesquisa demonstraram que em ratos experimentalmente diabéticos ocorre um
aumento da producdo de superdxido e uma significativa diminui¢cdo nos niveis de glutationa
reduzida na retina em comparacdo com 0s animais controles. Estes eventos culminaram na
toxicidade tecidual caracterizada pela nitracdo de tirosina e da lesdo do DNA, demonstrando o
prejuizo do sistema antioxidante nos animais diabéticos (Pinto e cols., 2007). Os animais tratados
com um antioxidante natural contendo polifendis, o0 composto preveniu a nitracdo de proteinas e
evitou a lesdo do DNA, melhorando assim marcadores precoces de RD (Silva e cols., 2013).
Esses dados sugerem que a restauracdo do desbalanco oxidativo pode ser um alvo terapéutico no
combate a insultos da retina pelo diabetes.

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

Poli ADP-ribose polimerases (PARPs) s&o enzimas nucleares que catalisam a
transferéncia de maltiplos grupos ADP-ribose da nicotinamida adenina dinucleotideo (NAD) para
as proteinas alvo. Esta transferéncia é considerada uma modificacdo pos-traducdo que recebe o
nome de poli (ADPribosil)acdo (Singh e cols., 2014). A familia da PARP é composta por 17
membros e cada um deles possui diferentes funcdes e estruturas na célula. Além da regulagdo de
sobrevivéncia e morte programada das células, a PARP esta associada a outras funcGes bioldgicas
como a regulagdo de transcri¢do, coesdo do teldmero e formacdo do fuso mitético durante a

divisdo celular, trafico intracelular e metabolismo energético (Schreiber e cols., 2006).

A isoforma mais caracterizada e estudada é a PARP-1, responsavel pela organizacao
espacial e temporal do reparo do DNA. Em resposta a fragmentacdo do DNA, ela transfere
unidades de ADP ribose do NAD" para as proteinas nucleares. O NAD" é utilizado como
substrato para catalisar a ligagdo covalente das unidades de ADP-ribose do grupo carboxilico dos
residuos do aminoacido Glu de proteinas receptoras que normalmente estdo associadas com
transacbes do DNA (heteromodificacao) ou da propria PARP-1 (automodificacao). O polimero

resultante da ADP-ribose (PAR) pode interagir de forma seletiva, com um namero de alvos de
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proteinas que estdo envolvidas na resposta celular aos danos no DNA. Estes alvos contém
ligacGes de PAR que muitas vezes confundem-se com um dominio funcional, tais como uma
proteina ou um dominio ligado ao DNA e isso explica como ligagdes de PAR podem alterar as

propriedades funcionais dos alvos (Figura 7) (Pleschke e cols., 2000).

Estresse oxidativo
. ,', \
Ruptura do DNA
Hiperatividade da
PARP-1

VG

’ NAD+ poli (ADP-
ribosil)agdo

\ 7 ‘ Nucleo y

Figura 7. Mecanismo da PARP1 (adaptado de Pellegrini-Giampietro, 2014). Em condicdo de
estresse oxidativo ocorre lesdo do DNA, como mecanismo adaptativo, a PARP1 é hiperativada,
que por meio da NAD" produz poli(ADPribosil)acdo a fim de reparar o DNA lesado.

A PARP-1 é também conhecida por desempenhar o papel fundamental em varios
distarbios agudos e cronicos de inflamacdo (Mabley e cols., 2001), doencas cardiovasculares,
cancer e diabetes mellitus (Schreiber e cols., 2006). Em algumas situagdes, ela funciona como um
importante co-ativador de fatores de transcrigdo como o NF-xB resultando na sintese de

mediadores pré-inflamatoérios (Hassa e cols., 2003). Entre eles, estd a iNOS, que produz 6xido
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nitrico e, posteriormente, peroxinitritos e radicais hidroxila altamente reativos que, por sua vez,
causam danos no material genético na célula-alvo. Em seguida, o resultado da ativacdo da PARP-
1 ird induzir a morte celular independente da caspase, a qual envolve a liberacdo da proteina
indutora de apoptose (AIF), flavoproteina, da mitocéndria (Yu e cols., 2002). Como as caspases
ndo estdo envolvidas neste processo, a PARP-1 se mantém intacta para ser ativada pelo DNA
fragmentado, 0 que resulta na sintese excessiva de PAR, esgotamento de NAD® e ATP e,

finalmente, morte celular.

O desenvolvimento das complicacdes do DM estd associado ao aumento do estresse
oxidativo e nitrosativo o que pode danificar o DNA levando a ativacdo da PARP (Obrosova e
cols., 2005; Rosales e cols. 2010). A superativacdo desta enzima exacerba o estado oxidativo da
célula através do seu consumo de NAD. Ela esta associada a doencas relacionadas ao diabetes
como disfungdo endotelial e do miocardio (Garcia Soriano e cols., 2001; Pacher e cols., 2002),

neuropatia autonémica e periférica (Obrosova e cols., 2008) e nefropatia (Szabo e cols., 2006).

O papel da PARP nas complicacdes oculares dos diabéticos merece uma avaliacdo
profunda, considerando que a PARP-1 é expressa abundantemente no cristalino (Tamada e cols.,
2000) e na retina (Obrosova e cols., 2006). Sua ativacdo contribui para a formacéo de pericitos
fantasmas e capilares acelulares, (Zheng e cols., 2004), aumento da adesdo de leucdcitos nas
células endoteliais (Sugawara e cols., 2004) e producdo de VEGF (Obrosova e cols., 2004) e
angiogénese (Tentori e cols., 2007). Na RD, dentre as caracteristicas iniciais, observa-se 0
aumento da producdo de fatores vasoativos, como a endotelina 1 (ET-1) e o aumento da sintese
de proteinas de matriz extracelular (ECM) como a fibronectina (FN) (Xu e cols., 2008). Este
aumento de fatores vasoativos pode ser explicado pela ativacdo do NF-«B pela PARP (Hassa e
cols., 2003). PARP modula a atividade NF-xB através da histona acetiltransferase (HAT). A p300
desempenha papel fundamental na diferenciacédo e na regulacdo de diversos fatores de transcricdo
(Goodman e Smolik, 2000). A expressdo de mRNA da p300 e significativamente reduzida em
células de murinos deficientes de PARP (Hassa e cols., 2003). A alta concentragdo de glicose faz
com que a atividade da p300 aumente nas células endoteliais, no coragdo e na retina de animais

diabéticos (Kaur e cols., 2006). A ativacdo epigenética do p300 pode afetar varios fatores de
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transcrigdo. Foi descrito também que a ativacdo da PARP estd implicada na manifestacdo da
ativacdo glial (acimulo de GFAP), apoptose na retina neural (Drel e cols., 2009) e formagdo de

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

Estudos farmacoldgicos tém demonstrado os beneficios terapéuticos de varias classes de
inibidores de PARP em diferentes modelos experimentais de inflamagdo, doencas
neurodegenerativas e vasculares (Jagtap e Szabo, 2005; Rosales MA e cols. 2010). No entanto,

estudos sdo necessarios a fim de verificar a eficacia deste tratamento em humanos.

1.1.3.3 — Fator nuclear kappa B (NF-«B)

O NF-xB é um fator de transcricdo nuclear heterodimero constituido de duas
subunidades: p65 (também chamada RelA) e p50 (Baeuerle e Baltimore, 1996; Glezera e cols.,
2000). O NF-xB é um fator nuclear que possui a capacidade de ligar-se a uma sequéncia de 10
pares de bases na regido promotora do gene que codifica a cadeia leve k, que esta envolvida na
transcricdo de importantes citocinas pré-inflamatorias envolvidas no cancer e doencas

neurodegenerativas tais como o Alzheimer e a RD (Sen e Baltimore, 1986).

O NF-xB é descrito em diversas células que compdem 0s organismos complexos e
apresenta uma gama de acles superiores a todos os fatores de transcricdo até entdo
caracterizados. Isso se da devido aos estimulos de modulacdo deste fator, como os inimeros
genes por ele regulado. Dentre esses estimulos estdo o0s neurotransmissores (tais como o
glutamato), neurotrofinas, proteinas neurotoxicas (como a b-amiléide), VEGF, citocinas
(interleucina-1 e fator de necrose tumoral), glicocorticdides, ésteres de forbol, peptideo
natriurético atrial e produtos de reacGes de enzimas como a Oxido nitrico sintase induzivel.
Independente do estimulo parece haver a participacdo de espécies reativas de oxigénio e o
aumento de célcio intracelular para a ativacdo do NF-«xB. Estas fungdes foram caracterizadas
principalmente em células neurais e gliais (O’Neill ¢ Kaltschmidt, 1997).
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A de ativagdo da via do NF-«B inicia-se no citoplasma pela fosforilagdo e a degradacao
do 1B (proteina inibitéria que impede a translocacdo do NF-«xB para o nucleo) (Sen e Baltimore,
1986; Baldwin, 1996). Varios estimulos levam a fosforilacdo do IxB, que posteriormente recebe a
adicdo de ubiquitina, pela acdo da ubiquitina ligase, sendo em seguida degradada pelo complexo
proteossoma 26S (Siebenlist, 1997). O desmembramento do complexo IkB/NF-xB permite a
translocacdo p65-NF-«xB para o ndcleo (Baldwin, 1996). Os primeiros estudos sobre a transcricéo
do NF-xB mostraram que apenas a translocacdo deste fator para o nucleo era capaz de ativar a
transcricdo, no entanto dados atuais mostram que no nucleo, o NF-xB é acetilado (Ito e cols.,
2001), o que permite a ligacdo em genes especifico da cromatina que apresentam a sequéncia
regulatéria GGGACTTTCC junto a regido promotora, levando a um aumento na expressao do
gene alvo (Figura 8) (Hiroi e cols., 2003).
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Figura 8. Sinalizagdo do NF-xB (adaptado de Gilmore TD, 2006). Sob estimulos distintos via
receptor, a cascata do NF-kB iniciase no citoplasma pela fosforilacdo e a degradacdo do IxB.
Posteriormente, o complexo p65-NF-kB é translocado para o nicleo e por meio de co-ativadores
a transcricdo é ativada, o que permite a ligacdo junto a regido promotora, levando a um aumento
na expressdo do gene alvo.
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A acetilagdo do NF-xB ocorre na subunidade p65 pela agdo de proteinas
acetiltrasferases, como p300/CBP. O principal alvo da acetilagdo do p65 sdo as lisinas 218, 221 e
310, o que regula a atividade transcricional do NF-«xB. A acetilacdo da lisina 218 e 221 aumenta a
ligacdo no DNA e prejudica a acdo do kB, enquanto que a acetilacdo da lisina 310 € necessaria a
todas as atividades transcricionais do complexo RelA/NF-kB. Por sua vez, o RelA pode ser
desacetilado por histonas desacetilases. Portanto, o0 mecanismo de acetilagcdo/desacetilacdo serve
como um interruptor molecular intranuclear para promover ambos os efeitos regulatorios

positivos e negativos sobre a acdo transcricional do NF-kB (Figura 9) (Greene e Chen, 2004).

IxBo —— Ubiquitinagéo

......... @ Estresse

X @ ...... oxidativo e
i inflamagao
I1 23Lys 1 22/1 23Lys 31 oLys §.. ............. ecses

- ‘ v

Aﬁ_n?dade e Iigagéo 1 Aumento da transcricao
Atividade transcricional T

C ; de genes especificos
Ligacéo seletiva ao promotor 9 P

Histona 4 Ac-B Lis, 12

Figura 9. Sitios de modificacdo e modulacdo do NF-«xB. Lisinas tais como, 122 e 123 do p50 e
218, 221 e 310 do p65, quando acetiladas, levam ao aumento da transcricdo génica. Ao mesmo
tempo, histonas desacetilases como a SIRT1 podem modular estes sitios de modificagdo (Greene
e Chen, 2004).
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O desenvolvimento das complicacbes do DM esta associado ao aumento de NF-«xB, que
leva & producdo e secrecdo de citocinas pré-inflamatérias e consequentemente migracdo e
infiltracdo de macrdfagos no tecido alvo (Moura e cols., 2014). Na RD, este processo gera
inflamacéo exacerbada levando a progressdo da doenca. O NF-kB € sensivel ao estresse oxidativo
e responsavel pela transcricdo de importantes genes pré inflamatérios no tecido retiniano,
principalmente na microglia e em celulas de Muller da retina (Duarte e cols, 2013). Estudos
mostram o aumento da fosforilagdo do complexo p65 no tecido retiniano e consequentemente
hiperexpressao de VEGF, das molécula de adesdo vascular (VCAM-1) e intracelular-1 (ICAM-1)
e das proteinas pré-inflamatorias dependentes do NF-xB (Kastelan e cols, 2013). Ambas as
moléculas, VCAM-1 e ICAM-1, promoverem a quimiotaxia de leucdcitos para as paredes
vasculares e a sua migracdo para tecidos da retina (Chibber e cols., 2007; Joussen e cols., 2002),

enquanto que o VEGF, um mediador inflamatorio, aumenta a permeabilidade vascular da retina

interna (Adamis, 2002; Zhang e cols., 2011).

Estas alteragdes, na fase precoce da RD, estdo fortemente relacionadas a reatividade de
células gliais, caracterizada por aumento da expressao de GFAP (Adamis AP, 2002) e morte de
células neurais por apoptose (Jung KI e cols. 2013). Posteriormente, os fatores acima descritos

comprometem na barreira hematoretiniana (Chibber e cols., 2007; Joussen e cols., 2002).

1.2-SIRT1
1.2.1 - Funcdo desacetilase da SIRT1

As Sirtuinas (SIRTs, silent information regulator) sdo da classe das histonas
desacetilases que atuam em resposta a varios processos fisiopatologicos, tais como inflamacéo,
senescéncia celular, apoptose, metabolismo e regulagdo do ciclo celular. Existem 7 tipos de
sirtuinas em mamiferos (1-7), sendo que cada uma € caracterizada pela localizacdo e fungéo

celular (North e cols., 2004). A principal e mais estudada é a Sirtuina 1, que se encontra
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principalmente no nudcleo e estd envolvida na regulacdo de diversos processo

fisiologicos/metabdlicos celulares (Tabela 1).

Tabela 1. Familia das Sirtuinas, classe das histonas desacetilases.

Classe | Subclasse Camund(I)E:gF])sCIeHumano Localizagéo Fungéo
A Sirtl SIRT1 Nucleo e citoplasma | Metabolismo e inflamacéo
' Sirt2 SIRT2 Citoplasma Ciclo celular e tumorigénese
° Sirt3 SIRT3 Mitocondria Metabolismo
I Sirtd SIRT4 Mitocondria Secrecéo de insulina
I Sirt5 SIRT5 Mitocdndria Detoxificacdo da aménia
A |sirs SIRT6 Nicleo Sei‘i:g;:‘;ﬁ l':\'A' metabolismo e
v B Sirt7 SIRT7 Nucleo rDNA e transcricdo

A SIRT1 foi inicialmente verificada como um promotor de longevidade associado a
restricdo caldrica. No entanto, dados recentes mostram que a SIRT1 esta envolvida na regulagdo
de varios processos fisiopatolégicos em diferentes 6rgaos (Lavu e cols., 2008). Além disso, a
SIRT-1 tem sido relacionada a importantes fun¢ées moleculares na regulacdo de varias doencas
como Alzheimer e doenca pulmonar obstrutiva crénica, bem como longevidade (Figura 10)
(Elliott e cols., 2008; Michan e cols., 2007; Westphal e cols., 2007).

Alvos da SIRT1

Reproducao

Metabolismo ~.

Neuroprotegcao - 1
-~

¥

Sobrevivéncia celular

Cardioprotecao

Melhoria da qualidade
de vida durante o
envelhecimento

Figura 10. Atuacéo da SIRTL1 frente aos mecanismos fisioldgicos celulares (adaptado de The
Life, 2014).
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A atividade enzimatica da SIRT1 é caracterizada por ser dependente da NAD", que atua
como cofator da SIRT1 (Bonda e cols., 2011). No residuo de lisina em proteinas alvo, a SIRT1

induz hidrélise de NAD" gerando nicotinamida e metabdlito (Figura 11) (Guarente, 2000).

Proteina acetilada Proteina desacetilada

(= @

Nicotinamida
.N\

Ho.l.o
wod wW M
N e o 0-acetil-ADP-rib
8 /=N o’ 'b _<° -acetil-ADP-ribose
"Ykl,m, P CHy
™% Na.N o /=N
HO OH N4,
NAD" wo on N

Figura 11. Atividade de desacetilacdo da SIRT1. O processo enzimatico da SIRT1 se da com o
auxilio do cofator NAD", onde SIRT1 + NAD" + substrato acetilado => SIRT1 + Nicotinamida +
O-acetil-ADP-ribose + substrato desacetilado (Guarente, 2000).

A SIRT1 atua em alguns locus de cromatina desacetilando lisinas de histonas (Michan,
2007; Zhang e Kraus, 2009). Além disso, pode suprimir a inflamacéo através da desacetilacdo da
p65 na subunidade do NF-xB (Yeung cols., 2004), reduzir a apoptose através da desacetilacdo da
p53, Ku70, e FOXO3a (Bi B cols., 2007; Brunet e cols, 2004; Luo e cols., 2001), e inibir a
senescéncia através da desacetilacdo de FOXO3a, FOXO04, e p53 (Michan e cols., 2007
Salminen e cols., 2008), que sdo caracteristicas de varias doencas inflamatdrias cronicas, assim

como a RD (Figura 12).
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Figura 12. Alvos e funcdes moduladas pela via da SIRT1 (Yao H e Rahman I, 2014).

1.2.2- A modulagdo da SIRT1 em resposta a estimulos oxidantes

Estudos mostram que o estresse oxidativo pode modular a atividade e expressao de
algumas proteinas importantes no sistema celular (Caito e cols., 2010; Grimsrud e cols., 2008;
Ghezzi e Bonetto, 2003). Desta forma, a regulacdo da SIRT1 por espécies reativas de oxigénio
tem sido amplamente investigada. A modulacdo da SIRT1 é complexa, iSso porque esta enzima
depende de diversos processos redox intracelulares (Bordone e cols., 2005). No entanto, sabe-se
que o estresse oxidativo tem um papel importante da modulacdo da expressdo e atividade de

desacetilacdo desta enzima (Braidy e cols., 2011).

1.2.2.1-SIRT1 e aviada PARP1

Inimeros processos bioldgicos celulares compartilham de moléculas, a SIRT1 é uma

delas. Em resposta ao estresse oxidativo a PARP1 é ativada e a NAD" é convertida em poli
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(ADP-ribose) como mecanismo de reparacdo do DNA. Tanto a via da SIRT1 como a via da
PARP1 utilizam de NAD" como substrato, devido a isso, a via da PARP1 tem grande influéncia
na modulacgdo da atividade da SIRT1 (Figura 13) (Kolthur e cols., 2006).

. /‘ NMN
S
Alteragdo da razio § NAMPT
l GSH/GSSG ~

pARp1T ——NAD* | Nicotinamida

/\J,\J
VS
=X

Figura 13. SIRT1 e a via da PARP1. O estresse oxidativo leva na ativagdo da PARP1 e
subsequente deplecdo da NAD", onde a via de regeneracio ndo é capaz de reverter a razdo de
NAD*/NADH causando subsequente inativacdo da atividade desacetilase da SIRT1. Ativacéo
PARP1 também € regulada pelos niveis intracelulares de GSH/GSSG. Além disso, a SIRT1
também €é <capaz de regular a atividade PARP1 via desacetilacgio. NMN,
Mononucleotideo de Nicotinamida; NAMPT, nicotinamida fosforibosiltransferase; NMNAT,
Acido nicotinico mononucleotideo adeniltransferase; PARP1, poli(ADP-ribose) polymerase-1.
(Hwang e cols., 2013).

A inibicdo da SIRT1 pela ativacdo da via da PARP1 é devido a reducdo da razéo
intracelular NAD*/NADH pelo consumo da NAD"; este fato tem sido demonstrado em resposta &
H.0O, em modelo de senescéncia celular (Furukawa e cols., 2007). No entanto, a exata modulacédo
da via da SIRT1 pela ativacdo da PARP1 frente a estimulos oxidativos ainda precisa ser estudada,
principalmente no que diz respeito a doencgas neurodegenerativas como a RD, onde a PARP1 esta

hiperativa (Hwang e cols., 2013).
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Sabe-se que o fumo de cigarro induz a ativagdo da PARP1 e reduz os niveis de SIRT1
provavelmente devido a deplecéo intracelular de NAD". Um agente anti-inflamatdrio derivado da
metilxantina protege as células pulmonares de camundongos expostos ao fumo contra o
esgotamento de NAD" via inibicio da PARP1, nesta ocasifo a atividade da SIRT1 foi
restabelecida (Moonen e cols., 2005; Weseler e cols., 2009). Este fendmeno implica o papel de
PARP1 na inflamagdo pulmonar e senescéncia (Hwang e cols., 2010). Portanto, qualquer
alteracdo nos niveis da atividade da PARP1 e/ou niveis intracelulares de NAD", particularmente

em resposta a estimulos ambientais oxidantes, pode influenciar a atividade da SIRT1.

1.2.2.2 - Modificacdo pos-traducdo da SIRT1

Dados atuais mostram que a enzima SIRT1 possui 747 aminoacidos, onde formam trés
regides: 1) o dominio central, sitio ativo de desacetilacdo; 2) dominio N-terminal e; 3) dominio
C-terminal (Hwang e cols., 2013). Sabe-se que ambos os dominios N- e C- terminal da SIRT1
podem sofrer modificacdes pds-traducdo (Zee e cols. 2010). O dominio catalitico compreende
250 aminoacidos e é altamente conservado entre as espécies. Estes dominios sdo constituidos por
um sitio de ligacdo ao substrato e um sitio de ligagdo ao NAD™ (Sauve e cols., 2006). A regido N
e C terminais contém elementos reguladores dos dominios de ligacdo de ativadores da SIRT1.
Estudos mostram que a SIRT1 contém 15 sitios de fosforilacdo (Sasaki e cols, 2008; Zschoernig
e cols., 2009 ; Olsen e cols.,2006; Beausoleil e cols., 2004), um de SUMOQilagéo (Yang e cols.,
2007), e dois de S-nitrosilacdo (Kornberg e cols., 2010). Outras modifica¢bes pos-traducao, tais
como a carbonilacdo e S-glutationilacdo sdo descritas, no entanto, ainda necessarios estudos para
caracterizacdo da regido especifica da proteina que ocorre esta modificacdo (Hwang e cols.,
2013).

Estas alteracOes, provenientes de modificagOes reversiveis e irreversiveis de proteinas
sdo formadas como resultado de oxidacdo direta de algumas cadeias de aminoacidos, tais como
residuos de histidina, cisteinas ou lisina. Modificagbes como formacGes de pontes disulfeto, S-

glutationilagéo e S-nitrosilagdo, podem facilmente ser revertidas por algumas enzimas, tais como
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tiorredoxina e glutaredoxina (Caito e cols., 2010). No entanto, modificacfes geradas por
carbonizacéo e nitracdo levam a mudanca conformacional da estrutura molecular, inativando e

levando a degradacéo da proteina (Figura 14) (Caito e cols., 2010).
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Figura 14. ModificacBGes pés-traducdo da SIRT1 (adaptado de Hwang, 2013). Em resposta ao
estresse oxidativo, SIRT1 sofre modificacBes pos-traducionais, tais como fosforilacdo (P), S-
nitrosilacdo (SNO) S-glutationilagdo (GSH), carbonilacdo (CO) e SUMOilacdo (SUMO).
Atividade SIRT1 desacetilase e respostas celulares subsequentes sdo afetados por estas
modificacbes. Alteracbes da razdo GSH/GSSG intracelulares também pode afetar essas
modificagdes.

A fosforilagdo da SIRT1 pode ocorrer em varios locais de modificagdo, das quais sete
sdo localizadas no interior do terminal N e oito no C-terminal e podem modular a atividade desta
enzima. A fosforilacdo da serina 27 aumenta a estabilidade da SIRT1 (Ford e cols, 2008). Da
mesma forma, quando a treonina 530 ganha um grupo fosfato, promove a atividade enzimatica da
SIRT1, enquanto que nas serinas 154, 649, 651, 683 aumenta a afinidade ao substrato. Este efeito

foi verificado em células epiteliais em modelo de estresse oxidativo (Caito e cols, 2010).
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O SUMO (small ubiquitin-related modifier proteins) € uma pequena proteina que tem o
efeito oposto da ubiquitina. A ubiquitinacdo € um processo de modificacdo que leva a degradacéo
de proteinas, enquanto que SUMOilacdo induzir a estabilidade de proteinas (Herrmann e cols,
2007). Ambos SUMOilacéo e ubiquitinacdo podem ocorrer sob condic¢des de estresse oxidativo, e
esses efeitos sdo regulados pelos niveis de importantes tiois intracelulares. Quando SIRT1 é
SUMOilada na lisina 734, sua atividade de desacetilacdo € aumentada. Interessante que em
resposta ao estresse e dano ao DNA, a SUMOilagdo da SIRT1 apresenta-se reduzida (Yang e
cols., 2007).

SIRT1 é uma molécula redox-sensivel, portanto tidis intracelulares podem regular o
nivel de atividade da SIRT1. O tratamento com butionina sulfoximina, um inibidor da biossintese
de GSH, diminuiu ainda mais os niveis de SIRT1 em resposta ao estresse oxidativo, enquanto que
0 aumento seletivo de tiois intracelulares por GSH monoetilico restabelece a SIRT1 em um
modelo de estresse induzido pelo tabaco em células epiteliais do pulmao de ratos (Hwang e cols.,
2013). O estudo de Zee (2010) demonstrou que a SIRT1 é alvo da S-glutationilacdo em residuos
de cisteina (Cis67, Cis268, e Cis623).

A S-nitrosilagdo é uma ligacdo covalente de um grupo de d6xido nitrico na cisteina
tiol/sulfidrilo, o que leva a formacdo de um derivado de S-nitrosotiol (Shahani e cols, 2011).
Kornberg (2010) demonstrou que gliceraldeido-3-fosfato nitrosilado (GAPDH) tem a capacidade
de nitrosilar a SIRT1 na cisteina 387 e 390 e inibir a atividade enzimatica (Kang e cols., 2011).

No entanto, mais estudos sdo necessarios para elucidar este processo.

A carbonilacdo é uma ligacdo covalente de grupos carbonilas que ocorre em residuos de
cisteina da SIRT1 resultante de reacdes oxidativas, que tem como consequéncia a inativacao
enzimatica e degradacdo proteossémica da SIRT1. Em modelo in vivo, camundongos expostos a
fumaca de cigarro apresentaram modificacdes pds-traducdo da SIRT1 por carbonilacdo e
glutationilacdo. Estas modificacbes foram atenuadas pelo tratamento antioxidante com N-
acetilcisteina (NAC) (Caito e cols., 2010).
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1.2.3 - A sinalizacdo da SIRT1 na inflamacéo via Rel A/p65-NF-xB

O NF-xB ¢é um fator 6xido sensivel e responsavel pela transcricdo de citocinas pro-
inflamatorias, tais como interleucinas (IL), fator de necrose tumoral (TNF-a) e VEGF (Toledano
e cols., 1991). Tanto em condicBes fisioldégicas como patoldgicas, 0 NF-kB é modulado por
diversas modificacdes pds-traducdo. Nesse contexto, recentes estudos mostraram que a forma
ativa do NF-xB ¢é caracterizada no nucleo mediante acetilagdo da lisina 310 na subunidade
RelA/p65. Por outro lado, podem ocorrer estimulos de inativagdo, dirigidos pela SIRT1 (Figura
15) (Chen, 2005).
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Figura 15. A sinalizacdo da SIRT1 na inflamacao via RelA/p65-NF-kB (Hwang e cols., 2013). A
sinalizacdo do NF-«B inicia-se no citoplasma, onde por estimulos de fosforilagdo é translocado
para o nucleo, onde ¢ acetilado pelo CBP/p300, resultando na inflamacéo. A acetilacdo pode ser
modulada pela via da SIRT1, onde, estimulos de ativacdo levam a desacetilagdo do p65-NF-«B.
Por outro lado, o bloqueio da SIRT1 pode causar hiperacetilagdo deste fator de transcrigao.
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O estresse oxidativo mediado pela fumaca do cigarro induz a reducdo da SIRT1
associada ao aumento da acetilagdo e ativacdo de RelA/p65-NF-kB (Yao e cols, 2012;
Rajendrasozhan e cols., 2008). Da mesma forma, o silenciamento génico da SIRT1 leva a
hiperacetilacdo do p65, que resulta na transcricdo de citocinas inflamatdrias (Rajendrasozhan e
cols., 2008). Estes dados foram verificados no tecido pulmonar de rato e em pacientes fumantes
com DPOC (Yao e cols, 2012; Rajendrasozhan e cols., 2008, Yang e cols.,2007). Em modelo in
vitro, o extrato de fumo do cigarro provocou a diminuicdo, em dose resposta, dos niveis de
SIRT1 seguido de reducdo da atividade da enzima, o que resultou na acetilacdo do complexo NF-
kB em células pulmonares (Rajendrasozhan e cols., 2008, Yang e cols., 2007). O tratamento com
SRT1 720, um ativador especifico da SIRT1, preveniu a producdo de citocinas inflamatdrias
mediada pela fumaca (Yao e cols, 2012; Rajendrasozhan e cols., 2008). O mesmo foi verificado
em modelo de restricdo caldrica, onde o restabelecimento dos niveis de SIRT1 promoveu reducédo
da inflamagdo via desacetilagdo do complexo RelA/p65-NF-«kB, resultando no retardo do
envelhecimento (Bordone e cols., 2005).

Apenas trés estudos publicados recentemente, mostram a importancia da via da SIRT1 e
do NF-xB na fase precoce da RD. Zheng e cols. (2012) mostrarma em modelo in vitro, que
células endoteliais expostas a alta dose de glicose apresentam ativacdo da via da PARP1 e
consequente reducdo da atividade da SIRT1. Em modelo animal, Kubota e cols. (2011)
demonstrou a reducdo da expressdo da SIRT1 e aumento da inflamag&o, caracterizada pelos
marcadores VEGF e ICAM-1 em camundongos diabéticos, no entanto, o estudo nao verificou os
niveis de acetilacdo do complexo RelA/p65-NF-kB. Mais recentemente, Kowluru e cols. (2014)
mostraram que pacientes com RD também apresentam déficit da atividade e expressdo génica da
SIRT1. Diante disso, estes estudos mostram a possivel participacdo da via da SIRT1 na
patogénese da RD, no entanto, ndo se sabe ao certo o mecanismo de modulagéo e/ou atuacdo da
SIRT1 frete aos insultos do DM. Desta forma, tratamentos que modulem ou promovam a

ativacdo a via da SIRT1, podem ser usados com alvo terapéutico no combate as alteragdes da RD.
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1.3 — Polifendis

Polifendis sdo substancias caracterizadas por possuirem uma ou mais hidroxilas ligadas
a um anel aromatico (Kirimlioglu e cols., 2006). Os principais grupos de polifenois sdo os acidos
fenolicos, tendo como exemplos: o acido clorogénico, presente no café; os estilbenos como o
resveratrol presente nas uvas e vinho; as cumarinas, como as furanocumarinas do aipo; as
ligninas, como as lignanas da linhaga; e os flavonoides. Este Gltimo grupo é o maior e mais
estudado, possuindo mais de 5.000 compostos identificados e estdo presentes principalmente em
frutas e hortalicas, chas, cacau e soja (Ross e Kasum, 2002). Muitas destas substancias sdo

classificadas como antioxidantes naturais e possuem propriedades terapéuticas.

As acdes fisioldgicas exercidas pelos polifendis ja foram relacionadas a prevencédo de
doencas cardiovasculares, neurodegenerativas, cancer, entre outras (Scalbert e cols., 2005). Os
polifendis tém sido extensivamente estudados devido a seu efeito benéfico a saude, no combate a
formacao de radicais livres, bem como na protecdo contra danos ao DNA das células (Wollgast e
Anklan, 2000). Além do efeito antioxidante, tem sido verificado que os polifendis também
possuem propriedades: anti-inflamatoria, anticarcinogénica, anti-aterogénica, antitrombotica,
antimicrobiana, analgésica e vasodilatadora, comprovadas em estudos cientificos (Wollgast e
Anklan, 2000; Gotti e cols., 2006).

1.3.1 - Flavonoides

Os flavonoides sdo uma subclasse dos compostos polifendlicos biossintetizados que
estdo presentes na maioria das plantas (Mann, 1987). A principal fonte de flavonoides dos seres
humanos é oriunda da dieta (Barnes e cols., 2001), cerca de 1-2g por dia (DeVries e cols., 1997).
Em grande parte, a origem desses compostos na dieta se da pela ingestdo de frutos, hortalicas,

condimentos e plantas medicinais.

Existem mais de 8 mil flavonoides identificados (Pietta, 2000). A estrutura basica desses

compostos consiste em um nudcleo comum, constituido de quinze atomos de carbono dispostos
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em trés anéis (C6-C3-C6), sendo dois fenolicos A e B e um pirano C (Di Carlo e cols., 1999).
Existem trés requisitos na estrutura quimica dos flavonoides possivelmente responsaveis pela
atividade de neutralizacdo de radicais exercida por esta classe de componentes, sendo eles: 1) o
sistema orto-dihidroxi no anel B; 2) a presenca da ligacdo dupla entre C2-C3 conjugada com a

funcdo 4-oxo; 3) a presenca de um grupo hidroxilico em C3 (Figura 16) (Dornas e cols., 2007).

