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Epigrafe

"Science is not about
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'facts'. It is a method for
asking awkward questions
and subjecting them to a
reality-check, thus
avoiding the human
tendency to believe
whatever makes us feel
good. " T. Pratchett



RESUMO

Queliconi, B.B. Bicarbonato/CO, Aumenta Dano em Isquemia-Reperfusdo: da
observacado inicial a caracterizacdo molecular. 2014, 143p. Tese (Doutorado) -
Programa de PoOs-Graduacdo em Ciéncias (Bioguimica). Instituto de Quimica,
Universidade de Sao Paulo, S&do Paulo.

Bicarbonato é uma importante espécie quimica para 0s seres Vvivos, sendo 0
principal tamp&o celular, alem de apresentar uma negligenciada atividade redox.
Isquemia € um evento no qual existe inibicdo do aporte de nutrientes e oxigénio, sendo
a reperfusdo o retorno do fluxo de nutrientes e oxigénio, que é acompanhada por alta
producdo de radicais livres e morte celular. Nessa tese estudamos o efeito da presenca
de bicarbonato durante a isquemia-reperfusdo. Em nosso modelo nés mantivemos o pH
constante e modulamos a quantidade de bicarbonato enquanto células, érgdos e
animais foram submetidos a isquemia-reperfusdo. Utilizamos condicbes sem a
presenca de bicarbonato, a concentracdo basal sanguinea e uma concentracdo mais
alta simulando o acumulo de bicarbonato em condi¢des isquémicas. Nesses diversos
modelos mostramos que a presenca de bicarbonato aumenta o dano provocado por
isquemia-reperfusdo e provoca um aumento do acumulo de proteinas oxidadas. A
presenca do bicarbonato ndo modifica a respiracdo, producédo de espécies reativas de
oxigénio, ou a morfologia mitocondrial, também ndo detectamos mudanca na atividade
do proteassoma e nos indicadores de autofagia geral. Entretanto detectamos um
acumulo de marcadores autofagicos na fracdo mitocondrial indicando inibicdo da
mitofagia. Essa inibicdo foi confirmada ao detectarmos o acumulo de uma proteina
degradada especificamente por mitofagia enquanto ndo houve mudanca em outra
degradada pelo proteassoma. Além disso, ao inibirmos farmacologicamente a
autofagia, reproduzimos o fenétipo causado pelo bicarbonato mesmo na sua auséncia.
Em conclusdo, a presenca de bicarbonato € deletéria em condicbes de
isquemia/reperfusdo devido a inibigdo da mitofagia.

Palavras-chave: Bicarbonato, Isquemia, Coracdo, Mitocondria, Espécies reativas de
oxigénio, Mitofagia



ABSTRACT

Queliconi, B.B. Bicarbonate/CO; Increase Damage in Ischemia-Reperfusion Injury:
from observation to molecular characterization. 2014, 143p. PhD Thesis - Graduate
Program in Biochemistry. Instituto de Quimica, Universidade de S&o Paulo, Sdo Paulo.

Bicarbonate is an important molecule in all living being, acting as the main cellular
buffer. However, its biological and redox activity has been mostly neglected to date.
Ischemia is an event in which an inhibition of nutrient availablity and oxygen flow occurs,
while reperfusion is the return of nutrients and oxygen, accompanied of a burst of
reactive oxygen species production and cell death. Here, we studied the effects of
bicarbonate during cardiac ischemia-reperfusion. In our model, we kept the pH stable
and changed the concentration of the bicarbonate. We then subjected cells, organs and
animals to ischemia-reperfusion under conditions where there was no presence, basal
blood concentration or a higher concentration of bicarbonate. In these diverse models,
we found that the presence of bicarbonate increased damage after a ischemia-
reperfusion, and promoted the accumulation of oxidized proteins. Bicarbonate did not
change respiration, production of reactive oxygen species or the morphology of the
mitochondria. There were also no changes in proteasome activity and in global
autophagy markers, although there was an accumulation of mitophagy markers. We
also found that mitophagy was responsible for the increased damage observed, since
pharmacological inhibiting of autophagy abolished the increased damage caused by the
presence of bicarbonate. In conclusion the presence of bicarbonate is deleterious in
ischemia-reperfusion due mitophagy inhibition.

Keywords: Bicarbonate, Ischemia, Heart, Mitochondria, Reactive oxygen species,
Mitophagy
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CK — Creatina quinase
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1. Introducéo

1.1 - Isquemia cardiaca

Na isquemia cardiaca ocorre um declinio no aporte de sangue ao tecido
cardiaco, levando a um déficit de substratos energéticos e oxigenacdo. Os danos
provocados pelo processo de isquemia acontecem majoritariamente no momento do
retorno da circulacao, a reperfusédo (Bolli, 1998; Facundo et al., 2006), quando ha um
aumento na producdo de espécies reativas de oxigénio (EROs), principalmente
provenientes da cadeia de transporte de elétrons mitocondrial (Zweier et al., 1987;

Vanden Hoek et al., 1997; Wang et al., 2008; Chen e Zweier, 2014).

Existem diversos fatores que influenciam no dano final provocado pelo processo
de isquemia-reperfusdo (IR), e algumas técnicas que permitem que esse dano seja
reduzido. A modulacéo da producdo de EROs é de essencial importancia no dano final
provocado pela IR (Facundo et al., 2005; Sun et al.,, 2005; Quarrie et al., 2011). A
producdo de EROs na IR é essencialmente mitocondrial (Vanden Hoek et al., 1998),
sendo controlada por diversos fatores, incluindo proteinas com sensores redox
(Facundo et al., 2007; Queliconi et al., 2011). Outro ponto de controle da mitigacdo dos
danos na IR esta relacionado a dinamica mitocondrial e a autofagia (Gottlieb e Mentzer,

2010).
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1.2 - Tampé&o bicarbonato

O tampéo bicarbonato (HCO3/CO;), presente no ambiente intra quanto
extracelular com concentracfes de 14,5 e 25 mM, respectivamente, ainda € pouco
estudado em processos redox apesar de estudos demonstrarem que ele estimula
reacoes de oxidacdo, peroxidacdo e nitracdo em biomoléculas (Hodgson e Fridovich,
1976; Berlett et al., 1990; Radi et al., 1993; Zhang, 2000; Bonini e Augusto, 2001;
Liochev e Fridovich, 2002; Stadtman et al., 2005; Trindade et al., 2006; Ezraty et al.,
2011; Queliconi et al., 2013) e que sua concentracdo € aumentada até 4 vezes durante
a isquemia (Khuri et al., 1985). Existem diversos mecanismos conhecidos que levam a
producdo do radical bicarbonato (Fig. 1), mas ndo existe um consenso sobre 0s
mecanismos de reacdo que levam a oxidacao estimulada por HCO3;/CO,. Sabe-se que
nao existe transferéncia de oxigénio nas reacdes de oxidacdo e que a presenca de

radicais de nitrogénio aumenta o dano (Augusto et al., 2002; Radi, 2004).

o7 “NO
» K\-l/-\lol
ONOO™ *NO
H,0 COy/ 2
BH 7/, HCO3
PFe(Ill) [ iy ¢ N0
B HOOCO; [ONOsOCO3]  ONOsOH NO3 NaOy
_.\{"_' P-Fe{llly .
BH u’:r:ql)lu::.-'; Hy0, —
HCO; OH™ COj *NO,  °*OH *NO, N0, NO3
BOH
BOH B—B
= BNO BNO; -
"= Oxidative Damage ~—
Y o o

Fig. 1 — Esquema com mecanismos de formacdo do radical carbonato (extraido de Medinas et al

2007)
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Recentemente nés demonstramos que o aumento da concentracdo de HCOg3'’
/CO, aumenta o dano provocado por IR (Queliconi et al., 2013). Nossos dados mostram
a viabilidade de usar o modelo de isquemia-reperfusdo para estudar a importancia do

par HCO3/CO..

1.3 - Espécies reativas de oxigénio

EROs tém importancia tanto em condicbes patolégicas quanto na fisiologia
celular (Lebuffe et al., 2003; Palmer et al., 2007; Kowaltowski et al., 2009; Nadtochiy et
al., 2009). As EROs mitocondriais sdo produzidas principalmente pelo vazamento de
elétrons em sua cadeia de transporte de elétrons ou por desidrogenasses presentes na
matriz (Boveris e Chance, 1973; Turrens, 2003; Starkov et al., 2004; Tahara et al., 2007,
Figueira et al., 2013). Fora da mitocondria, EROs podem ser produzidas por outras
enzimas, como a sintase de 6xido nitrico (NOS), NADPH oxidase e xantina oxidase

(Droge, 2002).

A principal ERO produzida na mitocéndria é o radical anion superéxido (Oz").
Sua remocao é feita pela superoxido dismutase (SOD1 e 2) (McCord e Fridovich, 1969),
que dismuta o radical superéxido a peroxido de hidrogénio. O H,0O, produzido pode ser
removido por enzimas mitocondriais ou citosolicas, que incluem a catalase e
peroxiredoxinas (Turrens, 2003; Figueira et al., 2013), ou reagir com Fe** e através da
reacdo de Fenton produzindo OH" + OH™ (Halliwell e Gutteridge, 1992). Além disso, O,
nao dismutado pode reagir com diversas macromoléculas, oxidando-as, ou produzir

outras espécies radicalares (Medinas et al., 2007).
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EROs geradas pela mitocondria em excesso podem causar danos a diferentes
componentes celulares, como DNA (mitocondrial e nuclear), lipidios, carboidratos e
proteinas. Esses danos podem levar a uma perda ou alteracdo de funcdo dessas
biomoléculas. Por esse motivo, EROs sdo uma importante fonte de dano em diversas
condicbes patoldgicas, como doencas degenerativas e eventos isquémicos (para

revisdo (Balaban et al., 2005; Halestrap et al., 2007).

EROs produzidos em baixas concentracdes pela mitocondria podem funcionar
como sinalizadores, regulando a atividade e a expressao de diversas enzimas e
atividades celulares incluindo ciclo celular e controle transcricional (Palmer et al., 1977;
Ignarro et al., 1987; Yoon et al., 2002; Cai, 2005). Quando presentes em concentracfes
maiores provocam a ativacdo de respostas contra estresse (Chandel et al., 1998; Yoon
et al., 2002), incluindo a producao/regeneracdo dos sistemas antioxidantes (Jin et al.,

2005).

Pre e pos condicionamento sdo eventos especialmente sensiveis a sinalizacéo
redox (Forbes et al., 2001; Facundo et al., 2007; Penna et al., 2009). Diversos sistemas
e proteinas envolvidas nos eventos de protecdo sdo ativadas por EROs. O sistema
autofagico (Satoo et al., 2009), PKCs (principalmente PKCe e PKC3?) (Liu et al., 2008), e
o canal de potassio mitocondrial sensivel por ATP (Facundo et al., 2007; Queliconi et

al., 2011) sao algumas proteinas reguladas.
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1.4 - Dindmica mitocondrial

As mitocOndrias estdo constantemente se fissionando e fundindo dentro das
células. Esse processo permite troca de conteddo da matriz mitocondrial e esta
envolvido em processos como ciclo celular, protecdo contra dano, aumento da
necessidade energética entre outros (Twig et al., 2008), sendo chamado de dinamica
mitocondrial. A dindmica mitocondrial € essencial para o desenvolvimento (Chen et al.,
2011) e esta intimamente ligada ao controle de qualidade mitocondrial e a diversas
condi¢cBes patoldgicas, como infarto do miocardio, insuficiéncia cardiaca e diabetes
(Ong e Hausenloy, 2010; Sebastian et al., 2012). Sua regulacdo acontece através da

ativacdo das GTPases mitofusina 1 e 2, Drpl e OPAL (Hyde et al., 2010).

Existem diversos estimulos que levam a ativacdo da fissdo ou da fuséo
mitocondrial. A fusdo € estimulada pela alta demanda energética (Westermann, 2012),
pelo periodo G1-S da divisdo celular (Mitra et al., 2009) e é necessaria para o ciclo de
controle de qualidade mitocondrial (Twig e Shirihai, 2011). A fissdo esta aumentada no
periodo M da diviséo celular (Arakaki et al., 2006), em condi¢cfes de dano celular (Brady
et al., 2006), durante periodo de baixa demanda energética (Westermann, 2012) e é

necessaria para que ocorra autofagia mitocondrial (Twig et al., 2008).

A alteracéo da dinamica pode causar um aumento do dano celular em condi¢bes
patolégicas (Ma et al., 2012). Desse modo a dinamica mitocondrial tem um importante
papel no dano causado por IR, sendo um centro de modulacdo do mesmo, ao estar
intimamente ligada ao controle de qualidade mitocondrial, a recuperacdo de

mitocondrias danificadas e a producédo de EROs (Hyde et al., 2010).
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1.5 - Autofagia/Mitofagia

A autofagia é um processo onde organelas sdo incorporadas em lisossomos e
destruidas. Esse processo tem como principais funcbes a remocdo de organelas
danificadas (Twig et al., 2008) e a producao de energia em condi¢cdes de jejum extremo

(Kuma et al., 2004; Mizushima et al., 2004).

A autofagia mitocondrial recebe um nome especifico, mitofagia. Esse processo é
essencial para o funcionamento celular, pois é através dela que mitocéndrias
danificadas sdo removidas do citosol (Twig et al., 2008). O funcionamento correto da
mitofagia € essencial para o pré-condicionamento (Huang et al.,, 2010) e esta

desregulado em diversas cardiopatias (Ma et al., 2012).

Algumas enzimas necessarias para a mitofagia sdo conhecidas, como LC3,
ATG5, ATG12, p62 e Parkin (Gottlieb e Mentzer, 2010), entretanto até recentemente
existiam poucas ferramentas disponiveis para o seu estudo in vivo e por consequéncia

pouco se entendia sobre sua regulagéo e importancia.

O desenvolvimento de uma proteina LC3 acoplada a uma GFP (LC3-GFP)
permitiu que fossem realizados estudos in vivo (Gottlieb e Mentzer, 2010; Mizushima et
al., 2011). A LC3 € uma proteina essencial para a mitofagia, servindo como marcador e
selecionando qual mitocondria deve sofrer autofagia. Utilizando-a, é possivel seguir a

mitocdndria até sua fusdo com o lisossomo onde sera degradada.

A ativacdo da mitofagia é protetora em IR (Huang et al., 2010) e sua inibicéo

causa um aumento de proteinas e organelas danificadas (Huang et al., 2010). No ultimo
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caso, esse acumulo pode levar a um aumento da producdo de EROs e a um aumento

do dano em IR (Hyde et al., 2010).
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2. Objetivo
O objetivo desse trabalho é entender como bicarbonato modula o dano causado por um

evento de isquemia—reperfusao.
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3. Materiais e Métodos

3.1. Materiais: Todos os reagentes utilizados eram de qualidade analitica ou maior,
sendo a maioria comprado da Sigma ou da Merck. Peroxidase de raiz forte tipo 1 (HRP)
foi preparada em H,O, enquanto Amplex Red (Invitrogen), rotenona, antimicina A e
carbonilcianeto m-clorofenil-hidrazona (CCCP) foram preparados em DMSO. ADP/ATP,
malato/glutamato e succinato foram preparados em H,O e tiveram seu pH acertado
para 7 usando NaOH. Todas as solu¢cbes estoques foram mantidas congeladas até o

uso.

3.2. Isolamento de mitoc6ndrias de coracao de rato: O isolamento foi feita como ja
descrito anteriormente (Cancherini et al., 2007; Tahara et al., 2009; Queliconi et al.,
2011): a extracdo é realizada sobre gelo e em equipamentos com temperatura regulada
para 4°C, e consiste em retirar o coracdo de um rato (idade entre 2-2,5 meses) e
coloca-lo em uma solugéo A (sacarose 300 mM, Hepes 10 mM, EGTA 2 mM, pH = 7,2)
onde € lavado para retirar o excesso de sangue. Em seguida a solucdo é trocada
adicionando a solucdo A contendo protease (0,1 mg/mL), para facilitar a quebra do
tecido e picando finamente até os pedacos atingirem 2 mm de comprimento. Apds, lava-
se com a solucdo A contendo albumina bovina (BSA, 1 mg/mL). Depois a suspenséao &
passada 5 vezes por um homogenizador tipo potter manual (Kontes Dounce Tissue
Grinder, pistdo A). Com esse homogeneizado, fazemos a primeira centrifugacdo de 5
min a 600 g. Pegamos o sobrenadante e seguimos para uma segunda centrifugacéo de
10 min a 10.000 g. Descartamos o sobrenadante, resuspendemos o precipitado na
solugéo A e recentrifugamos por 10 min a 10.000 g. Descartamos o sobrenadante e

resuspendemos o precipitado em um volume pequeno (150-200 puL) de solucdo A
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contendo BSA (1 mg/mL), que serve como suporte proteico para a suspensao

mitocondrial e como inibidor competitivo para proteases contaminantes.

A extracdo de mitocondrias de coracdes congelados seguiu 0 mesmo protocolo
com leve modificagbes. Foram usados 300 mg de tecido ao invés do tecido cardiaco

inteiro e ndo foi utilizada protease.

3.3. Tampao de experimento: Todos os experimentos utilizando mitocéndrias isoladas
(exceto a calibracdo do potencial de membrana e inchamento mitocondrial) foram feitos
em tampdao descrito anteriormente (Tahara et al., 2009) contendo 125 mM de sacarose,
65 de mM KCI, 10 mM de Hepes, 2 mM de fosfato inorganico, 2 mM de MgCl,, 2 mM de
succinato, 1 mM de malato/glutamato, 200 uM de EGTA, e 0.01% de BSA, ajustado

para pH 7,2 com NaOH, utilizando 0,125 mg de proteina/mL.

Nos experimentos onde houve mudanca na concentracdo de CO,, o tampdao

continha 20 mM de Hepes e o pH foi acertado apés o equilibrio com o COa.

3.4. Producédo de H,0,: A producédo de H,O, foi medida utilizando o sistema Amplex
Red (25 uM)/horseradish peroxidase (HRP - 0,5 U/mL) (Zhou et al., 1997; Tahara et al.,
2009). O ensaio foi feito a 37°C com agitacdo continua em um Fluorescence
Spectrophotometer F-2500 da Hitachi utilizando 563 nm de excitacdo e 587 nm de
emissao. A leitura € sempre iniciada com tampao de experimento e Amplex Red/HRP
seguido da adicdo de mitocondrias. A calibracdo foi feita com concentracdes
conhecidas de H.0, (Az = 43,6 Mcm™) em tampado de experimento com Amplex

Red/HRP sem mitocondrias.
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3.5. Consumo de oxigénio em mitocondrias: O consumo de oxigénio mitocondrial foi
medido através do uso de um eletrodo de Clark (OROBOROS Oxygraph-2k) (Tahara et
al.,, 2009). O controle respiratério foi determinado adicionando a mitocondrias
suspensas em tampao de experimento, com curtos intervalos, ADP (0,2 mM, pH = 7,2),
oligomicina (1 png/mL) e CCCP (1 uM). O controle respiratério foi calculado dividindo a
taxa de consumo de oxigénio no estado 3 (com ADP) pelo estado 4 (com oligomicina).
O experimento foi realizado utilizando o tampéao de experimento a 37°C e com agitacéo

continua.

3.6. Coracdes de ratos isolados: Ratos Sprague-Dawley com idade entre 2 e 2,5
meses foram sacrificados tendo seu coragdo rapidamente retirado e colocado em
tampao Krebs (em mM, NaCl 118; NaHCO3; 25; KH,PO, 1,2; KCI 4,7; MgSO, 1,2; CaCl,
1,25; glicose 10; Hepes 20) gelado (4°C) (Facundo et al., 2007; Queliconi et al., 2013).
Nesse tampéo, a aorta foi presa a uma canula e colocada em um sistema Langendorff
com tampao de Krebs (a 37°C equilibrado com gas de interesse). Cora¢cdes em que 0
tempo entre o sacrificio do animal e a colocag¢do no Langendorff ultrapassou 2,5 min

foram descartados.

Para obter as condi¢Bes experimentais desejadas, nos alteramos a composicao
do tampao de Krebs para aumentar ou diminuir a presenca de bicarbonato sem que
houvesse alterag6es no pH. Na condicao de 0% de CO, a quantidade de NaHCO3 foi
reduzida a zero e 0 gas de equilibrio era composto de 100% de O, Na condi¢do de 5%
de CO; a quantidade de NaHCO3 foi de 25 mM e o gas de equilibrio era composto por
5% de CO; e 95% de O,. Na condi¢ao de 10% de CO, a quantidade de NaHCO3 foi de

66 mM e o gas de equilibrio era composto por 10% de CO, e 90% de Os.
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3.7. Medidas hemodinadmicas: As medidas hemodinamicas foram obtidas através do
uso de um eletrodo de pressédo acoplado a um sistema Powerlab da Adinstruments. A
diferenca de pressédo desenvolvida e os batimentos por minuto (BPM) foram medidos
através da utilizacdo de um baldo de latex inflado com H,O com aproximadamente 2,5
mm de diametro conectado a um transdutor de pressao. Os pontos apresentados sao

meédias dos ultimos 3 min antes do ponto temporal determinado no grafico.

3.8. Calculo da éarea infartada: Apds o processo de isquemia/reperfusdo o coracéo foi
cortado manualmente entre 2 a 4 fatias transversais e incubado em 1% de 2,3,5-
triphenyl-tetrazolium (TTC) diluido em PBS por 15 min no escuro. Em seguida as fatias
foram escaneadas e a area infartada e total foi medida usando o programa Image J

(http://rsbweb.info.nih.goV/ij/).

3.9. Dosagem da liberacédo de creatina quinase (CK): A dosagem da liberacdo de CK
foi feita coletando o perfusato do coracéo isolado no minuto anterior ao indicado. Em
HL-1 o sobrenadante foi coletado e uma aliquota da proteina total celular foi coletada
para normalizacdo. A atividade da CK foi mensurada através da taxa de reducdo do
NAD". A absorbancia do NADH (340 nm) foi medida a cada 20 s entre os tempos 5 e 10
min apoés o inicio da reagéo a 37°C utilizando um SpectraMax M3 da Molecular Probes.
O ensaio foi realizado em placas de 96 pocos utilizando o kit Doles CK-NAC ou Sekisui
CK-SL, 4 ul de amostra e 200 ul do meio de reacdo (ADP 20 mM, AMP 5 mM,
diadenosina pentafosfato 10 mM, NAD" 2 mM, HK 3 pkat/L, G6P-DH 3 pkat/L, n-acetil
cisteina 20 mM, creatina fosfato 30 mM, glicose 20 mM, acetato de magnésio 10 mM,
EDTA 2 mM e imidazol 100 mM; pH = 7,3). A partir dos pontos obtidos foi feita uma

regressao linear e calculada a quantidade de NADH produzido utilizando AA = ¢lAC,
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onde AA = Jinclinacdo da regressao linear|, ¢ = coeficiente de extincdo do NADH
(6,220 M"*cm™), I = caminho 6tico (altura do liquido total na placa) e AC = A [NADH']. O
resultado foi apresentando considerando que 1 unidade de enzima reduz 1 uM de

NADH por minuto.

3.10. Cultivo de células HL-1: Como modelo de cardiomidcitos em cultura utilizamos
células HL-1 (Claycomb et al., 1998) gentiimente doadas pelo Prof. Claycomb. As
células foram cultivadas como descrito em seu laboratério em meio Claycomb com
adicdo de norepinefrina e glutamina. Os experimentos foram conduzidos quando a

confluéncia atingia 90%.

3.11. Quantificacdo de pH utilizando BCECF-AM: O pH intracellular foi medido
utilizando a sonda intracellular BCECF-AM, com modificacdes no método ja descrito
(Rink et al., 1982; Johnson e Nehrke, 2010). Células foram tripisinizadas e resuspensas
a uma concentracdo de 10° células por mL no tamp&o experimental de interesse
contendo 5 mM de BCECF-AM. Incubadas por 90 min, foram centrifugadas a 300 g por
5 min e resuspensas em tampao experimental sem BCECF-AM. As leituras foram feitas
utiizando um espectrofluorimetro Hitachi P-4500 (emissdo 535 nm, excitacao
escaneada de 400 nm a 550 nm). Ap6s a medida da fluorescéncia basal, a calibracéo
foi feita adicionando 10 mg/mL de nigericina, permitindo a troca de prétons através da
membrana citoplasmatica. Em seguida foi adicionado excesso de NaOH seguido de
excesso de HCI para promover alcalinizagdo maxima e acidificagdo maxima,
respectivamente. O pH foi entdo calculado como indicado pelo fabricante, utilizando a

formula [H'] = Ka((R - Ra)/(Rs - R))(Fap2)/ Fepz), onde K, € 0,00911882, R é a razdo da
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intensidade de fluorescéncia (F) entre Fg1)/Fu2) entre dois comprimentos de onda, A1,
490 nm, e A2, 440 nm, onde o subescrito A e B representam o0s valores apos
acidificacdo e alcalinizacdo, respectivamente. A sonda apresenta uma mudanca de
fluorescéncia ao redor de 470 nm enquanto o ponto ao redor de 440 nao sofre
alteracdes coma mudanca de pH permitindo um ponto de referéncia para calibrar a

sonda.

3.12. Simulacédo de isquemia/reperfusdo em células HL-1: Utilizamos dois protocolos
distintos para promover simulacdo de isquemia/reperfusdo em HL-1. O protocolo inicial
se utilizava de cianeto e deoxiglicose nas células em suspenséo (sIR(CN")) (Facundo et
al., 2006; Queliconi et al., 2013). Para tanto foram utilizados um tamp&o para isquemia
contendo NaCl 137 mM; Hepes 20 mM; taurina 20 mM; creatina 5 mM; KCI 5,4 mM,;
MgCl, 1 mM; piruvato de sédio 5 mM; CaCl, 1 mM; deoxi-glicose 2 mM; cianeto de
potassio 10 mM; pH=7,4, e um para reperfusédo contendo NaCl 137 mM; Hepes 20 mM;
taurina 20 mM; creatina 5 mM; KCI 5,4 mM; MgCl, 1 mM; piruvato de so6dio 5 mM,;
CaCl, 1 mM,; glicose 22 mM; pH=7,4. A isquemia consistia em incubar as células por 90
min no tampdo de isquemia. A reperfusdo era realizada peletando as células
(centrifugadas por 5 min a 300g) e resuspendendo-as em tampéao de reperfusdo por 5
min. No tempo determinado, as células foram centrifugadas por 5 min a 300g e
processadas para extracdo proteica. Em ambos 0s casos as células eram mantidas na
concentracdo de 10° células/mL e as incubacdes ocorriam a 37°C. Controles foram
feitos para certificar que a respiracdo retorna a niveis proximos ao controle apos a

mudanca de tampao.
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O segundo método de isquemia consistia em utilizar um GazPak (BD Bioscience
— New Jersey) para remover 0 oxigénio e promover isquemia. Nesse caso utilizamos
células aderidas em placas que sdo seladas em um saco plastico que tem a sua
atmosfera trocada por uma condi¢cdo andxica, adicionando um agente consumidor de
oxigénio (distribuido junto ao GazPak) para acelerar o consumo de O,. As células eram
incubadas em tampao de isquemia (NaCl 137 mM; Hepes 20 mM; taurina 20 mM,;
creatina 5 mM; KCI 5,4 mM; MgCl, 1 mM; piruvato de sodio 5 mM; CaCl, 1 mM; 2 mM
de deoxi-glicose; pH = 7,4) por 150 min. Apos a isquemia as células eram removidas, e
o tampao trocado pelo tampéo de reperfusdo (NaCl 137 mM; Hepes 20 mM; taurina 20
mM; creatina 5 mM; KCI 5,4 mM; MgCl, 1 mM; piruvato de sédio 5 mM; CaCl, 1 mM; 22

mM de glicose e pH = 7,4) e as células entdo eram coletadas aos 5 min da reperfuséao.

Em ambas as condicbes os tampdes foram preparados como descrito para 0s
corac0Oes isolados. Eles eram equilibrados com a fase gasosa contendo 0, 5 ou 10% de
CO, com N, para isquemia ou O, para a reperfusdo. O pH era acertado apés o

equilibrio.

3.13. Viabilidade celular usando brometo de etidio: Fizemos analise de viabilidade
celular a partir da fluorescéncia do brometo de etidio conforme descrito no laboratorio
anteriormente (Facundo et al., 2006). As células foram utilizadas a 10° células/mL e 2
mL foram retirados do experimento para leitura em um Spectrofluorimetro Hitachi F-
4500 (excitacdo 365 nm e emissdo 580 nm). Apds a leitura basal foi adicionado 50 mM
brometo de etidio para leitura das células mortas seguida da adi¢cdo de 1% de Triton X-

100 para leitura da fluorescéncia total.
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3.14. Extracao proteica: A extracdo de proteinas foi feita como descrito anteriormente
(Churchill e Mochly-Rosen, 2007; Campos et al., 2012; Queliconi et al., 2013). Células
foram peletadas ou raspadas da placa e o tecido cardiaco foi cortado em tampao de
extracdo (Tris 150 mM, EGTA 10 mM, EDTA 5 mM, pH=7.5), contendo inibidores de
proteinase e fosfatase. As células foram passadas por uma seringa de deteccéo de 27G
e o tecido cardiaco foi processado em um potter. O lisado foi congelado a -80°C até o

momento de uso.

Proteinas extraidas para analise de atividade do proteassoma nao continham

inibidores de proteinase ou fosfatase.

Proteinas extraida de C. elegans foram extraidas usando um tampéao de extracao
(Tris—HCI 200 mM, DTT 100 mM, glicerol 20%, SDS 10%, e inibidores de proteinase,
pH 8). Apds incubacdo no tampdo passaram por 3 ciclos de congelamento e
descongelamento, foram centrifugados a 600 g por 5 min e congelados em -80°C até o

uso.

3.15. Western Blots: As proteinas preparadas para Western Blot (WB) foram
aliquotadas e processadas no momento da extracdo. Para quantificacdo de proteina
carbonilada foi realizada derivativacdo com 2,4 —dinitrofenilhidrazina (DNPH) antes das
analises, como descrito anteriormente (da Cunha et al., 2011; Queliconi et al., 2013).
ApOs a dosagem de proteinas, as amostras (max. 4 mg/mL de proteina) foram
incubadas com SDS 24% e 3 mM de 2,4- DNPH em &acido tricloroacético (TFA) 10%
(recém-preparado; ambos em proporcdo 1:1 com a amostra,) durante 30 min no escuro

a temperatura ambiente. As solucdes foram neutralizadas com uma mistura contendo
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Tris-HCI 2 M, glicerol 30% e mercaptoetanol 19% pH 7,4 (1 ul de amostra: 0,75

neutralizante). Em cada gel foi corrido 5 ug de proteina por amostra.

Amostras para deteccdo de outras proteinas foram dosadas e diluidas em
tampao de amostra (Tris-HCI 200 mM; glicerol 40%; SDS 8%; mercaptoetanol 2%; azul

de bromofenol 0,04%; pH 6,8) utilizando 30 ug de proteina em cada amostra.

Em ambos os casos as amostras foram diluidas em tampao de amostra, fervidas
por 5 minutos e submetidas a eletroforese em gel desnaturante de poliacrilamida (5%
gel de empacotamento; 15% gel de resolucéo). As proteinas foram transferidas para a
membrana de PVDF (4h & 400 mV, 4°C) e procedeu-se a coloracdo inespecifica com

corante Ponceau (usado como controle de carregamento).

O blogueio foi feito incubando as membranas com agitacdo em 5% de BSA em
TBST por 1 hora. A incubacdo com anticorpo primario foi feita durante a noite (4°C)
seguida por 3 lavagens de 20 min, incubacdo com o anticorpo secundario (diluido
1:5000, calbiochem ligado a HRP) por 1 hora seguido de 3 lavagens de 20 min, qguando
as membranas foram expostas. A diluicdo dos anticorpos primarios foi feita em tampéo
de bloqueio nas seguintes concentracdes — proteina carbonilada (Anti-DNHPH -
1:5000); anti-nitrotirosina (1:3000); anti-metioninasulfoxido (1:3000); P-Akt (1:2000);
anti-ubiquitina (1:1000); anti-LC3 (1:1000); anti-p62 (1:1000); anti-Beclin1 (1:1000);
anti-Drpl (1:1000); anti-Parkin (1:1000); anti-Atg4b (1:1000); anti-Tom70 (1:1000);
anti-CoxIV  (1:1000). A membrana foi revelada utilizado chemioluminescéncia ao
incubar em SuperSignal West Pico Chemiluminescent Substrate da Thermo Scientific. A

exposicdo foi feita em filme fotografico Kodak e revelado em camera escura. Apés o
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filme foi escaneado e a densitometria das bandas foi realizada com o auxilio do

programa Image J.

O controle de carregamento foi feito quantificando a intensidade da marcacéao de
Ponceau na coluna inteira. Para tal secamos a membrana apos a transferéncia
incubamos com Ponceau por 5 min, em seguida lavamos o0 excesso e secamos a
membrana. A membrana foi escaneada e a quantificacdo foi feita com o auxilio do

programa Image J.

3.16. Dosagem de proteinas: Todas as dosagens de proteinas utilizadas nos trabalhos
foram realizadas utilizando a técnica colorimétrica de Bradford em microplacas como
descrita pelo fabricante. Brevemente, 10 ul de amostra foram adicionados a 190 ul de
Bradford. A curva de calibrag&o foi feita para cada leitura e consistia dos pontos 0; 0,05;
0,1; 0,2; 0,3; 0,5 mg de BSA/mL. Os pontos da curva foram feitos utilizando 10 ul da
solucdo de BSA correspondente em 190 ul de Bradford. A leitura foi feita em 590 nm

em um SpectraMax M3 da Molecular Probes.

3.17. Imunocitoquimica em células HL-1: Células HL-1 (Claycomb et al., 1998;
Queliconi et al., 2013) foram cultivadas durante 2 dias em placas de 35 mm com fundo
de vidro (25k de células por placa). Nos momentos indicados as placas tiveram o meio
removido e foi adicionado PFA 4% por 15 min a temperatura ambiente. As placas foram
incubadas em PBS por 5 min (repetido 3 vezes) e meio de bloqueio (PBS, 0,1% Tween
20, 1% BSA) foi adicionado e deixado por 30 min. Na sequencia o tampao de bloqueio
foi removido e as células foram incubadas em anticorpo primério (diluicdo 1:100, em

tampéo de bloqueio) e deixadas durante a noite a 4°C. No dia seguinte a placa foi
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incubadas em PBS por 5 min (repetido 3 vezes) e incubada em anticorpo secundario
(diluicdo 1:250, em tampéao de bloqueio) por 1 hora, seguido de 3 incuba¢des de 5 min
em PBS por 5 min. A ultima incubacdo continha DAPI diluido 10* vezes (solucdo

estoque 1 ug/mL).

3.18. Atividade do proteassoma: A atividade do proteassoma foi medida atraves da
quantificacdo do aumento de fluorescéncia (Ex 380 nm/ Em 460 nm) provocado pela
quebra do peptideo Suc-Leu-Leu-Val-Tyr-AMC (Enzo Life Sciences BML-P802-0005). A
quantificacdo foi realizada em um leitor de placas M2 da Molecar Devices a 37°C com
medigOes a cada 30 s durante 30 min. Para a leitura foram usados 10 ug de amostra
diluido em tampéao Tris-Mg (50 mM Tris, 5 mM MgCl,, pH = 7,5) na presenca de 125 nM

de Suc-Leu-Leu-Val-Tyr-AMC.

3.19. RT-PCR: PCR de tempo real (RT-PCR) do gene LC3 foi feito como descrito
anteriormente (Lin et al.,, 2012). Brevemente, mRNA foi isolado (GenElute™ Direct
MRNA Miniprep Kits - Sigma-Aldrich, DMN10-1KT) do tecido cardiaco de rato e
transformado em DNA usando iScript (Biorad — Hercules, CA). 10 ng desse DNA foi
utiizado em cada reacdo de RT-PCR utlizando o 10 ng de primer (FP:
CGGGTGGATTAGGCAGAGATG e RP: CCAGCACCCAAAAGAGCAAG, eficiéncia de
72%) e Sybr green super mix como descrito pelo fabricante. O experimento foi feito e

quantificado utilizando um CFX96 da Biorad e os dados sdo apresentados como ACT.

3.20. Caenorhabditis elegans: A criacdo de C. elegans foi feita como descrita
anteriormente (Brenner, 1974; Queliconi et al., 2013, 2014). C. elegans foram criados

usando técnicas padrbes a 20°C em placas de Agar com meio de cultura normal
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(NGM). A sincronizacédo de jovens adultos foi usada nos experimentos e feita através da
sincronizacédo da colocacdo dos ovos. As linhagens usadas foram selvagem (Bristol —

N2) e KWN85 (him-5(e1490)V, uls22(Pmec-18::GFP)V).