Os flavonoides séo subdividos em diversas classes onde se encontram as catequinas,

caracterizadas principalmente pela capacidade antioxidante (Kahkonen e Heinonen, 2003).
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Figura 16. Estrutura molecular basica dos flavonoides e as regifes que favorecem a atividade
antioxidante (adaptado de Dornas e cols., 2007)
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1.3.1.1 - Catequinas

O grupode das catequinas é caracterizado principalmente por sua estrutura molecular.
Estudos indicam que a presenca de uma hidroxila no C3 no anel heterociclico e um catecol no
anel B favorecem a atividade antioxidante. A sua composic¢do inclui epicatequina galato (ECG),
epigalocatequina (EGC) e epigalocatequina galato (EGCG), epicatequina (EC), sendo que este

ultimo é o mais abundante em compostos naturais tais como a cacau, 0 que merece maior atengao

do ponto de vista farmacoldgico (Figura 17) (Pietta, 2000).
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Figura 17. Estrutura molecular das catequinas (Pietta, 2000).
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As catequinas sdo incolores, soliveisna 4gua e ndo existem referéncias de
contraindicages do seu consumo. Além da atividade antioxidante, tem sido descrito que as
catequinas possuem varias outras propriedades, incluindo: anti-inflamatdria, anticarcinogénica,
antitrombdtica, antimicrobiana, analgésica e vasodilatadora. O estudo com uso de catequinas em
camundongos diabéticos, inibiu a formacdo de AGEs, controlou a via inflamatdria e preveniu a
disfungéo renal (Zhu, 2014). Outro dado experimental mostrou que a quercetina e a catequina
exibem atividades anti-inflamatorias através da inibicdo das vias JNK/NF-kB de macrofagos
(Liu, 2014). Em modelo in vitro, as catequinas foram benéficas na regulacdo do ciclo celular e
danos ao DNA de células cancerosas intestinais, induzindo a apoptose por meio de uma via
dependente de p53 e inibicdo da PI3K/Akt/MAP (Enayat, 2013). Em modelo de hipertenséo
arterial, o tratamento com epicatequina reduziu a pressdo artéria, por aumento de 6xido nitrico na
vasculatura (Galleano, 2013), além de promover o controle e oxigenac¢do de microvasos no tecido

muscular (Copp, 2013).

Pouco se sabe a respeito dos efeitos terapéuticos das catequinas no tratamento de
doengas degenerativas mediadas pelo estresse oxidativo (Middleton e cols., 2000, Lopez-
Revuelta e cols., 2006). Estudos experimentais mostraram que 0 uso da catequina melhora a
aprendizagem, a memdria e a neurogénese em modelo de envelhecimento (Gibbons, 2014). Um
estudo multicéntrico, randomizado, duplo-cego realizado por Morillas-Ruiz (2014) mostrou que a
suplementacdo oral de polifendis (200 ml/dia) em 100 individuos, reduziu as concentracGes
plasméticas de homocisteina, aminoacido envolvido nas complica¢des cardiacas e na deméncia
senil como o Alzheimer (Copp, 2013). Recentemente, nosso grupo mostrou o efeito benéfico do
cha verde, componente rico em catequinas, no combate as alteraces da RD. Neste estudo,
revelamos que o cha verde protegeu a retina contra a toxicidade do glutamato por meio de um
mecanismo antioxidante; além disso, mostramos em modelo in vitro que tanto o cha verde como
a (-)-epigalocatequina galato, catequina mais abundante do cha verde, restabeleceu as alteracdes
induzidas de alta glicose em dois tipos celulares da retina: levou a neuroprotecdo de células de
Muiiller e melhorou a disfuncédo da barreira retiniana externa em células do epitélio pigmentar da
retina (Silva e cols,. 2013).

Introducao
30



1.3.2 - Theobroma cocoa

Theobroma cocoa, nome cientifico dado ao cacau, € um fruto com um longo historico de
utilizacdo medicinal (Kwik-Uribe, 2005). Registros mostram que no século XVI na Europa o
extrato liquido do cacau era utilizado, como veiculo de medicamentos. Além de ser considerado
por si s6 como medicamento, o extrato conjugado a outros suplementos alimentares eram
utilizados no tratamento de doencas, como desordens digestivas, dores de cabeca, inflamagdes e
insonias (Kwik-Uribe, 2005).

O cacau é rico em polifendis do tipo flavonoides. A epicatequina é o principal
componente ativo do cacau responsavel pelos efeitos benéficos a satde (Schroeter e cols., 2006).
H& um crescente nimero de estudos clinicos e meta-analise sobre o uso do cacau e seus
componentes que fornecem evidéncias clinicas da relagdo entre flavonoides do cacau e a
melhoria de algumas doencas, principalmente as cardiovasculares (Tokede e cosl., 2011; Desch e
cols., 2010; Hooper e cols., 2008; Ried e cols., 2012; Grassi e cols., 2012).

Estudos sugerem que o consumo diario de 200 mg de flavonoides presentes no cacau
auxilia na manutencdo da vasodilatacdo do endotélio. Esta quantidade pode ser fornecida pela
ingestdo de 2,59 de cacau em po rico em flavonoide ou 10g de chocolate escuro também rico em
polifendis, as quais podem ser consumidos no quadro de uma dieta equilibrada pela populacao
em geral (Davison e cols., 2008; EFSA, 2012 Balzer e cols., 2008; Heiss e cols., 2003, 2005 e
2010; Monahan e cols., 2011).

1.3.2.1 - Efeitos na homeostase

A agregacao plaquetaria € um mecanismo essencial na homeostase vascular (Buch e
cols., 2010). Portanto, varios estudos sustentam evidéncias sobre a potente atividade de
flavonoides presentes no cacau como inibidores da agregacdo plaquetaria (Pearson e cols., 2005;
Rein e cols., 2000). Kwil-Uribe (2005) mostrou que o consumo de produtos de cacau com alto
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teor de flavonoides e procianidinas diminui a tendéncia de agregacdo das plaquetas e, portanto, a
formacéo de coégulos.

Schramm e cols. (2001) relataram que o consumo de chocolate com alto teor de
procianidina (147 mg) reduz significativamente os niveis de leucotrieno, um vasoconstritor
enddgeno, e aumenta os niveis de prostaciclina, um vasodilatador natural. No estudo de Innes e
cols. (2003) os resultados foram semelhantes, no entanto, com o consumo de 100g de dois tipos
de chocolate: o escuro e o branco. O chocolate escuro reduziu de forma significativa a agregacao

de plaquetas e o chocolate branco, com teor minimo de flavonoide, ndo teve nenhum efeito.

No estudo duplo-cego randomizado de Heptinstall e cols. (2006) com 12 voluntarios
saudaveis, foi verificada a dose resposta do consumo de bebidas de cacau com diferentes
quantidades de flavonoides (baixa, 80 mg e rico, 300, 600 ou 900 mg). O consumo da bebida de
cacau contendo 600 e 900 mg flavonoides resultou na inibicdo significativa de agregacdo de
plaquetas, fato que ndo foi observado nas doses de 80 e 300 mg. Estes efeitos foram atribuidos
aos metabolitos dos flavonoides presentes no cacau, principalmente, 4-O-metil-epicatequina e 3-

O-metil-catequina.

1.3.2.2 - Capacidade antioxidante

As espécies reativas de oxigénio tém um papel importante em muitos processos
bioldgicos. Para auxiliar os sistemas antioxidantes de defesa, é desejavel a ingestdo de
substancias com capacidade antioxidante para combater o excesso de radicais livres (Jacob e
Burri, 1996). A atividade antioxidante do cacau foi avaliada em diversos estudos. Sanbongi e
cols. (1998) verificaram o efeito do extrato de cacau rico em flavonoides. O estudo in vitro
mostrou que ndo apenas catequinas e epicatequinas apresentaram efeito antioxidante, como
também quercetina, quercetina-3-glicosideo, quercetina-3-arabinosideo e dideoxiclovamida.
Outro estudo demonstrou a elevada atividade antioxidante das procianidinas do cacau, (Mao e
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cols., 2000). Os mesmos compostos mostraram-se capazes, ainda, de retardar a oxidagdo lipidica,

inibindo totalmente o estresse induzido.

O cacau tem se mostrado eficiente no tratamento clinico. Em estudos realizados em
humanos saudaveis, as catequinas foram responsaveis pelo aumento da atividade antioxidante,
diminuido o malonaldeido e a perdxidacgdo lipidica no plasma. Além disso, 0 cacau aumentou a
concentracdo de ascorbato no plasma, reduziu a absor¢cdo de ferro ndo-heme e melhorou a
resisténcia do LDL a oxidacdo (Williamson e Manach, 2005). O mesmo efeito foi observado em
outros estudos com individuos saudaveis (Baba e cols., 2007; Rein e cols., 2005; Nanetti e cols.
2012; Fraga e cols., 2005; Sarria e cols., 2012; Roberts e cols., 2009).

No estudo clinico de Davison e cols. (Richelle e cols., 1999), os autores mostram que 0
consumo agudo de chocolate escuro possui capacidade antioxidante em resposta ao estresse
oxidativo, aumentando a atividade da superoxido dismutase e catalase. O efeito foi visto entre 1 a
2 horas apds a administracdo de cacau. A analise do plasma destes pacientes mostrou que apos 2
horas, a meia-vida dos flavonoides diminuiu progressivamente até alcancar niveis basais em

aproximadamente 6 horas pds-ingestdo (Martin e cols., 2010).

Wiswedel e cols. (Wiswedel e cols., 2004) realizaram um estudo randomizado com
individuos saudaveis que consumiram bebida de cacau contendo duas doses de flavonoides (14
ou 187 mg). Os dados mostraram que 0 a ingestdo de cacau com 187mg de flavonoides,
combinada com exercicios fisicos, reduziu as concentracdes de isoprostana, um biomarcador de
peroxidacdo lipidica, por outro lado, o cacau com dose baixa de flavonoides ndo apresentou
efeito sobre este marcador. Em um estudo cross-over, observou que a ingestdo aguda de 40 g de
chocolate escuro diminuiu os niveis plaquetérios de isoprostanos em fumantes por reducéo de

Nox2, uma proteina envolvido da producdo de radicais livres (Carnevale e cols., 2012).
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1.3.2.3 - Atividade anti-inflamat6ria

Estudos mostram que o cacau também possui atividade anti-inflamat6ria. Em modelo in
vitro, o tratamento com flavonoides do cacau gerou reducdo da producdo de compostos pro-
inflamatdrios. Rein e cols. (2000) mostraram ainda que os flavonoides tem a capacidade de
modular etapas importantes na regulacdo da producdo de moléculas pro-inflamatorias.
Interessante que o grau de condensacdo (mondmeros, dimeros, trimeros, etc.) dos flavonoides
interferiu em suas atividades. Também em modelo in vivo, Osakabe (1998) verificou que a
ingestdo de flavonoides e procianidinas favoreceu a producdo de compostos anti-inflamatorios.
Foi demonstrada ainda propriedade anti-inflamatéria por meio da reducdo de lesdes gastricas

induzidas pelo consumo de &lcool.

Os polifendis presentes no cacau também estdo relacionado a diminuicdo da inflamacéo
através de varios mecanismos: inibir a ativacdo de células T, a ativacao de células B policlonais e
reduz a expressdo e secrecdo de interleucina-2 (IL-2) por células T (Sanbongi e cols., 1987).
Além disso, as procianidinas do chocolate também exercem efeitos anti-inflamatorios,
diminuindo as expressdo de diversas citocinas, como por exemplo, IL-5, TNF-a ¢ TGF-B. Por
outro lado, Muniyappa e cols. (2008) nao viram nenhum efeito sobre os niveis de ICAM e IL-6
em pacientes hipertensos ap6s a ingestao diaria de 900 mg de cacau rico em flavonoides por 14
dias. Do mesmo modo, Grassi e cols. (2005) descobriram que o consumo de 88 mg de chocolate
escuro rico em flavonoides consumidos por 15 dias ndo afetou a proteina reativa-C (RPC) ou
ICAM. A discrepancia dos resultados pode ser devido a diferenca na dose de cacau ou tipo de

chocolate administrado, ou ainda ao estado de saude dos individuos estudados.

Um recente estudo randomizado sugere que a ingestdo de polifendis do cacau pode
modular mediadores inflamatérios em pacientes com alto risco de doencas cardiovasculares
através da avaliacdo de biomarcadores inflamatorios celulares e sericos relacionados a
aterosclerose (Monagas e cols., 2009). Neste estudo, os pacientes receberam 40 g de cacau/dia
durante quatro semanas. N&o foram encontradas diferencas significativas na expressdo de

moléculas de adesdo nas superficies de linfécitos T. Entretanto, a expressdo de mondcitos CD40
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e CD36 foi significativamente menor apos a ingestdo de cacau. Outro ensaio clinico com 18
voluntarios saudaveis verificou que o cacau diminuiu significativamente a ativacdo do NF-kB em
relacdo aos niveis basais 6 h ap6s a administracdo oral. Apesar destas evidéncias, estudos de

longo prazo s@o necessarios para confirmar a propriedade anti-inflamatéria do cacau.

1.3.2.4 - Efeitos no sistema vascular

O consumo diario de cacau esta associado a reducdo de 50% da mortalidade entre
pacientes cardiopatas (Buijsse e cols., 2006), o que sugere que os polifendis do cacau também
conferem protecdo cardiovascular, independente da reducéo da presséo arterial, possivelmente
devido ao 6xido nitrico (Heiss e cols., 2006; Taubert e cols., 2007).

A associagdo epidemioldgica entre o consumo de cacau e baixa incidéncia de
hipertensdo é consistente com os resultados de varios estudos de intervencdo em curto prazo.
Grassi e cols. (2005) observaram que a ingestdo de chocolate escuro esteve associado a
diminuicdo da pressdo arterial sistélica (PAS) em individuos saudaveis, e este efeito também foi
observado em pacientes hipertensos (Grassi e cols., 2005), bem como pacientes com pré-
hipertensdo ou no estagio | de hipertensdo (Grassi e cols., 2008). Taubert e cols. (2008)
estudaram os efeitos de baixas doses de chocolate amargo rico em polifendis em pacientes com
hipertensdo; durante 18 semanas, 0s autores observaram que o consumo diario de pequenas
quantidades de chocolate escuro reduziu a média da PAS de -2,9 £ 1,6 mm Hg e a press&o arterial
média diastolica em -1,9 + 1,0 mmHg e melhorou a formacéo do vasodilatador NO. Faridi e cols.
(2007) observaram que a ingestdo aguda de chocolate escuro melhora a funcdo endotelial e reduz

a PAS em adultos com sobrepeso.

Evidéncias sobre os efeitos do cacau sobre o sistema vascular e a influéncia da idade,
duracdo e dose administrada de polifenois/cacau foi estatisticamente analisado em recente
metanalise (Hooper e cols., 2012). Em relacdo a idade, o efeito do cacau na pressao arterial pode

ser mais acentuado em individuos mais jovens, devido a reatividade vascular. Quanto ao tempo
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de estudo, os protocolos mais curtos parecem ser mais eficazes na diminuicdo da PAS dose-
dependente, enquanto que em estudos de longo prazo tém relatado dados controversos. Um ponto
preocupante foi a dose, pois a ingestdo de grandes quantidades (1 barra equivalente a 100g/dia)
esta relacionada a alguns efeitos colaterais indesejados, tais como o ganho de peso. Alem disso,
tem sido sugerido que outros compostos presentes no cacau, tais como a teobromina, também
poderiam ser responsaveis por vasoatividade e, portanto, a reducdo da pressdo arterial (Kelly e
cols, 2005).

1.3.2.5 - Efeitos no Diabetes e suas complicac¢oes

Os efeitos benéficos dos flavonoides sobre a homeostase da glicose tém sido verificados
por evidéncias epidemioldgicas e clinicas. Hanhineva e cols. (2010) mostraram que diferentes
polifendis, como os flavonoides e proantocianidinas, atuaram no metabolismo de carboidratos. O
estudo mostrou que os polifendis do cacau atenuaram a resposta glicémica pos-prandial e em
jejum durante a hiperglicemia, melhorando a secrecdo e sensibilidade aguda da insulina. Os
possiveis mecanismos de acdo incluem a inibicdo de carboidratos da digestdo e absorcdo da
glicose no intestino, a estimulacdo da secrecdo de insulina pelas células pancreéticas, a
modulacdo da libertacdo de glicose do figado, a ativacdo de receptores de insulina e a absorcéo de
glicose nos tecidos sensiveis a insulina, possivelmente através de vias de sinalizacdo intracelular
(Hanhineva e cols., 2010).

N&o existem estudos epidemioldgicos que avaliaram a associa¢do entre o consumo de
cacau ou chocolate e diabetes. No entanto, estudos clinicos com pacientes hipertensos, a
administracdo de 100 g/dia de chocolate amargo (contendo 88 mg flavonoides) durante 15 dias
diminuiu a resisténcia a insulina tanto em individuos saudaveis quanto hipertensos, com (Grassi €
cols., 2005b) ou sem (Grassi e cols., 2005) tolerancia a glicose. Por outro lado, outro estudo ndo
conseguiu encontrar alteragdes na sensibilidade a insulina apds 2 semanas de administracdo de

uma bebida de cacau fornecendo um dose diaria de 900 mg de flavonoides a individuos com
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hipertensdo (Muniyappa e cols., 2008). Em pacientes com sobrepeso e obesidade, a ingestéo de
cacau rico em flavonoides mostrou melhora na resisténcia a insulina observada pela reducao da
glicemia de jejum; curiosamente, os efeitos benéficos foram observados apenas nas doses de 50 a

100 mg/epicatequina/dia, mas ndo em uma dose superior (Davison e cols., 2008).

Pouco se sabe a respeito do uso do cacau e seus compostos no tratamento das
complicacdes do diabetes. Dados experimentais em modelo de nefropatia diabética mostraram
que o cacau atua restabelecendo a AMPK no tecido renal por reducdo da sinalizacdo da
Nox4/Fator de transformacdo do crescimento beta-1 (TGFpB-1) (Papadimitriou e cols., 2014). O
mesmo estudo verificou reducdo de acimulo de matris extracelular em ratos diabéticos tratados
com cacau. Na retina, estudos preliminares com células de linhagem do epitélio pigmentado da
retina humana (ARPE-19), mostraram que a condicdo de alta glicose (30mM) induz o estresse
nitrosativo, gerando S-nitrosilacdo da caveolina-1 (uma proteina de membrana importante no
fluxo celular), e esta modificacdo gerou endocitose e degradacdo de proteinas de juncdo
envolvidas na permeabilidade paracelular, alterando as caracteristicas da barreira celular. O
tratamento com 100 ng/ml de extrato de cacau enriquecido com polifendis ou (-)- epicatequina,
12 ng/ml referente a 12% do extrato total, restabeleceram estas alteragdes restaurando as
proteinas de juncdo intercelular da ARPE-19 (Rosales e cols., 2014). Neste sentido, devido a
eficaz atuacdo do cacau e seus compostos frente a inflamacao e estresse oxidativo/nitrosativo, a
administracdo oral de cacau enriquecido com polifendis pode conferir neuroprotecdo retiniana em

pacientes com diabetes.

1.4 - Terapia celular

Atualmente, com o avango do conhecimento e das técnicas moleculares, a ciéncia
conseguiu gerar informagdes importantes para o diagndstico e tratamento de algumas doengas.

Novos tratamentos foram criados utilizando as células-tronco (CT), através da terapia celular. As
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CT sdo células indiferenciadas definidas pela capacidade de auto renovacdo e sdo capazes de se
dividirem indefinidamente (Gnecchi e cols., 2008).

Estudos tém demonstrado que certas células da medula podem auxiliar na reparagdo de
tecidos com lesdo em uma grande variedade de doencas cardiovasculares (Alaiti e cols., 2010).
Embora ainda ndo se saibam os mecanismos pelos quais as células exercam seus efeitos; varios
estudos tém documentado a retencao de parte destas células nos 6rgdos-alvo, mantendo melhoras
estruturais e funcionais (Hofmann e cols., 2005; Gnecchi e cols., 2008). De acordo com Gnecchi
e cols (2008), as células progenitoras endoteliais da medula podem atuar através de fatores

paracrinos locais e ndo por incorporacao de estruturas pré-existentes.

Asahara e cols (1999) descreveram pela primeira vez, hd pouco mais de 10 anos, as
células progenitoras endoteliais (EPCs) derivadas da medula 6ssea circulantes no sangue. Desde
entdo, inimeros estudos demonstraram que as EPCs circulantes atuam na reparacdo de vasos
sanguineos danificados e na neovascularizacdo de lesbes isquémicas (Kaushal e cols., 2001;
Kong e cols., 2004), sugerindo que essas células apresentam importante funcédo na patogénese da

aterosclerose e doencas cardiovasculares.

Existe uma variedade de EPCs originarias da medula, uma dela é a Early Outgrowth
(EOC). Consideradas células progenitoras endoteliais, estas expressam uma variedade de
marcadores de membrana (Asahara e cols. 1997, Hur J e cols., 2004).

1.4.1 — Células Early Outgrowth (EOCs)

As EOCs sdo um tipo raro de células progenitoras de origem endotelial definidas
principalmente pela identificacdo de seus marcadores de superficie celular (Hur J e cols., 2004).
As EOCs séo particularmente importantes no que diz respeito a producgéo e secrecdo de fatores
antifibroticos (Yuen e cols., 2010) e anti-oxidativo (Yang Z e cols., 2010). Este tipo celular é
produzido in vitro a partir de células da medula dssea pluripotentes e sdo consideradas um tipo de

célula endotelial devido a técnica de cultivo e diferenciacdo. Sob estes estimulos, as células
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passam a expressar marcadores de superficie celular caracteristicos, como CD34 e VEGFR2 (Hur
e cols., 2004). Apesar de se assemelhar a células endoteliais maduras, EOCs sdo secretoras,
tendem a ndo integrar as estruturas pré-existentes e exibem um fenotipo parecido a mondcitos

imaturos (Figura 18) (Hur e cols., 2004; Krenninge e cols., 2009).

Células Progenitoras Células Progenitoras
Hematopoiética Mieloides
CD14
CD45 CD34 CD45 !
cm:;a ® Y  VEGFR ?
b .) é ’

e
CD133

EOC-EPC LOC-EPC

CD45 CD34 CD34
VEGFR2

VEGFR2
CD31 CD31
é CXCR4 VE cadherin
CD14 - vWF
CD1e ™ cp11s CXCR2  ®(pq33

(4-7 dias para a diferenciagdo) (3-4 semanas para a diferenciagdo)

Figura 18. Origem e diferenciacdo das células early outgrowth (adaptado de Jones CP, Rankin,
2011). Sob estimulos com fatores de crescimento contidos em meio de células endoteliais, as
células progenitoras hematopoiéticas da medula diferenciam-se em progenitora mieldides e
posterirormente em EOC, expressando os marcadores de membrana CD43 e VEGFR2. O
processo de diferenciacdo ocorre in vitro de 4 a 7 dias pds-extracdo. Além disso, € possivel gerar
0 modelo tardio, de 3 a 4 semanas de diferenciacdo, onde as células ganham o marcador CD133.
EOC-EPC: células progenitoras endoteliais early outgrowth; LOC-EPC: células progenitoras
endoteliais late outgrowth.
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As EOCs tem a capacidade de diferenciacdo e/ou fusdo em células do parénquima
maduro, e destacam-se pelas fun¢des paracrinas (Gnecchi e cols., 2008). Embora a maioria dos
estudos tenha abordado a atividade pré-angiogénica das EOCs, este tipo celular tem a capacidade
de secretar fatores antifibréticos (Yuen e cols., 2013) e antioxidantes, atenuando a apoptose de
células endoteliais induzida pelo H,O, (Yang e cols., 2010). No entanto, os mecanismos pelos
quais as células progenitoras EOCs medeiam a reparacdo e regeneragdo de 0rgdos, permanecem

especulativos.

Estudo desenvolvido no Canadé por Zhang e cols. (2012), descreve o tratamento bem
sucedido da nefropatia diabética usando uma unica infusdo de EOCs em modelo experimental de
DM tipo 2 (db/db). A terapia celular com EOCs preveniu altera¢fes estruturais do rim, tais como
a deposicdo de matriz extracelular e a apoptose de células do epitélio tubular, o que levou a
reducdo de albumindria, uma caracteristica da lesdo renal diabética. Embora as EOCs tenham
promovido esses efeitos, foi observada a retencdo minima destas células no tecido renal dos
animais diabéticos. Achados semelhantes foram demonstrados nos animais diabéticos tratados
com meio condicionado das EOCs, sugerindo que os efeitos foram mediados por liberacdo de
fatores. Por outro lado, foi observada a presenca abundante das EOCs no figado, pulmao, baco, e
medula &ssea, sugerindo um mecanismo de atividade paracrina pela secrecdo de fatores

renoprotetores a distancia (Zhang et al, 2012).

A falta de retencdo celular nos 6rgdos lesionados também foi descrita por outros
trabalhos (Yuen et al, 2013). No entanto, Gilbert e cols caracterizaram a capacidade secretora das
EOCs. A anélise do meio condicionado das EOCs detectou onze tipos de citocinas secretadas por
estas células, dentre elas estdo: interferon-y, interleucina-la e inibidor de metaloproteinase-1
(Zhang e cols., 2012). Além disso, o grupo documentou quase duzentos tipos de proteinas
detectadas por mapeamento protedmico do meio condicionado das EOCs. O fato que chamou a
atencdo foi a presenca de proteinas que regulam as funcgdes celulares implicadas na fibrose e
também proteinas envolvidas na respostas ao stress oxidativo, tais como, glutationa-S-transferase,

peroxiredoxina, superéxido dismutase, tiorredoxina, e hemeoxigenase-1 (Yuen e cols., 2013).
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Estes resultados indicam que EOCs exibem uma grande capacidade na secrecdo de fatores

soltveis com potente atividade antioxidante, quando injetado por via intravenosa.

Na retina, avancos de estudos com células-tronco proporcionam grande expectativa para
uso destas células na regeneracdo dos tecidos oculares (Siqueira, 2009). Recentemente, tem sido
testado o uso da terapia celular no tratamento de doencas degenerativas da retina tais como
retinopatia diabética e degeneracdo macular com a utilizacdo de uma variedade de tipos celulares,
incluindo: células pluripotentes embrionarias progenitoras do epitélio pigmentado da retina
(Buchholz e cols., 2009); células mesenquimais da medula 6ssea ou derivadas do cond&o
umbilical (Schwartz e cols., 2012); células fetais progenitoras neuronais e retinianas (Aftab e
cols., 2009); e, células tronco adulta do epitélio pigmentado da retina (Inoue e cols., 2007;
Siqueira e cols., 2011). Entre os muitos tipos de células propostas, as EPCs circulantes no sangue
derivadas de medula tém sido estudadas em grande parte dos ensaios clinicos (Tateishi-Yuyama e
cols., 2002; Mund e cols., 2009). No entanto, os mecanismos pelos quais essas células exercem

seus efeitos benéficos ainda ndo sao claros.
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2—-OBJETIVOS

2.1 - Objetivo geral

e Investigar os mecanismos de regulacdo da neurodegeneracao da retina diabética através
da modulacéo da atividade da SIRTL.

2.1 - Objetivos especificos
2.2.1- Artigo |

¢ Investigar os possiveis efeitos protetores da administracao oral de cacau enriquecido com

polifendis na RD em modelo de diabetes tipo 1.

Verificar os mecanismos neuroprotetores do cacau enriquecido com polifenois na RD.

Elucidar o mecanismo da sinalizacdo do GFAP em células de Miiller.

Acessar a participacdo e a modulacdo da atividade da SIRT1 na RD.

2.2.2 - Artigo 11
e Investigar o possivel efeito terapéutico de células da medula 6ssea derivadas de animais
saudaveis (Dock7 m +/+ Leprdb db/m) e diabéticos (BKS.Cg-Dock7 m +/+ Leprdb/J,
db/db) na RD em modelo de diabetes tipo 2.

e Verificar os mecanismos neuroprotetores das células EOCs na RD.
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Abstract

Cocoa is rich in flavonoids, which are potent antioxidants with established benefits for cardiovascular health but unproven effects on neurodegeneration.
Sirtuins (SIRTs), which make up a family of deacetylases, are thought to be sensitive to oxidation. In this study, the possible protective effects of cocoa in the
diabetic retina were assessed. Rat Miiller cells (rMCs) exposed to normal or high glucose (HG) or H,0, were submitted to cocoa treatment in the presence or
absence of SIRT-1 inhibitor and small interfering RNA The experimental animal study was conducted in streptozotocin-induced diabetic rats randomized to
receive low-, intermediate-, or high-polyphenol cocoa treatments via daily gavage for 16 weeks (ie., 0.12, 2.9 or 22.9 mg/kg/day of polyphenols). The rMCs
exposed to HG or H»0- exhibited increased glial fibrillary acidic protein (GFAP) and acetyl-RelA/p65 and decreased SIRT1 activity/expression. These effects were
cancelled out by cocoa, which decreased reactive oxygen species production and PARP-1 activity, augmented the intracellular pool of NAD™, and improved SIRT1
activity. The rat diabetic retinas displayed the early markers of retinopathy accompanied by markedly impaired electroretinogram. The presence of diabetes
activated PARP-1 and lowered NAD™ levels, resulting in SIRT1 impairment. This augmented acetyl RelA/p65 had the effect of up-regulated GFAP. Oral
administration of polyphenol cocoa restored the above alterations in a dose-dependent manner. This study reveals that cocoa enriched with polyphenol
improves the retinal SIRT-1 pathway, thereby protecting the retina from diabetic milieu insult.
© 2014 Elsevier Inc. All rights reserved.

Keywords: Diabetic retinopathy; Cocoa; GFAP; SIRT1; NF-kB; NAD"; Neurodegeneration

1. Introduction inflammation, cell injury or death, and worsening disease. When
exposed to an insult such as high glucose, Miiller cells become active,
Diabetic retinopathy (DR) is a potentially devastating disease thus up-regulating glial fibrillary acidic protein (GFAP) and increasing
and is the most common cause of blindness among working-age people retinal glial reactions [5]. As upstream stimuli for glial reaction, recent
in the world | 1]. It is a multifactorial progressive disease affecting neuro reports have demonstrated that oxidative stress and redox-sensitive
and glial cells and vascular elements of the retina [ 2-4]. transcription factor nuclear factor NF-kB signaling contribute to the
Retinal Miiller glia, blood vessels and neuronal cells interact pathogenesis of DR [7].
closely to maintain retinal tissue homeostasis and cell survival [5]. Silent information regulator 1 (SIRT1) proteins, known as sirtuins,
Miiller cells are the primary glial type in the retina. Miiller cells were identified as genetic silencing factors [8] and were later found
activate under stress and produce proinflammatory cytokines and to prolong the lifespan in yeast [9]. In addition, NAD "-dependent
growth factors to restore tissue homeostasis |6|. However, in chronic deacetylation by sirtuins was linked with caloric restriction and aging
diseases such as DR, retinal gliosis is prolonged, causing sustained in several organisms [10]. The functions attributed to sirtuins are

mediated by deacetylation of histones (known as epigenetic chro-
matin remodeling), transcriptors factors, coactivator such as p53,

“ Sources of funding: This work was supported by Fundagio de Amparo i S - o a1 T :
Pesquisa do Estado de S20 Paulo (Fapesp. grl;ﬂts 213053);5755133l 2010/1121477. Forkhead box O (FOXO) and NF-KE [11-14]. Several lines of evidence
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légico (CNPq). DAD, AP. and V.HOA. received a scholarship from Fapesp and their activity relies on mtrace]lt.xl.cu‘ NAD™[10,15]. As sirtuins require
MMR from CNPq. NAD™ and are therefore sensitive to redox changes, hydrolyzing
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Campinas (Unicamp), 13083-970, Campinas, SP, Brazil. affect the NAD™ salvage pathway because this is a NAD T-dependent
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NF-kB is a key redox-sensitive transcription factor responsible for
proinflammatory gene transcription [17]. In retinal tissue, the major
sources of this proinflammatory transcriptor are microglial and Miiller
cells. The gene transcribed by NFKB will modulate tumor necrosis factor
(TNF)-o, interleukin-8 and interleukin-6 expression in reactive cells,
thus aiding the initiation of inflammatory response under pathological
conditions. In normal and pathological conditions, NF-kB undergoes
posttranslational modifications, including phosphorylation and acety-
lation, to control its nuclear action [18]. It has been shown that histone
acetyltransferases p300 and CREB-binding protein (CBP) acetylases the
RelA/p65 subunit of NF-kB at Lys218, Lys221 and Lys310 [19], thus
modulating NF-kB. Thisincludes transcriptional activation, DNA binding
and assembly with its inhibitor IkBa [20]. SIRTT interacts with RelA/p65
at Lys310 and deacetylates it, thus inhibiting the transcription capacity
of NF-kB [21].

Cocoa (Theobroma cacao) and cocoa-derived products, such as
chocolate with 70% or more cocoa content, have gained attention
because of evidence that they lower blood pressure and improve
endothelial function [22-24]. Because major polyphenols are lost during
the classical technique of extraction, attempts have been developed to
prepare cocoa-based functional food-employing methods such as
ACTICOA [25], where higher amounts and bioavailability of polyphenols
are achieved. Previously, the efficacy of ACTICOA as a potent chemopre-
ventive agent against malignant cell in vivo and in vitro by targeting the
Kras/AKt/NF-kB signaling was clearly demonstrated [26]. More recently,
the protective effects of catechin and epicatechin were demonstrated in
experimental models of Alzheimer's [27] and Parkinson's disease [28].

>

HG (25mM)

Some of the protective effects of epicatechin in the diabetic retina were
demonstrated by Al-Gayyar and colleagues [29]. The authors revealed that
epicatechin decreased proNGF levels and the nitration of tyrosine of the
TrKA-Y490 survival receptor, thus decreasing ganglion cell death. The effect
of cocoa enriched with polyphenol in diabetic retinopathy is unknown.

This present study aimed to assess the signaling of GFAP in Miiller
cells, a crucial event for neurodegeneration in diabetic retina, and to
verify the efficacy of oral administration of cocoa enriched with
increased content of polyphenols (ACTICOA). It was hypothesized
that the activation of the NF-kB complex in RelA/p65 subunit by
acetylation on Lys310 modulates GFAP expression and SIRT1 is acting
as a protective agent deacetylating it. As a result, the retinal glial
reaction is mitigated. This hypothesis was tested in in vitro and
confirmed in in vivo studies.

2. Methods and materials
2.1. In vitro studies

2.1.1. Transformed rat retinal Miiller cell line (rMC-1)

Vijay J. Sarthy (Northwestern University, Evanston, IL, USA) provided rMC-1 for
this study. The rMC-1 was grown in Dulbecco's modified Eagle medium. The cells were
maintained in a humidified incubator at 37 °C and 5% CO,. The rMC-1 cultures at 70% of
confluence were serum starved by reducing the fetal bovine serum concentration to 1%
and then were exposed for 24 h to 5.5 mM p-glucose (NG); 25 mM p-glucose (HG); HG
plus 100 ng/mL, 1 pg/mL or 10 pg/mL of polyphenol-enriched cocoa (cocoa contenting
60% of polyphenol) (HG+CC); HG plus (—)-epicatechin (Sigma, St. Louis, MO, USA)
(HG+EP); or different treatments as specified. Distillated water was used as a vehicle
for cocoa or epicatechin treatments. The cells were also treated with hydrogen
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Fig. 1. GFAP was down-regulated by polyphenol-enriched cocoa via SIRT1 in rMC-1 exposed to HG or H,0,. (A) A representative photomicrograph of glial reactivity as revealed by
GFAP immunofluoresecence in rMC-1 cultured for 24 h in HG in the presence or not of cocoa in different doses. Magnification: x630. Western blot analysis of the GFAP in total cell
lysates; *P=.001, {P=.04. (B) Western blot analysis of the SIRT1 in total cell lysates. The effidency of SIRT1 siRNA was about 60% of reduction (P<.0001). Western blot analysis of the
GFAP in total cell lysates. The siRNA abolished the cocoa effect; *P=.0005, 1P<.0001. (C) Western blot analysis of the GFAP in total cell lysates; *P=<.0001. Equal loading and transfer for
all proteins were ascertained by reprobing the membranes for [2-actin. The bars represent mean4£S.D. of band densities expressed as the percentage of variation from at least three
independent experiments. CC: polyphenol-enriched cocoa; scrRNA: scrambled; siRNA: small interfering RNA (100 pM); EX-527, SIRT1 blocker (10 pM).
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peroxide (H,0, 10 uM) as an oxidative stress inducer. We used distilled water as a
vehicle for bath.