3.21. Andxia-jejum (IR) em C. elegans: IR em C. elegans foi simulado usando anéxia-
jejum (20 h) seguido de reoxigenacéao e alimentacéo (24 h) como descrito anteriormente
(Scott et al., 2002; Wojtovich et al., 2012; Queliconi et al., 2013, 2014). C. elegans
jovem adultos (3 dias de idade) foram coletados das placas de NGM e lavados 3 vezes
qguando resuspensos em M9 (KH,PO422 mM, Na,HPO,42 mM, NaCl 86 mM, MgSQO, 1
mM, pH 7,0) suplementado com Hepes 20 mM e com fase gasosa igual a usada na
isquemia (pH corrigido para 7). Os vermes foram incubados em 100 uL de M9 em um
microtubo aberto a 26°C por 20 h sob atmosfera de 100% de N, ou de atmosfera de
90% N, + 10% CO,. Apos a IR os C. elegans foram movidos com uma minima
quantidade de M9 para uma nova placa com comida (bactérias) por 24 h onde foram
contados 0s vermes vivos e através de um experimentador cego foi feito o teste de

sensibilidade ao toque. Para maiores detalhes consultar Queliconi et al. (2014).

3.22. Teste de resposta ao toque em C. elegans: ApGs 24 h de recuperacédo, C.
elegans que sobreviveram foram movidos para uma nova placa onde, usando um cilio
preso a um extensor, foi medida a resposta ao togue. A resposta ao toque foi feita
tocando-se levemente a lateral do verme na regido dos neurdnios mecanosensores e

verificando se isso causa a mudanca de direcao.
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3.23. Microscopia do neurbnio mecanosensor em C. elegans: Apos as 24 h de
recuperacédo, animais vivos foram anestesiados utilizando 0,1% de tetramisole e 0,1%
de tricaina (EMS, Hatfield, PA, USA), transferidos para lamina com um suporte de
agarose (2% agarose em M9) e observados em 20 min sob uma laminula. Foi utilizado
um microscéopio Nikon Eclipse TE2000-U (Nikon USA, Melville, NY, USA), com uma
Polychrome V monochromator (TILL Photonics, Gréfelfing, Germany), e Cooke
Sensicam CCD (PCO-TECH, Romulus, MI, USA) coordenados utilizando o software
TILLviSION, para se obter as imagens de fluorescéncia (470 nm excitacdo/535 nm

emissao) sob uma obijetiva a 6leo de 100x.

3.24. Analise estatistica: Todos o0s experimentos mostrados tem ao menos 3
repeticbes e os graficos sdo apresentados com o desvio padrdo do erro. Os dados
apresentados em grupos maiores que 2 foram analisados utilizando 1-way ANOVA com
pos-teste de Bonferroni e os dados comparando 2 grupos foram analisados usando

teste de t-student. As andlises foram feitas utilizando o GraphPad Prism 5.
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4. Resultados
4.1 — Caracterizacao do dano causado pela presenca de Bicarbonato na IR

NOs iniciamos os experimentos certificando que nossa condicdo experimental
nado estava alterando o pH intracelular. Utilizando a sonda de pH BCECF-AM,
incubamos células como descrito nos Matérias e Métodos e medimos o pH
citoplasmatico apés 95 minutos, obtendo sempre o mesmo pH em ambas as condi¢des

(Figura 2).
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Fig. 2 — O pH intracelular n&do € alterado pela presenca de bicarbonato — pH citosélico foi medido
usando BCECF como descrito nos Materiais e Métodos. Células HL-1 foram incubadas por 120 min em
tamp&o na auséncia de bicarbonato (0 % CO,) ou contendo 10% de HCO3;/CO,.

NOs olhamos a seguir para o efeito do bicarbonato em condi¢Bes controle e sob

isquemia-reperfusdo. Para tanto utilizamos um modelo utilizado anteriormente no
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laboratorio, estabelecido por Facundo e colaboradores (Facundo et al., 2005). Nesse
modelo utilizamos inibicdes quimicas da cadeia respiratoria utilizando cianeto (CN’) e
deoxiglicose para inibir a glicolise. Usando esse dois compostos, conseguimos
mimetizar o processo de isquemia onde existe inibicAo da cadeia respiratéria e da
glicolise devido a inibicdo de consumo dos subtratos. O processo de reperfusédo €
iniciado ao se trocar 0 meio por outro sem os inibidores e com glicose presente. Esse
modelo representa bem o0s eventos isquémicos ja que € possivel utiliza-lo para

mimetizar pré-condicionamento e eventos que protegem tecidos contra dano isquémico

(Facundo et al., 2005, 2007).

Submetemos as células a diversos tempos de SIR(CN’) na auséncia de
bicarbonato e concluimos que subter as células a um periodo de 90 min produzia a
guantidade de morte desejada (~30%), semelhante a usada anteriormente no
laboratério (Facundo et al., 2005). Seguimos utilizando uma condi¢cdo sem bicarbonato
(0%) e uma com alto bicarbonato (10% de CO,). O controle (utilizando somente o
tampao de reperfusdo) ndao apresentou diferencas na morte entre os dois grupos (Fig.
3A). Ao submetermos os grupos a sIR(CN") obtivermos uma diferenca significativa na

morte celular apés a reperfusdo (95 min) (Fig. 3B).
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Fig. 3 — A presenca de bicarbonato aumenta morte celular apds sIR(CN’) — Células HL-1 foram
incubadas somente com tampao de reperfusédo (A) ou submetidas a sIR(CN’) (B) na auséncia (0% CO,)
ou presenca (10% CO,) de bicarbonato. A morte celular foi medida através da utilizacao da fluorescéncia
do brometo de etideo como descrito nos Matérias e Métodos.

Devido a atividade redox do par HCO3/CO,, medimos a quantidade de proteinas
carboniladas nas nossas amostras para verificar se haviam danos oxidativos
associados ao processo. Os dados (Fig. 4) mostraram um significativo aumento da
guantidade de proteinas carboniladas a durante a reperfusdo e um aumento

significativamente maior no grupo exposto ao bicarbonato (10%) e a sIR(CN").
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Fig. 4 — A presenca de bicarbonato aumenta a quantidade de proteinas carboniladas durante a
reperfusdo — Proteina carbonilada foi medida através de WB como descrito nos Materiais e Métodos.
Células HL-1 foram incubadas por 95 min em tampédo sem (0% CO,) ou com bicarbonato (10% CO,) em
tampé&o controle (95 min) ou submetidas a sIR(CN’) (95 min sIR(CN)). *, p<0,05 em relacdo ao controle
ndo isquémico; #, p<0,05 em relagdo ao 0% CO, — sIR(CN)

Seguida a caracterizacdo em células, utilizamos coracdes isolados de ratos em
um sistema Langendorff para testar se os mesmos efeitos detectados se reproduziriam
em um modelo de isquemia reperfusdo mais complexo. Para tanto usamos as

modificacdes nos tampdes e o protocolo de isquemia descritos nos Materiais e

Métodos, graficamente representados na figura 4.

Equilibrio Isquemia Reperfusao
50 min 30 min 60 min

Fig. 5 - Esquema do tempo de isquemia e reperfusdo utilizado nos coracdes isolados de ratos.
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Para medir o dano utilizamos parametros funcionais (batimentos por minuto —
BPM e pressdo desenvolvida no ventriculo esquerdo) e area de tecido morto do
coracao utilizando 2,3,5-triphenil-tetrazolium (TTC), como descrito nos Materiais e
Métodos. Em coragBes controles ndo expostos a IR ndo detectamos nenhuma diferenca

nos parametros medidos (Fig. 6).

Ao expor os coracdes ao protocolo isquémico obtivemos uma significativa
deterioracdo dos parametros cardiacos na presenca de 10% de CO, (Fig. 7). Houve
declinio na velocidade de batimentos (Fig. 7A) e na pressao desenvolvida no ventriculo
(Fig. 7B). Os coracdes expostos a 5% de CO, apresentaram uma piora inicial mas que
€ recuperada no decorrer da reperfusdo, entretanto os coragdes expostos ao tampao
com 10% de CO; nao se recuperaram durante todo o periodo de reperfusdo. A queda
em ambos os parametros indica que esse coracdo teria significativa perda de sua

funcionalidade.
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Fig. 6 — Coragdes de ratos perfundidos com diferentes concentracdes de bicarbonato/CO, néo
apresentam diferenca sobre o BPM (A), pressao de perfuséo (B) e area infartada (C). Coragbes de
ratos foram perfundidos por 140 min usando diferentes concentragdes de bicarbonato/CO,. O tampéo de
perfuséo foi adaptado para cada condicdo como descrito nos Materiais e Métodos. BPM (A) e presséo de
perfusdo (B) estdo representados relativo ao ponto médio do tratamento com 5% de CO, no tempo 50
min. (C) Ao final da reperfusdo os coragfes foram retirados e cortados em 2 a 4 fatias coradas em TTC
1%. As fatias foram escaneadas e a area infartada e a total foram medidas com o auxilio do programa
Image J. A area infartada foi apresentada relativa a area total do corte.
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Os coracbes expostos a uma concentracdo maior de bicarbonato também
apresentaram um aumento da area infartada (Fig. 7C), mas ndo apresentaram
diferencas quando ndo submetidos a IR (Fig. 6C). Seguimos analisando a oxidac&o
proteica nos coracdes isolados. Como é um modelo mais complexo e com maior
quantidade de proteina total, conseguimos medir a quantidade de carbonilacéo,

metionina sulféxido e nitro-tirosina como marcadores adicionais de dano oxidativo.
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Fig. 7 — Coragdes de ratos infartados submetidos a diferentes concentra¢cdes de bicarbonato/CO,
apresentam piora na recuperagcdo do BPM (A) e pressao de perfuséo (B) e maior area infartada (C).
Coracfes de ratos foram submetidos a 30 minutos de isquemia seguida de 60 min de reperfusdo usando
diferentes concentragdes de bicarbonato/CO,. O tampéo de perfusédo foi adaptado para cada condigédo
como descrito nos materiais e métodos. O BPM (A) e pressdo de perfusdo (B) estdo representados
relativo ao ponto médio do tratamento com 5% de CO, no tempo 50 min. (C) Ao final da reperfuséo os
coracBes foram retirados e cortados em 2 a 4 fatias coradas em TTC 1%. As fatias foram escaneadas e a
area infartada e a total foram medidas com o auxilio do programa Image J. A area infartada foi
apresentada relativa a area total do corte.

N&o detectamos nenhuma alteracdo nas condicbes de oxidacdo proteica nos
coracBes controles promovida por IR, mas detectamos um aumento na quantidade de
proteina carbonilada e metionina sulféxido (Fig. 8A e B) e um aumento na quantidade

de nitro-tirosina (Fig. 8C).
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Fig. 8 - CoracbGes de ratos infartados submetidos a diferentes concentracdes de
bicarbonato/CO, apresentam acUmulo de espécies oxidadas. Coracées de ratos foram
submetidos a 30 minutos de isquemia seguida de 60 min de reperfusdo usando diferentes concentracdes
de bicarbonato/CO,. O tampé&o de perfusado foi adaptado para cada condicdo como descrito nos Materiais
e Métodos. Ao final do experimento isolamos as proteinas dos coracdes e dosamos a quantidade de
proteina carbonilada (A), metionina sulféxido (B) e nitro-tirosina (C) através de Western blots como
descrito nos Materiais e Métodos. *, p<0,05 em relagédo ao 0% CO,; #, p<0,05 em relagdo ao 5% CO..

Seguimos tentando identificar se essa diferenca era causada pela ativacdo de
alguma via de sinalizacdo protetora. Para tanto analisamos a quantidade de Akt
fosforilada (Fig. 9), como um indicativo de ativacdo das defesas celulares e concluimos
que a presenca do bicarbonato ndo modifica a capacidade de ativacdo de cascatas de
protecdo celular. Para detectarmos se a nitracdo das proteinas surte um efeito
importante, utilizamos L-NAME (inibidor da nitrico oxido sintase) e expusemos 0s
coracdes a isquemia na presenca (10%) ou auséncia de bicarbonato (0%) (Fig. 10). A
inibicdo da producdo de 6xido nitrico ndo provocou mudancgas no fendtipo, indicando

gue esse radical ndo participa do dano causado pelo bicarbonato.
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Fig. 9 — Quantidades de P-Akt ndo em coracOes perfundidos na presenca de diferentes
concentracdes de CO,. A ativacdo de Akt foi quantificada usando WB para P-Akt em corac¢des néo
isquémicos, apads perfusdo por 2h e 20 min com diferentes concentra¢cdes de HCO3/CO,.
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Fig. 10 — Corac0Oes de ratos submetidos a IR na presenca de L-NAME apresentam um aumento do
dano na presenca de bicarbonato. Cora¢Bes de ratos foram submetidos a 30 minutos de isquemia
seguida de 60 min de reperfusdo usando diferentes concentracbes de bicarbonato/CO,. O tampao de
perfusdo foi adaptado para cada condicdo como descrito nos Materiais e Métodos na presenca de L-
NAME (200 uM - adicionando 5 min antes da isquemia e mantido até o fim da reperfusédo). (A) BPM, (B)
pressdo desenvolvida e (C) area infartada (medida ao fim da reperfusdo). *, p < 0,05 em relagdo ao 0%
CO..
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Todos 0s nossos modelos estudados até o momento envolviam derivados de
tecido cardiaco. Para testar modelos nao cardiacos, utilizamos um modelo nao
mamifero e de animal inteiro, C. elegans. Assim conseguimos testar os efeitos das
diferentes concentracbes de bicarbonato no dano causado por IR em um modelo

distinto, permitindo melhor confirmacéo dos eventos.

Desenvolvemos esse modelo em colaboracdo com o laboratério de Keith Nerhke
da University of Rochester em Rochester, no estado de New York nos Estados Unidos.
Utilizamos um modelo de isquemia reperfusdo em C. elegans descrito inicialmente por
Scott (Scott et al., 2002) que foi adaptado e posteriormente publicado por nés
(Queliconi et al., 2014). A isquemia em C. elegans consiste em 20 horas de priva¢éo de
oxigénio e alimentos (Anoxia-Jejum) seguidas de 24 horas de recuperagdo em

ambiente com alimento e O, ambiente (Fig. 11).

Anoxia-Jejum Recuperacao
20 h 24 h

Fig. 11 - Esquema temporal de andxia-jejum, modelo de IR em C. elegans.

N6s ndo detectamos um aumento de mortalidade nos vermes, somente uma
tendéncia no acumulo de espécies oxidadas de proteinas (Fig. 12A e B). Entretanto
detectamos uma significativa deterioragcdo na resposta dos vermes ao exame de toque

(Fig. 12C).
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Fig. 12 - 10% CO, diminui a capacidade de resposta a toque em C. elegans submetidos a andxia-
jejum sem alterar viabilidade — (A) Viabilidade pés recuperacdo em C. elegans submetidos a andxia-
jejum na presenca ou auséncia de bicarbonato como descrito nos Materiais e Métodos. N2 é a linhagem
selvagem, e KWN85 é uma linhagem que apresenta expressdo de GFP nos neurbnios mecanosensores.
(B) Quantidade de proteinas carboniladas foram medidas como descrito nos Materiais e Métodos em C.
elegans ap0s a recuperacdo de anoxia-jejum na auséncia (0%) ou presenca (10%) de bicarbonato. (C)
Resposta ao estimulo por toque in C. elegans vivos apds a recuperagdo de anOxia-jejum na auséncia
(0%) ou presenca (10%) de bicarbonato. *, p<0,05 em relagdo ao 0% CO,.

Os neurbnios mecanosensores responsaveis pela resposta especifica ao toque
sdo conhecidos em C. elegans. Utilizando animais que expressam GFP na membrana
citosolica (linhagem KWN85) analisamos a morfologia dos mesmos (Fig. 13). Esses
neurdnios apresentavam diversas modificagbes no axonio, como abnormalidades
(Fig.13A) (n&o linearidade do ax6nio) e pontuacdes (Fig.13B) (estruturas semelhantes a
bubble apoptético). A quantificacdo nos mostrou uma grande concentracdo dessas

modificacdes no grupo exposto ao bicarbonato (Fig. 13).
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Fig. 13 - 10% CO, aumenta modificagbes nos neurdnios mecanosensores — Neurbnios

mecanosensores de C. elegans (KWN85) foram analisados em vermes sobreviventes sob anestesia apos
a recuperacgdo de andxia-jejum na auséncia (0%) ou presenga (10%) de bicarbonato. (A) Anormalidades
como a presenca de processos tortuosos (B) Formacdo de agregados de GFP na membrana dos
neurdnios mecanosensores. *, p<0,05 em relacdo ao 0% CO,.
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4.2 - Identificacdo das mudancas moleculares promovidas pela presenca de

bicarbonato na IR

Com a demonstracdo de que o aumento de dano provocado pela presenca do
bicarbonato na IR ocorria em modelos muito distintos, analisamos a fisiologia
mitocondrial em busca do mecanismo responsavel pelo do aumento do dano. Para
tanto utilizamos mitocondrias isoladas de coracdo de ratos que foram expostas as

diferentes concentracdes de bicarbonato.

Os tampdes de experimento foram previamente equilibrados com a fase gasosa
de interesse e o pH foi checado antes do inicio do experimento. Iniciamos medindo
producdo de H,O, através da utilizacdo do fluoréfuro Amplex Red na presenca de
peroxidase de raiz forte (HRP). Medimos a producao utilizando condi¢cdes experimentais
diferentes para produzir baixas ou altas concentracdes de oxidantes mitocondriais (Fig.

14).
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Fig. 12 — Producédo de H,O, ndo é aumentada pela presenca de HCO3;/CO, em mitocdndrias
isoladas. MitocOndrias foram isoladas de coracdo de rato e incubadas com diferentes concentragdes de
HCO3/CO; e a producgéo de H,0, foi medida como descrito nos Materiais e Métodos. As condi¢Bes foram
(A) presenca de succinato (2 mM) (B) succinato 2 mM e rotenona 2 pM (C) succinato 2 mM, rotenona 2
uM e antimicina 1 ug/mL (D) succinato 2 mM e ADP 0,2 mM (E) succinato 2 mM, ADP 0,2 mM e
oligomicina 1 pg/mL (E) succinato 2 mM, ADP 0,2 mM, oligomicina 1 pg/mL e CCCP 1 uM. *, p<0,05 em
relagéo ao 0% CO,.

Apesar de nao haver um aumento na producéo total de H,O,, poderia haver uma
alta porcentagem de EROs em relagdo ao oxigénio consumido. Para verificar essa
hip6tese n6s medimos as velocidades respiratorias em paralelo a producao de H,O, e
analisamos a velocidade respiratéria e a taxa de producdo de peroxido por oxigénio

consumido (Fig. 15 e 16).
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Fig. 15 — Diferentes quantidades de CO, néo alteram a velocidade respiratéria e o acoplamento em
mitocondrias isoladas de coracdo de rato. Mitocdndrias foram isoladas de coracdo de ratos e
incubadas em tampdes (0,125 mg/mL de proteina mitocondrial em 125 mM de sacarose, 65 de mM KClI,
10 mM de Hepes, 2 mM de fosfato inorgénico, 2 mM de MgCl,, 2 mM de succinato, 200 uM de EGTA, e
0.01% de BSA, pH 7,2) com diferentes concentragfes de HCO3;/CO, . (A) velocidade respiratéria (na
presenca de ADP) (B) Controle Respiratorio (Vape/Voigo), determinado como descrito nos Materiais e
Métodos.
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Fig. 16 — Razédo H,0,/0O, ndo é alterada pela presenca de diferentes concentracbes de HCO3/CO,
em mitocéndrias isoladas. Mitocéndrias foram isoladas de coracao de rato e incubadas com diferentes
concentracdes de HCO3;/CO, e a producéo de H,O, foi medida como descrito nos Materiais e Métodos.
As condic¢des foram (A) presenca de succinato 2 mM (B) succinato 2 mM e ADP 0,2 mM (C) succinato 2
mM, ADP 0,2 mM e oligomicina 1 ug/mL (D) succinato 2 mM, ADP 0,2 mM, oligomicina 1 ng/mL e CCCP
1 uM.

Em nenhuma das condi¢des analisadas obtivemos uma diferenca que explicasse

um aumento da concentracdo de proteinas oxidadas. A atividade redox do par HCOg3
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/CO, permite a producéo de diversos radicais ndo detectaveis utilizando Amplex Red e
HRP. Dessa maneira decidimos olhar diretamente para a quantidade de proteinas
oxidadas. Para tanto incubamos mitocondrias isoladas de coracdo de rato em tampao
de experimento equilibrado com a quantidade desejada de bicarbonato na presenca de
condicBes com baixa (succinato) e alta producdo de peroxido (succinato + antimicina).
Incubamos inicialmente as mitocondrias por 30 min (Fig. 17) e ndo obtivemos a

diferenca detectada anteriormente.
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Fig. 17 — Quantidade de proteina carbonilada em mitocéndrias incubadas durante 30 minutos em
diferentes concentragcdes de HCO3;/CO, na presenca de succinato (A) ou succinato e antimicina
(B). Mitocbndrias de coracdo 0,5 mg/mL de ratos foram incubadas por 30 min em tampé&o de experimento
(veja Materiais e Métodos) na presenga de succinato 2 mM (A) ou sucinato 2 mM e antimicina 1 ug/mL
(B) proteinas carboniladas quantificadas por western blots.

Uma possibilidade para falta de diferenca seria a exposicdo ao um tempo muito
longo, o que levaria ao consumo maximo de oxigénio e a mascarar as diferencas. Para
resolver essa questao nos refizemos o experimento usando uma menor quantidade de
proteina mitocondrial e um tempo menor, de 10 minutos (Fig. 18). Mesmo nas novas

condi¢des ndo detectamos diferengas.
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Fig. 18 — Oxidacao proteica de mitocéndrias incubadas com diferentes concentracbes de HCOj
/ICO, em diversas condi¢8es. Mitocondrias de coracdo de rato 0,125 mg/mL foram incubadas por 10
min em na presenca de succinato 2 mM (A e C), succinato 2 mM e antimicina 1 ug/mL (B e D). Ap0Gs a
incubacédo a quantidade de proteina carbonilada (A e B) e de residuos de metionina sulfoxido (C e D)
foram quantidicadas por WB.

Sem detectar diferencas em organelas isoladas, voltamos a utilizar sistemas
celulares completos. Inicialmente utilizamos o protocolo de sIR para olhar para a rede
mitocondrial. Marcamos as rede mitocondrial utilizando imunofluorescéncia para a
subunidade IV da citocromo C oxidase (CoxlV). Isso nos permitiu analisar a rede
mitocondrial em condi¢cdes controles e apo6s sIR (Fig. 19). Nao conseguimos detectar

diferencas causadas pela presenca (10%) ou auséncia de bicarbonato (0%).
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Fig. 19 — Imunofluorescencia para CoxIV na presenca ou auséncia de HCO3;/CO,. Células HL-1
foram crescidas em placas de de 35 mm com fundo de vidro e submetidas a sIR na auséncia (0% - A e B)
ou presenca (10% - C e D) de HCO3/CO, antes (150 min — A e C) ou apés a reperfusédo (155 min — B e
D).

Outro fator que poderia influenciar o dano celular seria uma mudanca na
atividade do sistema protassoma-ubiquitina. Iniciamos analisando a quantidade de
ubiquitina em células ap6s sIR, na presenca (10%) ou auséncia de bicarbonato (0%)
(Fig. 20A). Detectamos um aumento significativo da quantidade de ubiquitina na
presenca de 10% de CO,. O aumento da quantidade de ubiquitina pode ser devido a
uma perda de atividade do proteassoma. Seguimos analisado a atividade do
protreassoma em HL-1 antes e ap0s a sIR (Fig. 20B) e nos em coracdes isolados de
rato submetidos a IR (Fig. 20C), entretanto ndo houve mudancas na atividade do

proteassoma na presenca ou auséncia de bicarbonato.
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Figura 20 — Ubiquitina € acumulada na presenca de bicarbonato, mas ndo muda a atividade do
proteassoma — Células HL-1 foram submetidas a sIR na auséncia ou presen¢a de bicarbonato e a
guantidade de ubiquitina foi medida na proteina total através de WB (A) Atividade do proteassoma foi
medida como descrito nos Materiais e Métodos no extrato celular de HL-1 submetida a sIR (B) e em
extrato dos coracdes submetidos a sIR (C).

Outro sistema envolvido com degradacdo de proteinas oxidadas e danificadas é
0 sistema autofagico. Para estudar esse mecanismo nos firmamos uma colaboracéo
com o laboratério da professora Roberta Gottlieb do hospital Cedars-Sinai em Los
Angeles, nos Estados Unidos. Nessa parte do projeto nos utilizamos coracdes isolados
de ratos e células HL-1 como modelos. Os coracdes foram submetidos a um protocolo
semelhante ao descrito anteriormente (Queliconi et al., 2013). Utilizamos 30 min de
estabilizacdo seguidos de 30 min de isquemia e 15 min de reperfuséo (IR). As células
HL-1 foram submetidas a isquemia-reperfusdo simulada (sIR), com dura¢édo de 150 min
de isquemia e 5 minutos de reperfusédo, utilizando um sistema GazPak para obter um
ambiente anoxico e utilizacdo de deoxiglicose para inibicdo da via glicolitica (Perry et
al., 2011).

A guantificagdo da morte celular foi feita medindo a atividade da creatina kinase

(CK) (Fig. 21). A atividade da CK foi medida no perfusato dos coragdes de rato a cada
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minuto durante os 5 min iniciais da reperfusdo. Nas células HL-1, a atividade de CK foi
medida no sobrenadante e no extrato total (atividade sobrenadante + atividade das
células aderidas) e a proporcdo da atividade no sobrenadante pela atividade total foi
considerada como % de morte celular. A presenca de bicarbonato provocou um
aumento na liberacdo de CK em ambos os modelos (Fig. 21) condizendo com 0s outros

indicadores de morte celulares que obtivemos anteriormente (Queliconi et al., 2013).
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Figura 21 — Bicarbonato aumento o dano ap6s dano por isquemia-reperfusdo. A medida do
dano foi feita pela atividade da creative kinase (CK) liberada. (A) % de CK total no sobrenadante de
células HL-1 no tempo O, pré-reperfusdo (150 min) e pés reperfusédo (155 min) (B) Liberacdo de CK no
perfusato de coracdes de rato isolados submetidos a IR como descrito nos Materiais e Métodos.
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Confirmamos também que o acumulo de proteinas oxidadas podia ser

reproduzido no novo modelo (Fig. 22, 3 e 7).
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Figura 22 — Acamulo de proteinas carboniladas ap6s IR na auséncia de (0% CO,) ou presenca de
bicarbonato (10% CO,)- (A) Células HL-1 foram submetidas a sIR e coletadas na isquemia (150 min) e
apés a 5 min de reperfusdo (155 min) na presen¢a ou auséncia de bicarbonato como descrito nos
Materiais e Métodos. (B) Corages isolados foram submetidos a IR e proteina carbonilada foi medida
como descrito nos materiais e métodos *, p<0,05 em relacéo ao 0% CO..

Comecamos a analisar o sistema autofagico medindo a quantidade de LC3 | e II.
Ndo detectamos diferencas significativas na quantidade de proteina LC3 ou seus
subtipos (Fig. 23 A-F). Usando RT-PCR (Fig. 23G) conseguimos detectar um aumento

da quantidade de mRNA de LC3 nos coracdes isolados de ratos.
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Figura 23 — A guantidade de LC3 ndo muda na presenca ou auséncia de bicarbonato — A
guantidade LC3 foi medida usando WB como descrito nos Materiais e Métodos. (A-C) Células HL-1 foram
submetidas a sIR na presenca ou auséncia de bicarbonato. (D-F) Cora¢des de rato submetidos a IR na
presenca ou auséncia de bicarbonato, (G) A quantidade de mRNA foi medida como descrito nos
Materiais e Métodos de cora¢des de rato submetidos a IR na presenca ou auséncia de bicarbonato. *,
p<0,05 em relagéo ao 0% CO.,.

Outro importante marcador da cascata autofagica é p62. Uma deplecédo de p62
em geral indica fluxo autofagico aumentado enquanto seu acumulo em geral indica
inibicdo. Utilizando extrato total das células HL-1, nés detectamos uma diminuicdo da
guantidade de p62 (Fig. 24A), o que se repetiu quando medimos a quantidade de p62
na fracéo citosolica dos coragfes infartados (Fig. 24B). Entretanto, a quantidade de p62

na fracdo mitocondrial (Fig. 24C) se apresentou significativamente aumentada.
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Figura 24 — Quantidade de p62 diminui no citosol e aumenta na fracdo mitocondrial — A quantidade
de p62 foi medida usando WB como descrito nos Materiais e Métodos. (A) Células HL-1 foram
submetidas a sIR na presenca ou auséncia de bicarbonato. Coracfes de rato submetidos a IR na
presenca ou auséncia de bicarbonato e fracionados em (B) citosol e (C) mitocéndrias. *, p<0,05 em
relagéo ao 0% CO,.

Para nos certificarmos que as modificacbes na fracdo mitocondrial eram
consistentes, medimos outros marcadores ligados a mitofagia. A quantidade de Beclinl
apresenta o padrao oposto de p62, estando aumentada no citosol e diminuida na fracéo
mitocondrial (Fig. 25A e B). Beclinl, quando clivada (Fig. 25C), € um indicativo de
aumento de sinalizacdo apoptética. Porém, ndo conseguimos detectar diferencas em
sua clivagem, o que indica que o processo de morte observado ndo esta ligado a um

aumento de apoptose por essa via.

Drpl é uma enzima necessaria para a fragmentacado mitocondrial e para iniciar o
processo de mitofagia. Na presenca de bicarbonato ela apresentou um aumento na

fracdo citosolica e na fragdo mitocondrial (Fig. 25D e E).
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Figura 25 — Presenca de bicarbonato aumenta marcadores de mitofagia — Beclinl foi quantificada
usando WB em células HL-1 submetidas a sIR na presencga ou auséncia de bicarbonato (A) e em fragbes
de coracdes de ratos submetidos a IR na presenga ou auséncia de bicarbonato. Frac¢éo citosdlica (B) e
mitocondrial (C). Drpl foi quantificada por WB em fracdo de coragbes de ratos submetidos a IR na
presenca ou auséncia de bicarbonato. Fragao citosélica (D) e mitocondrial (E). Os WB foram feitos como
descrito nos Materiais e Métodos. *, p<0,05 em relacdo ao 0% CO..

Parkin é uma ubiquitina ligase, que poderia ser responsavel pelas modificacbes

detectadas na quantidade de ubiquitina. Outra proteina importante é ATG4, responsavel

pela remogdo de LC3. Analisamos a expressdo dessas duas proteinas por WB (Fig.

26). Em ambos os casos ndo detectamos mudancgas.
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Figura 26 — Presenca ou auséncia de bicarbonato ndo muda a quantidade de Parkin ou ATG4b — A
quantidade de Parkin e ATG4b foi medida usando WB em fracGes de coracfes de rato expostos a IR na
presenca ou auséncia de bicarbonato. Parkin nas fracdes citosélica (A), mitocondrial (B) e ATG4b na
fracdo mitocondrial (C). Os WB foram feitos como descrito nos Materiais e Métodos.

Para verificar se a mitofagia esta inibida, analisamos a quantidade de proteinas
que sdo degradas especificamente pelo sistema ubiquitina-proteassoma (TOM70) e
proteinas degradas pelo sistema autofagico (CoxlIV). Detectamos um acumulo de CoxIV

(Fig. 27B), mas ndo TOM70 (Fig. 27A), indicando que somente a via autofagica esta

inibida.
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Figura 27 — A presenca de bicarbonato ndo muda quantidade de TOM70, mas causa acumulo de
CoxIV — Lisados totais de coragéo de rato expostos a IR na presenca ou auséncia de bicarbonato foram
testados para Tom70 e CoxIV usando WB como descrito hos Materiais e Métodos. *, p<0,05 em relacéo
ao 0% CO..

Se a inibicdo da mitofagia é a responsavel pelo aumento de dano causado pela
presenca de bicarbonato, a inibicdo do processo autofagico deveria desaparecer com a
diferenca de dano causado pelo tratamento com bicarbonato. Utilizamos bafilomicina A
para inibir a acidificacdo do lisossomo e sua consequente fusdo com o autofagossomo.
Submetemos células HL-1 a sIR na presenca de Bafilomicina A (Fig. 28) na presenca
(10%) ou auséncia de bicarbonato (0%) (Fig. 28). O grupo contendo bicarbonato ndo
apresentou mudancgas no dano, mas 0 grupo que nao continha bicarbonato apresentou
um dano maior. E interessante ressaltar que nio ha diferenca entre o grupos 0% +
Bafilomicina / 10% / 10 + Bafilomicina, mas essa é significativa quando comparada com

0 0%. Isso mostra que a inibicdo da autofagia ndo aumenta o dano causado pelo
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bicarbonato, mas causa um dano de proporc¢des similares no grupo que nao contém
bicarbonato, suportando a hipotese de que a inibicdo da mitofagia é a causa do

aumento de dano promovido pelo bicarbonato.
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Figura 28 — Bafilomicina A causa um aumento de liberacdo de CK na auséncia de bicarbonato,
mas nao na presenca de bicarbonato — Células HL-1 foram incubadas na presenca de Bafilomicina A
(Baf) (em vermelho) ou DMSO (em preto) por 2 h antecedendo o experimento e submetidas a sIR como
descrito nos Materiais e Métodos. A liberacdo de CK foi medida sobe condi¢des basais (0 min), antes da
reperfusdo (150 min) e 5 min apds a reperfusao (155 min). *, p<0,05 em relagao ao indicado.
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5. Discusséao

5.1 — Caracterizagdo do dano causado pela presenca de bicarbonato na IR

Esse trabalho se iniciou pela constatacdo de que ha aumento do dano causado
por isquemia/reperfusdo pela presenca de HCO3/CO,. Os dados que caracterizam esse
efeito estdo compreendidos entre as figuras 2-15 discutidos em detalhes no trabalho
publicado e em anexo (Ap.5) (Queliconi et al., 2013). Aqui faremos uma breve
discussdo dos dados ja& publicados e focaremos na discussdo do mecanismo
responsavel, ainda ndo publicado.

A presenca do bicarbonato causa um aumento do dano provocado por IR sem
gue haja modificagdées nas condi¢cdes basais. Estudos anteriores utilizando bicarbonato
mostram que a presenca um aumento do bicarbonato poderia ser protetora (Heijnen et
al., 2002; Imahashi et al., 2007), entretanto esses estudos ndo se preocuparam em
manter o pH constante. Essa protecdo descrita pode se dever principalmente a
reperfusdo acida, que ja foi descrita como protetora em condi¢Bes de IR (Inserte et al.,
2008) devido a um menor gasto energético pela bomba de Na'/K*(Imahashi et al.,
2007).

Noés analisamos a influéncia da presenca de bicarbonato mantendo o pH intra e
extra celular constante. Nossos dados séo coerentes com diversos estudos mostrando
toxicidade devido a um aumento de CO, (Ezraty et al., 2011) e que o par HCO3/CO,
permite e catalisa a producdo de espécies radicalares mais reativas (Medinas et al.,

2007).
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Noés estudamos a possibilidade da reacéo de radicais derivados do par HCO3

/CO, reagir com NO’ (Fig. 10) e danificar a NOS ou a NADPH oxidase, criando um fluxo

constante de superéxido que poderia ser a origem do dano (Santos et al., 2009).
Nenhum desses fatores demonstrou ser necessario para o aumento do dano. Dessa
maneira seguimos para um estudo detalhado das diversas possiveis fontes que

provocariam o aumento do dano.

5.2 — Identificacdo das mudancas moleculares envolvidas no dano causado
pela presenca de bicarbonato na IR

Parametro bioenergéticos e redox mitocondriais podem ser facilmente alterados
pela mudanca de carga ionica pela diferenca de pH entre o espaco intermembranas e a
matriz (Nicholls, 2002; Kumar et al., 2011). Ao analisar a respiracdo, producdo de
EROs, a quantidade de proteinas oxidadas formadas em situacéo de estresse oxidativo
e a forma da rede mitocondrial, ndo conseguimos detectar nenhuma diferenca (Fig. 14-
19). O mais intrigante desses dados € a falta de deteccdo de um acumulo de proteinas
oxidadas em organelas isoladas (Fig. 17 e 18), ja que esse foi um dado consistente
observado nos experimentos com sistemas celulares e é conhecido que o bicarbonato
pode aumentar a toxicidade de outras espécies radicalares (Medinas et al., 2007).