2.1.2. Pharmacological treatments and transient transfection with small interfering
RNAs (5iRNAs)

The cytotoxicity of the treatments and vehicle on rMCs was determined by a
thiazolyl blue tetrazolium bromide colorimetric assay [30]. Concentrations that caused
less than 10% of cell toxicity were chosen for the experimental treatments.

The siRNA duplexes and scrambled siRNA corresponding to rat Sirt-1 were
obtained from Invitrogen (Santa Cruz Biotechnology). The transient transfection of
siRNAs was carried out using Lipofectamine Transfection Reagent (Life Technologies,
Carlsbad, CA, USA) [31].

2.1.3. Immunofluorescence in Miiller cells

The immunofluorescence was performed as previously described [32]. The cells
were incubated with anti-GFAP or anti-SIRT1 antibody (Santa Cruz Biotechnology, Inc,,
Santa Cruz, CA, USA), followed by the appropriate secondary antibody. Afterward, the
sections were rinsed and cover-slipped with Vectashield antifade medium containing
4',6'-diamino-2-phenylindole used for nudei staining (Vector Laboratories, Burlingame,
CA, USA). The slides were examined under a scanning microscope (CLSM, LSM510; Zeiss,
Jena, Thuringia, Germany). Digital images were captured using specific software
(AxioVision, Zeiss).

2.1.4. Western blot

Retinal protein extraction or total rMC-1 lysate was incubated with anti-GFAP,
anti-SIRT1, antiacetylated RelA/p65-NF-kB and p65 subunit NF-kB complex (Santa
Cruz); antinitrotyrosine (Upstate USA, Inc, Lake Placid, NY, USA) and anti-PAR
ribosylated proteins (Trevigen Inc., Gaithersburg, MD, USA). Immunoreactive bands
were visualized with the enhanced chemiluminescence method (Super Signal CL-HRP
Substrate System; Pierce, Rockford, IL, USA). Exposed films were scanned with a
densitometer (Bio-Rad) and analyzed quantitatively with Multi-Analyst Macintosh
Software for Image Analysis Systems Bio-Rad (Hercules, CA, USA).
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2.1.5. Immunoprecipitation studies

Immunopredpitation was performed as before with minor modifications [33].
Using Protein A/G agarose beads, 500 pg of total protein diluted in extraction buffer
was immunoprecipitated with rabbit anti-p65 NF-kB (Santa Cruz). The samples were
submitted to Western blotting against acetyl lysine residues (anti-acetyl-lys-310; Cell
Signaling Technology, Danvers, MA, USA) or anti-p65 subunit.

2.1.6. SIRTI activity

The SIRT1 activity was measured by a fluorescent activity assay/drug discovery kit
designed to measure the lysyl deacetylase (Enzo Life Sciences, Farmingdale, NY, USA).
NAD+-dependent deacetylation of the substrate by recombinant human SIRT1
sensitized it to Developer II, which then generated a fluorophore; the fluorophore
was excited with 360-nm light,and the emitted light (460 nm) was detected ona Synergy
Mx fluorometric plate reader (BioTek, Winooski, VT, USA).

2.1.7. 2", 7"-Dichlorodihydrofluorescein diacetate (H-DCF-DA)

Intracellular reactive oxygen species (ROS) levels were measured by H,DCF-DA.
Relative fluorescence was measured using a Synergy Mx fluorescence plate reader at
excitation and emission wavelengths of485 and 528 nm, respectively. The values were
corrected by the number of cells.

2.1.8. NAD™/NADH ratio levels

The NAD"/NADH Quantitation Colorimetric Kit (BioVision, Inc., Milpitas, CA, USA)
provides detection of the intracellular nucleotides NAD™ and NADH. The NAD Cycling
Enzyme Mix in the kit specifically recognizes NAD"/NADH in an enzyme cycling
reaction. The colorimetric kit was read in spectrometer at 450-nm absorbance.

2.1.9. Estimation of catechins in pelyphenol-enriched cocoa

The quantification of components in polyphenol-enriched cocoa was assessed
by high-performance liquid chromatography (HPLC) (Waters, Milford, MA, USA), as
previously reported [34].

2.1.10. Animal experiments
This study protocol was approved by the local committee for ethics in animal
research (CEEA/IB/Unicamp, protocol number 1834-1). Experimental diabetes was

Fig. 2. Polyphenol-enriched cocoa decreases PAR-modified proteins and reestablishes NAD*/NADH levels by reduction of oxidative status in tMC-1. (A) The quantification of total
intracellular ROS levels in rMC-1 cultured for 24 h by H,DCF-DA. The values are expressed by mean+S.D. and expressed as percentages of fluorescence units. Values were corrected by
the number of cells at the end of each treatment; *P=.0001, {P>.6. (B and C) Representative Western blots for PAR-modified proteins in total cell lysates in cells under HG or H20; and
treated with cocoa (100 ng); *P<.0001. Equal loading and transfer for all proteins were ascertained by reprobing the membranes for b-actin. The bars represent mean+5.D. of band
densities expressed as the percentage of variation from at least three independent experiments. (D) Intracellular NAD*/NADH levels in rMC-1 cultured for 24 h in HG or H,0,.
The NAD" /NADH ratios are means+S.D. of absorbance units; *P=.0001 vs. other conditions. CC: polyphenol-enriched cocoa; Vehide: DMSO (0.1%); MAN: mannitol (25 mM).
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Fig. 3. The polyphenol-enriched cocoa improved SIRT1 pathway in rMCs-1 exposed to HG or H202. (A) Immunofluorescence for SIRT1 in rMC-1 cultured for 24 h in HG. Magnification:
x1000. (B) SIRT1 activity in rMC-1 cultured for 24 h with different treatments by fluorescent method. The mean+5.D. expressesthe percentage of fluorescence units; *P<.0001.
(C) Representative Western blots for acetyl-Lys310-RelA/p65 in rMCs-1 lysates exposed to HG and treated with cocoa in the presence or not of SIRTI siRNA; *P<.0001.
(D) Immunoprecipitation for acetyl-Lys310-RelA/p65 in rMCs-1 lysates exposed to HG and treated with cocoa in the presence or not of EX-527; "P<.002. (E) Similarly,

immunoprecipitation for acetyl-Lys310-RelA/p65 in total rMCs-1 lysates exposed to HG and treated with cocoa in the presence or not of EX-527; *P=.0002, {

—.003. Equal loading

and transfer for all proteins were ascertained by reprobing the membranes for total p65 subunit. The bars represent mean+S.D. of band densities expressed as the percentage of
variation from at least three independent experiments. CC: polyphenol-enriched cocoa; siRNA: small interfering RNA (100 pM); EX-527, SIRT1 blocker (10 pM).

induced in 12-week-old hypertensive male SHR by intravenous injection of
streptozotocin (60 mg/kg in 0.5-M sodium citrate buffer, pH4.5; Sigma); the control
animals received vehicle alone. Blood glucose levels were measured using an
enzymatic colorimetric GOD-PAP assay (Merck, Darmstadt, Germany) 72 h after the
injection. Values =15 mmol/L were considered diabetic. The animals were randomized
to receive one of the following treatments: 24 mg/kg/day of cocoa with 0.5% of
polyphenols (low dose, i.e., 0.12 mg polyphenols/kg/day), 24 mg/kg/day of cocoa
enriched with 60% of polyphenols (intermediate dose, i.e, 2.9 mg polyphenols/kg/day),
190 mg/kg/day of cocoa enriched with 60% ( high dose, i.e., 22.8 mg polyphenols/kg/day)
(Barry Callebaut, Louviers, France ) or water by gavage daily for 16 weels (Supplementary
Fig. 2). Similarly, nondiabetic rats were randomized tothe same above treatment regimen.
After treatment, the animals were submitted to electroretinogram (ERG) and then
euthanized; the eye globes and retinas were collected. During the study, the diabetic rats
received 2 U of insulin (human insulin HI-0310; Eli Lilly and Company, Indianapolis, IN,
USA), three times per week, subcutaneously. The control rats received the vehicle only.
Systolic blood pressure was obtained by tail-cuff plethysmography (MK Il Physiograph;
Narco Bio-Systems, Houston, TX, USA).

2.1.11. Immunohistochemistry in retinal tissues

The retinal sections were incubated with goat polyclonal anti-GFAP (Santa Cruz),
rabbit polyclonal antioccludin (Invitrogen Corp., Camarillo, CA, USA) or rabbit
polyclonal antinitrotyrosine (Upstate Cell Signaling) overnight at 4 °C. The slides
were then incubated with the appropriate secondary antibodies. The analyses were
performed using the Leica Application Suite (Leica Microsystems, Wetzlar, Germany)
in nine nonconsecutive retinal sections divided among three slides per animal per
group under high-powered microscopic viewing (Zeiss).

2.1.12. Full-flash ERG recording

Retinal function was measured at the end of the study using the UTAS-E3000
system (LKC Technologies Inc., Gaithersburg, MD, USA) as previously described [35].
The pupils were dilated with tropicamide (Mydriacyl 0.5%; Allergan, Irvine, CA, USA).
General anesthesia was induced with ketamine and xylazine (75 and 7.5 mg/kg,
respectively) under dim red illumination (Amax=650 nm). The measurements were
taken after overnight dark adaptation. An intensity-response series was recorded using
a series of ganzfeld flashes with intensities ranging from —3.60 to 2.40 log cd-s/m’

luminance. Recordings were amplified and digitized using a 24-bit A/D converter band
passed from 0.3 to 300 Hz with a 50-Hz notch filter.

2.1.13. Liquid chromatography (LC)/mass spectrometry (MS) and tandem mass
spectrometry (MS/MS) assays

The sample preparation was performed as previously reported [36,37]. Plasma or retinal
samples were drawn into EDTA-containing vials, supplemented with ascorbate (1 mg/ml)
and snap-frozen in liquid nitrogen. For HPLC analysis, samples were defrosted on ice and
prepared by using a three-step procedure: (a) Samples were mixed with twice their volume
of acidified methanol (100% vol/vol, —20 °C, internal standard A=3EthylEC) and centrifuged
at 17,000xg for 15 min at 4 °C. (b) The supernatant was collected, and the pellet was
resuspended in methanol as detailed for step 1. This resuspension was centrifuged, the
supemnatant was collected, and the pellet was washed in methanol (50% vol/vol, internal
standard A). After centrifugation, the supematant was collected and combined with the
supernates from steps 1 and 2. This mixture was centrifuged (as above), and the solvents
were removed by using a rotary evaporation system at 4 °C.

2.1.14. Statistical analysis

The results were expressed as the mean+S5.D. Comparisons between groups were
done using analysis of variance followed by Fisher's protected least significant
difference test. For correlation analyses, the Pearson correlation coefficient test was
used. The analyses were performed using Statview Software (SAS Institute Inc,, Cary,
NC, USA). Significance was determined at P<05.

3. Results
3.1. In vitro studies
3.1.1. Polyphenol-enriched cocoa provides protection from glial reaction

via SIRTT in rMC-1

The rMC-1 exposed to HG medium displayed a marked increase in
GFAP immunolabeling. The treatment with cocoa prevented the glial
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Fig. 4. PARP blocker or NAD" treatment increases SIRT1 activity and prevents glial reaction in rMC-1 under HG or H,0, condition. (A) NAD"/NADH ratio levels in total rMCs lysates
cultured for 24 h; *P<.0001. (B) SIRT1 activity evaluated by fluorometric assay in total rMCs lysates; “P<.0001. The values are expressed in mean+S.D. of percentage of absorbance
units. (Cand D) Representative Western blots for GFAP expression in total cell lysates under HG or H»0,, treated with cocoa or NAD* supplementation. Equal loading and transfer for all
proteins were ascertained by reprobing the membranes for p-actin. The bars represent mean+5.D. of band densities expressed as the percentage of variation from at least three

independent experiments; *P<.0001 and *P<.0005, respectively. CC: polyphenol-enriched cocoa; NAD"

reaction in a dose-dependent manner, and the presence of EX-527, a
SIRT1-specific blocker, or SIRT1 siRNA abolished the observed effects
(Fig. 1A and B, respectively). Similarly, the rMCs exposed for 24 h to
Hy0z, a potent oxidizer, and treated with cocoa had a marked
prevention of glial reaction in a dose-dependent manner, and the
presence of EX-527 abolished the effects (Supplementary Figs. 2 and
1C). These findings suggest that the insults of HG and H,0; induce
GFAP up-regulation in rMCs, and the protective effects of cocoa
treatment are at least partly mediated by SIRT1 pathway.

3.1.2. Polyphenol-enriched cocoa decreases PAR-modified proteins and
reestablishes NAD*/NADH ratio by redox balance in rMC-1

In HG conditions, there was a significant increase in total
intracellular ROS (P=.0001); the treatment with cocoa decreased it
in a dose-response manner, leading to normal levels (P>.6 vs. NG
condition). Similar effects were observed in cells under H,0,
conditions (Fig. 2A). PARP1 is involved in the regulation of
poly(ADP)-ribosylation using NAD" as a donor of ADP-ribose units.
Therefore, PARP1 has profound effects on SIRT1 activity since both
enzymes require NAD* as a substrate [38]. The PARP-1 activity was
assessed through quantification of PAR-modified proteins in rMCs.
Either in HG or in H,0; conditions, there were marked increases in
PAR-modified proteins (P<.0001), which were abolished by cocoa
treatment (Fig. 2B, C). Consequently, the intracellular NAD*/NADH
ratio was decreased in HG and H,O; conditions (P<.0001) and restored
tonormallevels in the presence of cocoa (Fig. 2D). This data set indicates
that, in HG/H,0> conditions, the intracellular NAD™/NADH ratio is
decreased due to PARP-1 activation. The high-dose cocoa treatment

: exogenous NAD" (300 uM); P]-34: PARP blocker (3 pM).

prevented this detriment, which lessened PARP-1 activation and
ameliorated NAD™ levels.

3.1.3. Polyphenol-enriched cocoa improves SIRT1 activity, inducing
deacetylation of Lys310-RelA/p65 in rtMC-1

By immunofluorescence assay, SIRT1, which is a nuclear factor
when in active form, is highly expressed in normal conditions.
The presence of HG or H,05 induced a marked decrease in its nuclear
expression, accompanied by an increased translocation to cytosol;
the treatments with cocoa reestablished the nuclear positiveness
in a dose-dependent manner in both HG (Fig. 3A) and H,0,
(Supplementary Fig. 3A). SIRT1 activity evaluated through a fluo-
rometric assay revealed that rMC-1 cells exposed to the HG or H;0;
media have lower SIRT1 activity (P<.0001). The presence of cocoa
prevented this abnormality in both conditions (Fig. 3B), and the
cotreatment with siRNA diminished SIRT1 activity by 60% compared
to normal conditions. The combination of cocoa and siRNA in cells
exposed to HG completely abolished the effect observed with cocoa
alone (Fig. 3B) (P<.0001). Similar effects were observed in cells under
HG or Hz0; in the presence of SIRT1 blocker EX-527 treated with
cocoa or not (Supplementary Fig. 3B).

To address the SIRT1 activity, one target of SIRT1 deacetylation, the
Lys310-RelA/p65 complex, was assessed. Cells exposed to HG or H,0,
media displayed a sixfold increment of Lys310-RelA/p65 acetylation,
and the treatment with cocoa reduced it to normal levels (Fig. 3C-E).
The presence of siRNA or SIRT1 inhibitor completely abolished this
effect. This set of observations indicated that the marked reduction in
SIRTT activity in rMCs observed in both HG and H,0; conditions led to
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Fig. 5. GFAP was reduced by polyphenol-enriched cocoa through SIRT1 via deacetylation of p65-lys310. (A) Protein extract immunoprecipitated with anti acetyl-Lys3 10-p65 subunit in
rMC-1 cultured for 24 h with TNF-« ( pesitive control for p65 subunit acetylation) and treated with cocoa and/or EX-527. Equal loading and transfer for all proteins were ascertained by

reprobing the membranes for total p65 subunit;

*P=,0001. (B) Immunofluorescence for GFAP in rMC-1. The cells were exposed to TNF-a in the presence of cocoa and EX-527.

(C) Western blots for GFAP in total cell lysates; the cells were treated with cocoa and/or EX-527. Equal loading and transfer for all proteins were ascertained by reprobing the
membranes for total p65 subunit; *P<.02. (D) A representative Western blot of total cell lysates under NG, HG in the presence or not of BAY-1170 (NF B inhibitor) and/or cocoa against
acetyl-Lys310-p65, total p65 subunit and GFAP. Equal loading and transfer for all proteins were ascertained by reprobing the membranes for B-actin; *P<.0001. The bars represent
mean=+S.D. of band densities expressed as the percentage of variation in at least three independent experiments. TNF-ct: exogenous tumor necrosis factor-ce (10 pg/ml); CC:

polyphenol-enriched cocoa; BAY-1170: NFkB blocker (20 uM).

an increase of acetyl-Lys310-RelA/p65, and this cascade of events was
prevented by cocoa treatment.

3.1.4. PARP blocker or NAD™ supplementation increases SIRTI activity
and prevents glial reaction in rMC-1 under oxidative imbalance

SIRT1, poly(ADP)-ribose polymerase-1 is a NAD"-dependent
enzyme. Based on this, the cell was treated with PJ-34, a specific
blocker of PARP1 that competes with NAD™ to inhibit at the catalytic
site of PARP1 [39]. The efficiency of PARP1 blockage in rMCs is
demonstrated in Supplementary Fig. 4. The cells exposed to HG or
H0; and treated with PJ-34 revealed PAR-modified proteins restored
to normal levels (P<.001). Similarly, in cells exposed to HG or H,0,
conditions, the presence of P|-34 prevented the decrease in the
NAD™/NADH ratio similar to cocoa alone or in combination (P<.0001).
This indicates that HG or H20; conditions induce a significant reduction
in the intracellular NAD™ pool (Fig. 4A).

Concordant with NAD*/NADH ratios in the tested conditions, the
SIRT1 activity decreased its levels in HG or H;0, conditions; the
treatment with cocoa in combination or not with PJ34 restored this
effect in both conditions. The exogenous administration of NAD™ in
cells under HG or H,0, equally restored SIRT1 activity, and the
cotreatment with cocoa did not add further effect ( Fig. 4B). To exclude
possible antioxidant properties of both PJ-34 and NAD™ supplemen-
tation, the total intracellular ROS was measured. In rMC-1 exposed
to HG or Hy0,, the treatment with PJ34 or NAD" did not reduce
ROS production in these cells (Supplementary Fig. 4), demonstrating

their direct effect on SIRT1-deacetylase activity independent of
ROS production.

The GFAP expression was assessed to demonstrate the sequence of
events from the NAD ' intracellular pool leading to proper SIRT1
activity that protects the rMCs from glial activation. The cells exposed
to HG or H,0; conditions exhibited significant increases in GFAP
protein expression, which reverted to normal levels in the presence of
NAD* supplementation, cocoa or both (P<.0001) (Fig. 4C, D). Taken
together, these data suggest that cocoa, through PARP1 reduction,
ameliorates NAD ™ availability and increases SIRT1 activity, thus reducing
glial reaction.

3.1.5. Polyphenol-enriched cocoa down-regulates GFAP in rMC-1
through deacetylation of Lys310-RelA/p65 via SIRT1 pathway

To study the mechanism whereby cocoa down-regulates GFAP
expression, the rMC-1 was treated with TNF-ce or BAY-1170. It is well
known that TNF-a activates NF-kB by acetylation of Lys310 in RelA/p65
subunit, the same acetylation site of SIRT1 on NF-kB [40]. Based on this
evidence, the cells were treated with TNF-o, and the acetylation on
Lys310-RelA/p65 was verified. TNF-a¢ increased the Lys310-p65
acetylation, and the treatment with cocoa was effective in reducing it
(P<.0001). The cotreatment with SIRT1 inhibitor (EX-527) abolished the
effects of cocoa on the rMCs exposed to TNF-ce (Fig. 5A).

To investigate whether TNF-« treatment through acetylation on
Lys310-RelA/p65 induces GFAP up-regulation, an immunostaining
assay was conducted. The GFAP immunostaining markedly increased
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Fig. 6. The effect of (—)-epicatechin in rMCs is through SIRT-1 activation. (A) Total intracellular ROS levels quantified by H,DCF-DA in rMC-1 cultured for 24 h. The values are means+
S.D. of fluorescence units; *P<.0001. (B) NAD"/NADH ratio in rMC-1 cultured for 24 h in total cell lysates; P<.0001. (C) SIRT1 activity in rMC-1 cultured for 24 h in total cell lysates;
*P=001. The values are means+5.D. and expressed as percentages of fluorescence units. (D and E) Immunoprecipitation of retinal proteins with anti-acetyl-Lys310-p65 subunit;
*P<0001. (F and G) Representative Western blots for GFAP in total cell lysate; *P<001. EP: (—)-epicatechin (1.2 pg/ml); EX-527, SIRT1 blocker (10 pM).

in cells under TNF-o, which was prevented by cocoa treatments in a
dose-dependent manner (Fig. 5B). The presence of EX-527 prevented
the protective effects of cocoa treatment. These findings were
confirmed through Western blot (Fig. 5C). To confirm the modulation
of Lys310-RelA/p65 acetylation on glial reaction, the cells were
treated with a blocker of NF-kB under HG BAY-1170 blocks NF-kB
signaling pathway by inhibition of IkB-k phosphorylation [41]. As
expected, the BAY-1170 was able to significantly reduce the
acetylation of p65 subunit and the GFAP up-regulation in HG
condition (Fig. 5D) (P<.0001). The combined treatments did not
confer additional effect compared to treatments alone. These results
indicate that cocoa down-regulates GFAP in rMC-1 through deacety-
lation of Lys310 RelA/p65 subunit- NF-kB complex via SIRT1 pathway.

3.1.6. The (—)-epicatechin effect in rMCs

Ultra-performance liquid chromatography analyses of the cocoa
extract showed that epicatechin is the more abundant catechin
present in cocoa extract used in this work (Supplementary Fig. 1B).

To assure whether (—)-epicatechin is responsible in part for the
effectsobserved in this study, the cells were exposed to (—)-epicatechin
in the same concentrations found in the cocoa extract used herein. Like
the cocoa-extract findings, the presence of (—)-epicatechin in rMCs
exposed to HG or Hz0; decreased ROS production (P<.0001) (Fig. 6A).
The treatment with (—)-epicatechin also increased the intracellular
pool of NAD™ (P<.0001) (Fig. 6B) and restored SIRT1 activity (P<0009)
(Fig. 6C). The treatment with (—)-epicatechin was able to reduce
acetyl-Lys310-p65 (P<.0003) (Fig. 6D and E, respectively) and to
prevent glial reaction by down-regulation of GFAP expression (P<.001)
in cells under HG or H;0, conditions (Fig. 6F and G, respectively).

These observations suggest that the effects of cocoa herein described
may be attributed, in part, to its (—)-epicatechin content.

3.1.7. Animal studies

The final body weights were lower and blood glucose levels higher
in diabetic rats compared to nondiabetic control groups (P<.001)
(Supplementary Table 1). None of the treatment regimens altered
body weight or blood glucose levels.

3.1.8. Polyphenol-enriched cocoa protects retinal function in diabetic
rats in a dose-dependent manner

To determine whether polyphenol-enriched cocoa is capable of
preventing visual disturbances, retinal function was estimated
through full-flash ERG. Diabetic rats showed a significant decrease
in the amplitude of the b-waves accompanied by an increase in
implicit time responses (P<.001) (Fig. 7A). The low-dose treatment
did not improve these parameters; however, intermediate and high
doses protected the retinal function in a dose-dependent manner,
suggesting that polyphenol cocoa is effective in promoting improve-
ment of inner retinal function in SHR diabetic rats.

3.1.9. Oral administration of cocoa ameliorates early markers and
oxidative damage in diabetic rat retinas in a dose-dependent manner

The presence of early diabetes exacerbates GFAP immunolabeling
throughout the retinal layers (P<.0001) (Fig. 7B). In a dose-dependent
manner, the oral treatment with intermediate- and high-dose cocoa
regimens prevented glial reactions in diabetic retina.

Nitrotyrosine expression was assessed as a marker of oxidative
stress tissue damage. There was a marked increase in retinal tissue in
diabetic compared to nondiabetic control animals (P<.0001) (Fig. 7C).
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Fig. 7. Poly phenol-enriched cocaa protects in 2dase- respanse the retinal funcion, ameliorates theearly mar ker of DR and prevents axidative stress in diabetic rats. (A) Representative
waveforms for bwaves in the studied rat< The bwave is 2 positive deflection generated in part by the Milller and mainly by the bipolar e=ll patentiak. The figure shows
representative full- flash ERC waveforms at —20dB for 2 nondiabetic { red), disbetic {green) and disbetic treated with mama by the following treatment regimen: low dase (yellow),
intermediate dose (light blue) and high dase (dark blue). The bars mm with all groups the mean amplitude and implicit time of b-waves, expressed in miyovolts (pV) and
millisecands (ms ); * <0001 and 1P<.001 v CT-W. (B) A rep icrographofghiad ivity ded by GFAP immunol abeling in rat retinas. Magnification: \dmn-e
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Cocoa completely restored retinal nitrosative status to nondiabetic administration with cocoa in its intermediate- and high-dose
levels in rats in the high-dose regimen group. These findings suggest regimens reduced this (Fg. 8C).

that cocoa exerts antioxidant effects in the early phases of DR thus This sequence of events, as demonstrated by in vitro studies,
indicating a possible neuroprotective effect in diabetic retina. indicates that intermediate and high doses of polyphenol cocoa are

effective in improving SIRT1 activity through modulation of PARP-1
activity, thus increasing NAD ' availability. This leads to deacety lation

3.1.10. Polyphenol-enriched cocoa improws SIRT1 activity inducing of Lys310-p65, which in turn down-regulates GFAP expression in the
deacetyation of Lys310-RelA/p65 through PARPI red uction in diabetic rats retinal tissue of diabetic rats. Of interest, besides the concentration of

Toverily whether the beneficial effects of cocoa are mediated by the polyphenols, the other cocoa compounds such as xanthines are present
SIRT1 pathway in diabetic retina, IRT1 activity was assessed. The SIRT1 in the same concentration in both low- and intermediate-dose
activity was decreased in retinal tissue from diabetic rats (P<0001) regimens, This indicates that it is possible that the polyphenol cocoa
(Fig. 8A). Oral treatments with higher-dose polyphenol cocoa prepa- content is the main compound which provides the above-described
rations prevented SIRT1 down-regulation in a dose-response manner, afiect. At the high-dose regimen, 17.8 mg/kg/day of xanthines was
thus improving its activity. Diabetic rats also showed a significant offered. For this reason, we cannot rule out the contribution of other
reduction in NAD" intracelular levels in retinal tissue, which were cocoa compounds on these protective effects at the high-dose regimen
restored by oral supplementation of higher-dose cocoa treatments
(P<001) (Fg. 8B). 3.1.11. Epicatechin levels in the plasna and retinal tisue

In total retinal lysates, the PAR-modified proteins were markedly Since epicatechin was found to be responsible at least in part for
increased in diabetic rats (P<001), and the oral administration the observed effects, we verified the content of epicatechin in plasma
of cocoa prevented this increase (Fig. 8C). Finally, this study and paossibly in retinal tissue. Nondiabetic control animals (n=10)
addressed the acetylation of Lys310-RelA/p65. Diabetes increased were treated with the high-dose regimen for 20 days. At the end of
the acetylation of Lys310-p65 in retinal tissue (P<.0003), and oral the treatment, the animals were anesthetized and perfused with
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Fig. 8. The polyphenol-enriched cocoaimproved in a dose-response manner SIRT1, inducing deacetylation of Lys 310-p65 through reduction in PARP activity in diabetic rats. (A) SIRT1
activity in total retinal lysates measured through fluorimetric assay. The values are means+S.D. expressed as percentages of fluorescence units. The presence of diabetes reduced to
62.5% the SIRT1 activity, and the cocoa treatment fully restored it to normal levels in a dose-response manner; *P<0001, P=.007. (B) NAD"/NADH ratio in total retinal lysates. The
NAD™"/NADH ratios are means+S.D. and expressed as percentages of absorbance units; *P<.0001, 1P=.001 (C) Representative Western blots for PAR-modified proteins in total retinal
lysates. In diabetic rats, the amount of PAR modified proteins was increased compared with that in nondiabetic rats, and the oral administration of cocoa prevented this effect
at intermediate- and high-dose regimens; *P<.0001, {P=.002. Western blot analysis of acetyl-Lys310-p65 subunit-NF B complex in total retinal lysates. The presence of DM
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proteins were ascertained by reprobing the membranes for [>-actin. The bars represent mean=£5.D. of band densities expressed as the percentage of variation from at least three

independent experiments.

phosphate-buffered saline buffer, the retinas collected, and the serum
separated by centrifugation. The samples were submitted to LC-MS
and LC-MS/MS analysis (see methods at Supplemental Material).
The epicathechin content measured in plasma sample was 422.84 pg
of epicatechin/ml and 4.42 pg of epicatechin/mg of retinal tissue
(Table 1 and Supplementary Fig. 5). This is the first evidence
that epicatechin can cross the blood retinal barrier and be found
in the retinal tissues of animals treated with oral administration of
cocoa extract.

4. Discussion

The current study aimed to investigate whether cocoa could protect
the diabetic retina from glial reaction and whether the SIRT1 pathway
could be involved. Glial reaction, a marker of retinal neurodegeneration

Table 1
Analyses of epicatechin in plasma and retinal tissue from rats.

Epicatechin (pg)

Samples n Mean SEM.
Plasma (ml) 10 42284 76.36
Retina (mg) 5 442 0459

The peak area of plasma or retina sample was calculated, resulting in the amount of
epicatechin (ug) per milliliter (ml) of plasma or per milligram (mg) of retinal tissue.
The amount of epicatechin per mg of tissue was calculated based on the weight of
frozen retina.

present in early DR, is characterized by overexpression of GFAP;
nevertheless, the mechanism underlying this process is not yet fully
identified. Further, this research explored the mechanisms by which
increased polyphenol contents in cocoa extracts could mitigate GFAP
up-regulation, both in vitro and in vivo. It was demonstrated that, in
rMCs exposed to HG and in diabetic retina, PARP-1 is activated due to
oxidative imbalance, thus consuming the intracellular NAD™ and
diminishing SIRT1 activity. As a result, Lys310-RelA/p65 subunit
NF-kB complex is acetylated. As NF-kB is a key redox-sensitive
transcription factor, it transcribes the proinflammatory gene of GFAP.
This is the first demonstration that GFAP up-regulation depends on the
acetyl Lys310-RelA/p65 through SIRT1 activity. The treatment with
polyphenol-enriched cocoa reduced reactive oxygen species formation,
thus inhibiting the poly(ADP)-ribosylation of nuclear proteins by
PARP-1. Consequently, the NAD"/NADH ratio was improved, and
SIRT1 became activated, deacetylating Lys310-RelA/p65 and inhibiting
its transactivation capacity. In the animal study, increased polypheno-
l-enriched cocoa extracts conferred neuroprotection in diabetic retinas
in a dose-dependent manner. This effect, estimated by GFAP expression
(the major end point in this study), is partly dependent on polyphenols,
mainly epicatechin compound. The epicatechin molecule was detected
in retinal tissue by LC/MS and MS/MS methods. This dose of ACTICOA
was already applied in a previous experimental study [42].

The ability of DNA binding and further transcriptional activity of
NFKB is dependent on the acetylation of its lysine residues [43,44)].
The activation of the p65 subunit occurs posttranslationally, including
phosphorylation and acetylation. Acetylation of the lysine residues in
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p65 increases its DNA binding activity, coactivator recruitment and
GFAP transcription. On the other hand, the deacetylation of NF-kB
subunit p65 leads to a decrease in its transcription activity, thereby
reducing production of proinflammatory cytokines and antiapoptotic
genes [21]. The RelA/p65-NF-kB subunit has been identified as one of
many substrates for SIRT1 [45], including E2F, p53 and FOXO [46-48].
In the present study, the interaction between acetyl-Lys310-RelA/p65
and GFAP is demonstrated through treatment with BAY, a blocker of
the NF-kB signaling pathway, reducing GFAP expression on rMCs.

The regulation of SIRT1 by oxidative stress is complex, involving
direct and indirect redox sensitive mechanisms through its post-
translational modifications. Based on the data collected, the presence
of HG or H;0; increased GFAP expression and PAR-modified proteins
accompanied by SIRT1 expression and activity impairment in rMCs.
Consequently, acetyl-Lys310-RelA/p65 NF-kB complex was increased
and the NAD"/NADH ratio impaired. The treatment with polyphe-
nol-enriched cocoa reversed GFAP and SIRT1 expressions in a
dose-dependent manner and restored the intracellular NAD*/NADH
ratio, a redox sensitive cofactor, and the PAR-modified protein levels.
The interaction between SIRT1 and PARP1 activity that has already
been demonstrated in other situations [49] is herein disclosed. The
SIRT1 siRNA or cotreatment with EX-527 is an important tool and
enables better understanding of the cross talk between SIRT1 activity
and GFAP expression. The presence of siRNA or EX-527 abolished the
all-protective effect observed with cocoa treatment in rMCs under
HG, suggesting that SIRT1 is directly or indirectly regulating GFAP
expression in these cells.