A falta de lesBGes oxidativas no sistema de organelas isoladas nos fez levantar a
hipotese de que a diferenca ndo estava na producdo de EROs, mas na remoc¢éo dos
danos provocados por essas especies. A degradacdo proteica em células é mediada
pelo sistema proteassoma-ubiqutina e sistema autofagico. O proteassoma €

considerado a principal via de degradacdo de proteinas danificadas e mal
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formadas/dobradas (da Cunha et al., 2011; Livnat-Levanon e Glickman, 2011). Sabe-se
gue o aumento da atividade do proteassoma reduz o danos associados a IR (Churchill
et al., 2010). N6s detectamos um aumento da quantidade de ubiquitinacdo na presenca
de bicarbonato (Fig. 20A). O acumulo de ubiquitina pode ser causado pela inibicdo da
degradacdo ou um aumento da ubiquitinacdo das proteinas. Infelizmente, o grande
namero de ubiqutin-ligases (Livnat-Levanon e Glickman, 2011) e sua ligacao transiente
com os alvos e organelas torna dificil quantificar a atividade das mesmas.

Seguimos medindo a atividade do proteassoma em extratos de células HL-1
submetidas a isquemia na presenca ou auséncia de bicarbonato (Fig. 20B) e de
coracBes que foram submetidos a IR na presenca ou auséncia de bicarbonato (Fig.
20C). Nao detectamos nenhuma diferenca na atividade do proteassoma que explicasse
as diferencas na quantidade de ubiquitina.

O processo autofagico também se utiliza de ubiquitina como marcador e iniciador
(Geng e Klionsky, 2008; Suen et al., 2010; Huang et al., 2011; Kubli et al., 2013; Bingol
et al., 2014). Os nossos dados iniciais indicavam uma tendéncia de acumulo de LC3
(Fig. 23 A-C, E-G), com um significante aumento da quantidade de LC3Il na sua forma
ativa na presenca de bicarbonato em células HL-1 submetidas a IR (Fig. 23G).
Detectamos também um aumento significativo de mRNA de LC3 nos coracdes expostos
ao bicabonato (Fig. 23D). Esses dados s&o um indicativo de que a autofagia pode estar
inibida. A inibicdo da degradacédo pode ser causada por problemas na deteccdo dos
alvos, estruturacdo do autofagossomo, fusdo com o lisossomo e na degradagcao do
conteudo dentro do autofagolisossomo (Gottlieb et al., 2011; Mizushima et al., 2011;
Kobayashi e Liang, 2014). Iniciamos olhando para a quantidade de uma proteina

acessoria que permite a identificagcdo dos alvos a serem degradados, p62 (Fig. 24).
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A guantidade detectada no extrato celular total aparece diminuida na presenca
de bicarbonato (Fig. 24A), e 0 mesmo se repete quando analisamos a fracao citosolica
dos coracdes de ratos. Esse dano parece inconsistente com a quantidade de LC3 (Fig.
23), entretanto quando analisamos a quantidade de p62 na fracdo mitocondrial dos
coracOes de rato detectamos um aumento na quantidade de p62 mitocondrial.

O acumulo de p62 na fragcdo mitocondrial pode indicar um problema
especificamente no processo de mitofagia. Essa hipotese seria condizente com os
dados anteriores ja que o acumulo de mitocéndrias danificadas causaria um aumento
de dano oxidativo nas células provocando um aumento de proteinas oxidadas. Para nos
certificarmos se 0 processo mitofagico estava realmente inibido medimos outros
marcadores. Utilizando coracfes de rato fracionados submetidos a IR e expostos ou
nao ao bicarbonato, medimos a quantidade e a translocacédo de Beclin e de Drpl (Fig.
25). Beclin apresentou um aumento na fracéo citosélica (Fig. 25A) e uma diminuicao na
fracdo mitocondrial (Fig. 25B). Beclinl é essencial para mitofagia e sua presenca €
essencial para a translocacdo de outros fatores necessarios para a mitofagia (Wirawan
et al., 2010; Choubey et al., 2014). Esse dado refor¢ca que a mitocéndria ndo esta sendo
degradada de modo eficiente porque nédo esta recebendo todos os fatores necessarios,
e a presenca da mesma quantidade de Beclinl clivada (Fig. 25C) indica que a inibigéo
da mitofagia ndo estd ocorrendo devido a um aumento de sinalizacdo para apoptose
(Wirawan et al., 2010).

Drpl é uma proteina importante para a fissdo mitocondrial, um passo que
normalmente precede a mitofagia. A fissdo mitocondrial é necessaria para que as
mesmas possam ser englobadas pela autofagossomo e Drpl interage com Parkin para

estimular a mitofagia (Buhlman et al., 2014). Na presenca de bicarbonato houve um
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aumento da quantidade de Drpl citosolica (Fig. 25D) e translocada para a fracao
mitocondrial (Fig. 25E) indicando um acumulo de Drpl que seria degradada junto com
as mitocondrias danificadas.

O aumento de Drpl e o decréscimo de Beclinl poderiam indicar um defeito na
marcacdo das mitocondrias que seriam degradadas, ja que ambas séo translocadas
para a mitocondria, portanto poderiam haver mudancas em proteinas que marcam as
mitocondrias a serem degradadas, como Parkin e Atg4b. Analisamos ambas e nao
detectamos nenhuma diferenca (Fig. 26). Essas proteinas apresentam uma ligacao
transiente com as mitocondrias danificadas e isso pode ter dificultado a deteccéo.
Entretanto a quantidade aumentada de ubiquitina pode indicar que nao temos
problemas Parkin (uma das muitas ubiquitinas ligase celulares), e o leve aumento de
LC3 pode indicar que ATG4b também funciona corretamente. Portanto, a falta de
diferenca nao nos fornece informacdes adicionais.

Essencialmente, a mitofagia promove a degradacéo de proteinas mitocondriais.
Entretanto nem todas sdo degradas pelo sistema autofagico e algumas sdo degradas
pelo sistema proteassoma ubiquitina (Vincow et al., 2013). Dessa maneira noés
analisamos Tom70 e CoxIV (Fig. 27) como representantes da degradacdo do sistema
proteassoma-ubiquitina e do sistema autofagico respectivamente.

A quantificacdo por WB se deu em extrato total para que nao houvesse influéncia
da purificacdo mitocondrial, que poderia separar uma subpopulagcdo mitocondrial. A
quantidade de Tom70 (Fig. 27A) nao apresentou diferencas significativas, o que condiz
com a atividade normal do sistema proteassoma analisada anteriormente (Fig. 20). A
quantidade de CoxIV (Fig. 27B) aparece aumentada, o que também condiz com os

dados mostrando inibicdo da mitofagia.



63

Ainda nao existem meios de se modular positivamente ou negativamente a
mitofagia de maneira especifica. Os meios de ativacdo do sistema autofagico total
também ndo sédo especificos e apresentam diversos efeitos indiretos (Dolman et al.,
2013). Por isso inibimos o sistema autofagico utilizando bafilomicina A, uma droga que
inibe a acidificacdo do lisossomo, 0 que impede a degradacéo proteica e a fusdo do
autofagossomo com o lisossomo. Apdés a inibicdo submetemos células HL-1 a sIR na
presenca ou auséncia de bicarbonato e medimos a morte celular (Fig. 28). Com isso
conseguimos mostrar que a inibicdo do sistema autofagico aumenta a morte de células
submetidas a sIR na auséncia de HCO3/CO, ao mesmo nivel daquelas expostas a sIR
com HCO3/CO,. Esse dado adiciona a hipotese de que a presenca de bicarbonato inibe
a mitofagia, mostrando que a inibicdo da autofagia total exerce o mesmo efeito que a

presenca do bicarbonato nas células HL-1. Os dados estdo esquematizados na fig. 29.
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Figura 29 — Esquema geral e mecanistico dos efeitos da presenca de bicarbonato na IR — (A)
Esquema das modificagbes observadas na presenca de bicarbonato e IR (B) Detalhe das modificacfes
na mitofagia que levam ao danos observados na parte A., em vermelho as modificacfes detectadas

nesse estudo.
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6. Conclusdes
Nosso trabalho demonstra que a presenca de bicarbonato durante IR aumenta o
dano celular em diversos modelos. Mostramos também que esse dano € causado por
uma inibicdo da mitofagia.
Resumidamente,
e 1[HCO35/CO;] + IR causa um aumento do dano e morte celular
acompanhado de um acumulo de proteinas oxidadas
e 1 [HCO3/CO,] ndo modifica o fendtipo mitocondrial
e 1[HCO3/CO;] e 1[HCO3/CO,] + IR ndo modifica a atividade do
proteassoma
e 1[HCO3/CO;] + IR provoca um aumento da quantidade de ubiquitina
e 1[HCO3/CO;] + IR ndo muda marcadores de autofagia geraist[HCO3;/CO]
+ IR provoca acumulo de marcadores de autofagia na mitocondria
(mitofagia), e modifica a relacdo entre proteinas degradadas pelo
protassoma e por mitofagia (TOM70 e CoxIV)
e A inibicdo da autofagia produz dano semelhante a presenca de

bicarbonato, sem alterar o dano causado na presenca de bicarbonato
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Abstract

Objective: Mitochondrial calcium-activated K™ (mitoK,) channels have been described as channels that are activated by Ca®*, inner
mitochondrial membrane depolannhon and drugs such as NS-1619. NS-1619 is cardiop ive, 1 g to the ption that this effect is
related to dae peni of mitoK, chi 1s. Here, we show several knesses in this hypothesi:

Methods: L d hondria from rat hearts were tested for evidence of mitoK¢, activity by analyzing functional parameters in K*-rich
and K-free media.
Results: NS-1619 promoted mitochondrial depolarization both in K*-rich and K*-free media. Respxrmory rate increments were also seen in

the presence of NS-1619 for both media. In parallel, NS-1619 p d 'y inhibition, as evid d by respi Y in
state 3. Mitochondrial volume Londuned usmg hghl scanenng showed that NS-1619 led m swelling, in a manner unaltered by
inhibitors of mitoK, ¢ 1 ists of ad tr h itive p i h or inhibi of the permeability

transition. Swelling was also mmnlamed when K in the medm was subsutuled with tetracthylammonium (TEA™), which is not transported
by any known K carrier. Electron microscopy experiments gave support to the idea that NS-1619-induced mitochondrial swelling took place

in the absence ofK In addition to testing the phzmmcolog:cal effects of NS-1619, we pted fully, to p mitoK¢,
activity by altering Ca®" conc ions in the medium and i g mitochondrial pling

Conclusion: Our dala di that NS-1619 p non-selective p bilization of the inner mitochondrial membrane to ions, in
addition to partial respiratory inhibition. Funhennom we found no speclﬁc K’ port in isolated heart mitochondri ible with

mitoK¢, opening, whether by pharmacological or physiological stimuli. Our results indicate that NS-1619 has extensive mllochondnal
effects unrelated to mitoK, and suggest that tissue protection mediated by NS-1619 may occur through mechanisms other than activation of
these channels.

© 2006 European Society of Cardiology. Published by Elsevier B.V. All rights reserved.

Keywords: Oxygen consumption; K* channel; Ischemia; Mitochondria; Pr diti

1. Introduction

Abbreviations: NS-1619. 1.3-dihydro-1-{2-hydroxy-S-{ifluoromethyl)

Myocardial cells present increased resistance to ischemic
phenyl]-S-(rifh cthyl)-2H-benzimidazol.2 S-HD, 5-hydroxyd y p

canoate;, COCE, carbonyl. cysmide  m-chloro phigl: fiyd DNP. insults when previously exposed to brief, non-lethal ische-
finitrophenol; CsA. cycl in A: EGTA. cthy} g.ymlb,s(, inocthyl mia, a phenomenon known as ischemic preconditioning [1].
czhc()-J\JV.N"N -tetraacetic acid; mitoKc,. mitochondrial ATP-sensitive K™ This suggests that myocytes possess an evolutionarily
channcls; mitoK,, mitochondrial calcium-activated K” channcls; Pax; selected, endogenous machinery of protection against ische-
pexiine; TEA', ietactty o o, S E-M., studded covor: of. o mia. Ischemic preconditioning involves several redundant
mean; TMPD, NV NN- hyl-p-phenylene-di s 2 3 P
* Comesponding suthot. A¥. Prof. meu Pnﬂcs 748, Cidade Universi- signaling cascades and end effectors (reviewed in [2.3]), a
taria, Sdo Paulo, SP, 05508-900, Brazil. Fax: +55 11 38155579. finding that attests to the importance of these mechanisms. A
E-mail address: alicia@ig.usp.br (A.J. Kowaltowski). thorough understanding of the cardioprotective events

0008-6363/S - sec front matter © 2006 European Society of Cardiology. Published by Elsevier B.V. All rights reserved.
doi:10.1016/j.cardiores.2006.11.035
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Fig. 1. N5-1619 depolanizes mitochondria suspended in both K- and Ma'-rich media_ Rat heart mitochondria (0.25 mg protein/ml) were incubated in working
buffer containing Na” (2) or K (W) as the main cation, in the presence of 5 pM safranin O and 1 pg/mL oligomycin. In Pancl A, 5 mM glutamate and 5 mM
malate were used as substrates. In Pancl B, 2 mM succinate and | pM rotenone were present. Membrane potentials were measured before and after the addition of
N5-1619, and the average depolarization (in mV)=S.E.M. of 4-7 repetitions was ploticd. *, p<0.05 in companson to control.

2.4, Experimental conditions

Mitochondnal volume, oxygen consumption and mems-
brane potential measurements were performed in a working
buffer containing 2 mM MgCl, and K salts of C17 (150 mM),
phosphate (2 mM) and K'-HEPES (5 mM), pH 7.2. Where
indicated, experiments were also performed in buffers of
similar composition, in which all K* salts were replaced by
Na" or tetraethylammonium (TEA™) salts. Further additions
are mentioned in the figure legends. All experiments were
conducted at 37 °C, with continuous stimring.

2.5. Mitochondrial swelling

Changes in 907 light scattering, reflecting changes in
mitochondral volume [21], were followed using a temper-
ature-controlled Hitachi F4500 spectrofluorometer operating
with continuous stirring at excitation and emission wave-
lengths of 520 nm, with 2.5 nm slits. Light scattering
decrease was calculated for each sample by taking the
difference of scattered light between an early and a late time
interval (3.5 to 6.5 5, and 220 to 230 s, respectively, after
mitochondnal injection), and normalizing it to the scattered
light at the early time interval. Light scattering decreases
were calculated in the presence and absence of the
pharmacological agents tested, both in K" or TEA" media,
and the ratio was used as final data.

2.6. NAD(P) INAD(PIH redox state

Fluorescence levels at 352 nm excitation and 464 nm
emission, in which NAD(P)H, but not NAD(F)*, fluo-

resces, were measured over time using a Hitachi F4500
spectrofluorometer.

2.7. Mitochondrial membrane potential estimation

Mitochondrial membrane potentials were estimated by
following safranin O (5 pM) fluorescence [22] at 495 nm
excitation and 586 nm emission on a Hitachi F4500 spectro-
fluorometer. A calibration curve was constructed using the
K" ionophore valinomycin (0.1 ng/mL) and known K°
additions, assuming matrix K" concentrations were 150 mM
[23]).

2.8 Measurement of mitochondrial respiration

Oxygen consumption was measured using a computer-
interfaced Clark-type oxygen electrode from Hansatech
Instruments, equipped with magnetic stirrng.

2.9, Transmission electron microscopy

Mitochondria (0.6 mg proteinml) were incubated for
240 or 150 s in working buffer containing either K* or TEA*
as the main cation, respectively, in the presence of 1 pg/mL
oligomycin, 5 mM malate and 5 mM glutamate. A shorter
incubation time was used for TEA" because it is not extruded
from the mitochondrial matrix, producing larger matrix
volume increases, and eventually outer membrane rupture
[24]. Suspended mitochondria were centrifuged at 16,500=g
for 2 min and fixed first in 100 mM cacodylate buffer with
2% glutaraldehyde and then in 2% osmium tetroxide. The
samples were dehydrated through a series of 70-100%

75



D.F Cancherini et al. / Candiovascilar Research 73 (2007) 720-728 723
A B . C.0
4.0 Malate + Glutamate 1.8 Succinate + Rotenone 109 =

= 35 = E

- £ 1.6 g
E c

o 8 =]

s 30- : e

(i1} =1

= 2 m

ke s = £

g 254 o p

c = E

= = g

E— 2.0+ “El e

5 5 =

: -

S 1.5 8 =

o N &'

o o 5

<L

1.0 =

T T T T T T 1 0.8 T T T T — 1 .
0 10 20 30 40 50 60 0 10 20 30 40 S50 60 e

[NS1619] (uM)

[NS-1619] (uM)

2
g -?:,$ @$ éﬁ‘% cpc"'
[NS-1619]

Fig. 2. N5-1619 increases non-phosphorylating respiratory rates. Mitochondria (0.3 mg protein/mL ) were incubated in working buffer containing Ma”™ (O) or K~
{ ) as the main cation, in the presence of 1 pgfml oligomycm and (Panel A) 5 mM glotamate plus 5 mM malate, (Panel B) 2 mM succinate plus 1 pM rotenone
or (Panel C) 2 mM succinate, 5 mM glotamate, 5 mM malate and 2 mM pymovate. Changes in oxygen consumpiion (Panels A and B) or NAD{P)H fluorescence
{Panel C) upon the addition of NE-1619 (as indicated) or 1 pM COCP {Panel C) were recorded and plotted relative to control in the absence of NS-1619 and
CCCP, as averages+5 EM. of 3—6 repetitions. *, p<0.05 in comparnison io control.

ethanol solutions and incubated in propylene oxide prior to
infiltration with Spurr resin [25]. The samples then were
embedded in 100% Spurr resin and polymerized at 72 °C.
Ultrathin 70 to 80 nm sections were cut and stained with
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Fig. 3. N5-1619 promotes maximal respiratory rate inhibition. Mitochondmna
(0.3 mg proteindmL) were incubated im working buffer in the presence of
2 mM ADP and (O) 2 mM succinate plus 1 pM rotenone or (l) 5 mM
glutamate and 5 mM malate. Respiratory rates were recorded before and after
the addition of NS-1619, and the inhibitory effect was calculated relative to the
basal oxygen consumption rate and presented as averages=5.EM. of 3-13
repetitions. *, p<0.05 in comparson to conirol.

uranyl acetate and lead nitrate. Sections were examined with
a Jeol Jem-1010 transmission electron microscope at 80 k'V.

2.10. Data analysis

Experiments depict averages and standard errors of the
mean (Figs. 1, 2, 3 and 4B) or representative results (Figs.
4A, 5 and 6) from at least three similar repetitions. NS-1619-
induced depolarizations were evaluated by one-sample t-test
comparisons agamst 0 mV. NS-1619-induced changes in
control-normalized respiratory rates, light scattering
decreases or NAD{P)H fluorescence were compared to 1,
again by one sample f-tests. Since we were not interested in
all pairwise comparisons, only in comparing treated groups
to controls (in what is usually named planned comparisons)
we used f-tests rather than ANOVA.

3. Results

Increases in inner mitochondrial membrane permeability
to K* ions decrease the inner membrane potential and the H*
electrochemical potential, since K is positively charged and
exchanged for H" by mitochondrial K'/H' exchangers
[11,26]. The extent of inner membrane depolarization is
proportional to K* transport rates. In the case of mitoKc,
channels, inner membrane potential changes should be
pronounced, since the conductance and abundance of these
channels is significant [12,13]. We measured the effects of
NS-1619 on mitochondrial inner membrane potentials, in
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order to assess possible depolarizations promoted by
mitoKg, (Fig. 1). Mitochondna were incubated in the
presence of the ATP synthase inhibitor oligomycin, so
changes in oxidative phosphorylation could not affect the
measurements. Either malate plus glutamate (Panel A) or
succinate (plus rotenone, Panel B) were used as respiratory
substrates. We found that NS-1619 induced a concentration-
dependent inner mitochondrial membrane depolanzation,
which was statistically significant at concentrations above
20 pM (malate plus glutamate) or 8 pM (succinate). This
finding is in line with a previous description of mitochon-
drial depolanization induced by NS-1619 in glioma cells
[18,19] and heart [20], and with the high conductance of
mitoKg, [12,13]. However, the depolarization did not
change if the main medium cation was K'(m) or Na* (O),
suggesting it does not reflect mitoK ¢, channel activity, since
these channels are specific for K [12].

Possible causes for the depolarization observed with NS-
1619 could be respiratory inhibition and/or mitochondrial
uncoupling, so we investigated the effects of this drug on
mitochondrial respiratory rates, also in the presence of added
oligomycin (Fig. 2ZA and B, note difference in scale). In the
presence of malate plus glutamate as substrates (Panel A),
NS-1619 induced a strong increase in respiratory rates which
was statistically significant at concentrations as small as
5 uM and, at 50 pM, reached levels more than three times
higher than controls. Again, the effect observed was not
altered by the cation (Na*, O, or K*, ®) used as osmotic
support. Furthermore, increments in respiratory rates pro-

moted by 20 pM NS-1619 (2.15+0.19, n=6) were unaltered
by the presence of mitoK ¢, antagonist paxilline (5 pM, 2.14 £
0.23, n=3), indicating they are not attributable to the activity
of this channel.

Increments in respiratory rates were also observed when
succinate (plus rotenone) was used as a substrate (Panel B),
at NS-1619 concentrations ranging from 3 to 30 pM.
Interestingly, higher NS-1619 concentrations reversed the
increments in respiratory rates observed at lower concentra-
tions, suggesting the drug may not only lead to uncoupling,
but may also promote respiratory inhibition (see below).

The uncoupling effect of NS-1619 was also confirmed by
measuring mitochondrial NAD(P) redox state (Fig. 2C). We
found that the addition of this drug to mitochondria
energized by both succinate and NADH-linked substrates
in the presence of oligomycin lead to significant oxidation of
NAD{P)H, resulting in decreased fluorescence, which was
significant at NS-1619 concentrations as low as 3 pM. The
effect was dose-dependent and, at high NS-1619 concentra-
tions, almost equivalent to that of the classical mitochondrial
uncoupler CCCP.

As mentioned above, the results in Fig. 2B suggest NS-
1619 may not lead only to mitochondrial uncoupling, but
may also promote respiratory inhibition. Indeed, many
lipophylic drugs such as NS-1619 are inhibitors of
mitochondrial electron transport when used in high con-
centrations [9]. However, the data from Fig. 2B are not ideal
to uncover a respiratory inhibition effect since maximal
respiratory rates were not present, and expenmental errors

77



D.V. Cancherini et al. / Cardiovascular Research 73 (2007) 720-728 725

NS-1619, K*

Control, K

Fig. 5. NS-1619-induced ch in hondrial hology. The figure
depicts clectron micrographs of mitochondria (magnification=30.000; scale
bar length=500 nm) incubated in K™ or TEA" media. In the rightmost
Pancls, 50 pM NS-1619 was present. Samples are typical arcas of at least 5
images collected under the same expenimental conditions.

were large. To investigate the respiratory effect further, we
measured oxygen consumption in mitochondria in which
maximum respiratory rates were induced by adding ADP
(Fig. 3). Under these conditions, respiratory inhibition was
promoted by NS-1619 at concentrations as low as 8 pM,
with either malate plus glutamate (m) or succinate (O) as
substrates. The similar extent of respiratory inhibition in the
presence of substrates that reduce either complex I or II
suggests that a downstream point in the electron transport
chain, such as complex III or IV, is affected by this drug.
In order to investigate the site of respiratory inhibition
further, we tested the effect of NS-1619 on respiration
supported by 200 pM TMPD plus 2 mM ascorbate, which
donate electrons directly to complex IV, bypassing complex
III. Under these conditions, 50 uM NS-1619 reduced the
maximum respiratory activity by 12.1+1.3% (n=4). Since
45% to 55% respiratory inhibition was observed with
complex I or Il-reducing substrates, this results suggests
that, while complex IV contributes to the respiratory
inhibition observed, at least part of the respiratory inhibition

promoted by NS-1619 originates from effects of this drug on
complex III. Altogether, our data show that, in addition to
promoting uncoupling, NS-1619 inhibits mitochondrial
respiration.

NS-1619 promoted mitochondrial uncoupling indepen-
dently of the cation used in the media, suggesting it may
promote non-selective inner membrane permeabilization
instead of activating a cation transporter. To investigate
this possibility, we measured light scattering of isolated
mitochondria (Fig. 4), which is decreased as the organelles
swell due to the uptake of ions and water [16]. Fig. 4A shows
a typical light scattering trace over time. Mitochondria added
to K*-rich media swell rapidly, taking up K" ions lost during
the isolation process [6], until they reach a steady state. We
found that the addition of NS-1619 lead to further
mitochondnal swelling, confirming that this drug increases
inner membrane permeability to K*, and not only to H', as
indicated by the data in Figs. | and 2. Interestingly, the effect
of NS-1619 (Fig. 4B) was also observed in buffer in which
K" ions were substituted by TEA" (empty column), a cation
which is not transported by any known mitochondrial carrier,
and blocks several types of K* channels [27]. This indicates
that the effect of NS-1619 is not ion selective, and cannot be
ascribed to the activation of a K* channel. Indeed, the effect
of NS-1619 was not prevented by mitoK¢, antagonist
paxilline (5 uM). The mitoK¢, antagonist charybdotoxin
was also ineffective in preventing NS-1619-induced swell-
ing, even when used in mitoplast preparations (mitochondria
devoid of outer membranes, striped columns), a condition in
which this toxin is fully accessible to the inner mitochondrial
membrane. Finally, mitoK yrp inhibitors ATP (I mM, data
not shown) and 5-hydroxydecanoate (300 pM, Fig. 4B) or
I mM EGTA plus 1 pM cyclosporin A, inhibitors of the
mitochondrial permeability transition (a form of non-
selective inner mitochondrial membrane permeabilization
[28,29]) did not prevent swelling induced by NS-1619.
These results indicate that the effect of this drug is to
promote non-selective inner membrane permeabilization to
ions in a manner independent of K* channels or the
permeability transition.

In order to confirm our volume measurements using a
more direct technique, we performed transmission electron
microscopy on mitochondria incubated in the presence or
absence of NS-1619 (Fig. 5). Normal mitochondrial
conformations (Leftmost Panels) were altered by the
addition of NS-1619 (Rightmost Panels), which caused
largely enhanced matrix volumes and intercristal spaces,
with decreased electron-density compared to controls. This
effect occurred independently of the ion used as osmotic
support, confirming that NS-1619 has significant effects on
mitochondrial structure which are unrelated to selective K*
transport.

Our results up to this point do not uncover any evidence
of the activity of a mitoK¢, channel, due mainly to
undesirable effects of NS-1619. We thus decided to
investigate possible mitochondrial effects of this channel
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involved in ischemic preconditioning will certainly contrib-
ute toward the development of newer therapeutic interven-
tions designed to prevent tissue damage in ischemic diseases.

Mitochondrial adenosine triphosphate (ATP)-sensitive K©
channels (mitoK 4rp) are an established part of the endo-
genous protective machinery mediating ischemic precondi-
tioning. Indeed, ischemic preconditioning is prevented by
mitoK srp channel antagonists [4-6] and mimicked by a
variety of agonists [5,7.8]. When opened, these channels
promote significant mitochondrial matrix expansion and
mild inner membrane potential reduction [9]. These effects
of K' entry through mitoKrp channels are thought to
protect tissues by modulating the production of reactive
oxygen species and avoiding the loss of cellular high energy
phosphates (such as ATP and phosphocreatine) and the
accumulation of matrix Ca®*, resulting in the prevention of
mitochondrial permeability transition (reviewed in [10,117]).
All these protective mechanisms result from K' transport
across the inner mitochondrial membrane, the primary con-
sequence of mitoK srp opening. Indeed, despite the fact that
some pharmacological regulators of mitoK arp present toxic
effects, they have been shown to act on a selective K*
transport pathway in i1solated heart mitochondria [9].

Recently, a second type of K* channel, the mitochondrial
calciume-sensitive K* channel (mitoK,), has been identified as
another possible mediator of ischemic cardioprotection. Patch
clamp experiments show that the opening probability of this
channel increases in response to Ca™ and depolarization
[12,13]. These stimuli are observed under physiological con-
ditions such as high cardiac work, and pathophysiological
conditions such as 1schemia. Thus, it is possible that mitoK -,
could be activated during ischemic preconditioning. Indeed,
there is initial evidence that mitoK -, channels may be involved
in protection mediated by preconditioning, based on effects of
putative mitoK, blockers [14]. Further evidence for the
cardioprotective role of mitoKq, is based on the finding that
1,3-dihydro-1-[2-hydroxy=-5-(trifluoromethyl)phenyl]-5-(tri-
fluoromethyl)-2H-benzimidazol-2-one (NS-1619), an activa-
tor of plasma membrane big conductance calcium-sensitive K*
channels, leads to protection against ischemia in perfused
hearts and cardiac cells [13—16]. However, the specificity of
NS-1619 toward mitoKe, opening was not extensively veri-
fied. Indeed, although single-channel recordings of mitoK ¢, in
glioma [12] and rat heart [13,17] mitoplasts have been
conducted, there is no evidence NS-1619 activates currents
under these conditions. Instead, the effect of NS=1619 was
tested on mitochondral K* uptake using a K*-sensitive probe
[13]. an experimental setting which may be influenced by
factors distinct from a regulated and selective K* entry path-
way. Furthermore, there is some evidence in the literature that
NS-1619 may have mitochondrial effects unrelated to K*
transport, such as respiratory inhibition [18-20].

This work evaluated NS-1619 effects in isolated
mitochondria, an experimental setting that allows for
more detailed examination of bioenergetic effects and
specificity of this drug. Surprisingly, we found that NS-

1619 does not promote K* transport attributable to a
channel or a specific proteinaceous cation transporter.
Instead, this drug promotes non-selective ion transport
across the mmner mitochondrial membrane, in addition to
respiratory inhibition. Furthermore, we demonstrate that
measurable effects of mitoKq, opening cannot be obtained
in isolated mitochondria by elevation of extramitochondrial
Ca™ or depolarization, the suggested physiological activa-
tors of this channel.

2. Materials and methods
2 1. Materials

All reagents used were analytical grade or better, and
delonized water was used for all aqueous solutions. Respira-
tory substrates (pyruvate, malate, glutamate and succinate),
ATP and EGTA stock solutions were prepared in water and
buffered with the main cation used in the experimental media.
NS-1619, paxilline and cyclosporin A stock solutions were
prepared in DMSO; charybdotoxin and 5-hydroxydecanoate
solutions (in deionized water) were prepared fresh the day of
the experiment.

22 Mitochondrial isolation

All animal studies were approved by the Comissdo de
Etica em Cuidado e Uso Animal and conform with the Co-
légio Brasileiro de Experimentacdo Animal and the Guide for
the Care and Use of Laboratory Animals published by the
USA National Institutes of Health. Hearts were rapidly re-
moved from adult (2 month) Sprague—Dawley rats weighing
between 250 and 350 g, finely minced and homogenized in
ice-cold buffer containing 300 mM sucrose, 0.1% BSA, and
Na" salts of HEPES (10 mM) and EGTA (2 mM), pH 7.2. The
suspension was then centrifuged at 800x=g for 7 min, and the
resulting supematant was centrifuged at 9500=g for 10 min.
The final pellet was resuspended in 300—500 pl of the same
buffer. Mitochondrnal protein concentrations were deter-
mined using the Biuret reaction. Respiratory control indexes
were on average 24+7, using 5 mM malate plus 5 mM
glutamate as substrates. Under these conditions, average state
3 and 4 oxygen consumption rates were [81=18 and 9.0+

2.5 nmol min~" mg™".

2.3. Mitoplast preparation

Mitochondria (1 mg/mL) were incubated under gentle
stirring for 10 min in ice-cold medium containing 11 mM
KCl and 0.7 mM HEPES, pH 7.2, then centrifuged at
12,000xg for 10 min. The pellet was resuspended in 20 mL
of isolation buffer, centrifuged again at 12,000=g for 10 min,
and resuspended in a small volume of isolation buffer.
Rupture of the outer mitochondrial membrane was con-
firmed by wvenfying the stimulatory effect of 0.5 pM
cytochrome ¢ on respiratory rates.
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Fig. 6. Caleium and uncoupling do not promote selective K" transport in mitochondria. Mitochondria (.25 mg protein/mL) were incubated in K* {black lines) or
Na" (grey lines) working buffer in the presence of 1 pg/mL oligomycin, 5 mM glutamate, 5 mM malate, Light scattering was followed over time, in the presence
of the Ca™* concentrations indicated (Pancl A). In Pancl B, 1 pM dinitrophenol and 200 M EGTA were present in all traces, and the following additions were

made: none (control), 200 pM s’ fCaz‘], 2 uM cyclosporin A (CsA) and/or 5 pM paxilline (Pax). Ca”" concenirations are ex

as estimated free Ca®”

calculated using MaxChelator software. DNP produced an average depolanization of 41 9 mV +3.3 mV in K* media and 36.0+2 2 mV in Na* media_ Traces were
offset for casier visibility and represent typical experiments reproduced using at least three different preparations.

by stimulating its activity with putative physiological
channel activators. Two different activating strategies were
used: treating mitochondria with Ca®* ions and uncoupling
mitochondria with low doses of the mild protonophore
dinitrophenol to decrease the inner membrane potential.
Under these conditions, effects in K* and Na* media were
compared, in search of K'-specific transport. Fig. 6 shows
representative data of a very large number of experiments
conducted seeking a condition in which Ca™ (with or
without mitochondrial uncoupling, Panels B and A,
respectively) lead to mitochondnal permeabilization exclu-
sively In K*-rich media (black lines). We found no evidence
for such a condition, measuring mitochondrial swelling and
varying Ca®" concentrations. In all cases, when membrane
permeabilization was observed (as indicated by a decrease in
light scattering), it occurred also in Na*-based media (gray
lines), indicating it is attributable to non-selective permea-
bilization, as i1s typical of mitochondrial permeability
transition. Indeed, the swelling observed was inhibited by
mitochondrial permeability transition inhibitor cyclosporin
A (CsA), but not mitoK -, antagonist paxilline (Pax), which
causes slight swelling itself. These results are expected, since
permeability transition is stimulated by Ca®" and inner
membrane depolanization [28,29].

A further attempt to verify the effects of mitoKc, in
isolated mitochondria was to induce channel opening using
B-estradiol [17]. which has been reported to activate these
channels at high concentrations (up to 10 pM; physiological
concentrations usually do not exceed 2 nM [30]). In isolated

mitochondna treated with 10 pM P-estradiol, light scattering
measurements again indicated that increased cation perme-
ability was not specific for K* (data not shown). Similar
experiments were conducted using BK, agonists Evans
blue {25-50 pM), flufenamic acid (50-100 pM), GABA (2—
200 pM), resveratrol (60 pM), or phloretin (50 pM) [31,32]
as possible mitoK ., activators. In all cases, no specific K*
transport was observed (data not shown).

4. Discussion

The data presented in this manuscript were obtained with
the initial intent of identifying and quantifying effects of
mitoKg, activity in isolated rat heart mitochondna. Using
isolated mitochondria as an experimental model may present
certain limitations in relation to intact cell or tissue samples,
such as loss of possible regulating factors or damage induced
by the isolation process. On the other hand, the use of
isolated mitochondria allows for more stringent controls
(such as changing the main ions in which the organelles are
incubated) and a closer evaluation of bioenergetic functions
{by using different substrates and respiratory states, for
example). Indeed, using this experimental setup. we were
able to uncover a myriad of undesirable actions of NS-1619,
the main agonist used in the literature to study the cellular
and whole heart effects of mitoKq, [13.15,16,33].

Interestingly, although NS-1619 has been widely used to
uncover possible effects of mitoK,, there is little evidence
that it is an activator of mitoK,, apart from the fact that this
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drug activates other Ca®*-activated K* channels (reviewed in
[31.32]). Notably, in the most prominent publication related
to this channel [13], the effects of NS-1619 were not tested in
patch clamp experiments used to identify the activity of
mitoKg,. Instead, NS-1619 was used in experiments
measuring K" uptake into mitochondria using a fluorescent
probe. The results obtained indicated that NS-1619 increased
mitochondrial permeability to K*, but do not determine if
this permeability is specific for K*. These findings are
completely compatible with our data showing that NS-1619
increases mitochondrial permeability to K, Na* and TEA"
(Figs. 1, 2, 4 and 5). Although NS-1619 is not capable of
generating such a permeabilization in artificial phospholipid
bilayers [18], mitochondrial inner membranes are extremely
rich in proteins and present unique lipid compositions (such
as the presence of cardiolipin [34]), which may allow for
non-specific effects of this drug in mitochondrial mem-
branes, increasing ion permeability.

In addition to uncovering NS-1619-induced non-specific
inner membrane permeabilization, we found that it also
promotes significant inhibition of mitochondnal respiration
supported by NADH-linked substrates or succinate (Fig. 3).
These results are in line with the previous finding that NS-
1619 causes respiratory inhibition in glioma cells [18] and
heart [19.20] and decreases respiratory control ratios in a
manner insensitive to paxilline [19].