In summary, oral administration of polyphenol-enriched cocoa
extracts conferred retinal neuroprotection in a dose-dependent
manner. The down-regulation of histone deacetylase SIRT1 abrogat-
ing the effect of cocoa on GFAP up-regulation and on Lys310-RelA/p65
acetylation by silencing or blockage was clearly demonstrated herein
in vivo and in vitro. As GFAP (one indirect SIRT1 target) is altered in
diabetic retinal neurodegeneration, compounds, such as cocoa, that
modulate the activity of sirtuins are promising therapeutic strategies
for future clinical trials.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jnutbio.2014.09.003.
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ABSTRACT

The cellular therapy has been studied in cardiovascular disease, but has been little investigated in eye diseases. Sirtuins
(SIRTs), a famuly of deacetylases. 1s thought to be oxidative sensitive. In this study, we hypothetised that cell therapy using
early outgrowth cells (EOC) can protect the diabetic retina through antioxidant means thus improving SIRT1 pathway. We
investigated the possible therapeutic effect of cells derived from health (db/m) and diabetic (db/db) animals on diabetic
retinopathy (DR). The db/db mice with 8 weeks of age were randomized to receive a unique intravenous injection of PBS or
0.5x10° db/m EOCs or 0.5x10° db/db EOCs. Four weeks later, the animals were euthanized and the eyes enucleated. For in
vitro study, EOCs conditioned medium (EOC-CM) was generated from db/m and db/db EOCs cultures. The rat Miiller cells
(rMCs) were exposed for 24h to normal (NG) or high glucose (HG) combined or not with db/m or db/db EOC-CMs. In
diabetic rats, there was an increase of DR and oxidative damage markers, accompanied by decrease in SIRT1 protein
followed by lysine-310-p65-NFxB acetylation. The treatment with cells from db/m significantly reduced all the above-
mentioned, but interestingly the treatment with cells from db/db mice fully restored the above alterations to normal levels.
1MCs exposed to HG displayed GFAP and VEGF expression upregulated, accompanied by increase in Nox4 expression and
ROS levels, and acetyl-lysine-310-p65-NF«B. SIRTI protein expression and activity were markedly reduced in diabetic
milieu conditions. The treatment with both EOC-CMSs prevented all these abnormalities, but db/db EOC-CM fully restored to
NG conditions. This study demonstrates that endocrine capacity of EOCs is effective in improving retinal SIRT1 pathway

thus protecting the retina from diabetic milieu insult.

Keywords: diabetes mellitus, diabetic retinopathy, cell Therapy, sirtuin, posttranslational modification
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INTRODUCTION

Diabetic retinopathy (DR) remains the leading cause
of blindness in young adults affecting over 90% patients
with 20 years of diabetes. With the incidence of diabetes
mcreasing at an alarming rate, the number of people with
DR 1s expected to grow from 126.6 mullion in 2010 to
191.0 million by 2030 (Zheng et al, 2012). The known
pathways including oxidative stress, increased formation
of advanced glycation end products, and activation of
protein kinase-C. polyol production. and hexosamine
pathways (Kitada et al, 2010: Santos et al, 2011; Frank et
al, 2004) seems to cross-talk.
strategies to prevent this devastating complicatios in
deserved.

For this reason. new

Recently, cellular therapies for degenerative retinal
diseases as diabetic retmnopathy and aged macular
degeneration have been raised using a variety of cell types.
including embryonic or induced pluripotent stem cell—
derived RPE. bone marrow— or umbilical cord—derived
mesenchymal stem cells, fetal neural or retinal progenitor
cells. and adult RPE stem cells—derived RPE (Buchholz
DE et al, 2009; Schwartz SD et al, 2012, Aftab U et al,
2009; Inoue Y et al, 2007; Siqueira RC et al. 2011).
Among many proposed cell types, the circulating or bone-
marrow (BM)-derived endothelial progenitor cells (EPCs)
largely made it into clinical trials (Tateishi-Yuyama et al,
2002; Mund et al, 2009). The mechanisms by which they
exert their beneficial effect remains unclear and several
studies have documented only munimal retention of
administered cells within organs that have nevertheless
sustained functional and structural improvements
(Hofmann et al, 2005: Gnecchi et al. 2008). The so called
early-outgrowth cells (EOCs), defined by 1dentification of
their cell surface markers (Hur T et al, 2004) have been
taken attention regard to their secretory feature releasing
antifibrotic (Yuen et al, 2010) and anti-oxidative stress
factors (Yang Z et al, 2010). Gilbert and colleagues have
described a successful treatment for diabetic nephropathy
using a single infusion of EOCs in experimental model of
type 2 DM mice (db/db) (Zhang et al, 2012). The cellular
therapy used in that study mitigated structural changes
such as extracellular matrix deposition and tubular
epithelial cell apoptosis leading to reduction on
albuminuria. Although these impressive effects observed,
only minimal retention of administered cells was noted n
the kidneys of diabetic animals. Similar findings were
demonstrated in db/db mice treated with conditioned
medium from EOCs, suggesting that the effects were
mediated through released factors (Zhang et al. 2012).
This lack of cell retention within injured organs was lately
explained in other work from the same group where not
only in the plasma from EOCs treated rats but also in

those treated with EOC conditioned medium. antifibrotic
factors were present attenuating the TGF-b pathway (Yuen
et al. 2013). Mass spectrometric analysis of EOC
conditioned medium (EOC-CM) identified proteins that
regulate cellular functions implicated in fibrosis and also
proteins that are part of stress response such as heat shock
protein-19, glutathione S transferase, peroxiredoxin,
superoxide dismutase, thioredoxin and hemo oxygenasel
(Yuen et al, 2013). These results indicate that EOCs
display a high capacity in secreting soluble factor(s) with
potent  antioxidant activity that when injected
itravenously replicate the salutary effects of the cells
themselves.

Sirtuins (SIRTs) are a family of deacetylases which
require NAD" as cofactor for the deaecetylation reaction.
SIRT1 has been mterestingly recognized to play roles in
gene silencing, apoptosis, senescence and aging (Chung et
al, 2010; Rahman et al, 2012.; Yao et al, 2012; Yao et al,
2012 ). As NAD" dependent, Silent information regulator
1 (SIRT1) acts in some locus removing the acetyl group
from the histone chromatin (Zhang T, 2009), but it can
also suppress other proteins by deacetylation, mncluding
the NFxB-p65 subunit protein (Yang H, 20012). By
another way, under certain stimuli, such as reactive
oxygen species, SIRTI 1s inactivated thus suppressing its
deacetylase activity (Braidy, 2011; Furukawa,A, 2007).
This redox-sensitive particularity of SIRTI is explained
due to reduction on substrate NAD" (Kolthur-Seetharam
U, 2006), or by post-translational modification of SIRTI
protein. (Caito S, 2010). Trreversible oxidants/electrophiles
covalently modifications, such as carbonylation and
tyrosine nitration, can lead to loss of protein function.
protein aggregation folding, or degradation (Ghezzi et al,
2003).

In light of these evidences, the aims of tlus present
study were to investigate whether cellular therapy using
either intravenously injected EOCs or their conditioned
media from cultured EOCs derived from db/m or db/db
mice protect the retina from db/db mice from the diabetic
environment effect. Since in previous work the db/m and
db/db mice used in this present study demonstrated
absence of EOCs 1n ocular tissues (Zhang Y et al, 2012),
the endocrine mode of action of EOCs was addressed in
vitro setting. Rat Muller cells (rMCs) were exposed to
high glucose (HG) and treated with conditioned media
from db/m (db/m EOC-CM) and db/db (db/db EOC-CM)
EOCs. Herein, we show that intravenous infusion of EOCs
attenuated DR and oxidative markers, ameliorated SIRT1
expression, followed by increase on Lys-310-p65-NFxB
acetylation in diabetic retina. More triguingly, EOCs
from db/db mice were more efficient that EOCs from
db/m in protect the deleterious effects of diabetes in retinal
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tissue.  Similarly, in tMCs exposed to HG, the db/db
EOC-CM was more capable in downregulating ROS
production and preventing SIRT1 lost, thus led to
establishment of deacetylation of Lys-310-p65-NF«xB and

prevention of the early DR markers.

METHODS
Animal model and experimental design

The retinal tissues and extracts were derived from the
same animals from which the kidney findings were
published in a previous paper (Zhang Y et al, 2012).
Thirty-six 6-week-old male diabetic db/db (BKS.Cg-
Dock7 m +/+ Leprdb/J) and 12 age-matched db/m (Dock?7
m +/+ Leprdb; heterozygote from the same colony) mice
were purchased from The Jackson Laboratory (Bar
Harbor, ME). At 8 weeks of age, the db/db mice were
randomized to receive a tail-vein mjection of medium only
(Dulbecco’s PBS; DPBS: n = 12), or 5 x 10° EOCs
derived from db/m mice (n = 12). or 5 x 10° EOCs derived
from db/db muce.
controls. Mice were housed in a temperature-controlled
room (22°C) with a 12-h:12-h hght:dark cycle with free
access to food and water. All amimal studies were
approved by the St. Michael’s Hospital Amimal Ethics
Commuttee 1n accordance with the Guide for the Care and
Use of Laboratory Animals (NTH publ. no. 85-23, revised
1996). Four weeks after treatment, the amimals were
killed, samples were collected. and retinal tissues were
harvested.

db/m muce served as mnondiabetic

Bone marrow harvesting and cell culture

EOCs were cultured as previously described (Zhao et
al, 2005;Yuen et al, 2010). In brief, bone marrow cells
were collected from the femora and tibiae of 3- to 4-week-
old male db/m or db/db mice and cultured in endothehal
growth medium-2 (EGM-2, Lonza, Walkersville, MD) at
37°C with 5% CO2 for 7-10 days to produce EOCs.
Adherent CMCs adopted a typical cobblestone appearance
in culture, and displayed positivity for a range of
endothelial cell markers including all CD34" and
VEGFR2™ by flow cytometry (FACSCalibur) using
CellQuest data acquisition and analysis software (Zhang Y
et al, 2012) . No cell surface expression of either CD133
or the monocyte marker CD11b was noted among EOCs,
and although the vast majority of cells were Ly6C", a
small proportion (0.42%) was strongly positive for this
cell surface marker (Zhang Y et al. 2012)

Cell infusion

As previously described (Zhang at el, 2012) EOCs
were washed with DPBS to remove all medium
components. Viable cells were analyzed by trypan blue
exclusion and counted by a hemocytometer. Cells were
resuspended in DPBS at a final concentration of 2 x 10°
EOCs/mL. Eight-week-old db/db mice received an
infusion of 5 x 10° db/m EOCs, 5 x 10° db/db EOCs, or
DPBS by tail vein injection.

Immunohistochemistry in Retinal Tissues

4um retinal sections were incubated with antibody
against GFAP (DakoCytomation, Sdo Paulo, Brazil), anti-
VEGF (Santa Cruz Biotechnology. Inc.. Santa Cruz, CA,
USA), anti-nitrotyrosine  (Upstate  Cell  Signaling
Solutions, Lake Placid, NY, USA), anti-8-hydroxy-
deoxiguanosine (8-OHdG) (JaICA. Nikken Seil Co. Ltd,
Shizuoka, Japan), or anti-SIRT1 (Cell Signaling
Technology, Inc. Danvers, MA, USA) overnight at 4°C.
The slides were then incubated with the appropriate
secondary antibodies. The analyses were performed by
using the Leica Application Suite (Leica Microsystems,
Wetzlar, Germany) in nine nonconsecutive retinal sections
divided among three slides per animal per group under
high-powered microscopic viewing (>*400) (Zeiss, Jena,
Germany).

In Vitro Studies
Transformed Rat Retinal Miiller Cell Line (rMC-1)

rMC-1 was kindly provided by Vyay J. Sarthy, PhD
(Northwestern University, Evanston, IL). rMC-1 was
grown 1 Dulbecco’s modified Eagle’s medium containing
5 mM of glucose, 10% fetal bovine serum, 24 mmol/L of
NaHCO3, 10 mmol/L of HEPES, and 10.000 U/L of
penicillin/streptomyem.  Cells were maintammed m a
hunudified incubator at 37 °C and 5% CO,. tMC-1 cell
cultures at 70% of confluence were serum starved by
reducing the FBS concentration to 1%, then were exposed
for 24 with: DMEM with 5.5 mmol/L glucose (NG),
DMEM with 25 mmol/L glucose (HG). DMEM with 25
mmol/L glucose plus 10% of 10-times concentrated db/m
EOC-conditioned medium (HG + db/m CM), DMEM with
25 mmol/L glucose plus 10% of 10-times concentrated
db/db EOC-conditioned medium (HG + db/db CM), or
with different treatments as specified.

The citotoxicity of the treatments on rMCs was
determined by a thiazolyl blue tetrazolium bromide (MTT)
colorimetric assay (Mosmann T, 1983). Concentrations
that cause less than 10% of cell toxicity were chosen for
the experimental treatments (Supplemental Figure 1).
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Figure 1. Diabetic retinopathy is ameliorated by EOC intravenous administration. (A) A representative photomicrograph
of glial reactivity revealed by GFAP immunolabeling and VEGF 1n mice retinas tissue. In db/m retinas, there is a light retinal
glial reaction mainly in astrocytes at ganglion cell layer. After 12 weeks of diabetes, marked staining is observed in
astrocytes which characterizes the glial reaction. In EOC db/m treated mice, the glial reaction is significantly reduced and
further decriment is observed in retina from db/db EOC treated mice; magnification X400. Similarly, VEGF signal 1s faint
throuthgout all retinal layers. (B) and (C) Semiquantitative analyses of GFAP and VEGF immunolabelings expressed by
mean +SD of percentage positiveness per mm® of retina, respectively. *P<0.0001 vs db/m and db/db+db/db EOC; 7P<0.02

vs db/db+PBS: and {P<0.04 vs db/m and db/db+db/db EOC.

EOC-conditioned medium generation

EOC-conditioned medium was generated as
previously described (Yuen DA, 2010). Subconfluent
EOCs were cultivated serum-free endothelial cell basal
medium-2 (EBM-2: Lonza) for 24h.
then collected and used for in vitro experiments. Serum-
free EBM-2 medium served as a control.

The medium was

Transient transfection with siRNAs

The small interfering RNA (siRNA) duplexes and
scrambled siRNA corresponding to rat Sirt-1 (Santa Cruz
Biotechnology) and rat NOX-4 (Dharmacon, CO, USA).
The transient transfection of siRNAs was carried out using
lipofectamine transfection reagent (Carlsbad, CA, USA)
XuY,2012).

Immunofluorescence in Miiller cells

The immunofluorescence was performed as previously
described (Silva KC. 2013). The cells were incubated with

anti-GFAP, anti-VEGF, or anti-SIRT1 antibody (Santa
Cruz) followed by the appropriate secondary antibody
(Santa Cruz). Afterwards. the sections were rinsed and
cover-slipped with Vectashield antifading medium
containing 4',6'-diamino-2-phenylindole used for nuclei
staining (Vector Laboratories, Burlingame, Calif., USA).
The slides were examined under scanning microscope
(CLSM, LSM510 Zeiss, Jena, Thuringia, Germany) with
appropriate emission filters for FITC and rhodamine.
Digital images were captured using specific software
(Axionvision; Zeiss). The negative controls consisted in
omitting the primary antibody.

Western blot

Retinal protein extraction or total rMC-1 lysate were
incubated with anti GFAP (Santa Cruz), anti-nitrotyrosine
(Upstate). anti-SIRT1 (Santa Cruz), anti-acetylated-
lys310-RelA/p65-NF-«xB (Assay Biotechnology,
Sunnyvale, CA, USA), anti-p65 subunit NF-xB complex
(Santa Cruz) and anti-Nox4 (Santa Cruz). Immunoreactive
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bands  were  visualized with  the  enhanced
chemiluminescence method (Super Signal CL-HRP
Substrate System: Pierce, Rockford, IL, USA). Exposed
films were scanned with a densitometer (Bio-Rad) and
analyzed quantitatively with Multi-Analyst Macintosh
Software for Image Analysis Systems Bio Rad (Hercules,
CA, USA).

SIRTI Activity

The SIRTI activity was measured by a Fluorescent
Activity Assay/Drug Discovery Kit designed to measure
the lysyl deacetylase (Enzo Life Sciences, Farmingdale,
NY, USA). NAD+-dependent deacetylation of the
substrate by recombinant human SIRTI sensitized it to
Developer II, which then generated a fluorophore; the
fluorophore was excited with 360nm light and the emitted
light (460nm) was detected on a fluorometric plate reader
(SynergyMx, Biotek, Winooski, VT, USA).

2’,7’-Dichlorodihydrofluorescein diacetate (H,DCF-DA)

Intracellular ROS levels were measured by H,DCEF-
DA. Relative fluorescence was measured using a
fluorescence plate reader (SynergyMx, Biotek) at
excitation and emission wavelengths of 485 and 528nm,
respectively. The relative fluorescence values were
corrected by the number of cells in each treatment.

Statistical Analysis

The results were expressed as the meanst SD.
Comparisons between groups were done using ANOVA
followed by Fisher’s protected least-significant difference
test. The analyses were performed using StatView
software (SAS Institute Inc., Cary, NC, USA). P<0.05 was
considered significant.
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Figure 2. Intravenous injection of EOCs prevented oxidative retinal damage in db/db mice. (A) A representative
photomicrograph of immunolocalization of nitrotyrosine (NT) and 8-hydroxy-2'-deoxyguanosine (8-OHdAG) in retinal tissue.
NT is a stable product formed from the reaction of peroxynitrate with tyrosine residues and is accepted as an index of
nitrosative damage. 8-OHdG is a product of DNA oxidative damage in its guanine base by hydroxyl radical. (B) and (C )
Semiquantitative analyses of NT and 8-OHdG immunolabelings expressed by mean +SD of percentage posmveness per mm?

of retina, respectively. (D) Representative Western blot analysis of the NOX4 in total retinal lysates of the mice retinal tissue.

Equal loading and transfer for all proteins were ascertained by reprobing the membranes for B-actin. The bars represent mean
+ SD of band densities expressed as the percentage of variation from at least three independent experiments. *P<0.0001 vs

db/m and db/db+db/db EOC:

7P<0.03 vs db/db+PBS: and 1P<0.0004 vs db/m and db/db+db/db EOC.
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RESULTS
Animal Experiments

The characteristics of the db/m and db/db mice with
and without EOC infusion were previously presented
(Zhang Y, 2012). db/db mice developed hyperglycemia
and increased body weight in comparison with db/m mice.
The EOC intravenous infusion didn’t affect any of these
parameters. All four groups had normal systolic blood
pressure during the study.

EOC intravenous administration ameliorated the early
markers of DR in db/db mice

To investigate the effect of EOC administration on the
diabetic retina, we assessed two markers for DR, glial
fibrilary acidic protein (GFAP) and vascular endothelial
growth factor (VEGF) (Fig 1). The db/db non treated mice
expressed higher GFAP immunolabeling in retinal
ganglion cell layer compared with db/m mice (P<0.0001)
(Fig 1 AB). Similarly, there was increase of the VEGF
immunoreactivity, as compared with db/m mice
(P<0.0001) (Fig 1 A.,C). Intravenous injection of EOC
either from db/m or db/db mice prevented these alterations
in diabetic retina in a different extent. The EOCs from
db/m mice partially prevented the above mentioned

alterations (P<0.02) but EOCs from db/db totally
prevented (P<0.0001) them leading to normal levels
(P=0.004 for db/m EOC vs db/db EOC treated mice for
GFAP expression and P=0.0001 for db/m EOC vs db/db
EOC treated mice for VEGF expression).

EOC intravenous administration prevents retinal
oxidative stress through Nox4 inhibition in db/db mice

As an index of nitrosative and oxidative stress tissue
damage, nitrotyrosine (NT) and 8-hydroxydeoxyguanosine
(8-OHAG) expression were assessed respectively (Fig 2).
There was a marked increase NT immunoreactivity in
retinal tissue from db/db mice as compared to db/m
control animals (P<0.0001) (Fig 2 A.B). Similarly, there
was increase of 8-OHdG immunolabeling in db/db mice
compared with db/m (P<0.0001) (Fig 2 A,C). EOC
intravenous infusion from either db/m or db/db donor mice
prevented these alterations in diabetic retina into different
extent for NT (P<0.02 for db/m EOC treated mice and
P<0.0001 for db/db EOC treated mice compared with non-
treated db/db mice: P=0.0004 for db/m EOC vs db/db
treated mice) and 8-OHdG (P<0.0001 for db/m EOC
treated mice and db/db db/m EOC treated mice compared
with non-treated db/db mice; P<0.0001 for db/m EOC vs
db/db EOC treated mice).
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Figure 3. Intravenous EOC treatments improve retinal Sirtl deacetylase actcity in db/db mice. (A) A representative
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To investigate the mechanism by which EOC
intravenous administration prevents retinal oxidative
stress, we assessed Nox4 expression, a subunit of NADPH
oxidase (Fig 2 D). Diabetic animals display higher
expression of Nox4, as compared with db/m mice, which
was partially reduced by db/m EOC infusion (P=0.02) and
completely prevented by EOC from db/db muice
(P<0.0001) (Fig 2D). These findings indicate that EOC
administration exerts antioxidant effects in the early
phases of DR through NADPH oxidase pathway.

EOC treatment improves SIRT1 pathway inducing
deacetylation of Lys310-RelA/p65 in db/db mice

Since oxidative stress markers were ameliorate in
db/db muce treated with either db/m and db/db EOCs and
that SIRT1 1s oxidative sensitive pathway, we addressed
the SIRT1 pathway modulation. SIRT1 immunoreactivity
was decreased n retinal tissue from db/db mice compared
with db/m (P<0.000, Fig 3A) and db/m and db/db EOC
ifusion prevented SIRT1 downregulatio into a different
extent (P=0.0004 vs db/m EOC treated mice and db/db
and P<0.0001 vs db/db EOC treated mice, P<0.0001 for
db/m EOC vs db/db EOC treated mice). Similar findings
were demonstrated by western blot assay (Fig 3 B).

To further address the SIRT1 activity, we assessed one
target of SIRTI deacetylase. Acetyl-Lys310-RelA/pG5
NF«xB subumit markedly increased m db/db muce as
compared to db/m control animals (P<0.0001) (Fig 3 B).
This SIRTI acetylase activity was prevented by EOC
administration under the same fashion as previous findings
in which db/m EOCs partially reduced acetyl-Lys310-
RelA/p65 NFxB subunit and db/db EOCs completely
reduced to normal levels (P<0.0001) (Fig 3 B).

From this set of observations, we demonstrated for the
first time in this animal study that EOC intravenous
therapy protects the retinal tissue from diabetes related
damage through antioxidant pathway through SIRTI
activation. In addition, the antioxidant capacity of db/db
EOCs i1s higher than db/m EOCs. In order to better
understand the underlay mechanism, we conducted in vitro
experiments using rat retinal Muller cells.

In Vitro Studies

EOC-conditioned  medium  prevents VEGF
upregulation and Glial Reaction in rMC-1 via SIRT1

To investigate whether rMC-1 exposed to HG medium
displayed the same markers present in diabetic retina and
whether the presence of EOC-CM could abrogate these
alterations, GFAP and VEGF immunolabeling assays were
performed. (Fig 4 A.B). The treatment with EOC-CMs

prevented the glial reaction and VEGF upregulation
(P<0.0001). In the same fashion observed in vivo study.
the db/db EOC-CM was more efficient that db/m EOC-
CM (P=0.004 for db/m EOC-CM vs db/db EOC-CM for
GFAP expression and P=0.02 for db/m EOC-CM vs db/db
EOC-CM for VEGF expression). To verify if SIRTI is
play a role in these parameters, SIRT1 small interfering
RNA or SIRTI specific inhibitor EX-527, were applied.
The presence of sIRNA or EX-527 abolished the
protective etfects observed i rMC exposed to HG and
treated with EOC-CM (Fig 4 C and Supplemental Fig 2).
This is an indicative that SIRT1 is pivotal in its
mechanism of action and the protective effects of EOC-
CMs are at least partly mediated by SIRT1 pathway.

EOC-CM reduces ROS production in diabetic milieu
conditions via Nox4 dowregulation

Under HG condition, there was a significant increase
in Nox4 expression (P<0.0001) (Fig 5 A); the treatment
with db/m EOC-CM partially decreased its expression and
db/db EOC-CM was able to reduce 1t to normal levels
(P<0.0001) (P=0.004 for db/m EOC-CM vs db/db EOC-
CM). In accordance, the total ROS in rMC exposed to HG
was significantly reduced by db/m EOC-CM (P=0.002)
and normalized by db/db EOC-CM (P<0.0001) (Fig 5 B).
These data ndicate that EOC-CM reduces ROS
production mduced by HG condition through
downregulation of Nox4-NADPH-oxidase subunit.

EOC-CM improves SIRTI activity leading to Lys310-
RelA/p65 NFxB subunit deacetylation in rMC-1

By immunofluorescence assay, SIRTL, which is a
nuclear factor when 1n its active form, is highly expressed
m normal condition. tMCs exposed to HG induced a
marked decrease in its nuclear expression, accompanied
by an increased translocation to cytosol; the treatments
with EOC-CM  restablished the SIRT1 nuclear
positiveness (Fig 6 A). SIRT1 activity evaluated through a
fluorimetric assay revealed that in rMC-1 cells exposed to
the HG conditions have lower SIRTI activity (£<0.0001).
The presence of EOC-CM from both db/m and db/db mice
prevented this abnormality, although db/db EOC-CM was
more efficient (P=0.009 for db/m EOC-CM vs db/db
EOC-CM) (Fig 6B). The combination of EOC-CM and
siIRNA or SIRT1 inhibitor EX-527 1n cells exposed to HG
completetly abolished the effect observed with both EOC-
CM separately (Fig 6 B: Supplemental Fig 3A)
(P<0.0001).

To further address the SIRT1 activity. we assessed one
target of SIRT] deacetylase, Lys310-RelA/p65 NFxB
subunit. Cells exposed to HG conditions displayed an
increase in total acetylated lysine protemn with 2.8-fold
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representative photomicrograph of GFAP immunofluoresecence in tMC-1. (B) A representative photomicrograph of VEGF
immunofluoresecence in rtMC-1. Magnification: X630. (C) Representative Western blots in total cell lysate against SIRT1.
The efficiency of the Sirt]l small interfering RNA (100nM) was abount 59%. Representative Western blots in total cell lysate
against GFAP and VEGF antibodies from rtMC-1. Equal loading and transfer for all proteins were ascertained by reprobing
the membranes for B-actin. The bars represent mean = SD of band densities expressed as the percentage of variation from at
least three independent experiments. *P<0.0001 vs NG and HG+db/db CM: 7P<0.0001 vs HG, HG+db/m EOC-CM+S:1 and
HG+db/m EOC-CM+Si: and $P<0.02 vs NG and HG+db/db EOC-CM. db/m EOC-CM: EOC-conditioned medium from
db/m; db/db EOC-CM: EOC-conditioned medium from db/db; Scr: control; Si: SIRT1 small interfering RNA (100nM).
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Figure 5. EOC-conditioned media reduce glucose-induced ROS production by dowregulating NOX4 expression in rMC-1.
(A) Representative Western blots for NOX4 in tMC-1. Equal loading and transfer for all proteins were ascertained by
reprobing the membranes for (-actin. The bars represent mean = SD of band densities expressed as the percentage of
variation from at least three independent experiments. (B) The quantification of total intracellular ROS levels in tMC-1
cultured for 24 hours by H,DCF-DA. The values are expressed by mean £SD and expressed as percentages of fluorescence
units. Values were corrected by the number of cells at the end of each treatment. *P<0.0001 vs NG, HG+db/db EOC-CM and
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increment of Lys310-RelA/p65 acetylation. The treatment
with db/m EOC-CM partially decreased this level
(P=0.0002) and the db/db EOC-CM completely prevented
this abnormality to normal levels (P<0.0001) (Fig 6 C).
The presence of siRNA or SIRTI inhibitor totally
abolished this effect (Fig 6C and Supplemental Fig 3B,
respectively). In agreement, these data suggest that EOC-
CM either from db/m or db/db mice protects rMC under
diabetic milieu conditions through reestablishment of
SIRT1 activity which deacetylases Lys310-RelA/p65
NF«B subunit.

EOC-conditioned
translational modification in rMC-1

medium  prevents SIRTI post-

Finally, in order to further understand the mechanism
by EOC-CMs modulates SIRT1 activity, we
assessed possible posttranslational modification of SIRT1
protein in HG condition. tMCs exposed to HG displayed a
significant increase of SIRTIl carbonylation and
nitrosylation (P<0.0001) (Fig 7). The treatment with db/m
EOC-CMs partially decrease these modifications
(P<0.0003) and db/db EOC-CMs totally restored
(P<0.0001) to the levels of NG condition. This set of data

which

indicates that EOC-CMs prevent carbonylation and
nitration of SIRT1.

EOC-CM improves SIRTI activity through Nox4
dowregulation

Finally, in order to further access the mechanism of
EOC-CM on SIRTI activity, the Nox4 small interfering
RNA was approached. The presence of siRNA under
normal glucose displayed about 25% of increment of
SIRTI activity (P=0.0002), suggesting that the Nox4
modulates Sirt]l at normal condition (Fig 8). Nox4 siRNA
prevent the reduction of Sirtl activity under HG; in the co-
treatment with CM from heath donors (db/m). the
presence of Nox4 siRNA increase even more the Sirtl
activity when compared with db/m EOC-CM alone,
showing that db/m CM modulates Sirt] through Nox4, but
is not able to restore completely Sirtl activity at normal
levels. However, under HG condition, the combination of
sIRNA and CM from diabetic donors (db/db) does not
show additive effect when compared with db/db EOC-CM
alone, proving that the CM acts through this mechanism
(Fig 8).
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Figure 6. EOC-conditioned media improve SIRTI deacetylation pathway in rMC-1 exposed to high glucose conditions.
(A) Immunofluorescence for SIRT1 in tMC-1 cultured for 24 hours. (B) SIRT1 activity in tMC-1 cultured for 24 hours with
different treatments by fluorescent method. (C) Representative Western blots for acetyl-Lys310-RelA/p65 in tMCs-1 lysates.
Equal loading and transfer for all proteins were ascertained by reprobing the membranes for total p65 subunit and for f-actin.
The bars represent mean + SD of band densities expressed as the percentage of variation from at least three independent
experiments. *P<0.0001 vs NG and HG+db/db CM: 1P<0.003 vs HG. HG+EBM-2, HG+db/m EOC-CM+Si and HG+db/db
EOC-CM+Si; and $P<0.01 vs NG and HG+db/db EOC-CM. db/m EOC-CM: EOC-conditioned medium from db/m; db/db
EOC-CM: EOC-conditioned medium from db/db; Scr: control of siRNA; Si: SIRT1 small interfering RNA (100nM).
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DISCUSSION

This study provides evidence that EOCs intravenously
is a potential cellular therapy for the treatment of diabetic
retinopathy. A single intravenous injection of these cells in
db/db mice was able to prevent the oxidative damage thus
avoiding the early markers of DR namely GFAP and
VEGF. The mechanmistic pathways mvolved in these
effects were studied in cultured retinal Muller cells and
confirmed in vivo. tMCs exposed to HG and treated with
EOCs-conditioned media had improvement of SIRTI
activity through modulation of Nox4-NADPH oxidase
subunit, thus reducing ROS formation and preventing
SIRT1 lost (carbonylation and nitration). This led to
deacetylation of Lys310-p65, which in turn downregulates
VEGF and GFAP expressions in vifro and in vivo model
of diabetic retinopathy. These findings are in agreement
with other researchers who reported that Nox4 plays an
important role on vascular permeability present in
pathogenesis of DR associated with VEGF upregulation 1n
db/db/ mice (L1 T et al. 2010). In db/db model and in vitro
assays, the beneficial effects of using EOCs or even their
conditioned media at least two mechanisms
operational: deacetylation of Lys310-p65 NFkB subunit
and Nox-4 NADPH oxidase subunit inhibition. The high
endocrine capacity of these cells in acting at distant sites
may be one advantage since no direct manipulation of the
eye 1s needed.

are

Since the landmark paper by Asahara in 1997
(Science), endothelial progenitor cells (EPCs) have been
the center of regenerative medicine, involving mainly
cardiovascular diseases and neovascularization (Dimmeler
et al 2004; Kawamoto et al, 2002). Hur I and colleagues
have differentiated the survival behaviors of the types of
endothelial progenitor cells (EPCs) (Hur J et al 2004).
The so called early EPCs showed peak growth at 2 to 3
weeks and died at 4 weeks and secreted angiogenic
cytokines (vascular endothelial growth factor, interleukin
8) more than late EPC during culture in vitro. The EOCs
are derived from CDI14+ monocytic lineage display
overlap between endothelial and monocyte and
macrophage cell markers and functions as phagocytosis
(Yoder et al, 2007: Krenning et al 2008) and produces
vasoactive substances (Zhang et al, 2007) Presently, the
EOCs used in this study display CD34" and VEGFR-2
surface markers therefore defined as endothelial
progenitor cells (Yoder et al. 2007) and being for 7-10
days 1n culture accepted as the early outgrowth

(EOCs) (Yoon et al, 2005).

cells

The high glucose conditions driving changes in ratio
of free NADH/NAD" is proposed as crucial mediator in
the development of diabetic complication (Williamson et
al, 1993). Excess in glucose flux activates a variety of

metabolic pathways such as glycolysis, Intracellular
nonenzymatic glycation, PKC activation and oxidative
stress (Giacco et al, 2010). Here we focused on possible
protective effects of EOCs injection in diabetic retina and
the role of oxidative sensitive pathway SIRT1. In current
study, the EOCs admunistration significantly decreased
both markers although GFAP expression in db/db retinal
tissue from mice with 12 weeks of age 1s muild, suggesting
the initial process of gliosis in the retina, articles shows
that mice with 18 week of old the gliosis is already
installed (Zhang et al, 2013). The same markers were
evaluated in retinal Muller cell /n vitro and the cells
exposed to high glucose m presence of EOC-CM deeply
reduced them. To address the oxidative markers, we
estimated protein nitration through nitrotyrosine and DNA
damage by 8-hydroxy-deoxyguanosine expressions both in
tissue as in vitro. The EOCs injection in db/db mice and
Muller cells in high glucose treated with EOC-CM
exhibited an important decrease of both oxidative
indicators. To further understand these effects, SIRT-1
activity was accessed. Its expression was restored m cells
treated with EOC-CM and also i animals treated with a
single mtravenous injection of EOCs, as a consequence
the p65-NFkB subunit acetylation is decreased leading to
its inactivation. Since SIRT-1 1s sensitive to redox
balance, it was assessed ROS intracellular production and
Nox-4 expression. The EOC-CM prevented Nox-4
expression and intracellular ROS production mcrements n
Muller cells under diabetic milieu conditions. Collectively,
these data indicate that EOC-CM is acting by anti-oxidant
Recently, Gilbert and colleagues have
demonstrated the complete proteome analyses of the
conditioned medium from EOCs (Yuen DA. 2013).
Among approximately three hundred proteins, there are
several antioxidant proteins such as glutathione S
transferase, peroxiredoxin, thioredoxin and NADP" that
might contribute to antioxidant effects observed in EOC
treated mice 0 EOC-CM treated cells.

means.