Due to the extensive mitochondrial toxicity of NS-1619, we
attempted to study the bioenergetic effects of mitoKc, by
activating the channel physiologically. The strategies we
adopted included adding Ca®*, promoting inner membrane
depolarization (Fig. 6), or testing the effects of a variety of
signaling molecules previously descnibed to activate these
channels (as described in Results). Again, we found no evi-
dence of selective K transport in isolated mitochondrial
preparations. Our inability to promote mitoKg, channel
opening, however, can be conciliated with patch-clamp studies
of mitoplasts (mitochondria devoid of outer membranes) that
show changes in the probability of the individual mitoKe,
channel opening promoted by depolarization and Ca®
[12,13]. These studies were performed in patches at —60 to
+40 mV potentials, while inner mitochondrial membranes
commonly display electric potentials between —200 and
—150 mV. Since polarization was found to decrease open
probability, it i1s possible that physiological membrane
potentials impair this channel’s activity.

Thus, we were unable to observe pharmacological
activation of mitoK, due to non-specific effects of NS-
1619, and could not obtain physiological conditions in
isolated mitochondria in which the activity of this channel
could be observed. Indeed, considering the very large
measured conductance and abundance of mitoKeq, [12,13],
the effects of K" transport through this channel would be
expected to lead to impaired oxidative phosphorylation,
mitochondrial swelling, outer membrane rupture, release of
intermembrane space proteins and, possibly, cell death.
These undesirable effects are quite different from those

promoted by K" transport through mitoK ,rp which is very
limited due to low conductance and abundance and does not
impair oxidative phosphorylation nor lead to outer mito-
chondnial membrane rupture [9].

Both inner membrane permeabilization and respiratory
inhibition observed in the presence of NS-1619 were
obtained in a concentration range (3—50 pM) similar to the
concentrations in which this drug has been shown to protect
the heart against ischemic damage (3-=30 pM [13,15,16]).
This observation, added to the fact that heart preparations do
not appear to have plasma membrane calcium-activated
potassium channels [35], leads us to the hypothesis that the
cardioprotective effects of this drug may be related to its non-
specific effects and not to pharmacological activation of a
target channel. Indeed, many drugs and conditions that
promote mitochondrial uncoupling [36—40] or respiratory
inhibition [41.42] have previously been shown to be
cardioprotective. It is possible that, in a manner similar to
ischemic preconditioning, moderate exposures to potentially
damaging conditions can lead to signaling events that
promote a more adapted cellular state to resist the damaging
effects of ischemia. Furthermore, mitochondrial uncouplers
may be protective against ischemia because they often
reduce reactive oxygen species production [38—40.43].

In conclusion, our results show that NS-1619 has many
effects unrelated to the activity of a mitoKc, channel. This
data uncovers the importance of careful controls when
studying ion permeability of the inner mitochondrial
membrane. Furthermore, our results suggest that altemative
mechanisms for NS-1619-induced cardioprotection should
be considered when studying the actions of this drug.
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Mitochondria are the central coordinators of energy metabolism and alterations in their function and
number have long been associated with metabolic disorders such as obesity, diabetes and hyperlipidemias.
Since oxidative phosphorylation requires an electrochemical gradient across the inner mitochondrial
membrane, ion channels in this membrane certainly must play an important role in the regulation of energy
mietabolism. However, in many experimental settings, the relationship between the activity of mitochondrial
ion transport and metabolic disorders is still poorly understood. This review briefly summarizes some
aspects of mitochondrial H* transport (promoted by uncoupling proteins, UCPs), Ca™* and K* uniporters
which may be determinant in metabolic disorders.

© 2009 Elsevier BV. All nghts reserved.

1. Introduction

Mitochondria are the central coordinators and the site of essential
biochemical transformations involved in energy metabolism. As such,
these organelles have always been focused on within studies
involving metabolic diseases. Indeed, a vast array of findings link
changes in mitochondrial functions with disorders associated with the
metabolic syndrome. In some cases, mitochondrial alterations appear
as causes of the metabolic changes observed. For example, enhance-
ment of mitochondrial proliferation improves symptoms associated
with the metabolic syndrome, indicating that defective mitochondrial
biogenesis leads to these characteristics [1-3). Indeed, mutations in
mitochondrial tRNA promote maternally-inherited symptoms char-
acteristic of the metabolic syndrome [4]. In other studies, the link
between mitochondrial dysfunction and metabolic syndrome is
correlative, but still highly interesting. As examples, the selection
for low aerobic capacity produces animals with metabolic alterations
typical of the metabolic syndrome and decreased mitochondrial
biogenesis |5]. Insulin resistance induced by early introduction to
animal fat in the diet is preceded by altered mitochondrial gene
expression and reduced mitochondrial DNA content [6] Non-
alcoholic steatohepatitis and gains in visceral fat are associated with
mitochondrial dysfunction |3,7,8]. Furthermore, mitochondria are the
most quantitatively relevant intracellular source of reactive oxygen
species (ROS) [9-11], and oxidative imbalance is strongly linked to
the metabolic syndrome [12].

These studies mostly focus on changes in mitochondrial content,
point mutations or changes of respiratory capacity as determinants for

* Corresponding author. Av. Prof. Lineu Prestes, 74E, 3o Paulo, 5P, 05508-900, Brazil.
E-mail address: aliciaiig.uspbr (A). Kowaltowski).

0005-272E/S — see front matter © 2000 Ekevier BV, All rights reserved.
doi: 10,1016/  bbabio 2009.12.017

alterations in metabolic control. On the other hand, recent results
suggest mitochondrial ion carriers may also be important regulators
of animal energy metabolism. In this review, we uncover some
characteristics of mitechondrial ion transport which may be impor-
tant in metabolic disorders.

2. Mitochondrial ion transport: general properties

Mitochondria must, at the same time, exchange metabolites and
other compounds with the cytoplasm and maintain the high
protonmotive force across the inner mitochondrial membrane
necessary for oxidative phosphorylation. Most metabolites trans-
ported are anions, and are often symported with protons or
antiported against hydroxyl anions in order to use protonmotive
force to drive the accumulation of these metabolites. Cation
exchangers are present in the mitochondrial inner membrane to
remove specific ions from the matrix. A small group of cation
uniporters allow the regulated entry of selected cations into the
matrix These uniporters must present limited transport rates in order
to maintain protonmotive force and oxidative phosphorylation
[13,14].

Most mitochondrial ion transporters have been characterized
functionally and pharmacologically, but still remain uncharacterized
structurally, due to their low abundance. This makes their link with
metabolic diseases much harder to study than other properties and
biomolecules in mitochondria.

3. Uncoupling proteins
A notable exception to the lack of structural knowledge regarding

mitochondrial ion carriers are uncoupling proteins (UCPs), a family of
inner membrane carriers that increase proton conductance and are
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the product of well-established genes | 15-18]. Interestingly, UCPs are
not proton channels, but anion transporters instead. They are believed
to transport free fatty acid anions from the mitochondrial matrix to
the intermembrane space (see Fig. 1). The fatty acids become
protonated due to the electrochemical proton gradient, lose their
charge and flip-flop through the inner membrane lipid bilayer,
transporting a proton into the matrix (for reviews, see [19.20]).
Another proposed mechanism for UCP function [21)] suggests UCPs
transport H* using fatty acids at their active site, in a process
mediated by histidines. However, not all UCPs possess histidines in
this site |20,22). The following publications provide overviews of
differing proposed mechanisms of uncoupling protein function:
[15,23-26).

UCP1, the first such protein described, is present in high quantities
in the brown adipose tissue, and promotes overt uncoupling, widely
associated with thermogenesis [27-30]. The discovery of a family of
proteins with high identities to UCP1 in the 1990s, widely distributed
in many tissues, immediately attracted the attention of researchers in
energy metabolism, and the idea that UCP content could regulate
body weight by determining mitochondrial coupling surfaced [31,32].
Subsequently, a large body of work investigated the expression of
UCPs in metabolic alterations, including obesity, diabetes and
hyperlipidemias [33-35]. Many correlations were uncovered, includ-
ing correlations of UCP polymorphisms with obesity and diabetes
[35.36), but unfortunately results varied widely, and often showed
unexpected correlations (such as increased UCP expression in obesity
[37]). Furthermore, most studies guantified mRNA levels for UCP2 or
UCP3 and investigated polymorphisms, while few measured protein
levels in tissues or looked directly at the activity of these transporters,
hampering precise conclusions. Indeed, Yu et al. [38] demonstrated
experimentally that significant discrepancies exist between UCP
mRNA levels, temperature and mitochondrial proton leak.

Clues regarding the functional activities of UCP family members
were also expected to be uncovered using knockout animal maodels.
Interestingly. knockouts of either UCP2 or UCP3 hawve little or no
phenotype [34,39-41]. Overexpression of UCP3 generated leaner mice
in one model [42). but the levels of overexpression required were very
high, and can lead to uncoupling simply due to protein misfolding
[43]. These results increasingly made it clear that the role of UCP
family members in energy metabolism was more subtle and complex:
The simplistic hypothesis for the function of these proteins did not
completely account for their actions. Indeed, the degree of uncoupling
promoted by these transporters varies largely with their abundance,
and generalized uncoupling leading to whole body increases in energy

expenditure does not seem to the primary function of UCP2 and UCP3
|43-45].

Since the metabolic syndrome involves a complex network of
pathophysiological changes, tissue-specific activation of UCPs could
be involved in the metabolic responses. Indeed, obesity and a pro-
inflammatory state can induce the expression of UCP2 in the liver,
where its expression is normally low |46-49]. UCP2 could be an
adaptation to oxidize excessive lipids in mitochondria by increasing
respiratory rates and the MAD™ pool. However, UCP2 null mice
submitted to hyperlipidemic diets do not exhibit any differences in
non-alcoholic steatohepatitis development [34], possibly due to the
compensatory effect of increasing other uncoupling pathways that
mitigate the steatotic phenotype, such as K™ channels (discussed
below). Indeed, UCP2 overexpression measured in the livers of obese
animals could be due to Kupffer cells (liver resident macrophages),
without a relevant hepatocyte-related change in metabolic function
|34].

A well-established function for UCP family members is the control
of the intracellular redox state, by limiting mitochondrial production
of ROS [19.45,50,51], a necessary byproduct of energy metabolism
[10,11]. Indeed, mild mitochondrial uncoupling is often an effective
manner to control the generation of mitochondrial oxidants in
isolated mitochondria [10,11.22,52], and systemic mild uncoupling
is associated with strong improvements in redox state [53,54]. In this
general line, many publications have shown that UCP activation
effectively prevents mitochondrial ROS release, under physiological
and pathological conditions [19,45,50.51,55,56]. While ROS control
coniributes toward tissue protection under many conditions, mild
uncoupling can be lethal for cerebellar cultures [57]. In these cells,
mild uncoupling decreases ATP generation leading to a decreased
capacity to exchange Na™ for KT, resulting in cell death. Thus, the
protection caused by mild uncoupling via ROS regulation is probably
dependent on the ability of the cell to maintain levels of ATP despite
the decrease in coupling.

Other results suggest UCPs may also have a role transporting ROS
anion fatty acd hydroperoxides, thus further contributing toward
redox control [58]. A strong indicator that the redox role of UCP
proteins is indeed physiologically relevant is the finding that the
activity of these proteins is increased by oxidants [59).

Another clear metabolic role for a specific member of the UCP
family, UCP2, is the control of glucose-stimulated insulin release by
pancreatic B-cells (for a review see [43]). UCP2 activity in these cells
decreases the quantity of ATP produced in the presence of a set
concentration of glucose, increasing the activity of ATP-sensitive K+

Fig. 1. K*.H* and Ca** transport in mitochondria — effects on ROS production and energy metabolism K+ transport (through mitoK . channels). H* transport { mediated by UCPs,
and involving free fatty acids, FA) and Ca®* transpart (through Ca** uniporters) ocours down the electrochemical gradient generated by the electron transpart chain (ETC), using
electrons collected in the tricarboxylic acid cycle (TCA). The activity of these pathways promotes uncoupling, which prevents the formation of mitochondrial reactive oxygen species
(ROS), which in turn, are activators of mitok ,p, and LCPs. Mitok,q. is also activated by agonists such as diazodde (DZX) and the reactive nitrogen species NO- . Uncoupling decreases

energetic efficiency.
permeability transition {MPT).

. Excessive ROS and Ca** uptake into mitochondria can lead to non-selective inner membrane permeabilization, due to the activation of the mitochondrial
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channels on the plasma membrane, and leading to lower insulin
release [60.61] (see Fig. 2). As a result, inhibition of UCP2 leads to
more efficient insulin secretion in the presence of equal quantities of
glucose. This helps explain why UCP2 expression levels were often
paradoxically related to body weight, and may be the reason for
correlations between UCP2 polymorphisms and type 2 diabetes
|62,63].

A recent publication has suggested yet another role for tissue-
specific effects of UCP2 in the regulation of energy metabolism:
Andrews et al. [64] suggest that UCP2 in arcuate nucleus neurons
controls the response to ghrelin and, hence, food intake. However, the
UCP2 knockout preparations in this work appear to have lower
mitochondrial membrane potentials and caparity to phosphorylate
ADP, a point which requires further clarification. Another possible role
for uncoupling proteins in energy metabolism has been suggested
based on studies in plant mitochondria, which present significant
plant uncoupling mitochondrial protein (PUMP) activity [65]: by
increasing NADH oxidation, uncoupling allows NAD ™ -dependent
reactions such as those within the citric acid cycle to occur even in
the presence of high ATP levels, thus permitting biosynthesis
reactions to occur in the presence of high energy states.

UCP1, the first UCP to be described, is highly abundant and overtly
uncoupling in brown adipose tissue, and was for many years believed
to be an adaptation to induce thermogenesis under specific condi-
tions, such as arousal after hibernation and body heat maintenance in
newborns. The finding that brown adipose tissue is closely related to
muscular tissue [66-68] has shed new interest in this protein as a
more general metabolic regulator. In a highly insightful study,
MNeedegard's group demonstrated that UCP1 ablation induced obesity
in mice housed at thermoneutrality [69]. Indeed, there is convincing, if
preliminary, evidence that UCP1 and brown adipose tissue activity
may be a factor in the regulation of human weight gain [70-72].

UCPs are not the only fatty acid anion transporters in mitochondria
capable of promoting mild uncoupling. In fact, in many tissues, the
adenine nucleotide translocator is the main protein responsible for
this activity, and other mitochondrial carriers such as the aspartate/
glutamate antiporter have also been shown to present this activity
(for review, see [73]). Although difficult to evaluate, it would be very
interesting to know if the uncoupling activity of these proteins can
impact energy metabolism. The adenine nucleotide translocator has
been shown to regulate ROS release through its uncoupling activity
|74], and is involved in cardiac protection induced by ischemic
preconditioning [75,76).

B Cell

Insulin

Glucoge — Pyruvate

Fig. 2. Regulation of insulin release by UCF2 in pancreatic [ cells. Glucose freely enters
the cytosel, producing intracellular pyruvate, which is cxidized by mitochondria,
generating ATP in a manner regulated by UCP2 activity. High ATP levels close plasma
membrane ATP-sensitive K* channeks, leading to membrane depolarization and
activation of voliage-gated Ca™* channels. Increased intracellular Ca®™ stimulates
both insulin synthesis (not shown) and release through exocytosis.

4. Ca®* uniporters

One of the first characteristics noted in isolated mitochondria was
the high capacity to take up Ca** ions. Indeed, mitochondrial inner
membranes posses a highly selective Ca*" uniporter [77]. As is often
the case for inner membrane transporters, the identity of mitochon-
drial Ca®* uniporters is yet undetermined. Trenker et al. [78]
suggested the activity was mediated by UCPs, but this concept has
been strongly rebuffed by most prominent researchers in the area
|79]. Indeed, silencing UCP genes does not alter mitochondrial matrix
calcium concentrations |80]. Furthermore, physiological characteriza-
tions suggest that more than one Ca®* uptake pathway into
mitochondria exists (reviewed in [81,82]).

The quantity and rate of Ca*" uptake into mitochondria are
determined not only by the activity of mitochondrial Ca®* uptake
pathways but also by the awvailability of this ion within the
mitochondrial microenvironment, since the affinity of mitochondrial
Ca®* transporters is in general lower than those present in the
endoplasmic reticulum. Indeed, Ca®* signals are closely transmitted
between the reticulum and mitochondria, which are functionally and
spatially coupled [83].

Ca*™ in the matrix has strong effects on mitochondrial metabolism
(see Fig. 1 and |82 84| for reviews). Pyruvate, isocitrate, ce-glyceropho-
sphate and ce-ketoglutarate dehydrogenase are stronghy activated by Ca**
ions, leading to enhanced NAD™ reduction and increased protonmaotive
force. Ca** uptake by mitochondria also has an important role in regu-
lating physiological Ca** transients [85).

Furthermore, Ca®** ions can be determinant for the rates of
mitochondrial ROS release (reviewed in [11,86]). Uptake of low
concentrations of Ca®* by mitochondria can decrease ROS release due
to the temporary decrease in protonmotive force and, possibly, loss of
pyrimidine nucleotides |[87,88]. On the other hand, uptake of higher
Ca®* quantities can significantly increase ROS release from mito-
chondria [89-92), possibly due to interactions with inner mitochon-
drial membrane cardiolipin, leading to structural changes in the
membrane-inserted electron transport chain [93].

When accumulated by mitechondria at high levels, and associated
with conditions of axidative stress, Ca*™ ions can lead to extensive
changes in mitochondrial function, including a non-selective form
of inner membrane permeabilization known as the mitochon-
drial permeability transition (see Fig. 1, reviewed in [82,86,94]).
Ca**-induced mitochondrial dysfunction has been associated with a
wide variety of disorders, including dyslipidemias and diabetes [95-
97]. On the other hand, although Ca** uniporters in the mitochondrial
membrane have a large set of elements suggestive that they may be
invelved in dysfunctions associated with metabolic diseases, the lack
of a molecular identity has hampered direct studies indicating if this is
indeed the case.

5. K uniporters

K™ uniporters were first described in inner mitochondrial
membranes in the early 1990s [98,99]. The presence of a regulated
K* entry pathway into mitochondria was surprising, since K™ is the
main intracellular cation and leaks at small but significant rates
through the mitochondrial lipid bilayer, reaching the matrix. Today, it
is evident that there are many functional advantages in having a
regulated K* entry pathway in addition to a K leak (reviewed in
[14,100-102]).