In the current study, all the observed effects either
from db/m EOCs or db/m conditioned media were milder
than the effects from db/db EOCs or db/db conditioned
media in a dose dependent manner. Finally, we addressed
the modulation of Nox4 on Sirt] activity. For this purpose,
Nox4 was silenced in Muller cells and Sirtl activity
measured. Nox4 siRNA prevent the reduction of Sirtl
activity at HG and under normal condition increase even
more; in combination of HG and CM from db/m or db/db
donor animals there 1s no additive effect, proving that the
CM acts through this mechanism.

In conclusion, compelling evidence is provided that
EOCs are efficient in protecting the retinal tissue from the
glucose related oxidative damage, mainly the EOCs from
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Figure 7. EOC-conditioned media prevent inactivation
of SIRT1 through post-transiational meodification in
rMC-1. SIRT1 immunoprecipitation (IP) in rMCs-1
lysates. Equal amount (100pg) of immunoprecipitated
SIRT1 protein was used for immunoblotting (IB).
Carbonylation was detected by first derivitizing the
samples with DNPH followed by immunoblotting against
anti-DNP  antibody. Nitration was detected by
immunoblotting against anti-nitrotyrosine (NT) antibody.
Equal loading and transfer for all proteins were
ascertained by reprobing the membranes for total SIRT1.
The bars represent mean + SD of band densities
expressed as the percentage of variation from at least
three independent experiments. *P<0.0001 vs NG and
HG+db/db EOC-CM; TP<0.0003 vs HG; and {P<0.04 vs
NG and HG+db/db EOC-CM. db/m EOC-CM. EOC-
conditioned medium from db/m; db/db EOC-CM, EOC-
conditioned medium from db/db: EX-527, SIRT1 blocker
(10uM).
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Figure 8. EOC-CM improves SIRT1 activity through
Nox4 dowregulation. Finally, in order to further access
the mechanism of EOC-CM on SIRT]I activity, the Nox4
small interfering RNA was approached. The presence of
sIRNA under normal glucose displayed about 25% of
increment of SIRT1 activity (P=0.0002), suggesting that
the Nox4 modulates Sirtl at normal condition. Nox4
siIRNA prevent the reduction of Sirtl activity under HG;
in the co-treatment with CM from heath donors (db/m),
the presence of Nox4 siRNA increase even more the Sirtl
activity when compared with db/m EOC-CM alone,
showing that db/m CM modulates Sirtl through Nox4.
but is not able to restore completely Sirtl activity at
normal levels. However, under HG condition, the
combination of siRNA and CM from diabetic donors
(db/db) does not show additive effect when compared
with db/db EOC-CM alone, proving that the CM acts
through this mechanism.

db/db mice and highlighted the possibility to further
investigate the cellular therapy in patients with retinal
diabetic complications. Since there was no EOC retained
mnside the eye, this may be consistent with the endocrine
ability of these cells in balancing the oxidative status of
the retinal tissue cells thus becomimg a non invasive eye
therapy.
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Suppl. Figure 1. EBM-2 medium has no effect on GFAP or
VEGF expression in rMCs exposed to HG. (A) The citotoxicity
of the treatments and vehicle on rtMC-1. The values are expressed
as percentages of cell viability. (B) Representative Western blots
for GFAP and VEGF in cell lysates. Equal loading and transfer
for all proteins were ascertained by reprobing the membranes for
B-actin. The bars represent mean + SD of band densities
expressed as the percentage of variation from at least three
independent experiments. NG: normal D-glucose (5.5mM); HG:
high D-glucose (25mM); EBM-2, Endothelial Basal Medium-2
(10%):; db/m EOC-CM, EOC-conditioned medium from db/m;
db/db EOC-CM, EOC-conditioned medium from db/db; EX-527,
SIRT1 blocker (10uM); Manitol (25mM); Vehicle: DMSO
(0.1%); CT(+): positive control for cell toxicity, TritomX100
(1ul/ml).
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Suppl. Figure 2. SIRTI blocker reverses EOC-conditioned
media-induces GFAP and VEGF downregulation in rMC-1
exposed to high glucose conditions. Representative Western blots
in total cell lysate against GFAP and VEGF antibodies from rtMC-
1.. Equal loading and transfer for all proteins were ascertained by
reprobing the membranes for B-actin. The bars represent mean =
SD of band densities expressed as the percentage of variation
from at least three mndependent expermments. *P<0.0001 vs NG
and HG+db/db CM; 7P<0.0001 vs HG, HG+db/m EOC-CM+EX
and HG+db/m EOC-CM+EX: and £P<0.01 vs NG and HG+db/db
EOC-CM. db/m EOC-CM, EOC-conditioned medium from db/m;
db/db EOC-CM, EOC-conditioned medium from db/db; EX-527,
SIRT1 blocker (10uM).

Suppl. Figure 3. SIRTI blocker abolished EOC-
conditioned media improvement on SIRTI
deacetylation pathway in rMC-1 exposed to high
glucose conditions. (A) SIRT1 activity in tMC-1
cultured for 24 hours with different treatments by
fluorescent method. The mean £SD expresses the
percentage of fluorescence units. (B) Representative
Western blots for acetyl-Lys310-RelA/p65 in tMCs-
1 lysates exposed to HG and treated with EOC-CMs
in presence or not of EX-527. Equal loading and
transfer for all proteins were ascertained by
reprobing the membranes for total p65 subunit and
for B-actin. The bars represent mean + SD of band
densities expressed as the percentage of variation
from at least three independent experiments.
*P<0.0001 vs NG and HG+db/db CM; TP<0.002 vs
HG, HG+EBM-2, HG+db/m EOC-CM+EX and
HG+db/db EOC-CM+EX; and {P<0.03 vs NG and
HG+db/db EOC-CM. db/m EOC-CM, EOC-
conditioned medium from db/m; db/db EOC-CM,
EOC-conditioned medium from db/db; EX-527,
SIRT1 blocker (10uM).
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5 - SUMARIO DOS PRINCIPAIS RESULTADOS APRESENTADOS
NOS ARTIGOS I E 1l

As rMC-1 expostas 4 alta glicose apresentaram aumento da expressao da subunidade Nox4-
NADPH oxidase acompanhado do acréscimo na produgdo de ROS e reducdo da expressao
e atividade da SIRTL.

Mecanisticamente, mostramos que a inativacdo da SIRT1 nas rMC-1 em condicdo de alta
glicose ocorreu por duas vias: 1) ativacido da PARP-1 que levou ao consumo do NAD*

intracelular; 2) modificacdo pds-traducdo da SIRT1 por danos nitrosativos/oxidativos.

A queda da atividade da SIRT1 levou a hiperacetilacdo da lisina 310 do complexo
RelA/p65-NF-kB, ativando este fator de transcrigdo e consequente transcri¢ao dos genes-

alvo como VEGF e GFAP nas rMC-1 expostas & alta glicose.

O bloqueio da PARP-1 ou a suplementacdo com NAD" restabeleceu a atividade da SIRT1
nas rMC-1 em condicdo de alta glicose. O mesmo foi verificado pelo silenciamento génico
da Nox4.

O tratamento com cacau rico em polifendis ou a epicatequina, composto mais abundante do
cacau, reduziu a producdo de ROS e a ativacdo da PARP-1, resultando na melhora dos
niveis de NAD" e reestabelecimento da atividade da SIRT1 em rMC-1 exposta a alta

glicose.

O tratamento com o meio condicionado das células early outgrowth (provenientes de
camundongos db/m e db/db, principalmente) reduziu a expressdo de Nox4 resultando na
queda da producdo de ROS e consequente reducdo da nitracdo e carbonilacdo da SIRT1 e
levando ao restabelecimento da atividade e expressao da sirtuinas em rMC-1 exposta a alta

glicose.
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Ambos os tratamentos, pela ativacdo da SIRT1 preveniram o aumento do GFAP induzido
pela alta glicose via reducdo da acetilacdo do p65. A inibicdo quimica ou silenciamento
génico da SIRT1 bloqueou tanto o efeito benéfico do cacau enriquecido com polifendis
quanto do tratamento celular com as células EOCs.

Nos ratos SHR diabéticos, o tratamento com cacau rico em polifendis reduziu o estresse
tecidual e a ativagio da PARP-1, resultando na melhora dos niveis de NAD' e
reestabelecimento da atividade da SIRT1 no tecido retiniano.

Nos camundongos diabéticos, o tratamento com a injecdo Unica de células early outgrowth
diminuiu a expressédo de Nox4 resultando na reducdo da lesdo oxidativa do DNA, preveniu
a nitracdo e carbonilagdo da SIRT1 e levou ao restabelecimento da atividade e expresséo da

sirtuinas na retina diabética.

Em ambos os modelos experimentais de diabetes, a ativacdo da SIRT1 preveniu 0 aumento
do GFAP via desacetilagéo da lisina 310 do complexo RelA/p65-NF-«B.
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6 - CONCLUSAO GERAL

Em conclusédo, a administracdo de cacau enriquecido com polifendis melhorou o status
redox e reduziu a ativacdo da PARPI1, levando ao restabelecimento da razio NAD'/NADH
intracelular. Enquanto que o tratamento com células early outgrowth, por reducdo da expressdo
de Nox4 e consequente diminui¢do da producdo de espécies reativas de oxigénio, preveniu danos

nitrosativos/cabonilativos da SIRT1.

Ambos os tratamentos restabeleceram a atividade enzimética da SIRT1, o que culminou
na desacetilacéo e inativagdo do complexo RelA/p65-NF-kB. Como consequéncia, 0s marcadores
estruturais precoces da RD decorrente da neurodegeneracdo retina foram prevenidos tanto em

modelo in vivo quanto in vitro.

E interessante ressaltar que este estudo mostrou pela primeira vez o mecanismo de

regulacao da expressdo do GFAP via acetilacdo/desacetilagdo do complexo RelA/p65-NF-«B.

Em resumo, a presente tese fornece evidéncias que tanto a administracdo oral do cacau
enriquecido com polifenodis quanto a terapia celular com ceélulas early outgrowth, conferem
neuroprotecdo da retina aos insultos do diabetes. Portanto, intervencfes que modulem a atividade
das sirtuinas sdo promissoras ferramentas terapéuticas no tratamento farmacolégico da retinopatia

diabética.
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8 — APENDICE

Editorial Current Clinical Pharmacology, 2013, Vol. 8, No. 4 265

EDITORIAL
Future Therapeutic Targets for the Treatment of Diabetic Retinopathy—What Comes Next?

Diabetic retinopathy (DR) is still the leading cause of blindness among productive-age individuals in developed countries.
Several mechanisms have been postulated to explain the pathogenesis of DR. and many of them have focused on particular
abnormalities at the molecular level. In this special issue, the authors conducted comprehensive mini-reviews addressing
different systems and pathways involved in the development and progression of DR, such as rennin angiotensin aldosterone
system. mitochondria dysfunction. and oxidative stress. Nowadays, besides the improvement of surgical techniques, innovative
pharmacological treatments are needed in order to treat this devastating complication of diabetes that affects approximately
5%—10% of patients with diabetes around the world. In proposing new target molecules to treat DR. a better understanding of
the underlying mechanisms that are acting in the retinal tissue under diabetic milieu conditions is needed.

Classically, DR is understood as ischemic retinopathy leading to microvasculopathy. Although the ischemic stimulus is
pivotal to the progression of the retinopathy to more severe forms, retinal neurodegeneration is present in the early phases of
the disease. The retina displays a sophisticated organization and the intrinsic cross-talk between vascular elements and the
neuro-glial complex should be considered. Valuable animal models have been used to elucidate which retinal mechanisms are
altered in the presence of diabetes. Rodent experimental models such as the pharmacological induction of diabetes, the
galactose diet. selective inbreeding. or genetic modification are commonly used. Among these. inherited hypertension and/or
obesity are of particular interest. However, there is still no ideal animal model that fully reproduces the retinal alterations
observed in patients with diabetes. either in the neuro-glial complex and/or in vascular sites of the retina.

Observations from pre-clinical and clinical studies indicate that both the renin-angiotensin system (RAS) and advanced
glycation end products (AGEs) influence DR and also the cross-talk between both systems. In this issue, Miller and colleagues
described the implications of the identification of all RAS components in the retina, and the interactions of these pathways
might influence new developments of therapeutic targets. Blockade of the RAS and inhibition of AGEs improve experimental
DR. The authors suggest that the crosstalk between the RAS and AGE pathways involves the glyoxalase 1 enzyme and that it is
crucial to detoxify methylglyoxal-derived AGEs. A possible treatment through the combination of an RAS blockade and the
augmentation of GLO1 would provide further protection against the cellular dysfunction that occurs in DR.

Mitochondria are the cellular energy-producing organelles and are determinants of cell lifespan. The function of
mitochondria has been intensely studied in metabolic disorders, including DR. Their aberrant changes. described as fission and
fusion machineries undergo morphological changes. Mitochondrial fission and fusion play important role in diabetes
establishment and progression of diabetes as well as in DR. Elucidating the role of mitochondrial morphology dynamics in the
pathogenesis of DR may provide important evidence in identifying new therapeutic targets. Revising this important topic, Roy
and collaborators recognize mitochondria as a key organelle responsible for high glucose-mediate endoplasmatic reticulum
stress in retinal tissue. and these events are important in producing apoptosis. a hallmark in the pathogenesis of DR.

Convineing evidence demonstrates that inflammation and oxidative stress are pivotal in the early stages of the pathogenesis
of DR. From large, randomized clinical studies as UKPDS and DIRECT, tight blood pressure control reduces the progression
of DR in patients with type 2 diabetes. indicating that the operating mechanisms in hypertension and diabetes are interacting in
the retinal tissue. exacerbating the retinopathy. These observations motivated experimental studies aimed at addressing the
possible mechanisms that worsen the retinopathy. In the mini-review about the mechanisms by which hypertension intensifies
DR. findings from experimental studies indicate that oxidative stress and inflammation are up regulated in hypertensive
diabetic animals when compared with normotensive ones and that the blockage of RAS protects the retina from the toxicity of
the hyperglycemia by its antioxidant effect.

Future directions in providing novel, non-invasive ocular treatment modalities depend on a better understanding of the
pathogenesis of DR. In this special issue, some important aspects are discussed.
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The Concomitance of Hypertension and Diabetes Exacerbating Retinopathy:
The Role of Inflammation and Oxidative Stress

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

Jacqueline M. Lopes de Faria®

Renal Pathophysiology Laboratory, Investigation on Diabetes Complications, Faculty of Medical Sciences (FCM), State

University of Campinas (Unicamp), Campinas, Sdo Paulo, Brazil

Abstract: Diabetes and hypertension frequently coexist and constitute the most notorious combination for the
pathogenesis of DR. Large clinical trials have clearly demonstrated that tight control of glycaemia and/or blood pressure
significantly reduces the mcidence and progression of DR. The mechamism by which hypertension interacts with diabetes
to exacerbate the retinal disease 1s not completely understood. From expernimental studies, mcreasmng evidence
demonstrates that chronic mflammation and oxidative stress are mnvolved. In the present review, we summarize data
obtamed from our research along with those from other groups to better understand the role of hypertension m the
pathogenesis of DR. It 1s suggested that oxidative stress and inflammation may be common denonunators of retnal
damage in the presence of hypertension in diabetic patients.

Keywords: Diabetes. DR. hypertension. renin-angiotensin system. inflammation. oxidative stress.

SCOPE OF THIS ARTICLE

According to the World Health Organization. 346 million
people worldwide have diabetes and it is becoming apparent
at increasingly younger ages in both developed and
developing nations [1]. Each year. another seven million
people develop diabetes. and the disease is expected to affect
some 428 million people worldwide by 2030. After 15 years
of diabetes, approximately 2% of people become blind
(approximately 7 million people). and about 10% develop
severe visual impairment (approximately 35 million people)
[2]. Thus. the increased prevalence of diabetes represents a
major growing health burden worldwide.

Hypertension is frequently observed in association with
diabetes, with up to 20-60% of diabetic patients having
hypertension [3]. The coexistence of hypertension and
diabetes substantially increases the risk of developing organ
damage. such as kidney and retina leading to a greater
incidence of cardiovascular mortality [4. 5]. Thus, the control
of modifiable risk factors such as diabetes and hypertension
is critical to reducing the burden of cardiovascular events.

Diabetes is associated with several micro- and macro-
vascular sequelae that result from hyperglycemia. dyslipidemia.
and other metabolic disturbances. The control of metabolic
factors. particularly tight glycemic control, and reducing
hypertension to optimal levels is fundamental to reducing
cardiovascular risk in patients with type 2 diabetes [6]. The
United Kingdom Prospective Diabetes Study (UKPDS)

*Address correspondence to this author at the Renal Pathophysiology
Laboratory. Investigation on Diabetes Complications, Faculty of Medical
Sciences (FCM), State University of Campinas (Unicamp), Campinas, Sio
Paulo. Brazl: Tel- 55-19-35217366; Fax: 55-19-35217499;
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Group found that each 10-mmHg decrease in mean systolic
blood pressure (SBP) was associated with a 12% reduction
in risk for any complication related to diabetes, a 15%
decrease for a death related to diabetes. an 11% reduction for
myocardinm infarction, and a 37% decrease for DR [7].

Diabetes causes a number of metabolic and physiologic
abnormalities in different organs. specifically in the eye. DR
is a major cause of blindness in the working-age population
in developed countries [8]. It manifests as a multifactorial
progressive disease of the retina. the pathogenesis of
which is extremely complex and involves a cascade of
events affecting different cells and molecules [9, 10] Fig. (1).
Furthermore. numerous factors have been found in early DR
induced by hyperglycemia. characterized by activation of
retinal cell markers before the damage [11-13]. In this
article, we explore the possibility that exaggerated oxidative
stress and inflammation may underlie the mechanism of
retinal diseases in the concomitance of diabetes and hyper-
tension. This review will focus on clinical and experimental
evidences showing that the presence of hypertension
aggravates retinopathy in diabetic patients.

DIABETES AND ASSOCIATED FACTORS IN THE
WORLD

Diabetes induces disordered levels of metabolites such as
lipids. amino acids. hormones. and nufrients and is
characterized by hyperglycemia. Epidemiologic studies have
shown the effects of hyperglycemia, hypertension, and
dyslipidemia, insulin resistance, a high body mass and low
level of physical activity on the incidence and progression of
DR and clinically significant macular edema [13-16].

Hyperglycemia induces the progression of retinopathy.
but this excess in plasma glucose cannot account solely for
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Fig. (1). Both diabetes and hypertension affect microvessels on the same target organs such as the retma, thus exacerbating the long-term
damage. Among the biochemical pathways are mitochondnal dysfunction, NADPH oxidase system, polyol pathway and mitric oxide
syntases. Mitochondrial oxidative stress releases the cytochrom ¢, which will complex with Apaf-1, activating the caspase cascade leading to
apoptosis of vascular and neural cells. Also, the GSH depletion will impair the glutamate/glutamine cycle and this is the main mechanism of
excitotoxicity and neurodegeneration. On the other hand, the oxidative stress will produce nitration of protein and DNA damage with
consequent PARP activation, NFKB nuclear translocation, and transcription of several pro-inflammatory genes. As a consequence, multiple
structural alterations are detected in retinal tissue, namely acellular capillaries, pericyte loss, and BRB leakage.

SOD: Superoxide dismutase; GSH: reduced glutathione; ROS: reactive oxygen species; NO: nitric oxide; PARP: poly-(ADP-ribose)
polymerase; NF-kB: nuclear factor kappa B; IL-1p: interleukin-1B; ICAM-1: intercellular adhesion molecule 1; iNOS: inducible nitric oxide
synthase; TNF-a: tumor necrosis factor- «; BRB: blood retmnal barrier.

the range of cellular and functional damages [17-19]. In
addition., a number of smdies suggest that even with
intensive therapy to tightly control blood sugar. long-term
effects on the risk of kidney disease (50%). nerve disease
(60%). and eye disease (76%) are still observed [20. 21].
Studies have shown that the control of blood glucose. blood
pressure. and blood lipid levels helps prevent complications
in people with type 1 or type 2 diabetes [22-26].

Clinically. although the glycated-hemoglobin (HbAlc)
level is the strongest risk factor for predicting the development

and progression of DR, HbAlc accounted for only 11% of
the risk of retinopathy [27]. Similarly. blood pressure and
total serum cholesterol together accounted for only 9 to 10%
of the risk of retinopathy as described in the Wisconsin
Epidemiologic Study of DR [28]. Data from clinical studies
have shown that hypertension increases large artery dilation
by as much as 15% [29] and retinal artery dilation by as
much as 35% [30]. At the cellular and molecular levels,
mechanical stretching can initiate intracellular signaling and
alter the secretion of numerous factors, including nitric oxide
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[31]. endothelin-1 [32]. platelet-derived growth factor [33].
fibroblast growth factor [34, 35]. and angiotensin IT (ANG-
1) [36].

THE EFFECTS OF HYPERTENSION ON RETINAL
VASCULOPATHY

In the past 30 years. few papers addressed the effects of
hypertension solely on the vascular bed of the retina. It has
been shown that retinal capillaries are especially sensitive to
sustained high blood pressure. In severe forms of arterial
hypertension. so-called malignant hypertension. it is
observed areas of retinal hemorrhages exudation are
observed with ischemic manifestations of retinal edema and
cotton-wool spots. From the classical studies from Garner.
Ashton and Tripathi in the earlier 1975, the clinical and
pathological changes of the retina from monkeys
experimentally induced hypertension were described.
Hypertensive retinopathy (HR) is characterized by tortuosity
and dilation of the arteries and the light reflex decreased in
those animals that became hypertensive. The -earliest
abnormality was a development of many pomts of fluorescem
leakage on terminal arterioles or small arteries. Many
precapillary arteries were constricted and some were
virtually occluded. progressing to plasma insudation into the
vessel wall with muscle necrosis results in secondary
occlusion and the typical picture of advanced fibrinoid
necrosis (For more defailed description. please refer fo
Ashton N. Peltier S, Garner A: Experimental hypertensive
retinopathy in the monkey. Trans Ophthalmol Soc UK 1969:
88: 167- 186) [37]. By using mophometric techniques.
Fliickiger and collaborators [38] in 1984 described that in
SHR rats the retinal capillary basement membrane is
thickened. Morphometric studies on retinal microangiopathy
and myocardiopathy in hypertensive rats (SHR) with
induced diabetes). In a more exuberant animal model of
hypertension, the stroke-prone SHR. the retinal hypertensive
lesions are observed earlier than in SHR rats. and include
neural damages in the ganglion cell layer, exhibiting some
ganglion cells realized cytoid bodies corresponding to a
lysed cell and with most of the axons destroyed. the inner
and outer plexiform layers. have most of the contacts were
lost because of fibrinous deposits and numerous dense
bodies in the inner rod segment and the vesiculation of the
rod outer segment were observed. The capillaries showed
markedly hypertensive lesions with thickening of basement
membrane [39]. In another study from Gin and colleagues
[40]. aimed to investigate the contributions of hypertension
and diabetes to microvascular dysfunction in the kidney
and eye. the authors observed that the concomifance of
hypertension and diabetes accentuated the retinal and
anterior segment vascular dysfunctions estimated by I-
albumin leakage and that antihypertensive therapies as
converting enzyme inhibitor (perindopril). a calcium-channel
blocker (lacidipine), or triple therapy (hydrochlorothiazide,
reserpine, and hydralazine) prevented these changes.
although more readily by calcium-channel blockade than by
converting-enzyme inhibition. These collective data suggest
that hypertension and diabetes have the vascular bed as their
target organs and the pathology of these alterations is very
similar in both diseases involving not only vascular cells but
also neuro elements of the retina.
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More recently, an elegant study decribed the early
ultrastructural changes in retinal capillaries under hyper-
tension and diabetes conditions [41]. In Wistar rats, the
imvestigators induced hypertension by unilateral nephrectomy
and administered subcutaneous mineralocorticoid and 0.9%
oral saline weekly thus inducing experimental diabetes. A
significant and sustained increase in systolic blood pressure
occurred in nephrectomized rats. There was a significant
mcrease in the number of caveolae in both pericytes and
endothelial cells in animals with hypertension and diabetes
together compared with all other groups and in pericytes in
animals with diabetes alone. The number of direct contacts
between pericytes and endothelial cells was reduced in
diabetic and hypertensive diabetic animals. Based on these
observations, the authors concluded that hypertension and
diabetes had an interactive effect in producing retinal
capillary basement membrane thickening and blood retinal
barrier breakdown by increasing the number of caveolae in
both endothelial cells and pericytes. Confirming these data.
in a more recent study. the ACE inhibitor cilazapril was
effective in preventing endothelial alterations and basement
membrane thickness in diabetic hypertensive conditions, and
thus may account for the well-known improvement of the
blood-retinal barrier observed during antihypertensive
treatment [42].

Then. clinical trials, such as EUCLID were conducted in
order to better elucidate the participation of hypertension of
the development of diabetic retinopathy. In this particular
study. the role of rennin-angiotensin system (RAAS) gained
more importance. From these observations. Wilkinson-
Berka. Miller A and collaborators not only described the
presence of all components of RAAS in the refina but also
that these components are up regulated in presence of
diabetes. This topic is fully convered in a comprehensive
mini review included in this special issue.

THE RETINA: VASCULAR NEURO-GLIAL UNIT IN
DIABETIC RETINOPATHY

Diabetic retinopathy is characterized by early neuro-glial
changes followed by extensive vascular changes, namely
acellular capillaries. pericyte loss. microaneurysm formation,
basement membrane thickening. and blood-retinal barrier
(BRB) breakdown [43].

There is increasing evidence that functional impairment
precedes the earliest clinical manifestations of diabetic
retinal vasculopathy. Sensitive psychophysical examinations,
such as contrast sensitivity [44-46] and color vision [47. 48]
and also electrophysiological methods including electro-
retinography (ERG) [49-51] and visual evoked potentials
(VEP) [52-55] clearly show early abnormalities to be a
potential primary consequence of hyperglycaemia before the
onset of retinopathy. These alterations characterize DR as a
neurodegenerative disease in which visual dysfunction is
initiated in early diabetes.

The influence of diabetes on neural retinal cells has also
been analyzed at the molecular level Under diabetic
conditions, the increase in superoxide anions in the neural
retina leads to a decreased bioavailability of nitric oxide,
which is originally induced in the retina for tissue protection:
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the decrease in nitric oxide action increases the formation of
peroxynitrite, which inhibits the downstream signaling of a
neuroprotective factor, nerve growth factor (NGF), and
neuronal survival [56].

The pathological mechanisms that lead to neuronal
deficits are unknown. However, it seems that retinal glial
cells play an essential role in maintaining the normal
function and integrity of the retina, including Miiller cells,
the principal glial cells in the retina [57].

Several observations indicate that the degenerative
processes begin in the neural retina shortly after the onset of
diabetes and precede the characteristic vascular changes in
DR. Glial cells play a central role in the homeostatic
regulation of the retina [58], interacting with most neurons in
a symbiotic relationship [59]. Normal neuronal and vascular
function depends on interactions with glial cells. Glial cells
are implicated in the maintenance of the BRB at the
endothelial lining of retinal microvessels [60] and also the
extracellular ionic environment is optimized by glial cells for
proper electrophysiological function of neurons. Also, glial
cells maintain low synaptic levels of neurotransmitters. The
major excitatory neurotransmitter in the retina is glutamate,
an amino acid that is toxic to retinal neurons when present in
high amounts [61]. Thus, the regulation of retinal glutamate
by glial cells [62] is essential for normal vision. A previous
study in the streptozotocin rat model of short-term DR
demonstrated that glial function and glutamate metabolism
are altered in the retina within 3 months after the onset of
diabetes in rats. This observation is consistent with the
possibility that similar alterations occur in humans within the
first years after onset of diabetes but remain subclinical until
degeneration proceeds to the point where irreparable vision
impairment is incurred. Furthermore, increased retinal
glutamate may reduce the efficacy of neurotransmission in
the inner retina [63].

The BRB restricts the permeability between the blood
elements and retinal tissue. This barrier has particular
permeability characteristics and appears to play a role of
major importance in the pathophysiology and therapeutics of
retinal disease [64]. A well-established early marker of DR is
the inner BRB breakdown, which is formed by tight
junctions between retinal capillary endothelial cells [65] and
in the outer BRB, constituted by tight junctions between
retinal pigment epithelial (RPE) cells [66]. Tight junctions
(TJs) in both cells are essential for the strict control of ion,
protein, and water flux into and out of the retina, as well as
to prevent the entrance of toxic molecules and plasma
components into the retina. The BRB is essential to
maintaining the eye as a privileged site and is essential for
normal visual function [64]. The vascular components of the
BRB maintain the appropriated environment of the neural
retina. The inner BRB acts as a selective barrier providing
immune privilege and regulating osmotic balance, ionic
concentration, and the transport of nutrients (sugars, lipids,
and amino acids), thereby helping to control the specialized
environment of the retina. In addition, pericytes, which are
modified smooth muscle cells, share a common basal lamina
and directly contact vascular endothelial cells. Formation of
the inner BRB requires specialized differentiation of the
vascular endothelial cells induced by astrocytes, Muller
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cells, and pericytes [64]. As demonstrated in a preclinical
study, there is an early and diffuse retinal vascular
permeability, which may represent an important mechanism
accelerating the retinal changes caused by DM [67]. Early
vascular changes include leukostasis [68], aggregation of
platelets [69], altered blood flow [70], degeneration of
pericytes [71], and basement membrane thickening [72]. The
vascular permeability may be affected through the
paracellular and transcellular pathways; the paracellular
involves the endothelial tight junctions, and the transcellular
pathway is mediated by endocytotic vesicles, known as
caveolae [73-78].

Retinal Pigmented Epithelium (RPE) is a specialized
epithelium lying in the interface between the neural retina
and the choriocapillaris that plays an essential role in the
proper functioning and maintenance of the neural retina by
allowing the diffusion of oxygen from the choroidal
circulation to the highly metabolic rods and cones, controlling
the flow of solutes and fluids, thereby preventing the
accumulation of extracellular fluid in the subretinal space of
the retina and removing metabolic wastes by the transport of
CI' and K™ [79]. Thus, the outer BRB plays a crucial role in
the transport and recycling of fatty acids, which is a major
component of the photoreceptors and is important to retinal
function [80]. Since the retina is the most active tissue
metabolically, the transport of glucose and lactose as major
energy sources through glucose and monocarboxylate
transporters in the RPE is important to visual function [81].
The transport of retinoids from the blood circulation to the
retina through the RPE is essential to a normal visual cycle
[82]. These active transports are performed by the Na™-K'-
ATPases, located in the apical side of the RPE [79]. The
diabetes-induced outer BRB dysfunction has been clearly
suggested in a study by Vinores and collaborators [83]. In
this study, the authors localized inner and outer extravascular
albumin sites from diabetic patients with and without various
stages of retinopathy. The presence of extravascular albumin
was earlier detected in inner layers of the retina; by contrast,
the outer sites of extravascular albumin were only observed
in the more advanced stages of DR [83]. By electro-
physiology, the morphologic changes in the RPE can be
readily detected in diabetic animals, which are reflected by
an alteration in the c-wave of electroretinography [84, 85].
Despite these observations, the contribution of outer BRB
dysfunction in DR deserves further studies. The development
of innovative therapies that allow the transport of specific
compounds across these barriers depends upon the
understanding of the mechanisms of the functioning of BRB
in a diabetic milieu.

EVIDENCE SHOWING THAT HYPERTENSION IS A
CENTRAL RISK FACTOR ASSOCIATED WITH
DIABETIC RETINOPATHY

In recent years, the concomitance of diabetes and
hypertension has been frequently studied in patients and
experimental models. In a survey conducted in the United
States by Third National Health and Nutrition Examination
between 1988 and 1994, 71% of adults with diabetes were
found to have elevated blood pressure (mean blood pressure
> 130/85 mmHg or using antihypertensive medication) [86].
In individuals with type 1 diabetes, blood pressure levels are
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usually normal at diagnosis., whereas. in individuals with
type 2 diabetes, approximately 33% of the patients have
elevated blood pressure when diabetes is diagnosed [87].
The concomitant presence of hypertension and diabetes
significantly magnifies the risk of diabetic microvascular

complications. namely DR (DR) [25. 26. 88].

A growing literature suggests that hypertension is an
important risk factor associated with the development and
progression of DR Fig. (1). In this seffing of the micro-
vascular complications, the United Kingdom Prospective
Diabetes Study (UKPDS) has demonstrated that blood
pressure and glycemia intensive controls are effective in
substantially reducing the incidence and progression of
DR [88. 89]. The same group has also suggested that blood
pressure control supersedes glycemic control in the primary
prevention of complications of diabetes [23].

Earlier studies have focused on improving glycemic
control for the prevention and treatment of DR [82, 83].
Therefore. data from EURODIAB EUCLID (Controlled
Trial of Lisinopril in Insulin-Dependent Diabetes) [90] and
UK. Prospective Diabetes Study results [86]. on the
controlling of blood pressure and. specifically. interference
in the renin-angiotensin system have emerged as important
strategies for treating DR. More recently, DIRECT (Diabetic
Retinopathy Candesartan Trial), a randomized double-blind
placebo-controlled study with type 1 or type 2 diabetic
patients into daily placebo or 32 mg candesartan groups. an
angiotensin II receptor blocker [25. 26]. showed that in
patients with type 2 diabetes, treatment with candesartan
decreased the progression of retinopathy by 34% in
participants with early retinopathy. These data showed that
the potential benefits of the angiotensin IT type 1 (AT;)
receptor blocker (ARB) candesartan might be seen in the
early stages of diabetic retinopathy.

In a large population-based study, the Wisconsin
Epidemiology Study of Diabetic Retinopathy (WESDR), the
presence of hypertension in type 1 diabetic patients was
associated with a 73% increase in the risk of incident
proliferative DR (PDR) [91]. From other reports, the presence
of arterial hiypertension and poorer glycemia control increases
the risk of visual impairment by 72% [92]. However, the
mechanisms by which diabetes and hypertension interact to
exacerbate DR are poorly established.

An important study demonstrated that lowering blood
pressure in normotensive type 2 diabetic patients offers
beneficial results on vascular complications [24]. In this
study. the achieved blood pressure (BP) in the intensive
group was 128/75 mm Hg versus 137/81 mm Hg in the
moderate group. The intensive BP control group demonstrated
a lesser progression of DR and a lower incidence of strokes
and slowed the progression to incipient and overt diabetic
nephropathy [24]. Specifically in individuals with type 2
DM, the risk of DR was independently and additively
attributable to hypertension and hyperglycemia [93].

A multicenter controlled trial involving 285 normotensive
type-1 diabetic patients has shown that losartan (angiotensin
receptor blocker) slowed the progression of retinopathy [94].
demonstrating the beneficial effects of primary intervention
on this system. This finding is in line with another important
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multicentric clinical trial. DIRECT-1 (Prevent) [25]. A
previous study has suggested that elevated blood pressure
levels even in normotensive diabefic individuals are
associated with microvascular complications, including DR.
Rodrigues et al. demonstrated that in fype 1 diabetic
subjects. each increment of 5 mmHg in night-time systolic
and diastolic blood pressure leads to an increase of about
40% in the risk of DR [94]. In type 2 diabetic patients, the
risk for development diffuse macular edema is 3.2 times
greater in patients with high blood pressure (HBP) (95%
confidence interval [CI]. 1.5 to 6.9) than in those with
normal blood pressure [95].

From Animal Studies

We explore the influence of hypertension on the
progression of diabetic refinal complication, suggesting the
possibility that exaggerated oxidative stress and inflammation
may underlie the mechanism of retinal diseases in diabetes
and hypertension. It has been shown in spontaneously
hypertensive rats (SHR) that the frequency of acellular
capillaries in the presence of diabetes was nearly twice that
in normotensive diabetic Wistar Kyoto (WKY) rats [96].
Supporting this finding. previous work also demonstrated
that the control of blood pressure ameliorates retinal disease
in diabetic SHR [97]. These studies support the concept that
elevated blood pressure contributes to DR in SHR rats.

To better understand the molecular interaction between
hypertension and diabetes-exacerbating DR, our group
and other investigators have addressed this question in
experimental models of diabetes and hypertension. Increased
expression of fibronectin associated with elevation in retinal
capillary permeability. higher expression of retinal vascular
endothelial growth factor (VEGF). and decrease in retinal
cell replication were observed after as little as 15 days of
induction of diabetes by streptozotocin in hypertensive
animals compared with normotensive control WKY rats
[98]. In the same study., we assessed the total number of
retinal cell replication evaluated by BrdU-positive retinal
cells: it was found to be significantly higher in hypertensive
SHR than in normotensive WKY rats. BrdU-positive-stained
cells were rare but clearly identifiable in retinal sections of
adult rats. The proliferating retinal cells of adult rats were
characterized by the use of specific cell markers. including
GFAP (marker of glial cell). the tyrosine-kinase receptor
FIkl (a surface receptor protein characteristic of endothelial
cells). the intermediate filament protein nestin (an intermediate
filament structural protein expressed in primitive neural
tissue). and PKC-u (cellular maturation involved in a
bipolar—amacrine neural cell). The findings indicate that
adult rat retina contains different populations of replicating
cells with characteristics of glial or endothelial cells. The
detection of cells that coexpressed BrdU and nestin or PKC-
o suggests that subpopulations of replicating cells may
differentiate info neural cell subtypes [98]. We have also
assessed the cell cycle regulators, cyclins p27*%#! and p21 <&
'in retina from diabetic SHR rats. The concomitancy of
diabetes and hypertension attenuated the proliferating retinal
cells and it was associated with an increase in p27-*!
expression. fibronectin accumulation., and BRB breakdown
compared with normotensive WKY rats [98]. Findings from
diabetic kidney disease demonstrate that the presence of
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hypertension in diabetic rats modulates the expression of
cyclin p27°*!. a negative cell cycle regulator, leading to a
lesser cellular proliferation rate and enhanced cell hyper-
trophy with extra cellular accumulation [99]. Additional
studies are required to clarify the mechanisms by which
these cell cycle changes contribute to the structural
abnormalities present in the early pathogenesis of DR.

From in vitro Studies

In the presence of hypertension. there will be ftrans-
mission of systemic hypertension to the retinal capillary bed
due to loss of the autoregulation of arterial vessels, thus
conftributing to the mechanism of the exacerbation of DR
by hypertension [100]. Rassam et al. showed in vifro that
there is a positive correlation between loss of vascular
autoregulation and levels of glucose in the human retina.
Numerous conditions, including atherosclerosis, aging.
cigarette smoking. and diabetes, are associated with a decline
in the production and/or biological activity of endothelium-
derived NOe [101]. thus interfering with vascular
autoregulation. NO exerts numerous beneficial antiatherogenic
endothelial functions by the elevation of c¢GMP and
vasorelaxation vig activation of soluble guanylate cyclase
(sGC) and mmhibition of platelet aggregation and inflammatory
response. The reaction between O, and NO results not only
in loss of NO bioactivity but also in the formation of
ONOO . a potent oxidant. which may contribute to lipid
peroxidation and membrane damage. ONOO™ has multiple
effects including oxidation of the endothelial NOS (eNOS)
cofactor BHy [102]. This effect can produce eNOS
“uncoupling,” a condition in which the normal flow of
electrons within the enzyme is diverted such that eNOS
produces O, rather than NO. As an essential cofactor, BH4
is necessary for optimal eNOS activity [103]. It facilitates
NADPH-derived electron ftransference from the eNOS
reductase to the oxygenase domain fo convert l-arginine to
NO and l-citrulline. When BH4 levels are inadequate. eNOS
becomes unstable and uncoupled. subsequently leading to
less NO production and more superoxide generation.
Moreover, the inferaction between NO and superoxide leads
to the formation of peroxynitrite, a potent oxidant, which
further oxidizes BH4.

Evidence indicates that endothelial dysfunction could
play an initial and ultimately crucial role in the development
of macrovascular and microvascular complications caused
by diabetes mellitus (DM) in human and animal models of
DM [104]. Insulin is an essential hormone of metabolic
homeostasis that has vasodilator action ia PI3K/Akt
pathway-dependent eNOS activation [105]. In addition to the
PISK/Akt pathway. insulin can modulate eNOS activity by
increasing BH4 synthesis via the activation of GTPCH.
Shinozaki er al. [106] have demonstrated that the GTPCH
activity is significantly decreased in a rat model of insulin
resistance, which leads to the attenuation of endothelial BH4
levels and substantially increased BH2 levels, resulting
in impairment of endothelium-dependent vasodilatation.
These sets of evidence demonstrate another mechanism by
which hypertension contributes to diabetic microvascular
complication in the retina. The alterations caused by diabetes
in the retina also have been investigated using refinal cells
subjected to mechanical stretching. VEGF has an important
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role in increasing vascular retinal permeability and in the
development of intraocular neovascularization in DR [107].
Seko and collaborators demonstrated for the first time. the
fact that retinal pigment epithelial cells respond to stretching
by increasing the expression of VEGF [108]. This finding
was confirmed by other studies showing that bovine retinal
endothelial and pericyte cells exposed to cyclic stretching
increase protein and mRNA expression of VEGF and its
receptor [L09]. Later, it was suggested by Suzuma er a/. that
stretching-induced retinal VEGF expression was mediated
by phosphatidylinositol (PI) 3-kinase and protein kinase C
(PKC) [110]. In addition, it has been demonstrated that
stretching induces apoptosis in porcine refinal pericytes.
which may be mediated by oxidative stress [111]. Pericyte
loss is a hallmark of DR. Recently, it has been shown that
stretching in bovine retinal pericytes induces a reduction in
cell proliferation. increased apoptosis, and profound
morphological changes in the actin cytoskeleton assembly
[112]. When the pericytes were exposed to high levels of
glucose, these alterations imduced by stretching were
magnified [112].

Using an experimental model of hypertension in
spontaneously hypertensive rats (SHR). Suzuma er al.
showed that VEGF-R2 (kinase insert domain-containing
receptor [KDR]) is increased in refinal tissue compared with
normotensive WKY control animals [110]. In recent years.
our group has been evaluating retinal disease in hypertensive
animals with experimentally induced diabetes. In these
efforts, we have demonstrated that within as soon as 20 days
after induction of diabetes. the redox status reflected an
unbalance: in diabefic rats. there was a higher superoxide
production. The superoxide production was higher in
diabetic WKY rats than in control WKY rats and SHR rats
showed elevated superoxide production compared with
WKY groups accompanied by an impaired glutathione
defense system. The presence of diabetes induced an
additional DNA damage in SHR rats [113].

In conclusion, hypertension aggravates oxidative-induced
cytotoxicity in diabetic retina due to the increase of
superoxide production and impairment of the antioxidative
system [113] Fig. (1). Another study with SHR. with 4-
week-old (underdeveloping hypertensive rats) and 12-week-
old (fully hypertensive rats). demonstrated that ED1-positive
cells, ICAM-1. and VEGF levels. markers of inflammation.
were significantly higher in diabetic SHR in both prehyper-
tensive and hypertensive ages compared with the respective
control groups. NF-kappaB p65 levels were higher in
prehypertensive SHR and in hypertensive diabetic SHR rats
(p < 0.05) [114]. Aggravation of the inflammatory process
may be involved in the mechanism by which essential
hypertension exacerbates retinopathy in the presence of
diabetes. The abnormalities present in diabetic normotensive
SHR rats (before the full development of hypertension)
suggest that the genetics of hypertension might display a
predisposition to a more severe diabetic retinal disease by
exacerbation of inflammation/oxidative stress in refinal
tissue.

Common mechanisms in hypertension and diabetes
exacerbating the retinopathy Fig. (1).
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In addition to strict control of blood glucose levels, tight
blood pressure control with rennin angiotensin system (RAS)
inhibition has been shown to prevent the progression of DR
in the UK Prospective Diabetes Study (UKPDS) [115].
Recent studies indicate that glycemic insult compounds
hemodynamic injury in microvascular complications of
diabetes by activating the sometimes common pathways that
lead to organ damage. Components of the DM include high
glucose, hypertension-induced mechanical stress, and
activation of the reninangiotensin system (RAS) [116]. Both
hypertension and diabetes mellitus affect the same major
target organs and the common denominator of hypertensive/
diabetic target organ-disease is the vascular tree [117].

Among diabetic patients, a large incidence and
prevalence of hypertension in various populations has been
documented; overall. hypertension is approximately twice as
common in patients with diabetes mellitus than in non-
diabetic people [118. 119]. and increases in prevalence as
kidney complications of diabetes worsen. In addition,
patients with both diabetes and hypertension not only have a
higher incidence of DR, but also a greater prevalence of
cardiovascular risk factors. including dyslipidemia and
hyperuricemia. a thrombotic tendency. and left ventricular
hypertrophy [120].

Both hypertension and diabetes induce oxidative stress
and inflammation. which. in tum. contribute to DR. The
interaction between hypertension and diabetes-inducing
inflammation and oxidative stress in DR has been assessed
in SHR and WKY rat strains with streptozotocin-induced
DM. Oxidative stress and inflammation are closely related
events, because the generation of reactive species by the
inflammatory cells can induce oxidative stress. On the other
hand. oxidative stress may induce inflammation through NF-
kB-mediated pro-inflammatory gene expression [121].
Numerous studies have demonstrated this infrinsic relationship
between inflammation and oxidative stress in an inseparable
manner in different organs. particularly in the retina [122,
123]. The mitochondrial respiratory chain. nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase enzyme
system, Nox4 (homologue of gp91phox subunit of NADPH
oxidase), and AGE-receptor for AGE (RAGE) interaction
have been found to induce oxidative stress in high-glucose
conditions [124, 125]. Oxidative stress is conventionally
defined as an imbalance between pro-oxidant sfress and
antioxidant defense. However, recent evidence indicates a
new definition of oxidative stress has been proposed as “an
imbalance between oxidants and antioxidants in favor of the
oxidants, leading to a distuption of redox signaling and
control and/or molecular damage™ [126].

Our group demonstrated an increase in the levels of
ED1/microglial positive cells in the retina of SHR rats,
mainly in diabetic SHR rats when compared with
normotensive control WKY rats associated with an increase
in ICAM-1 and the NF-xB p65 franscription factor [127].
We have demonstrated that the concomitance of systemic
diseases, diabetes and hypertension. leads to earlier and more
pronounced retinal inflammatory alterations. As already
mentioned. the diabetic SHR rats demonstrate increased
levels of ICAM-1, VEGF. and NF-kB p635 in the retina when
compared with normotensive diabetic WKY rats [127].
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Oxidative stress may lead to cell death [128] via
apoptotic means. and it is widely known that apoptosis of
retinal cells is a consummated phenomenon in DR. Retinal
capillary cells undergo accelerated apoptosis, which precedes
the detection of any of the histopathological changes
characteristic of DR. Beside vascular cells, neuro and glial
cells are also affected by the concomitance of hypertension
and diabetes. The presence of all components of RAS along
all retinal tissues precludes the suggestion that RAS might
play a role in the surveillance of neuro/glial cells [129]. In
our study. it was observed that the apoptotic rate was higher
in the retina of diabetic SHRs compared with control WKY
rats, and the cells exhibited neural and glial characteristics,
as demonstrated by specific antigens. The oxidative
imbalance was higher in diabetic rats and accentuated in
diabetic SHRs in the presence of mitochondrial involvement,
as demonstrated by decreased expression of Bcl-2 and UCP-
2 mitochondrial proteins. The freatment with losartan. an
angiotensin receptor blocker (AT-1), led to amelioration of
the apoptotic rate in neural and glial retinal cells,
reestablishment of redox status by decreasing superoxide
production, improving the antioxidative enzymatic system
GSH. and restoration of mitochondrial protein expression
levels [130]. These findings indicate that the blockage of
RAS exerts a variety of effects, including antioxidant, anti-
apoptotic, and anti-inflammatory properties [131. 132].

The retina has a high content of polyunsaturated fatty
acids and, relative to any other tissue, has the highest oxygen
uptake and glucose oxidation. This phenomenon renders the
retina more susceptible to oxidative stress [133]. The
principal source of ROS in the retina is the mitochondria
[134-136]. A number of studies have shown that there is an
increase in oxidative markers atter the induction of DM [125,
137, 138]. We previously demonstrated that the concomitance
of diabetes and hypertension led to oxidative retinal damage
in tissue from short-term STZ-induced diabetes in SHRs by
an increase in nitrotyrosine staining throughout the retinal
layers. mainly in the plexiform layers and heterogeneous 8-
OHAG positivity in the nuclei of retinal tissue, presenting in
all cellular layers of diabetic SHRs [113. 130].

Superoxide dismutase (SOD) catalyzes the conversion of
superoxide (0,) to hydrogen peroxide (H,O,). which can
then be turned into water by catalase or the glutathione
(GSH) peroxidase system. Although SOD is the first line of
physiological defense against oxidative stress. the reaction of
0, with nitric oxide (NO) is about three times faster than its
reaction with SOD [139]. The effects of free radicals on
DNA are the most damaging to cell function. Nitrosative
stress 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 dinucleotide (NAD+) to form
nicotinamide and a PAR polymer. Generally. the activation
of PARP conftributes to energy failure, transcriptional gene
regulation, and the induction of apoptosis/necrosis [140]. It
has been demonstrated that nitroxides such as tempol exert a
cytoprotective action against diverse oxidative insults [141]
and catalyze the dismutation of superoxide to H,O, plus O,
(SOD-like activity). Previous studies have demonstrated the
beneficial effects of tempol in diabetic retinas for reducing
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leukostasis [142] and protecting the retina's neural cells
[143].

These oxidative markers are produced by oxidative
retinal damage, which is a consequence of the increase in
superoxide production and depletion of the gluthatione-
reduced antioxidant system [113. 132]. Concomitant with
these findings. we also observed increased expression of a
DNA repair enzyme poly-(ADP-ribose) polymerase (PARP)
in SHR rats compared with normotensive WKY rats at 4
weeks of age, and the presence of hyperglicemia by only 20
days further increased these levels in DM SHR rats [144]. In
our study. the administration of a superoxide dismutase
mimetic, tempol. to diabetic SHRs re-established the redox
status and PARP activation and improved the early
molecular markers of DR [144]. The ribosylation of PARP
can cause NF-kB activation [145]. By using PARP inhibitors
or knocking out PARP genes. both NF-«kB activation and
transcription of NF-kB-dependent genes such as inducible
nitric oxide synthase (iNOS) or ICAM-1 can be reduced
[146]. PARP activation also contributes to the formation of
VEGF [147] and angiogenesis [148]. These evidences
suggest that ribosylation of PARP is one possible mechanism
linking oxidative/nitrosative stress with inflammation in DR
and this pathway is also enhanced in diabetic hypertensive
rats.

CONCLUDING REMARKS AND PERSPECTIVES

About a fifth of the world’s adult population are thought
to have metabolic syndrome, a cluster of factors associated
with an increased risk of type 2 diabetes, hypertension, and
cardiovascular disease [149, 150].

DR is a major complication of uncontrolled diabetes
mellitus. and increases the necessity to put an emphasis on
the preventive aspect of visual loss through the development
of new diagnostic fools for earlier detection of retinal
changes and also to provide novel non-invasive ocular
treatment modalities. In this context, besides an optimal
blood glucose control, normalization of arterial pressure and
the use of drugs that interfere in the RAAS could be efficient
approaches for the prevention and freatment of DR.
Supported by experimental and clinical studies, maneuvers
that reduce superoxide generation and/or increase anti-
oxidant defenses are of special interest 132, 133, 151, 152].
In the present review, we have provided evidence that local
generation of oxidative stress and inflammation can be a
common mechanism of retinal lesion in the presence of
diabetes and hypertension. We have suggested a
multifactorial approach. in which diet as nutritional therapy
could be an alternative treatment. Studies have shown that
the consumption of dark chocolate is associated with
reductions in both blood pressure and oxidative stress and an
increase in nitric oxide bioavailability [153], with a
concomitant substantial reduction in the risk of
cardiometabolic disorders [154]. Also. green tea has been
widely studied for its alleged beneficial properties in the
freatment or prevenfion of human diseases. Green tea is a
rich source of polyphenols. particularly flavonoids. which
are reported to delay or prevent cardiovascular disease [155
and also display a strong antioxidant activity [156. 157. 158].
Finally, to more conclusively prove the efficacy of anti-

Duarte et al.
oxidant diets. further studies are required. especially
experimental studies to demonstrate causation.
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Innovations

Reliability and validity of digital assessment
of perifoveal capillary network measurement using
high-resolution imaging

Jacqueline Mendonca Lopes de Faria,' Diego Andreazzi Duarte,’
Roger Fredy Larico Chavez,? Angélica Moises Arthur,” Rangel Arthur,? Yuzo lano?

ABSTRACT

Background Assessment of the perifoveal capillary
network (PCN) might indicate macular function and
could reflect the systemic microcirculation. The
quantification and reliability of this measurement is
currently unknown. The aim of this study was to validate
guantification of the PCN by a non-invasive technique
from high-resolution retinal images.

Methods Ten healthy volunteers were included in this
validation study. At least 320 high-resolution retinal
images were used for assessment of inter- and intra-
observer reliability. Non-invasive capillary perfusion
mapping was performed using a retinal function imager.
After the images were enhanced and segmented, the
reproducibility was verified by comparing the values of
two independent examiners and of a single examiner at
two different time points.

Results The inter-observer concordance coefficients
were highly significant for PCN (intraclass correlation
coefficient (ICC)=0.901, 95% Cl 0.655 ta 0.975,
p<0.001) and nomalised PCN (ICC=0.727, 95% Cl
0.262 to 0.923, p=0.004). The intra-observer
measurements at two different time points were also
highly concordant for PCN (ICC=0.879, 95% CI 0.598
to 0.968, p<0.001) and for normalised PCN
(ICC=0.960, 95% CI 0.851 to 0.990, p<0.001).
Conclusions The reliability of PCN measurement is
reproducible and could be used as a new tool to
guantify the capillary perfusion network of the macular
area.
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Ophthalmol Published
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Day Month Year]
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INTRODUCTION

Imaging of the retinal vasculature is an important
tool for the early diagnosis, targeted treatment and
follow-up of ocular diseases and also to assess the
status of the systemic microcirculation. The retinal
arteries and venules are casily seen by direct visual-
isation and share similarities with the microcircula-
don of the brain, heart and kidneys.'™® An
important multicentre clinical trial (ACCORD)
recently showed that the retina may provide an ana-
tomical index of the effect of metabolic and
haemodynamic factors on future cardiovascular
outcomes.”

Optical imaging techniques use visible, ultraviolet
and infrared wavelengths to probe an imaged tissue
target for its optical properties, which include
fluorescence, absorption and scattering. Small
changes in reflectance due to the intrinsic optical
properties of the blood have been used to explore
haemodynamic activity.® The Retinal Function
Imager (RFI; Optical Imaging, Rehovot, Israel) was

developed to capture these changes in reflectance
as a function of time under stroboscopic illumin-
ation. This instrument incorporates a non-contact
and non-invasive method of imaging and mapping
the capillaries using the intrinsic contrast chromo-
phore in the haemoglobin. Fast acquisiion of
images at a wavelength strongly absorbed by
haemoglobin enables the motion of the red blood
cells to be seen and, by tracing the paths of this
perfusing motion, the capillaries can be visualised
in detail, as previously described.” ™

The aim of the present study was to validate a
new method of digitally quantifying the perifoveal
capillary network (PCN) using RFL

METHODS

Study population

Staff members from the University Hospital of the
State University of Campinas were asked to partici-
pate in this study. The criteria for inclusion were
volunteers less than 35 years of age who were free
of any disease. Patients were excluded from the
analysis if the quality of the images was deemed
unsatisfactory. Ten normal volunteers participated
in the study.

Image acquisition

The acquisition of the retinal images was as
described elsewhere.” '® Retinal images were
acquired by RFI using fundus illumination at green
wavelengths (red-free 548 bandpass, 8.5 nm) at
which red blood cells are strongly absorbed. Using
fast stroboscopic lighting and a charge coupled
device camera with an exposure time of 700 ps at a
resolution of 1024x1024 pixels, we obtained eight
images in 122.5 ms (figure 1A). For high-resolution
images of the foveal avascular zone (FAZ), the
images were acquired at 20° centred on the fovea
resulting in 4.27 micron/pixel resolution. After
image registration, ‘differential images’ were
created by dividing each single retinal image by the
average of the entire series to extract the motion
signal from the stationary retinal background. In
this work, a 4-5 capillary mapping perfusion series
was used.

Localisation and measurement of the FAZ area

After the retinal images were obtained, two inde-
pendent specialists selected the perifoveal region.
Using images from the capillary perfusion map, the
FAZ was manually drawn as an ellipse (figure 2A)
and the radius (r) was then determined, with r; as
the major radius ellipse and r, as the minor radius

LoCopyright Artigleoautiver (o theirerniployenh 20nd.2Pesdiiéed by BMJ Publishing Group Ltd under licence. 1
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Figure 1 Normal fundus image from
a normal participant. The macular area
is located in the centre of the image.
(A) Retinal functional imager (RFI) raw
data red-free image with fovea 20°,
1024x1024 pixels; (B) The capillary
perfusion map acquired with RFI
software tools. Due to the high
resolution, it is possible to visualise
the smallest capillary net around the
foveal avascular area.

ellipse. The selected zone was cropped with radius 3r (ie,
annular width 3r of FAZ; figure 2). The annular band area with
3r of FAZ was chosen for the measurements in this present
study because, by using this methodology, the width of the
annular band corresponds to approximately 1500 pm diameter
(ie, it is within the macular area considered for clinical estima-
tion of clinically significant macular oedema according to the
Early Treatment Diabetic Retinopathy Study protocol). The
Contrast-Limited Adaptive Histogram Equalisation technique
was used to enhance the images. "'

PCN measurement

The image was submitted to a binary operation based on Otsu’s
method (figure 3). The vascular and non-vascular elements were
easily identified and quantified in pixels with a pixel value equal
to 1 (sum of the binary image). To allow comparisons between
two different examinations, the PCN obtained in pixels was
normalised by the total annular band area as follows:
nPCN=PCN (k)/annular area (k). This ratio represented the
index of perifoveal perfusion.

Figure 2 (A) Manual drawing of the
foveal avascular zone (FAZ) done by a
specialist. (B) The radius (r) is
determined from the centre of the FAZ,
and the area of the perifoveal capillary
network corresponds to an annular
band with 3r of FAZ. (C) Centred zoom
200%.

Figure 3  (A) The perifoveal capillary
network (PCN) was cropped from the
high-resolution retinal image to obtain
an annular band (B) and enhanced by
contrast-limited adaptive histogram
equalisation. (C) The binary operation
based on Otsu’s method was applied
to the enhanced PCN image,
discriminating the vascular and
non-vascular elements;

the pixel value is 1.

Inter- and intra-observer reliability of PCN measurements
The PCN measurement images were taken on a single occasion
for each volunteer. For inter-observer reliability testing, two
observers drew the area of FAZ in one processed image for each
participant and were blinded to each other’s measurements.

For the intra-observer component, one assessor determined
the area of PCN measurement twice with the same images at
two different time points to assure consistency of FAZ diameter
measurement.

Statistical analyses

SPSS for Windows was used. To compare measurements
between two independent observers and at two different time
points for a single observer, the Wilcoxon signed rank test for
related samples and the intraclass correlation coefficient (ICC)
were applied, respectively. Statistical differences were considered
significant at p <0.05. For sample size calculation, the
Estimation of Mean Value formula was applied with a signifi-
cance level at 5% and a sample error of 37% of SD.

c
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Table 1 Wilcoxon signed rank test for related samples for
inter-observer reliability assessment

Table 2 Intraclass correlation coefficient (ICC) for intra-observer
reliability assessment

Variables Sample (n)  ICC 95% CI p Value Variables Sample (n)  1CC 95% Q1 p Value
Perifoveal annular band 10 0975 0.904100.994  <0.001 Perifoveal annular band 10 0.968 0.883100.992  <0.001
PCN 10 0.901 0.655t0 0.975  <0.001 PCN 10 0.879  0.598 to 0.968 <0.001
Normalised PCN 10 0.727  0.262 to 0.923 0.004 Normalised PCN 10 0.960  0.851 to 0.990 <0.001

ICC, intraclass correlation coefficient; PCN, perifoveal capillary network.

RESULTS
Images were obtained from 10 healthy participants (5 men and
5 women) with a mean age of 30 years (range 25-35).

Inter- and intra-observer reliability of PCN and normalised
PCN
For inter-observer reliability testing, 320 images were taken and
the two observers drew the FAZ on one good quality image
while blinded to each other’s results (table 1). The FAZ draw-
ings from the same participant were highly reproducible in
repeated measurements. For observer 1 the mean+SD FAZ
measurement was 218=50 pm?® (range 120-300 wm?) and, for
observer 2, the mean = SD FAZ measurement was 218+60 pm?
(range 110-310 wm?, p>0.05). The mean=SD annular area was
highly reproducible and concordant, ranging from 54 to 139
pixels for observer 1 and from 52 to 142 pixels for observer 2
(mean *= SD 100.5+26.9 and 101.2+29.1 pixels for observers
1 and 2, respectively, p=0.6). The PCN normalised for the
annular band area ranged from 0.20 to 0.36 for observer 1 and
from 0.20 to 0.35 for observer 2 (p=0.3). These indices were
shown to be concordant between the two independent observers
both for PCN (ICC=0.901, 95% CI 0.655 to 0.975, p<0.001)
and also for normalised PCN (ICC=0.727, 95% CI 0.262 to
0.923, p=0.004; table 1, figure 4A).

For the intra-observer component, the observer determined
the area of FAZ from the same images at two different tme
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ICC, intraclass comelation coefficient; PCN, perifoveal capillary network.

points and then the normalised PCN was obtained. The mean
+SD perifoveal annular area was 103.9+32.10 pixels (range 51—
149) and 101.2+29.17 pixels (range 52-142) at time points 1
and 2, respectively (p=0.4). The normalised PCN was 0.27
+0.05 (range 0.19-0.31) and 0.2720.05 (range 0.20-0.35) at
time points 1 and 2, respectively (p=0.6). The concordance
between the two normalised PCN measurements for the same
observer at different time points was highly significant (ICC
0.960,95% CI 0.851 10 0.990, p<0.001; table 2 and figure 4B).

DISCUSSION

In this validaton smudy we propose a new method to assess
PCN perfusion using digital high-resolution images of the
retina. This non-invasive technology allows us to search the
motion path of red blood cells to directly visualise the microvas-
culature and quantify the perfusion rate of the annular perifo-
veal band, which represents the more distal capillary bed.
Previous observations by Sakata et al have shown that the reduc-
tion in perifoveal capillary blood flow may occur before the
increase in retinal thickness at the central fovea in patients with
diabetes. This parameter could be used as a prognostic factor
for the development/progression of macular oedema.'” Previous
studies have attempted to improve the visualisation of the
retinal microcirculation using a scanning laser ophthalmoscope.
In these studies, intravenous or oral dye with or without
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Figure 4 Scatter plots for concordance between (A) two independent observers (inter-observer concordance) and (B) for one observer at two
different time points (intra-observer concordance). PCN, perifoveal capillary network.
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confocal technology was used.™ ™' In the present study, with
the use of RFI technology and post-processing images, it was
possible to visualise the most distal capillary bed in the retinal
circulation without dye and also to quanify it.

The normalised PCN indices among normal volunteers varied
from 0.198 to 0.357, which indicated that the normal PCN
ranged from 19% to 35% perfusion. To our knowledge, this is
the first attempt to quantify the microcirculation of the retina,
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accepted as an in vivo index of the haemodynamic status for
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Purrose. 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.

Mernops. Diabetes (DM) was induced in spontancously hypertensive rats (SHR). Treated
animals received GSNO eye drop (900 nM or 10 M) twice daily in both eyes for 20 days. The
mechanisms of GSNO effects were evaluated in human RPE cell line (ARPE-19).

Resurrs. In animals with DM, GSNO decreased inducible nitric oxide synthase (iNOS)
expression and prevented tyvrosine nitration formation, ameliorating glial dysfunction
measured with glial fibrillary acidic protein, resulting in improved retinal function. In
contrast, in nondiabetic animals, GSNO induced oxidative/nitrosative stress in tissue resulting
in impaired retinal function. Nitrosative stress was present markedly in the RPE layer
accompanied by c-wave dysfunction. In vitro study showed that treatment with GSNO under
high glucose condition counteracted nitrosative stress due to iNOS downregulation by &
glutathionylation, and not by prevention of decreased GSNO and reduced glutathione levels.
This posttranslational modification probably was promoted by the release of oxidized
glutathione through GSNO denitrosylation via GSNO-R. In contrast, in the normal glucose
condition, GSNO treatment promoted nitrosative stress by NO formation.

Concrusions. In this study, a new therapeutic modality (GSNO eye drop) targeting nitrosative
stress by redox posttranslational modification of iINOS was efficient against early damage in
the retina due to experimental DR. The present work showed the potential clinical
implications of balancing the S-nitrosoglutathione/glutathione system in treating DR.

Keywords: diabetic retinopathy, nitrosative stress, S-nitrosoglutathione, retinal pigment
epithelium, S-glutathionylation

iabetic retinopathy (DR) is the leading cause of blindness
Dand visual disability in working-age adults.! The pathogen-
esis 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
nitric oxide synthase (NOS), nitrate and polyADP-ribosylate
proteins (PARP), and downregulation of antioxidant enzymes.
Therefore, better understanding of these mechanisms is a
valuable tool for the pharmacologic treatment of DR.2
The NO formed by constitutive endothelial NOS (eNOS) and
neuronal NOS (nNOS) has an important role in regulating
physiologic functions from the cardiovascular system to the
central and peripheral nervous systems. However, NO pro-
duced by inducible NOS (iNOS) in excessive amounts for long
periods of time promotes nitrosative stress and results in
cytotoxicities, such as apoptosis, inhibition of mitochondrial

Copyright 2014 The Association for Research in Vision and Ophthalmology, Inc.
www.iovs.org | ISSN: 15525783

respiration, regulation of oxidative phosphorylation, neurode-
generation, and circulatory failure 3¢ This can be achieved
through reaction with superoxide anions to yield peroxynitrite,
which can produce toxic hydroxyl radicals and promote
oxidative injury via the formation of peroxynitrous acid, a
reactive nitrogen-containing species. Endogenous NO is unsta-
ble, and some of its main biological actions are mediated
through S-nitrosylation,” that is, the covalent incorporation of
nitric oxide moiety into thiol groups (C-SH or R-SH) to form &
nitrosothiol (SNO). The S-itrosylation promotes posttransla-
tional modification of certain proteins and affects their
activities, such as transcription factors, enzymes, and structural
proteins. Thus, S-nitrosylation demonstrates action in vasodila-
tion, inflammation, and ncur()dcgcncr:iti(mA&g

In the diabetic setting, the increase in NO production as a
result of iINOS induction is associated with inflammatory
responses and oxidative stress, in retinas of experimental

2921
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models.'® Studies by our group showed an increase in iNOS
protein expression in the retinas of animals with short duration
of experimental diabetes.'™'2 Retinas from donors with
diabetes (DM) and nonproliferative DR (NPDR) showed higher
iNOS immunoreactivity localized on the inner nuclear layer,
probably on Milller glial 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 to the control group.'® These data suggested
that high concentrations of NO mainly produced by iNOS
might contribute to the pathogenesis of DR.

The existence of more stable transport forms of endoge-
nous NO has been postulated in view of the increased half-life
of NO in vivo.'> Low-molecular-weight thiols, such as cysteine,
reduced glutathione (GSH), and penicillamine, are prime
candidates for such carrier molecules, and they can form
SNO on reaction with nitrogen oxides.'® S-nitrosoglutathione
(GSNO) is formed by the S-nitrosylation reaction of NO with
GSH in the extracellular setting. Also, GSNO is the most
abundant endogenous SNO and the most important form of
nitric oxide in vivo, due to its ability to modulate cellular
signaling through posttranslational modifications of redox-
sensitive proteins by S-nitrosylation and/or S-glutathionylation.
The intracellular stability of GSNO is regulated by chemically-
driven degradation reactions, thiol, and metal-mediated de-
composition and enzymatic reactions.’”"'® The main enzymat-
ic-dependent degradation described is the reduction of GSNO
to oxidized glutathione (GSSG) and ammonia (NH3) by
glutathione-dependent formaldehyde dehydrogenase (or alco-
hol dehydrogenase I1D; also called GSNO reductase (GSNO-R).
This enzyme uses the reducing power of NADH to convert
GSNO to glutathione S-hydroxysulfenamide (GSNHOH),
which, in turn, is converted into GSSG. The GSNO-R turnover
significantly influences the whole-cell level of Snitrosa-
tion.2%2! Its relative redox activities depend on substrate
concentrations of nicotinamide adenine dinucleotide and its
reduced form (NADT/NADH) ratio.

Previous studies showed that GSNO administration provid-
ed protection in an experimental model of cerebral ischemia
by downregulating the expression of iNOS and nuclear factor
kB (NF-xB).2? The therapeutic effects of GSNO have been
demonstrated in experimental autoimmune uveitis,?* in which
the oral administration of GSNO significantly suppressed the
levels of inflammatory mediators associated with maintaining
normal retinal histology and function. The RPE cells const-
tutes a site of immunosuppressive/inflammatory factor secre-
tion inside the eye,?* such as iNOS and TNF-o.2>2¢ For this
reason, human RPE cell line (ARPE-19) cells constitute an
adequate model for assessing nitrosative stress in vitro.

To our knowledge, no study has addressed the possible
effects of GSNO in the development or progression of DR.
Based on these observations, we hypothesized that diabetes
increases iNOS protein expression and NO production, and
that treatment with a GSNO compound could modulate iNOS
expression/activity in the diabetic retina, and further deter-
mine the importance of the S-nitrosoglutathione/glutathione
system in DR pathogenesis. The hypothesis was tested with an
in vivo model of diabetes and through in vitro exposure of
ARPE-19 cells to a high glucose (HG) condition.

MATERIALS AND METHODS

Animals Study

The animal study complied with the ARVO Statement for the
Use of Animals in Ophthalmic and Vision Research, in
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accordance with the local Committee for Ethics in Animal
Research (1834-1/CEEA/IB/UNICAMP). Spontancously hyper-
tensive rats (SHR) 4 weeks old were provided by Taconic
(Germantown, NY, USA) and bred in our animal facility. We
have chosen to use SHR rats, because these animals display
carlier and extensive retinal changes after streptozotocin (STZ,
50 mg/kg; Sigma-Aldrich, St. Louis, MO, USA) induction when
compared to normotensive counterparts.2”-28 Enzymatic color-
imetric GOD-PAP assay (Merck, Darmstadt, Germany) was used
to measure plasma glucose levels 48 hours after the STZ or
citrate buffer injection to confirm the induction; rats with
plasma glucose values of =15 mM were considered diabetic for
the present study. After the confirmation, the rats were
randomized to be treated with either eye drop vehicle only,
low-dose eye drop GSNO (900 nM), or high-dose eye drop
GSNO (10 uM) twice daily in both eves for 20 days. The
preparation of GSNO eye drops was performed at the
Chemistry Institute, State University of Campinas (UNICAMP).
The 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 nitrosa-
tion of thiol. After this period, it was precipitated 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 hydroxypropyl methylcellulose (HPMC) at a
final concentration of 10 pm or 900 nm of GSNO and 2% (wt/
wit) of TIPMC. The basal and final systolic blood pressures (SBP)
were obtained by noninvasive tail cuff blood pressure amplifier
with a built-in automatic cuff pump (Model 229; TITC, Inc., Life
Science, Woodland Hills, CA, USA). At the end of the
experiment (20 days of treatment), the rats were submitted
to full-flash electroretinography, blood collected for measure-
ment of glycated hemoglobin (GHbA, ) levels with colorimet-
ric kit (Helena Glyco-Tek Affinity Column Method; Helena
Laboratories, Beaumont, TX, USA), and then euthanized. Levels
of NO estimated by Nitric Oxide Analyzer (NOA) method in
aqueous humor and vitreous from control treated animals was
performed to demonstrate the ability of GSNO in penetrating
ocular tissues (see Supplementary Method and Fig. S1).

ARPE-19 Cell Line Culture. The ARPE-19 was obtained
from the Federal University of Rio de Janeiro (RICB Collection).
Cells were cultured in Dulbecco’s moditfied Eagle’s medium and
Ham's F12 (DMEM:F12) supplemented with 10% FBS and 1%
penicillin/streptomycin. The 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
inhibitors (from 2 mM to 2 pM) after 24 hours in ARPE-19 cells
was obtained by MTT cell viability assay.” We considered no
cytotoxicity if cell death was below 10% (data not shown). For
NOS inhibitors, the cells were pretreated for one hour with a
nonselective LNAME (Sigma-Aldrich), and specific for iNOS,
aminoguanidine (AG; Sigma-Aldrich) and NO-(l-iminoethyl)y-
lysine, hydrochloride (I-NIL; Cayman Chemical, Ann Arbor, MI,
USA).

Full-Flash Electroretinogram (ERG) Recording. Retinal
function was measured in SHR animals as described previously,
with some modification.?® For retinal function analysis, we
used —10 dB light stimulus for recordings of a- and b-waves,
and 0 dB for c-wave in which better signal responses are
evoked.

Immunohistochemistry for Glial Fibrillary Acidic
Protein (GFAP), Nitrotyrosine (NT), and Inducible Nitric
Oxide Synthase (INOS) in Retinal Tissues and Immuno-
fluorescence of Nitrotyrosine in ARPE-19 Cells. Immuno-
histochemistry was performed as described previously by our
group.®! The retinal sections were incubated with goat
polyclonal anti-GFAP (Santa Cruz Biotechnologies, Santa Cruz,
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Groups Initial Body Weight, g Final Body Weight, g SBP, mm Hg % HbA,
Clin=>5 170 £ 16 215:+ 18 191 £ 18 7.31 £ 0.44
CTlow dose, n = 6 178 = 13 245 = 10 184 = 5 759 £ 0.30
CThigh dose, n = 5 163 * 14 240 £ 8 182 *+ 4 7.69 = 0.29
DM, n =06 166 = 22 127k 13F 185 = 8 11.67 = 0:77*
DM-low dose, n = 5 169 £ 9 123 *+ 14* 188 £ 11 11.30 £ 1.69*
DM-high dose, n = 6 173 £16 136 = 14° 182+ 6 10.45 * 0.73*

The DM groups had lower final body weight and higher glycated hemoglobin levels compared to the CT animals (P < 0.01). The treatment did
not change any parameters. CT, nondiabetic rats treated with vehicle of eye drop: CT-low dose, nondiabetic rats treated with GSNO 900 nM; CT-high
dose, nondiabetic rats treated with GSNO 10 uM: DM, diabetic rats treated with vehicle of eye drop: DM-low dose, diabetic rats treated with GSNO
900 nM; DM-high dose, diabetic rats treated with GSNO 10 uM: SBP, systolic blood pressure; % HbA., percentage of hemoglobin A, glycated.

CA, USA) or rabbit polyclonal anti-NT (Upstate Cell Signaling rabbit (Invitrogen, San Diego, CA, USA) at 1:200 for 1 hour at

Solutions, Lake Placid, NY, USA) or rabbit polyclonal antiiNOS
(Santa Cruz Biotechnologies) overnight at 4°C.

The immunofluorescence for ARPE-19 cells was performed
as published previously.32 Rabbit anti-NT (1:20) for overnight
incubation at 4°C and secondary antibody Alexa 488 goat anti-

room temperature were applied.

Western Blotting Analysis for INOS or NF-kB in Whole
Retinal Tissue and in ARPE-19 Cells. The Western blotting
was performed as described previously.?! Membranes were
incubated with rabbit polyclonal iNOS antibody (Cell Signaling
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Ficure 1. Retinal function evaluated by electroretinography. (A) Representative waveforms of the a- and h-waves in the CT and DM groups, which
corresponds to the photoreceptor and inner retinal cell responses, respectively, in response to light stimulus intensity at —10 dB. (B) The error bars
represent the mean * SD of the h-wave amplitude in pvolts. *P < 0.02 versus CT group; TP < 0.05 versus DM and CT high-dose group. (C)
Waveforms of c-waves in normal and diabetic groups in response to light stimulus intensity at 0 dB. (D) The error bars represent the mean = SD of
the c-wave amplitude in pvolts. *P < 0.02 versus CT group: £ > 0.01 versus DM and CT high-dose group. There was no significant difference in a-
waves and implicit b-wave time between the studied groups (data not shown).
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Ficure 2. Early marker of diabetic retinopathy and nitrosative stress of the studied groups. (A) Photomicrograph representing immunolocalization
of glial fibrillary acidic protein (GFAP) on retinal tissue. The GFAP in retinal tissue sections (5 pm) is shown in brown color (magnification X400).
(B) Error 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: TP <
0.05versus DM group. The treatment in the CT low- and high-dose groups did not alter GFAP immunoreactivity compared to the CT group (P =0.2).
(C) Representative photomicrograph of NT immunoreactivity. The presence of NT is shown in brown on retinal tissue sections (5 pum)
(magnification X400). The positivity was widely expressed among all retinal layers, and especially in RPE. (D) The error bars represent the mean *
SD of the percentage of positivity per retinal field (mm?). *P < 0.03 versus CT' group: £ < 0.03 versus DM group. At least 3 independent
experiments were performed for each assay. 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.

Technology, Beverly, MA, USA) or rabbit polyclonal NFKB p65
(Santa Cruz Biotechnologies).

Measuring Intracellular ROS Production in Cells by
H,DCFDA and NO® Formation by DAF-2DA. As previously
published,3"33 we measured the total intracellular ROS
production by 2’.7-dichlorodihydrofluorescein diacetate
(H,DCFDA) and intracellular NO® levels by diaminofluorescein
diacetate (DAF-2DA).

Immunoprecipitation of GSNO-R and GSH/INOS. 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, Watertown, MA,
USA) overnight, followed by the addition of protein A
Sepharose for 1 hour. After centrifugation, the pellets were
washed in 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 nonreducing conditions as necessary and loaded onto SDS
polyacrylamide gels. The membranes were blocked in nonfat
milk and incubated with anti-GSNO-R or rabbit polyclonal anti-
iNOS (Cell Signaling Technology) and subsequently incubated
with appropriate secondary antibodies. Equal loading and
transfer were ascertained by ponceau for GSNO-R.

Determination of Reduced Glutathione (GSH) Levels.
Retinal GSH level was measured using the method described
by Beutler et al.3* with a few modifications.?”

Determination of GSNO by Ultra High-Performance
Liquid Chromatography (UHPLC). As described previous-
ly,35 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. The 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 2.6 pm Kinetex-C18 column
(50 X 2.1 mm; Phenomenex, Torrance, CA, USA), operating at
25°C. Mobile phases were constituted with 100% 20 mMKCI
pH 2.5 (Ecibra, Curitiba, Brazil). The flow rate was 500 pL/min
and injection volume was 3 pL. Chromatographic data were
recorded and integrated using LCD ChemStation software
(Agilent Technology). To confirm the GSNO identity in ARPE-
19 cell samples, high-resolution electrospray ionization-MS
analyses (MS/MS) were performed for GSNO in standard and in
ARPE-19 cells exposed to normal glucose (see Supplementary
Methods and Fig. S3).
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Ficure 3. Evaluation of nitrosative stress of studied groups. (A) Western blot for iNOS expression in total retinal lysate. (B) Equal loading and
transfer were ascertained by reprobing the membranes for B-actin. The error bars represent mean *SD of band densities expressed in arbitrary
units of densitometry. *P = 0.03 versus CT group: 1= 0.04 versus DM group. (C) Representative photomicrograph of iNOS immunoreactivity and
localization on retinal tissue (magnification X400). The presence of iNOS is shown in brown in all layers of the retina especially in RPE layer. (D) The
errvor bars represent the mean * SD of the percentage of positivity per retinal field (mm?). *P = 0.0005 versus CT group: £ = 0.0004 versus DM
group. At least 3 independent experiments were performed for each assay.
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Ficure 4. Total intracellular ROS production in ARPE-19 cells. Total ROS production was obtained by H,DCFDA fluorescence. The ARPE-19 cell
cultures at 80% of confluence were serum starved, then exposed to NG 5.5 mM: to NG+GSNO at 1 nM to 100 pM: to HG 30 mM; and to HGHGSNO
at 1 nM-100 uM for 24 hours. NG + 24.5 mM of mannitol was used as an osmotic control. (A) Error 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 versus NG: TP < 0.02 versus HG group. (B) Total ROS production under NG
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 ObserverAl Inverted: Carl Zeiss Meditec, Jena, Germany).
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Intracellular NO™ production and iNOS expression in ARPE-19 cells. ARPE-19 cell cultures at 80% of confluence were serum starved, then

exposed to NG 5.5 mM; to NGHGSNO at 100 nM; to G 30 mM; and to HGHGSNO at 1 nM and 100 nM for 24 hours. NG+ 24.5 mM of mannitol was
used as an osmotic control. (A) Detection of intracellular NO® by DAF-2DA fluorescence. Error bars represent the mean = SD of the fluorescence

units obtained via

ISA reader corrected by the number of cells at the end of each treatment.

*P=0.0007 versus NG condition; 1/ < 0.008 versus

HG treatment. (B) NO® production in the presence of total NOS (L-NAME) and specific for iNOS (AG and L-NIL) inhibitors in cell culture. *P <
0.0001 versus NG; 12 < 0.0001 versus HG. The mannitol treatment did not change the levels of NO™ production (P = 0.8). (C) Western blot for iNOS

expression on total cell lysate

Exposed films were scanned with a densitometer (Bio-Rad Laboratories, Inc.,

Hercules, CA) and analyzed

quantitatively with Multi-Analyst Macintosh Software for Image Analysis Systems. Equal loading and transfer were ascertained by reprobing the

membranes for fractin. The error bars represent mean * SD of band densities expressed in arbitrary densitometric units.

P = 0.02 versus NG

condition; £ < 0.009 versus HG condition. At least 3 independent experiments were performed for each assay

Statistical Analysis

The results were expressed as the means = SD. The groups
were compared by T-way ANOVA, followed by the Fisher
protected leastsignificant difference test. StatView statistics
software (SAS Institute, Inc., Rockville, MD, TUSA) was used for
all comparisons, with a significance value of P < 0.05.

REsuLTS

In Vivo Study

The physiological characteristics of the study animals are
shown in the Table.

GSNO Eye Drops Prevented DM Retinal Function
Impairment and Early Markers of DR. A significant retinal
function impairment was observed in b-waves among control
(CT) high-dose and DM rats compared to those treated with
vehicle (P < 0.02, Fig. 1B). To assess the RPE function, we
acquired c-wave responses (Fig. 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 in DM

animals compared to the nontreated DM and CT high-dose
groups (P < 0.01, Fig. 1D)."To evaluate early structural marker
of DR, we assessed GFAP immunoreactivity (Fig. 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;
Figs. 2A, 2B).

GSNO Eye Drop Reestablished the Nitrosative Status
in Retinas 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 (Fig. 2C). We observed a GSNO-induced increase in NT
expression in the CTtreated groups (P < 0.03 versus the 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; Figs. 2C, 2D).

To better understand the nitrosative stress mechanisms
involved in producing NT in retinal tissue among different
conditions, we evaluated the expression of iINOS (Fig. 3A).
There was no difference in iNOS expression among the CT
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Immunofluorescence of nitrotyrosine in ARPE-19 cell lines. ARPE-19 cell cultures at 80% of confluence were serum starved, then

exposed to NG 5.5 mM: to NGHGSNO at 1 and 100 nM; to HG 30 mM; and to HGHGSNO at 1 and 100 nM for 24 hours. (A) Confocal images showing
NT positivity and localization. The positivity of NT is shown in green (localized on the cytoplasm) and the nucleus is indicated with nuclear dye
(DAPI) under a confocal laser scanning microscope (X630:; Carl Zeiss Meditec). (B) The error bars represent the mean + SD of the score of
positivity, from 0 for no positivity to 4 for >80% of positivity by blindness. *P = 0.0006 versus NG treatment; TP < 0.003 versus HG treatment. At

least 3 independent experiments were performed.

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 (2 = 0.03) and it was
observed as an effective prevention in the DM high-dose group
(P =0.04; Figs. 3A, 3B). Inmunoreactivity for iNOS localization
showed ditfuse positivity among all retinal layers, markedly in
the RPE layer in the DM compared to the CT groups (P
0.0005); in the DM high-dose group, the iNOS upregulation
was prevented (P = 0.0004; Figs. 3C, 3D).

Collectively, these data suggested 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 upregulation. The following in vitro
experiments were designed to better understand the different
effects of GSNO treatment eye drop in CT and DM anir
assess whether GSNO inhibits NFxB in retinal tissue, we
measured the expression of retinal NFxB (see Supplementary

ils. To

Fig. 82). There was no difference among the studied groups.
This evidence support that the protective effect of GSNO
demonstrated in diabetic retinal is not through NF-xB
inhibition.

In Vitro Study

To better understand the role of the S-nitrosoglutathione/
glutathione system in the diabetic setting, we conducted

experiments with ARPE-19 cells, since RPE immunoreactivity
for iNOS was highly expressed in diabetic tissue.

GSNO 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 TIG plus GSNO in nanomolar concentrations
were effective in counteracting the upregulation of ROS
production (7 < 0.02), but not in micromolar concentrations
(P = 0.09; Figs. 4A, 4C). 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 al the levels of ROS
production compared to NG (P = 0.3; Figs. 4B, 4C).

As detected in ROS production, the intracellular NO®
production was increased in HG compared to the NG
condition (P 0.0007); both doses of GSNO treatments
prevented this increase in diabetic milieu condition (7 <
0.008, Fig. 5A).

To investigate which isoform of NOS is 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 nonselective NOS inhibitor, and with specific
blockers for the iNOS isoform, AG and L-NIL.3¢ All treatments
with AG or LI-NAME similarly prevented the increase in NO®
production observed in the HG condition (P < 0.0001). The L-
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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 NG 5.5 mM; to NGHGSNO at 100 nM; to HG 30 mM; and to HGHGSNO at 100 nM for 24 hours. (A) Detection of intracellular NO® by
DAF-DA fluorescence method in cells exposed to NG and HG in the presence or absence of specific iNOS inhibitor (AG). Error bars represent the
mean + SD of the fluorescence units corrected by the cell number. *P > 0.001 versus NG treatment; 1P = 0.002 versus HG condition. (B)

Measurement of GSH by colorimetric

v. Absorbance was read at 412 nm. GSH was used as an external standard for preparation of a standard

curve. Error bars represent the mean = SD of pmol of GSH corrected by protein cell lysate concentration (pg). *P < 0.04 versus NG: 1P < 0.03
versus NG, (€) Measurement of endogenous GSNO by UHPLC method. Chromatography analyses of standard GSNO and levels of GSNO under
different treatments, retention time = 0.6 minutes. Error bars represent the mean £ SD of pmol of GSNO levels corrected by protein cell lysate
concentration (ug) under different conditions. *P < 0.02 versus NG condition. At least 3 independent experiments were performed

NIL at 500 pM and 2 mM concentrations also prevented these
increases (P < 0.0001, Fig. 5B), suggesting that the main
source of NO production under HG conditions is iNOS, since
blocking all isoforms of NOS with L-NAME added no further
cffect to that observed with iNOS selective blockers. In
agreement, GSNO treatments in NG conditions did not alter
the iNOS expression compared to control NG (P = 0.7). In the
HG condition, there was a significant increase in iNOS
expression compared to the NG conditions (P = 0.02).
Treatment with GSNO at 1 and 100 nM concentrations
prevented this increment (P < 0.009, Fig. 5C).

To estimate the oxidative/nitrosative damage in ARPE-19
cells, we assessed NT (Fig. 6). Under NG conditions, the GSNO
treatments (either 1 or 100 nM) did not significantly change the
positivity of NT compared to NG (P > 0.03). However, in the
highest dose of the GSNO treatment there was a strong
tendency to increase compared to NG (P=0.07), suggesting an
action as a nitrosating inducer. Tigher positivity was observed
clearly in cells exposed to HG compared to the NG condition
(P = 0.0006), and the presence of GSNO treatments
counteracted this increase (P < 0.003; Figs. A, 6B).

These findings suggested that, under HG condition, there is
an increase in RNS accompanied by upregulation of iNOS
expression. The NO® upregulation in HG was mediated by
iNOS isoform and GSNO counteracted this effect. Based on
this, these data indicated that GSNO under DM milieu is not a
nitrosating agent but, instead, prevented RNS.

The Dual Effect of GSNO. To better understand whether
GSNO itself can generate NO under NG conditions indepen-
dently of iNOS, and whether in HG conditions GSNO can
inhibit NO production via NOS system, we assessed NO,
GSNO, and GSH levels under NG and HG conditions.

In the 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 compared to
NGHGSNO (P = 0.2). These observations indicated that in
NG, GSNO acts as an NO donor inducing nitrosative stress.
Under the HG conditions, there was a marked increase in the
NO levels compared to the NG condition (P = 0.001). In the
presence of GSNO alone or associated with AG, we observed
similar decreases in the NO® intracellular levels compared to
the HG conditions (P = 0.002). The combination of AG in the
presence of GSNO treatment did not further decrease NO®
levels, demonstrating that in HG conditions GSNO counteracts
NO" upregulation through iNOS inhibition (Fig. 7A).

The redox state of the GSH/GSSG combination is an
important indicator of the redox environment,*” and glutathi-
one dysregulation is linked with the etiology and progression
of human diseases.*® We quantified the GSH levels in ARPE-19
cells, and in the NG plus GSNO condition, we observed an
increase in GSH levels compared to 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, Fig. 7B). In the
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Ficure 8.  GSNO promotes S-glutathionylation of iNOS. ARPE-19 cell cultures at 80% of confluence were serum starved, then exposed to NG 5.5
mM; to NGHGSNO at 100 nM: to HG 30 mM; and to HGHGSNO at 100 nM for 24 hours. (A) Immunoprecipitation of cell lysate with GSNO-R
antibody incubated with GSNO-R antibody. The GSNO-R protein expression was measured by Western blot. Equal loading protein and transfer were
confirmed by Ponceau. Error bars represent the mean * SD expressed in arbitrary units of densitometry. *P = 0.05 versus NG. At least 3
independent experiments were performed for each assay. (B) Cell lysate was immunoprecipitated with the GSH protein complex antibody and
immunoblotted against iNOS. The GSIH-protein complexes were blotted against iNOS. Equal loading protein was ascertained by reprobing the
membranes for total GSH complex proteins. (C) Controls for Sglutathionylation of iNOS 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-glutathionylated iNOS at 130 kDa was present in cells
exposed to HG treated with GSNO: in cells exposed to NG in the presence of GSSG, the expression of S-glutathionylated iNOS was equally increased

as compared to HG plus GSNO, and DTT reversed this posttranslational iNOS modification.

NG conditions, the presence of GSNO resulting in GSH
increase might be due to an increase in its synthesis through
increased expression of y-glutamylcysteine synthetase®® pro-
moted 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 the UHPLC method. Curiously, in the NG
condition treated with GSNO, the levels of GSNO decreased
compared to the NG condition (P = 0.02). This intriguing
observation indicated that exogenous GSNO is catalyzed
rapidly by either by an enzymatic process or chemically
reacting with thiol groups as GSH leading to total GSNO
intracellular pool decreasing. The levels of GSNO are lower in
the HG compared to 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, Fig. 7C). In the HG condition,
GSNO improved nitrosative stress, not through the reestab-
lishment of GSH and/or GSNO levels.

GSNO Decreases NO® Levels in HG by S-Glutathiony-
lation of INOS. One possible mechanism by which GSNO
displays different effects under NG or HG conditions is through
GSNO-R, which reduces GSNO to GSSG. To address whether

GSNO-R has a role in decreasing NO levels under the
HGHGSNO treatment, we evaluated the expression of GSNO-
R. There was no difference between NG and NGHGSNO
treatment (P = 0.8); however, under HG, GSNO-R protein
expression was markedly decreased (P=0.05). The HG+GSNO
treatment increased GSNO-R protein expression, but did not
reach conventional statistical significance (P = 0.09, Fig. 8A).
This increase in GSNO-R in cells exposed to HG treated with
GSNO contributes to denitrosylation of GSNO leading to GSSG
release. The decrease of endogenous GSNO under NG+GSNO
treatment (Fig. 7C) also may be explained by the denitrosyla-
tion promoted by GSNO-R (Fig. 8A).

It was demonstrated previously that S-glutathionylation of
eNOS regulates its activity.*! To investigate whether similar
posttranslational 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 Sglutathionylated iNOS in NG alone or in
NG+GSNO. Under HG conditions, we observed a faint signal
that was markedly increased in the presence of GSNO. This
finding indicates that GSNO treatment promotes S-glutathiony-
lation of iNOS (Fig. 8B). To verify and confirm the specificity of
iNOS glutathionylation immunoblotting, we treated the cells
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glutathionylates iNOS, reducing NO production, thus, preventing nitrosative stress.

with GSSG 0.5 mM to induce S-glutathionylation or with the
reducing agent dithiothreitol (DTT) 0.25 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
reverses the S-glutathionylation of iNOS protein (Fig. 8C).
Taken together, these results suggested that nitrosative stress
was prevented by GSNO treatment through iNOS inhibition by
S-glutathionylation. The posttranslational modification proba-
bly was 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 in treating DR.

DiscussioN

In this innovative study, we described that GSNO eye drop
mitigated nitrosative stress and slowed the early structural
changes present in the retina, thus improving retinal function
in 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
exposed to HG, treatment with GSNO alleviated oxidative and
nitrosative stress by decreasing iNOS protein expression, thus
reducing intracellular NO® levels. In addition, GSNO-R expres-
sion was improved. Therefore, posttranslational modification
(Sglutathionylation) of iNOS by GSNO in ARPE-19 cells under
HG condition suggested its inhibition. This evidence further
explains the protective mechanism of GSNO. Rosenfeld et al.*?

already have identified a GSH binding site adjacent to the N-
NO-pterin of iNOS. However, under NG conditions, where the
intracellular GSH pool is high, the GSNO compound acts as a
donor of free NO.

Nitrosative stress is caused by overproduction of RNS.
Diabetic stimuli may trigger generation of excess superoxide,
which is converted rapidly to peroxynitrite (reaction of 0,™
with NO%), hydroxyl radicals (Fenton reaction or the iron-
catalyzed Taber-Weiss reaction), and hydrogen peroxide
(reaction catalyzed by superoxide dismutase). Peroxynitrite
can modify tyrosine residues in proteins to form nitrotyrosine.
Nitrotyrosine is a well-accepted indicator of RNS generation,
and this stable end product is involved in inactivating
mitochondrial and cytosolic proteins, resulting in damage to
cellular constituents. Moreover, nitrotyrosine can initiate lipid
peroxidation, increase DNA damage, deplete intracellular GSH
levels, and induce overexpression of proinflammatory factors
and adhesion molecules. Therefore, nitration is being increas-
ingly proposed as a contributor to tissue injury in human
diseases 4344

It is becoming increasingly clear that iNOS activity is
induced in rats and humans with DR.13%59¢ 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 VEGF receptor 2
(VEGFR2). At the same time, pathological retinal neovascular-
ization was considerably stronger in iNOS-expressing animals,
showing that iNOS plays a crucial role in retinal neovascular
disease 7 Tt also was shown that iNOS™~ mice display
protection from retinal cell apoptosis in an ischemic prolifer-
ative retinopathy model.*® Diabetic iNOS™ mice showed
downregulation of several inflammatory factors, nitration of
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proteins, superoxide production, and leucostasis, thus pre-
venting the formation of acellular capillaries and pericyte
ghosts.®® 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 iNOS, thus decreasing
NO levels. When NO generation by iNOS is pharmacologically
inhibited by the iNOS-specific inhibitor, AG, NO levels were
significantly decreased in the presence or absence of GSNO.
The use of AG in this present study used as a selective iNOS
inhibitor aimed to assess the mechanism by which GSNO
exerted the protective effects. By doing this, we could
demonstrate that this protective mechanism is through iNOS
inhibition.

In NG situations, treatment with GSNO evoked an increase
in nitrosative 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 spontancous 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
in these cells may contribute to these effects. Cells exposed to
HG showed decreased levels of GSNO-R protein expression,
and the supplementation of GSNO at 100 nM improved GSNO-
R protein expression and possibly increased the denitrosyla-
tion of GSNO, leading to GSSG generation (Fig. 9). A previous
work reported that GSSG induces S-glutathionylation of ¢eNOS
protein under oxidative stress, uncoupling it and, thus, altering
its function,®! and other investigators demonstrated that this
process was described in streptozotocin-induced animals.3°
The S-glutathionylation of NOS isoforms shows to be protective
or not, dependent of the physiology function of the isoform. In
this present work, Sglutathionylation of iNOS isoform is retinal
protective.

The GSNO-R acts only on GSNO, meaning that SNO
proteins are not substrates, and it controls protein S-nitro-
sylation by influencing the cellular equilibrium between SNO
proteins and GSNO.3' Others enzymatic systems, such as
human carbonyl reductase 1 (hCBR1), an NADPH-dependent
short chain dehydrogenase/reductase, has been demonstrated
to reduce GSNO.3? Previous studies using GSNO-R™~ mice
showed increased levels of SNO proteins and decreased
survival in mice when exposed to endotoxin, and these effects
are attenuated by an inhibitor of iNOS.53 Subsequent studies
demonstrated that GSNO-R deficiency is linked to Snitro-
sylation of the DNA repair enzyme.” In our in vitro model we
described decreased expression of GSNO-R accompanied by
reduction of GSNO levels in HG condition.

The present study showed, for the first time to our
knowledge, the therapeutic effect of GSNO eye drop in
counteracting nitrosative stress in an experimental model of
DR, with consequent improved retinal function. The GSNO
supplementation prevented nitrosative stress by reducing NO
generation through iNOS inhibition by S-glutathionylation
under diabetic milieu conditions. The regulation of the S-
nitrosoglutathione/glutathione system with RNS-based signal-
ing pathways might be potential therapeutic targets in ocular
diabetic complications.
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Purrose. Retinal pigment epithelium cells, along with tight junction (T]) proteins, constitute
the outer blood retinal barrier (BRB). Contradictory findings suggest a role for the 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 sensitive to nitrosative stress, and if
cocoa or epicatechin (EC) protects from this damage under diabetic (DM) milieu conditions.

Metnops. Cells of a human RPE line (ARPE-19) were exposed to high-glucose (HG) conditions
for 24 hours in the presence or absence of cocoa powder containing 0.5% or 60.5%
polyphenol (low-polyphenol cocoa [LPC] and high-polyphenol cocoa [HPC], respectively).

Resuvrrs. Exposure to HG decreased claudin-1 and occludin T] expressions and increased
extracellular matrix accumulation (ECM), whereas levels of TNF-o and inducible nitric oxide
synthase (iNOS) were upregulated, accompanied by increased nitric oxide levels. This
nitrosative stress resulted in S-nitrosylation of caveolin-1 (CAV-1), which in turn increased
CAV-1 traffic and its interactions with claudin-1 and occludin. This cascade was inhibited by
treatment with HPC or EC through 8-opioid receptor (DOR) binding and stimulation, thereby
decreasing TNF-a-induced iNOS upregulation and CAV-1 endocytosis. The TJ functions were
restored, leading to prevention of paracellular permeability, restoration of resistance of the
ARPE-19 monolayer, and decreased ECM accumulation.

Concuusions. The detrimental effects on TJs in ARPE-19 cells exposed to DM milieu occur
through a CAV-1 Snitrosylation-dependent endocytosis mechanism. High-polyphenol cocoa
or EC exerts protective effects through DOR stimulation.

Keywords: RPE, high glucose, tight junction, nitrosative stress, cocoa

Di:lbc'tic retinopathy (DR) is the most serious complication
of diabetic (DM) eve disease and is one of the most
common causes of irreversible blindness worldwide.! The RPE
is a monolayer of pigmented cells that separates the neural
of fenestrated
choriocapillaris, which serves as the major blood supply for
the photoreceptors, and therefore the RPE constitutes the outer
blood-retinal barrier (BRB). Impairment of the outer BRB is
increasingly recognized to play an important role in the
initiation and progression of early DR.23 The outer BRB is
responsible for transport of nutrients, ions, and water;
absorption of light and protection against photo-oxidation;
the visual cycle; phagocytosis of shed photoreceptor mem-
actors for preservation of the
structural integrity of the retina. It also contributes to the
immune-privileged status of the eye.*

Apart from these functions, the
composition in the subretinal space, which is crucial for the
maintenance of photoreceptor excitability. Any disturbance in
function of these cells necessarily has detrimental consequenc-
es for the retina.? Defects in RPE function are well documented

retina from a network

branes; and secretion of essential

to underlie a number of sight-threatening conditions, such as
AMD,? proliferative \-‘itI‘(‘()I‘Ctill()p:lthy,ﬁ and DR.2378 The
functioning of the RPE layer, measured by c-waves in ERGs, is
substantially reduced in experimental DM models.?1° However,
direct data for the effects of high glucose (HG) or hyperglyce-
mia on the tight junction ('TJ) integrity and transport functions
at the outer BRB are not completely understood. Tight
junctions expressed in the outer BRB control fluid and solute
entry into the retina, and this sealing function, which is
essential to retinal homeostasis, is impaired in DR.'" Our
previous work showed that ARPE-19 cells exposed to HG
displayed a decrease in claudin-1 expression,'? but the
mechanisms were not addressed.

Tumor necrosis factoro (TNF-o) was shown to induce a
focal intrajunctional concentration of occludin followed by
caveolin-1(CAV-1)-dependent endocytosis in the intestinal
epithelial cells.’® Caveolin-1, the main scaffolding protein of
caveolae, consists of a lipophilic, hairpin-shaped, helical
sequence embedded in the inner leaflet of the plasma
membrane, together with both N- and Cterminal cytoplasmic
domains. The N-terminus binds to signaling molecules that are

vessels called the

RPE stabilizes the ion
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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 therefore crucial to
understanding the possible roles of CAV and caveolae. '

Tight junctions are relatively cholesterolrich,'> and the
cholesterolhinding protein, CAV-1, was identified as a compo-
nent of T membrane microdomains more than a decade ago by
Nusrat and coworkers.'® Many studies have provided compel-
ling evidence that CAV-1 is involved in regulating endothelial
permeability.!” Cavelon-1 can be precipitated and it binds
independently to claudin-2 and occludin in MDCK 1T cells,
suggesting a potential mechanism for selective retrieval of TJ
components.'™® 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.

The 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 eye.' Rat
RPE cells express inducible nitric oxide synthase (iNOS) and
produce nitric oxide (NO) in response to inflammatory
cytokines and activated T cells.?%2! In addition, 48 hours of
HG exposure causes an increase in iNOS expression in ARPE-
19 cells.?2 Recently, activation of opioid receptors, particularly
the dopioid receptor (DOR), was demonstrated to block
proinflammatory cytokines, such as TNF-» in the retina under
ischemia/reperfusion conditions.??

Epicatechin (EC), the predominant flavonoid present in
dark chocolate, is a well-known antioxidant.2* Structure-
activity relationships of flavonoids with opioid receptor ligands
show binding activity in vitro.252¢ The purpose of this study
was to evaluate the mechanism by which TJs are decreased in
ARPE-19 cells under HG conditions and to determine whether
cocoa powder, through its EC content, could prevent this
effect. Our data revealed that HG promotes an increase in TNF-
o levels and iNOS expression, accompanied by an increased
production of NO and a resulting nitrosative imbalance.
Consequently, CAV-1 is Snitrosylated, thereby modulating the
claudin-1/occludin CAV-1 interactions and CAV-1 traffic.
Epicatechin, through its opioid receptor binding capacity,
activates DOR and decreases TNF-a-induced CAV-1 endocyto-
sis. As a result, the claudin-1 and occludin levels are restored in
the TJs, leading to reestablishment of paracellular permeability
and restoration of the resistance of ARPE-19 monolayers.

MATERIALS AND METHODS

Characteristics of Low- and High-Polyphenol
Content Cocoa Powder

Cocoa powders with different amounts of polyphenol were
provided by Barry Callebau. The composition of cocoa was the
same in both preparations, with the only difference being in
the amounts of polyphenol: 0.5% for low-polyphenol cocoa
(LPC) and 60.5% for high-polyphenol cocoa (HPC). The
quantitative analysis of HPC composition is shown in
Supplementary Figure S1.

The ARPE-19 Cell Line Culture

The human RPE cell line (ARPE-19) was obtained from the
Federal University of Rio de Janeiro (RJCB Collection) at
passage 28. Cell cultures at 70% to 90% confluence were serum
starved with a fetal bovine serum (FBS) concentration of 1%,
and then were exposed to normal glucose (5.5 mM =NG>7) or
HG (30 mM = HG); or HG plus 100 ng/mL LPC (HGH+LPC) or
HPC (HG+HPC) for 24 hours in the presence or absence of the
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NOS nonselective inhibitor L-NAME and the iNOS-specific
inhibitor aminoguanidine (AG) (2 pM-2 mM), EC (0.38 nM-380
nM), naltrindole (Nalt) (10 nM-100 pM) (Sigma-Aldrich, St.
Louis, MO, USA); Snitrosoglutathione (GSNO) (10 nM-10puM)
(synthesized at the Chemistry Institute, State University of
Campinas [UNICAMP] as previously described®®), and TNF-x
(10-100ng/mb) (Calbiochem-Novabiochem, La Jolla, CA, USA).
The potential interference of glucose osmolarity in ARPE-19
cells was checked by treating cells with 30 mM mannitol for 24
hours. The cytotoxicity of treatments on ARPE19 cells was
determined by a thiazolyl blue tetrazolium bromide (MTT)
colorimetric assay.?? Concentrations that caused less than 10%
cell toxicity were chosen for the experimental treatments
(Supplementary Fig. 52).

Immunofluorescence Assays

The immunofluorescence assays in ARPE-19 cells were
performed as previously published.® The cover glasses with
fixed cells were incubated with the appropriate primary
antibodies: anti-claudin-1, occludin, ZO-1 (Zymed Lab Gibco;
Invitrogen, Carlsbad, CA, USA); FN (CalbiochenrNovabio-
chem); ColIV (Southern Biotech, Birmingham, AL, USA),
CAV-1 (Santa Cruz Biotechnologies, Santa Cruz, CA, USA),
and Cellular retinaldehyde-binding protein (CRALBP; Thermo
Scientific, Waltham, MA, USA) overnight at 4°C, and the
appropriate secondary antibodies were applied for 1 hour at
room temperature.

Western Blotting Analysis

Western blotting was performed as previously described.!?
Membranes were incubated overnight at 4°C with the
appropriate  primary antibodies: anti-claudin-1, occludin-1,
Z0-1 (Zymed Lab Gibco; Invitrogen); FN (Calbiochem-Nova-
biochem); Col-IV (Southern Biotech) and iNOS (Cell Signaling
Technology, USA) and the appropriate secondary antibodies
were applied for 1 hour at room temperature. Equal loading
and transfer were ascertained by reprobing the membranes for
Ractin. Exposed films were scanned with a densitometer (Bio-
Rad, Hercules, CA, USA) and analyzed quantitatively with Multi-
Analyst Macintosh Software for Image Analysis Systems
(Hercules, CA, USA). The arbitrary unit of densitometry was
transformed to fold increment.

Measurement of Permeability to Dextran and
Paracellular Epithelial Electrical Resistance

The integrity of TJs in cell culture is generally measured using
transe pithelial electrical resistance (TER) and/or paracellular
tracer flux,3? as previously described with some modifications.
The ARPE-19 cells were placed on a Transwell-Clear Polyester
Membrane Insert (HTS, Costar; Coming, Inc., Corning, NY,
USA). At day 5, a monolayer structure was observed and the
complete medium was replaced by a medium with the
treatments. The permeability of the RPE cells was determined
by measuring the apical-to-basolateral movements of FITC
dextran (40 kDa; 100 pg/mL) (Sigma-Aldrich, St. Louis, MO,
USA). Sample fluorescence was measured at an excitation
wavelength of 485 nm and emission wavelength of 528 nm
with a microplate fluorescence reader (SynergyMx; Biotek,
Winooski, VI, USA). For dextran permeability, at least three
samples of each condition in four independent experiments
were considered for area under the curve (AUC) analysis at 30,
60, 120, and 240 minutes. The AUC values were calculated by
adding the areas under the graph between each pair of
consecutive observations, as follows: (T, — T)(Y, +Y,)/2.3! To
compare independent experiments, AUC values were calculat-
ed and expressed by fold increment.
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Ficure 1.
ARPE-19 and primary pRPE cells under the HG condition and the

Expression of claudin-1, occludin, and ZO-1 TJ proteins in

effects of LPC and HPC treatments. The expression of TJs was
evaluated after 24 hours in NG, HG, HGHIPC, or LPC (100 ng/mL)
conditions. Mannitol (Man.) was used as an osmotic control. (A, B, C)
Western blot for claudin-1, occludin, and ZO-1 expressions, respec-
tively, in total ARPE-19 cell lysates. Equal loading and transfer were
confirmed by reprobing the membranes for -actin. The arbitrary unit
of densitometry was transformed to a fold increment. The bars
represent mean £ SD. *P < 0.03 versus NG; “P < 0.03 versus HG.
Confocal immunofluorescence images showing claudin-1, occludin,
and ZO-1 immunolocalization. The marked TJs are shown in green
(located on cell membrane) and the nucleus is indicated in red in the
confocal microscopic field (magnification X630). At least three
independent experiments were performed for each assay. (D) Western
blot and immunofluorescence for claudin-1 in pRPE cells. Equal loading
and transfer were confirmed by reprobing the membranes for -actin.

High-Polyphenol Cocoa Preserved the Integrity of
TJs of ARPE-19 Cells Exposed to Diabetic (DM)
Milieu Conditions

We investigated the integrity of the monolayer of ARPE-19 cells
by evaluating the expression of the TJ proteins claudin-1,
occludin, and ZO-1. The ARPE-19 cells exposed to HG
conditions for 24 hours showed a decrease in the expression
of claudin-1 and occludin proteins when compared with the
NG control (P < 0.03). Immunofluorescence assays revealed
less staining of these TJ proteins on the cell membrane under
HG conditions. This decrease was prevented by HPC (P <
0.03) but not by LPC (P > 0.2). Immunofluorescence
measurements for cells exposed to mannitol, used as an
osmotic control, were not significantly different from the NG
values (P = 0.7) (Figs. 1A, 1B).
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Ficure 2. High-polyphenol cocoa prevents the ECM accumulation in
ARPE-19 cells under HG conditions. The expression of ECM materials
was evaluated after treating with NG, HG, HGHIPC, or LPC (100
ng/mL) for 24 hours. (A, C) Western blot for fibronectin and collagen-
IV expression, respectively, in total cell lysates. Equal loading and
transfer were ascertained by reprobing the membranes for -actin. The
arbitrary unit of densitometry was transformed to fold increments in
relation to the NG treatment in each experiment to compare
independent experiments. The bars represent mean * SD. *P < 0.02
versus NG: “P < 0.05 versus HG. (B, D) Immunofluorescence images
showing collagen-IV and fibronectin expression and localization.
Collagen-IV is marked in red and the nuclei by 4'.6-diamidino-2-
phenylindole (DAPI), and fibronectin is marked in red green and the
nuclei with propidium iodide (PD). Both are localized on the membrane
under a microscopic field (magnification X630). At least three
independent experiments were performed for each assay.

In contrast, ZO-1 expression was increased in response to
HG, compared with NG conditions (P = 0.03); the treatment
with HPC significantly prevented this increase compared with
HG (P = 0.001) (Fig. 1C). The LPC treatment showed a
tendency toward a decrease compared with HG, but the
difference did not reach statistical significance (P = 0.09).

In addition, the expression of claudin-1 in pRPE cells (Fig.
1D) showed significant decreases compared with NG medium
(P = 0.01) and in the presence of HPC, this alteration was
prevented (P = 0.03 versus HG).

High-Polyphenol Cocoa Prevented Extracellular
Matrix Accumulation in Cells Exposed to HG
Conditions

The RPE cells play a crucial role in the survival of
photoreceptors, the choriocapillaris, and the choroid through
the release of growth factors and production of extracellular
matrix (ECM).*3® The changes and disorganization of TJ
proteins observed under HG conditions means that the
ARPE-19 monolayer barrier must depend on ECM accumula-
tion. After 24 hours under HG, the cells showed upregulated
production of collagen TV and fibronectin proteins when
compared with NG conditions (P < 0.02), and the treatment
with HPC prevented this alteration (P < 0.05) (Fig. 2). Thus,
the ARPE-19 cells exposed to HG for 24 hours showed a
profound disturbance of TJ protein expression accompanied
by accumulation of ECM proteins, but HPC prevented these
abnormalities.
(permeability and resistance) of this monolayer barrier.

Therefore, we assessed the functional features
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Ficure 3. High-polyphenol cocoa protection against RPE dysfunction
in ARPE-19 cells under HG conditions. The permeability and TER of the
RPE cells were determined after 24 hours in NG, Man., HG, HGHIPC,
or LPC (100 pg/mL) conditions. Mannitol was used as an osmotic
control. (A) Permeability was measured by the apical-to-basolateral
movements of FITC dextran (40 kDa). Samples (200 pL) were collected
from the basolateral side at 30, 60, 120, and 240 minutes after adding
the molecules. (B) The bars represent fold increment (mean =+ SD) of
AUC of ARPE-19 cells’ monolayer permeability at each condition. *P =
0.05 versus NG; “P = 0.02 versus HG. (C) Transepithelial electrical
resistance measurements expressed in fold increment of resistance
values (mean £ SD). *P = 0.008 versus NG; “P = 0.01 versus HG.

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

We investigated whether the observed changes could influence
the functional features of the ARPE-19 monolayer barrier by
measuring its paracellular permeability (by assessing apical-
basolateral movements of FITC-dextran) and its TER. The cells
grown under HG conditions showed significantly lower
dextran diffusion accompanied by higher TER, when com-
pared with the NG condition (P = 0.05 and P = 0.008,
respectively). Similar to the previous results, only HPC
significantly protected the normal barrier function (P = 0.02
and P = 0.01 for dextran permeability and TER, respectively)
(Fig. 3). The ARPE-19 cells showed no differences from the NG
control when grown in mannitol (P = 0.7).

One possible mechanism by which the TJ claudin-1 and
occludin expressions are decreased in the HG condition could
involve a CAV-1 endocytosis phenomenon. In vitro studies
have reported occludin endocytosis via macropinocytosis,
clathrin-coated pits, and caveolae. 31! We tested the potential

involvement of endocytosis by examining the formation of
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Ficure 4. High-polyphenol cocoa prevented CAV-1/claudin-1 and

occludin complexes and CAV-1 intemalization. The expressions of

CAV-1/claudin or occludin complexes and CAV-1 were evaluated after a
24-hour treatment with NG, HG, HGHIPC, or HGHL.PC (100 ng/mL).
(A, B) Immunoprecipitation of cell lysate with CAV-1 antibody
incubated with claudin-1 or occludin antibodies, respectively. The
CAV-1/claudin or occludin complex expressions were measured by
Western blotting. Equal loading and transfer were ascertained by
reprobing the membranes for CAV-1.The arbitrary unit of densitometry
was transformed to fold increments in relation to the NG data in each
experiment to compare independent experiments. The bars represent
mean * SD in both experiments. P < 0.04 versus NG: “P < 0.04
versus HG. (C) Immunofluorescence images showing CAV-1 expression
and localization. Caveolin-1 was marked in green and the nuclei with PI
under the microscopic field (magnification X630). At least three
independent experiments were performed for each assay. (D)
Immunofluorescence images showing CAV-1 expression and localiza-
tion in pRPE cells marked in green (magnification X630).

CAV-1/claudin-1 and CAV-1/occludin complexes by immuno-
cytochemistry.

High-Polyphenol Cocoa Prevented the Formation
of CAV-1/Claudin-1 and CAV-1/Occludin
Complexes in ARPE-19 Cells Under HG Conditions

In the HG condition, a clear augmentation of CAV-1/claudin-1
and CAV-1/occludin binding occurred when compared with
the NG condition (P < 0.04); the presence of HPC suppressed
these interactions when compared with the HG condition (P <
0.04) (Figs. 4A, 4B). Immunolocalization of the CAV-1 protein
on the ARPE-19 monolayer revealed a uniform distribution of
CAV-1 in all parts of the cell, membrane, cytoplasm, and
nucleus in the NG condition. Exposure of the cells to HG
caused a massive internalization of CAV-1, which formed
roundish structures in the cytoplasm compatible with caveo-
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somes. These structures are associated with endocytosis. The
LPC seemed to attenuate this process, and HPC clearly
prevented this endocytosis (Fig. 4C). In agreement with this
finding, pRPE cells also displayed a similar translocation of
CAV-1 from the membrane to the nucleus and HPC treatment
prevented this change (Fig. 4D).

Collectively, these results suggest that the HG condition
promotes a decrease in expression of TJ claudin-1 and occludin
in ARPE-19 cells that is associated with caveosome formation.
The protective effect of cocoa powder was at least partly
dependent on the amounts of polyphenols present in the
cocoa treatment.

Epicatechin, the Main Polyphenol in Cocoa,
Counteracts Nitrosative Stress and Prevents CAV-1
S-Nitrosylation

Tumor necrosis factor-o has been shown to stimulate occludin
endocytosis via caveolin in intestinal epithelial cells,*2 but the
mechanism by which it increases internalization and trafficking
of CAV-1 is unclear. Post-translational modifications of CAV-1,
such as ubiquitination®® and phosphorylation®® at the N-
terminal near the scaffolding domain, are involved in the
increased trafficking. Tumor necrosis factor-o is also known to
increase NO production by regulating iNOS; therefore, we
examined the direct modification of the assembly and mobility
of CAV-1 by Smitrosylation as a potential mechanism for
regulation of vesicular trafficking in ARPE-19 cells.

We first evaluated the levels of oxidative and nitrosative
stress in our system. Cells exposed to HG showed an increase
in total ROS production compared with the NG condition (P <
0.0001). This effect was suppressed by LPC treatment (P =
0.01) and was strongly suppressed by HPC treatment when
compared with HG (P < 0.0001) or LPC conditions (P = 0.01).
We tested the effect of EC, the most abundant polyphenol
present in cocoa, using the corresponding percentages found
in the LPC and HPC powders (0.15% and 12%, respectively).
Only the higher EC concentration was effective in suppressing
the HG-induced increase in ROS production (P = 0.0005) (Fig.
5A). This demonstrates that the high polyphenol levels present
in the HPC counteracted the increase in ROS production in
ARPE-19 cells exposed to HG.

The NO pathways potentially involved in ROS production in
HG conditions were then investigated by the colorimetric
method for detection of intracellular ROS, H;DCFDA. The
presence of HPC or the unspecific NOS blocker, NexNitro-L-
arginine methyl ester hydrochloride (L-NAME), prevented the
increase in ROS levels seen with HG (P < 0.02). Concomitant
treatments of L-NAME+HPC or LNAME+EC under HG condi-
tions showed no additive effects. The significant difference
observed between HGHL-NAME+HPC and HGHL-NAME+EC (P
= 0.05) suggests that other cocoa compounds might exert a
protective effect through different pathways (Fig. 5B).

We then evaluated the production of intracellular NO by the
DAF-2DA method and the specific effect of EC on this
production. We observed an increase in NO production in
cells exposed to HG compared with the NG condition (P =
0.008). Treatment with HPC or the corresponding EC
percentage prevented this increase (P < 0.005) (Fig. 50),
suggesting a specific effect of EC on the NO system. We also
confirmed the source of NO by assessing iNOS expression. As
expected, iNOS was upregulated under HG conditions (P =
0.003), and this upregulation was abolished in the presence of
HPC (P = 0.007) (Fig. 5D).

The presence of nitrosative stress induced by iNOS in our
system prompted us to investigate whether CAV-1 was
nitrosylated by the excessive amounts of NO. The nitrosylation
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Figure 5. Epicatechin, the main phenolic compound in HPC,
counteracts nitrosative stress. Measurements of intracellular ROS and
NO production after treatment with NG, HG, HGHIPC, or LPC (100
ng/mL) for 24 hours; the EC content in the HGHEC treatment
corresponds to the percentage of EC found in the LPC and HPC
(0.25% and12%, respectively). (A, B) Total intracellular ROS production
determined by the H,DCFDA fluorescence method. (A) The effects of
EC amounts on ROS production. Bears represent the mean * SD of
fluorescence units obtained with an ELISA reader and corrected by the
number of cells at the end of each treatment. Mannitol was used as an
osmotic control. *P < 0.0001 versus NG: *P < 0.01 versus HG group.
(B) The NOS nonselective inhibitor L-NAME (2 mM) was used to test
the role of EC in downregulating ROS production via the NO system.
Bars represent the mean * SD of fluorescence units obtained with an
ELISA reader and corrected by the number of cells at the end of each
treatment. *P < 0.03 versus NG; *P < 0.02 versus HG; TP = 0.05 versus
HGHLNAMEHEC. (€©) Intracellular NO production measured by the
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 = 0.008 versus NG; “P < 0.005 versus HG.
(D) Western blot of iNOS expression in total cell lysates. Equal loading
and transfer were confirmed by reprobing the membranes for 8-actin.
‘The arbitrary unit of densitometry was transformed to fold increments
in relation to the NG treatment in cach experiment to compare
independent experiments. The bars represent mean = SD. P = 0.003
versus NG: “P = 0.007 versus HG. At least three independent
experiments were performed for each assay.

NG HG

HGHPE  HGHHPT  HEOEC HGEC

(HLPT)  (WHPC) HGHHPT

of CAV-1 was assessed by immunoprecipitation experiments
and analyzed by spectrofluorometry with the DAN method and
Western blots (Figs. 6A, 6B). Figure 6A shows the NO release
from S-nitrosylated CAV-1 detected by DAN. Cells incubated
with an NO donor (NG+GSNO) as a positive control or in HG
showed a clear induction of Smitrosylation of the CAV-1
molecule (P < 0.0001). Treatment with HPC, EC, or the iNOS
inhibitor AG equally prevented this process (P < 0.002). The
combination of AG and HPC showed an additional effect
compared with HPC alone (P = 0.05), suggesting that other
cocoa compounds might act in this pathway. However, the
HGHAGHEC treatment did not show any additional effects
compared with HGH+EC (P = 0.06), indicating that the main
action of EC is in the prevention of CAV-1 Snitrosylation via
iNOS downregulation (Fig. 6A).

In line with the fluorometric ays, HG treatment caused a
significantly increased expression of Smitrosylated CAV-1
compared with the NG condition (P < 0.0001). The HPC
and EC were equally effective at suppressing this expression
when compared with HG (P = 0.5). The combined
HGHAGHHPC treatment again indicated an additional effect
when compared with HGHIPC (P = 0.04), and no difference
was noted between the HGHEC and HGHAGHEC treatments (P
= 0.2) (Fig. 6B).
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Ficure 6. Epicatechin counteracts nitrosative stress and prevents S-
nitrosylation of CAV-1. Measurement of CAV-1 S-nitrosylation after
treatment with NG, HG, HGHIPC (100 ng/mL), or HGHEC (12 ng/mlL)
for 24 hours. The specific iNOS blocker aminoguanidine (AG) was used
at a concentration of 2 mM to assess the protective effects of EC via
downregulation of iNOS. (A) Fluorometric measurement of CAV-1 S
nitrosylation using the diaminonaphthalene (DAN) assay. S-nitrosoglu-
tathione (1 pM) was used as a positive control for the induction of CAV-
1 S-nitrosylation. The fluorescence units obtained via ELISA reader
were transformed to fold increments in relation to the media of NG in
cach experiment to compare independent experiments. Bars repre-
sent the mean = SD. *P < 0.0001 versus NG conditions; *P < 0.002
versus HG treatment; TP = 0.05 versus HGHIPC. (B) Expression of S
nitrosylated CAV-1. Western blot of cell lysate immune precipitated
with S-Nitroso-Cysteine (SNO-Cys) antibody and immunoblotted for
antiFCAV-1. Equal loading and transfer were ascertained by reprobing
the membranes for SNO-Cys antibody. The arbitrary unit of densitom-
ctry was transformed to fold increments in relation to the NG
treatment in each experiment to compare independent experiments.
The bars represent mean = SD in both experiments. *F < 0.0001
versus NG; “P < 0.002 versus HG; TP = 0.04 versus HGHIPC. At least
three independent experiments were performed for each assay.

We next investigated whether the nitrosylation of the CAV-1
molecule interferes in the interaction between CAV-1 and the
TJs and the CAV-1 internalization by studying the endocytosis
of CAV-1.

Epicatechin Prevents CAV-1 Endocytosis and This
Effect is Dependent on TNF-a—iNOS Upregulation
Via the 6-Opioid Receptor (DOR)

We measured the TNF-2 levels in the supernatant of these cells
and observed an increase in cells exposed to HG compared
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Ficure 7. Epicatechin prevents TNFodNOS upregulation through

DOR. (A) Measurement of TNF-o levels in the supematant of ARPE-19
cells by ELISA. We used a specific DOR blocker, naltrindole (Nalt), at a
concentration of 10 pM to investigate whether the effects of EC are
dependent on the DOR receptor. The absorbance values were
corrected for protein concentration and expressed as pg/mL/pg. P =
0.002 versus NG: “P < 0.03 versus HG; TP < 0.0008 versus HGHIPC
and HGHEC, respectiv (B) Western blot for iNOS expression in total
cell lysates. Tumor necrosis factora, at a concentration of 40 ng/mlL,
was used to induce iINOS expression. Equal loading and transfer were
confirmed by reprobing the membranes for B-actin. The arbitrary units
of densitometry were transformed to fold increments in relation to the
NG treatment in cach experiment to compare independent experi-
ments. The bars represent mean = SD. *P < 0.01 versus NG: “P < 0.02
versus; TP = 0.04 versus HGHEC. At least three independent
experiments were performed for each assay.

with NG (P = 0.002), and both HPC and EC were equally
effective at preventing this increase (P < 0.03) (Fig. 7A).
Activation of opioid receptors is known to reduce TNF-o
production in the retina model of ischemic/reperfusion??;
therefore, we used the DOR blocker naltrindole (Nalt) to test
whether opioid receptors were involved in the TG effects on
ARPE-19 cells. The addition of Nalt abolished the effects of
HPC or EC compared with controls (P < 0.0008) (Fig. 7A),
indicating that EC modulates TNF-a via DOR receptor.

We then assessed whether TNF-o could induce iNOS
upregulation in the ARPE-19 cells and if the DOR was involved
in this modulation. As expected, TNF-a treatment increased
iNOS expression compared with the NG condition (P =
0.00006) and treatment with EC prevented this stimulation (P =
0.001). The addition of Nalt abrogated this effect when
compared with the NGHTNF-o+EC treatment (P = 0.0002).
As expected, ARPE-19 cells under HG conditions showed
increased iINOS expression (P = 0.008 versus NG conditions),
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sponse to the proinflammatory mediator thrombin. This
weakens the association of catenin with VE-cadherin and the
junction-associated actin filaments are lost, thereby compro-
mising the barrier function.>”

Abnormalities in gene expression of CAV-1 have been linked
to DR,58 but the possible involvement of the CAV-1/caveolae in
the outer retina needs to be better understood. The caveolae of
RPE cells have a unique bipolar distribution,® but their
functions in either the apical or basolateral RPE membrane
domains have not been elucidated. Previous work showed that
ablation of CAV-1 resulted in reduced inner and outer retinal
functions, whereas Car-1 knockout 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.®® Posttranslational modifications of CAV-1, such
as ubiquitination®! and phosphorylation3® of the N-terminal
near the scaffolding domain, resulted in exacerbated traffick-
ing. In line with our present data, these authors demonstrated
that CAV-1 SNO is an important regulatory mechanism
controlling caveolar trafficking in endothelial cells.

The opioid receptor family comprises three members, the p-,
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 superfamily, and are recognized
as excellent therapeutic targets for pain control.? Activation of
one or more opioid receptors by morphine can reduce
ischemic/reperfusion injury by the suppression of TNF-o
production in the retina. Naloxone, an opioid antagonist, can
reverse the morphine-induced suppression of TNF-a production
in vitro.?* Epicatechin, the predominant flavonoid component
present in cocoa and dark chocolate, is a wellkknown
antioxidant associated with a lower risk of stroke and heart
failure.®3-%% Moreover, ECinduced cardiac protection has shown
a dependence on DOR stimulation.2% In the present study, we
demonstrated that the increase in TNF-u levels in ARPE-19 cells
exposed to HG is abolished when the cells were treated with
HPC or the corresponding amount of EC, which effectively
neutralized the HG effect; this 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, thereby modulating
TNF-a action. The crystal structure of the mouse DOR, bound to
the subtype-selective antagonist Nalt,® has indicated that
blocking the DOR with oral administration of Nalt resulted in
a decrease of the cardiac protective effect of EC on mitochon-
drial structure in mice.%”

In conclusion, we identified EC as a negative regulator of
the CAV-1 nitrosylation that occurs in retinal pigmented
epithelium cells under DM milieu conditions due to activation
of DOR. Caveolin-1 plays an important role in major discases,
such as cancer,®® atherosclerosis,® DM complications,”® and
inflammation”?; therefore, our findings might provide insights
into the regulation of claudin-1 and occludin by CAV-1
internalization in RPE cells exposed to HG conditions, as well
as in other pathological conditions.

Acknowledgments

The authors thank the staff of the Life Sciences Core Facility from
the University of Campinas for support with confocal microscopy.
The authors thank the personnel from the Renal Pathophysiology
Laboratory, School of Medical Sciences, and University of
Campinas for their invaluable help with this work.

Supported by the Fundacio de Amparo a Pesquisa do Estado de
Sao Paulo (Grants 2008/57560-0 and 2011/06719-1). MABR

I0VS | September 2014 | Vol. 55 | No. 9 | 6098

received a scholarship from Coordenacdo de Aperfeicoamento de
Pessoal de Nivel Superior.

Disclosure: M.A.B. Rosales, None; K.C. Silva, Nonc; D.A.
Duarte, Nonc; F.A. Rossato, None; J.B. Lopes de Faria, Nong;
J.M. Lopes de Faria, Nonc

References

1. Frank RN. Diabetic retinopathy. N Engl J Med. 2004;350:48-
58.

2. Simo R, Villarroel M, Corraliza L, Hernandez C, Garcia-Ramircz
M. The retinal pigment epithelium: something more than a
constituent of the blood retinal barrier—implications for the
pathogenesis of diabetic retinopathy. J Biomed Biotechnol.
2010;2010:190724.

3. Xu HZ, Le YZ. Significance of outer blood-retina barrier
breakdown in diabetes and ischemia. fnvest Opbthalniol Vis
Sci. 2011;52:2160-2164.

4. Strauss O. The retinal pigment epithelium in visual function.
Physiol Rev. 2005;85:845-881.

5. Eagle RC Jr. Mechanisms of maculopathy. Opbthbalinology.
1984:91:613-0625.
6. Dorey CK, Wu G, Ebenstein D, Garsd A, Weiter JJ. Cell loss in

the aging retina: relationship to lipofuscin accumulation and
macular degeneration. Invest Opbthalmol Vis Sci. 1989;30:
1691-1699.

7. Vinores SA, Gadegbcku C, Campochiaro PA, Green WR.
Immunohistochemical localization of blood-retinal barrier
breakdown in human diabetics. Am J Patbol. 1989;134:231-
235.

8. Hewitt AT, Adler R. Retina: Basic Science and Inberited
Retinal Disease. 1st ed. St. Louis: Mosby: 1989:58-71.

9. Pautler EL, Ennis SR. The effect of induced diabetes on the

clectroretinogram components of the pigmented rat. Invest

Opbthalmol Vis Sci. 1980;19:702-705.

Samuels IS, Lee CA, Petrash JM, Peachcy NS, Kern TS.

Exclusion of aldose reductase as a mediator of ERG deficits

in a mouse model of diabetic eye discase. Vis Neurosei. 2012;

29:267-274.

11. Villarroel M, Garcia-Ramirez M, Corraliza L, Hernandez C, Simo
R. High glucose concentration leads to differential expression
of tight junction proteins in human retinal pigment epithelial
cells. Endocrinol Nutr. 2009:56:53-58.

12. Silva KC, Rosales MA, Hamassaki DE, et al. Green tea is
neuroprotective in diabetic retinopathy. fnevest Opbthalmol

Vis Sci. 2013;54:1325-1330.

13. Marchiando AM, Shen L, Graham WYV, et al. Caveolin-1-
dependent occludin endocytosis is required for TNF-induced
tight junction regulation in vivo. J Cell Biol. 2010;189:111-
126.

14. Parton RG, Simons K. The multiple faces of caveolae. Nat Rev
Mol Cell Biol. 2007:8:185-194.

15. Feltkamp, CA, Van der Waerden AW, Junction formation
between cultured normal rat hepatocytes. An ultrastructural
study on the presence of cholesterol and the structure of
developing tight-junction strands. J Cell Sci. 1983:63:271-286.

16. Nusrat A, Parkos CA, Verkade P, et al. Tight junctions are
membrane microdomains. J Cell Sci. 2000;113:1771-1781.

17. Schubert W, Frank PG, Razani B, Park DS, Chow CW, Lisanti
MP. Caveolac-deficient endothelial cells show defects in the
uptake and transport of albumin in vivo. J Biol Chem. 2001;
276:48619-48622.

18. Itallic CM, Anderson JM. Caveolin binds independently to
claudin-2 and occludin. Ann N Y Acad Sci. 2012:1257:103-

107.

19. Holtkamp GM, Kijlstra A, Peck R, de Vos AE Retinal pigment
epithelium-immune system interactions: cytokine production

10.

Apéndice

132



Investigative Ophthalmology & Visual Science

Cocoa Protects Tight Junction/Cav 1-Interaction

ARPE-19 cells under endoplasmic reticulum stress. Curr Eye
Res. 2011;36:1153-1163.

56. Zheng L, Du Y, Miller €. et al. Role of inducible nitric oxide

59.

60.

o1.

62,

63.

synthase in degeneration of retinal capillaries in mice with
streptozotocindnduced  diabetes. Diabetologia. 2007:50:
1987-1996.

. Kronstein R, Secbach J, Grossklaus S, et al. Caveolin-1 opens

cendothelial cell junctions by targeting catenins. Cardiovasc
Res. 2012;93:130-140.

. Klaassen I, Hughes JM, Vogels IMC, Schalkwijk CG, Van

Noorden CJE Schlingemann RO. Altered expression of genes
rclated to blood-retina barrier disruption in streptozotocin
induced diabetes. Exp Eye Res. 2009;89:4-15.

Mora RC, Bonilha VL, Shin BC, et al. Bipolar assembly of
caveolae in retinal pigment epithelium. Am J Physiol Cell
Physiol. 2006;290:832-843.

Li X, McClellan ME, Tanito M, et al. Loss of caveolin-1 impairs
retinal function due to disturbance of subretinal microenvi-
ronment. J Biol Chem. 2012;287:16424-16434.

Kirchner P, Bug M, Meyer H. Ubiquitination of the N-terminal
region of caveolin-1 regulates endosomal sorting by the VCP/
PY7 AAA-ATPasc. | Biol Chem. 2013;288:7363-7372.

Pradhan AA, Befort K. Nozaki C, Gaveriaux-Ruff C, Kieffer BL.
The delta opioid receptor: an evolving target for the treatment
of brain disorders. Trends Pharmacol Sci. 2011:32:581-590.

Engler MB, Engler MM. The emerging role of flavonoid-rich
cocoa and chocolate in cardiovascular health and discase.
Nutr Rev. 2000;64:109-118.

064.

068.

69.

70.

Apéndice

133

I0VS | September 2014 | Vol. 55 | No. 9 | 6100

Ramiro-Puig E, Castell M. Cocoa: antioxidant and immuno-
modulator. Br J Nutr. 2009;101:931-940.

5. Steffen Y, Schewe T, Sies H. Myeloperoxidase-mediated LDL

oxidation and endothelial cell toxicity of oxidized LDL:
attenuation by (—)»cpicatechin. Free Radic Res. 2006:40:
1076-1085.

. Granier S, Manglik A, Kruse AC, et al. Structure of the d-opioid

receptor bound to naltrindole. Nature. 2012:485:400-404.

7. Panncerselvam M, Ali 88, Finley JC, et al. Epicatechin

regulation of mitochondrial structure and function is opioid
receptor dependent. Mol Nutr Food Res. 2013;57:1007-1014.

Yu S8, Fan |, Liu L, Zhang L, Wang S, Zhang J. Caveolin-1 up-
regulates integrin o2,6-sialylation to promote integrin o5p1-
dependent hepatocarcinoma cell adhesion. FEBS Lett. 2013;
587:782-787.

RodriguezFeo JA, Hellings WE, Moll FL, et al. Caveolin-1
influences vascular protease activity and is a potential
stabilizing factor in human atherosclerotic discase. PLoS
One. 2008;3:¢2612.

Cassuto ], Dou H, Czkora 1, et al. Peroxynitrite disrupts
endothelial caveolae leading to eNOS uncoupling and
diminished flow-mediated dilation in coronary arterioles of
diabetic patients. Diabetes. 2014;63:1381-1393.

. Wang Y, Wang X, Lau WB, et al. Adiponectin inhibits TNF-o-

induced vascular inflammatory response via caveolin-mediated
ceramidase recruitment and activation. Cire Res. 2014;28:
792-805.



134