K™ uptake into mitochondria is inhibited by ATP and sulfonylur=
eas, leading to the characterization of these K* uniporters as ATP-
sensitive K channels {mitoKype [99.103,104]). Other more recent
findings suggest mitochondria may also have Ca?* activated and/or
voltage-gated Kv1.3 potassium channels and the twin-pore domain
TASK-3 potassium channels (reviewed in [105]), but the roles of these
are still poorly understood.
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K* uptake is driven by the electrochemical potential and
accompanied by phosphate and water, resulting in matrix swelling,
which in turn dilutes matrix Mg** and activates the K*/H™
exchanger [14]. The net result is K* cycling and lower protonmotive
force. The decrease in protonmotive force is, however, dependent on
the transport efficiency of the K™ channel. In keeping with the reality
that mitochondria must be able to maintain oxidative phospharyla=
tion, K¥ transport through mitoKare channels is very limited, and
often undetectable by conventional measurement techniques [106].

MitoKap channels are thus a (very) mild uncoupling pathway (Fig. 1).

Over the years, many functions have been proposed for mito-
chondrial K uniporters. Since their activity results in water uptake by
the organelle, they play a role in the regulation of mitochondrial
matrix volume, which may be important to maintain the structural
relationship between the inner and outer membrane [14,106].
Another possible role for mitoK» may be to regulate mitochondrial
ApH, since the activity of this channel may result in matrix
alkalinization [107).

Based on the fact that uncoupling, even to a very mild degree, can
prevent mitochondrial ROS release [52.108-111), we proposed that K¥
cycling due to mitoK e activity could act as a regulating pathway to
control rates of ROS release in mitochondria [100,112-115]. Although
this hypothesis has met some resistance | 116, the idea is supported by
the finding that mitoKare channels are strongly activated by oxidants,
and inhibited by thiol reductants [ 100,114,115,117=120]. Furthermare,
the redox effects of this channel explain, at least in part, why mitoKage
activation is protective against acute tissue damage [113.115] (see
Fig. 3). Other protective activities of this channel include regulating
mitochondrial volume, the physical relationship between the inner and
outer membrane and, as a result, transport of metabolites into
mitochondria (reviewed in [100]).

Although the strong protective effects of mitoK.y in situations of
acute tissue damage have attracted most of the attention in the area, it
is most probable the main role of these channels is not related to acute

HTG
ischemic |—-caja|asa
preconditioning
DEY thial reductants
i i MitoK 7
HzDz_"| t mitoK a7 activity ||—amgonlm
} decreasad enargy
mild uncoupling |—— conversion
l alficiency
ischemic . : impl
botoetion— | + mitochondrial RO§ |-—— improved
redox state

| Physiological redox regulation |

Flg. 3. Mitol,,, channels: redox-sensitive pathways that control physiological and
pathological ROS release. Physiological increases in ROS levels in the mitochondrial
microenvironment lead to the activation of mitoK,y channels, resulting in mild
uncoupling and controlling the production of oxidants in mitochondria. Spedific
pathological conditions also alter redox stare. resulting in the activation of this
pathway: ischemic preconditioning in the heart increases ROS release, resulting in
mitoKare activation and schemic protecrion associated with decreased ROS formation
during reperfusion. Preconditioning is mimicked by oxidants such as Ho0y and mitok g,
agonisrs (induding diazoxide, DFX), and i inhibited by anticddants and mitoKare
antagonists. Hypertriglyceridemia (HTG) increases ROS and activares mitok ,p. resulting
in decreased efficiency of energy conversion and an improvement in the mitochondrial
redax state. Thiol reductants, which inhibit mitoKae, prevent these effects.

stimuli. In this sense, the first evidence that these channels could have
a more general role regulating energy metabolism was uncovered by
Vercesi's group [121], who found that mitoKare channel activity was
higher in the livers of transgenic hypertriglyceridemic mice. Interest=
ingly, the higher activity of mitoKaxre in these animals results in
increased oxidative metabolism and a lower efficiency of energy
conversion in these animals, preventing obesity. In view of these
results, it is tempting to propose that mitoKame channels may act as
modulators of animal energy metabolism and, as such, may play a
central role in metabolic disorders [95,121). Further studies have
revealed that hypertriglyceridemic mice, while presenting indicators
of oxidative stress in cytosolic extracts from their livers, present a
protection against mitochondrial oxidation that is dependent on
mitol e activity [122). Thus, the redox role of mitok ., channels is
important also within metabolic alterations.

Since intracellular insulin responses involve Akt-dependent path-
ways (for a review see [ 123]), and mitok, e can be activated by Akt, at
least in the ischemic heart [124,125), it is tempting to propose that
mitol ;p channels may have interesting functions under conditions of
insulin resistance, although this possibility is largely unexplored. An
indirect indication that mitoKq channels have changes in their
activity in diabetes is the finding that protection against ischemic
damage conferred by preconditioning, a process mediated by mitoK-
are [for reviews see [100,126]), is abrogated in models of this disease
[127=130]. Another often overlooked point of relevance in diabetes is
that treatment of the disorder with sulfonylureas such as glybencla-
mide (reviewed in [131]) not only increases insulin secretion due to
the inhibition of f-cell Kype channels (see Fig. 2) but may also inhibit
mitoK e channels, with yet unknown metabolic and redox con-
sequences (see Fig. 3).

6. Final remarks

Altogether, many different approaches support the idea that ion
transport rates across the inner mitochondrial membrane may be
determinant in the regulation of energy metabolism. As a result,
changes in activities of these transporters are certainly important as
causes and response mechanisms in metabolic diseases. Unfortunate-
ly, studies in the field are limited by methodological difficulties
regarding measuring the activities of ion channels in vivo. We believe
the relationship between mitochondrial ion transport and metabolic
disorders is an area that should be explored more intensely in the near
future.
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ischemic preconditioning (IPC). The channel is reportedly sensitive to reactive oxygen and nitrogen species,
and the aim of this study was to compare such species in parallel, to build 2 more comprehensive picture of
mEyrp regulation. mK gy activity was measured by both osmotic swelling and TI* flux assays, in isolated rat
heart mitochondria. An isolated adult rat cardiomyocyte model of ischemia—reperfusion (IR) injury was also
used to determine the role of mKyp in cardioprotection by nitroxyl. Key findings were as follows: (i) mKgmp

ﬁ?“d";arﬁel wias activated by 0™ and H;0; but not ather peroxides. (i) mE gy was inhibited by NADPH. (i) mKypp was
lschemia activated by S-nitrosothiols, nitraxyl, and nitrolinoleate. The latter two species also inhibited mitochondrial
Preconditioning complex IL {iv) Nitroxyl protected cardiomyocytes against IR injury in an mKarpe-dependent manner. Overall,
Nitric axide these results suggest that the mEare channel is activated by specific reactive oxygen and nitrogen species, and
Redax inhibited by NADPH. The redox modulation of mKgpp may be an underlying mechanism for its regulation in
the context of IPC. This article is part of a Special Issue entitled: Mitochondria and Cardioprotection.

© 2010 Elsevier BV. All rights reserved.

1. Introduction pathways play an important role in IPC [5=9], and can promote mKare

The past 25 years has witnessed much investigation into the
phenomenon of ischemic preconditioning (IPC), in which short non-
lethal periods of ischemia and reperfusion (IR) can elicit protection
against prolonged ischemia-reperfusion (IR) injury [1]. Despite this
effort, the mechanism by which IPC protects organs such as the heart
and brain from IR injury is still debated.

One proposed mechanism of IPC-induced cardioprotection is the
opening of a mitochondrial ATP-sensitive potassium channel {mK,q).
which elicits mild swelling of the mitochondrial matrix. This in turn is
thought to impact on mitochondrial Ca®" loading, reactive oxygen
species (ROS) generation, metabolic efficiency, and assembly of the
permeability transition pore |2|, and these downstream events bring
about protection via unclear mechanisms. Although the molecular
identity of the mKare channel remains unknown, several pharmaco-
logic mKare modulators mimic IPC, and many IPC signaling pathways
are thought to converge on mKare as an end effector [3).

Mitochondria are a quantitatively significant source of ROS, which
contribute to tissue damage during ischemia, but are also mediators of
IPC signaling [4]. Accumulating evidence suggests that redox signaling

# This article is part of a Special lssue entitled: Mitochondria and Cardioprotection.
* Corresponding author. Dept. of Anesthesiology, University of Rochester Medical
‘Center, 601 Elmwood Avenue, Rochester, NY 14642, USA. Tel.: +1 585 273 1626,
E-muil address: paul_brookes@urmc.rochesteredu [P5. Brookes).
! These authors contributed equally to this work.
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activation [10-15). The primary ROS generated by mitochondria is
superoxide (05"~) [16,17], while hydrogen peroxide (H,0) or lipid
peroxides can be formed secondarily [17). Both 05~ and H.0, are
thought to activate mKag [13.18-20], although conflicting reports
exist regarding 05*~ | 18,20]. The effect of other peroxides on mK,yp is
not known. Furthermore, it is apparent that some but not all types of
antioxidants can inhibit IPC and mKape activity [6,13], warranting
further investigation. Table 1 summarizes the disparate results to date
regarding redox regulation of the mKuy channel.

Nitric oxide {NO®) is also implicated in IPC, and elicits a large
variety of cardioprotective effects [21]. NO* has been detected in
isolated mitochondrial preparations [22), and can secondarily
generate many reactive nitrogen species (RNS) [23-25), which can
serve either damaging or beneficial signaling roles [17,21.25,26].
mKare is a potential target for such RNS. and while high doses
(10 mM) of an S-nitrosothiol have been shown to activate the
channel in intact mitochondria [20], evidence for more subtle
physiologically relevant effects of NO* has mostly relied on indirect
measures of channel activity [27] or study of the channel removed
from its mitochondrial environment [28). Thus, it is not clear
whether the levels of NO+ that would be experienced inside
mitochondria are capable of modulating mK gy activity.

The one electron reduction product of NO®, nitroxyl (HNO) may
also modulate the mKgppe channel. Nitroxyl is protective in IR injury
[29]. and while it shares some signaling pathways with NO®, it also
possesses distinct biochemistry from NO®, such as a direct interaction
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Tahle 1
Previous studies on the effects of oxidants, reactive nitrogen species, antioxidants and reducing agents on mk g channel activity.
Reagent Conc. Effects Experimental conditions References
Ascorbate 1 mM Mo effect Isolated mitochondria [12]
DTE 10 mM Inhibits glyburide binding Submitochondrial particles [46)
DTNB 500 pM Inhibits glyburide binding Submirochondrial particles [46]
DT 100 p Inhibits activation by DZX Isolated mitochondria [12.13]
1 mM Activates run-down channels Reconstituted channels [66]
Loss in selectivity
10 mM Inhibits glyburide binding Submirochondrial particles [4&)
Mersalyl 100 ph Inhibits glyburide binding Submirochondrial particles [46]
MPG 200 pM Inhibits activation by DEZX Isolated mitochondria [121331]
NAC 4 mM Inhibits activation by DEX Isolated mitochondria [12.13]
MNEM 2 mM Inhibits activation by 0, Reconstituted channels [18])
Inhibits glyburide binding Submirochondrial particles [46]
60 nmealfmg Decreases selectivity Isolated mitochondria [&7]
Thimerosal 500 ph Inhibits glyburide binding Submitochondrial particles [46])
Xxo 0,038 LymL Activares Reconstituted channels [18]
& mill/ml Mo Effect Isolated mitochondria [20)
Hal 1M Activares Isolated mitochondria [13]
1M Activares Isolated mitochondria [19]
& mUyml X0 + 30 U 50D Activares Isolated mitochondria [20)
SHAP 10 mM Activares Isolated mitochondria [20)

with thiols. In this regard, the nitroxyl donor Angeli's salt (AS) inhibits
mitochondrial complex Il in a manner sensitive to glutathione and
independent of S-nitrosation [30). mKaye activity is exquisitely
sensitive to complex 11 modulation [31,32], and herein we explored
the concept that nitroxyl may regulate mK s via effects on complex II.

Despite a collection of studies to date examining the effect of single
redox agents on mKye often at high doses, a comparative study
across a wide range of doses is lacking. In addition, unique chemical
properties of certain NO® derived species have precluded their use to
date in studying mKyq The current study aimed to address such
issues, and the collective results suggest that mitochondrial redox
state is an important regulator of mK sy channel activity, mitochon-
drial function, and cardioprotection in the context of IPC.

2. Materials and methods
Full experimental details are in the online supplement.
2.1. Animals, chemicals and supplies

Male Sprague-Dawley rats, 200-300 g, were purchased from
Harlan (Indianapolis, IN) or bred at the Biotério do Comjunio das
Quimicas (Universidade de Sdo Paulo) housed ona 12 h light/dark cycle
with food and water available ad libitum. All procedures were
performed in accordance with the US National Institutes of Health
“Guide for the care and use of laboratory animals™ and the Colégio
Brasileiro de Experimentagdo Animal, and were approved by the
appropriate university animal ethics committees. Linoleic peroxide
was a kind gift from Sayuri Miyamoto (530 Paulo) and stored under
argon in methanol [33]. Nitro-linoleate was synthesized and analyzed
as previously described [34). All other reagents used were analytical
grade or higher, obtained from Sigma (St. Louis MO) or EMD
(Gibbstown NJ).

2.2, Mirtochondrial isolation, Cx=II, and mKare assays

Heart mitochondria were rapidly isolated as previously described
|21,35). Cx-Il activity was measured as previously described [31,32].
MK activity was measured by osmotic swelling as previously
described [32,36). All channel modulating agents (reactive oxygen
and nitrogen species, antioxidants, etc.) were present in the assay
buffer prior to mitochondrial addition. The nature of the MKy
osmotic swelling assay. requiring mitochondrial addition last of all,

precludes its use to study highly reactive species such as HNO [37]. In
such cases a fluorescence-based TI+ flux assay for mK,e activity [38]
was used, permitting incubation of mitochondria prior to assay
initiation by TI™ addition.

2.3. Cardiomyocyte model of IR injury

Adult rat ventricular myocytes were isolated. and a model of
simulated IR (SIR) injury was as previously described [32]. Cells were
incubated in anoxic glucose-free Krebs Henseleit (KH) buffer at pH 6.5
for 30 min, followed by reoxygenation in glucose-replete KH at pH 7.4.
Where indicated, compounds were present 20 min prior to the onset
of simulated ischemia. At the end of all protocols, viability was
determined by Trypan blue exclusion.

2.4, Statistics

All experiments were performed on at least 3 independent
mitochondrial or cell preparations, and results are presented as
mean + SEM. Statistical significance between groups was determined
by ANOVA.

3. Results and discussion
3.1. mKqyp is activated by some but not all peroxides

While the ability of ROS to modulate mK,qe activity has been
reported [13,18-20), the differential action of various classes of RO5 is
less well understood. In particular, ROS such as H;0; may initiate
chemistry that generates secondary peroxides such as lipid hydro-
peroxides (LOOH) [17]. We therefore hypothesized that peroxides
may maodulate mK,ye activity. In Fig. 1A, the effects of Hy0,, t-butyl
hydroperoxide (r-Bu0OH), and linoleic hydroperoxide (LOOH) on
mKare were tested. Interestingly, while H:0: robustly opened the
channel at 1 pM, higher concentrations of t-BuOOH and LOOH did not.
The differential hydrophobicity of --BuOOH, LOOH, and H20: suggests
that the peroxide sensor of mKy» may be in a hydrophilic region of
the molecule. Alternatively, it has been suggested that Hz0, activation
of the mKae may occur via a PKCe dependent mechanism [20],
although the location of the kinase in this particular mitochondrial
preparation is unknown.
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Fig. 1. Selective mK,y,, activation by ROS: mK g, activity was measured by osmotic swelling as detailed in Materials and methods. Conirols {Na* based media) are in Fig. 51.
(A): mKare is activated by H20» but not by t-BuOOH or LOOH. Diazaxide (DZX) opening of mKary was used as a positive control. (B): mKaee activation by O-"~ generated by the /X0
system. Glyburide (Glyb) and 5-hydroxydecanoate (5-HDY) are mK,;, antagonists. {C): Dose response of mK ,pp activation by X/X0 in K* (black dircles) or Na* (gray triangles) based
media. *p<0.05 vs. ATP alone. #p-<0.05 vs. ATP + H,0, or X/X0. Experimental conditions are listed below the X axis.

32 mK,pe s activated by supra-physiological levels of superoxide

Activation of mKxrp by 02" has been reported previously | 18], but
at relatively high doses. It is unclear whether the amounts of 02"
made by mitochondria are capable of modulating mK s activity. To
investigate this, a xanthinefxanthine oxidase (X/X0) system was used
to modulate ROS flux. Fig. 1B and C shows that XO levels as low as
1.4 UfmL (approximating to a 0, flux of 1.2 pM/min) activated the
channel. Reported maximal rates of O0.*~ generation by heart
mitochondria range from 30 nM/min to 1 pM/min [39.40|. Thus, it is
unlikely that mitochondrial 0,"~ generation under normal conditions
approaches levels required for mKapp channel activation. This finding
suggests that the channel would only be activated in situ with ROS
originated from non-mitochondrial sources or conditions that
increase ROS production such as pre- and post-conditioning. Also
under conditions of reverse electron flow, 0,"” in the mitochondrial
microenvironment may reach levels capable of activating the channel
[13]. No effect of H;0; or X/XO on mitochondrial swelling was
observed in Na™ based media (supplemental Fig. 1).

3.3. mKap is inhibited by some but not all reductanis/antioxidants

‘While IPC is inhibited by both thiol antioxidants and catalase
{suggesting a role for Hy0; [ 12]), cardioprotection by mK.re agonists
such as diazoxide is prevented only by thiol antioxidants [13],
suggesting that antioxidant-sensitive proteins distinct from mKage
may be important in IPC (e.g. SERCA, [41]). Thus, a detailed
understanding of the selective regulation of mKq- by reductants is
a key step toward understanding its role in IPC.

The effect of several reducing agents on mKaye activity was tested
under baseline conditions and conditions of maximal channel opening
{presence of ATP and diazoxide). Fig. 2 shows that while most
reducing agents had a mild inhibitory effect on mKsqe activity, NADPH
was a sirong inhibitor, almost completely preventing channel activity.
Compiling these data with those from our previous study [13],
supplemental Fig. 2 shows the ability of reductants to inhibit mKaye
channel activity correlated with redox potential (r* = 0.73). A notable
outlier to this correlation was NADPH (inclusion of NADPH in the
linear regression fit lowers r’ to 0.43). The underlying mechanism for
a difference in the effect of NADH vs. NADPH, despite their identical
redox potentials, is elusive at this stage. Interestingly, while both
surface Kapp channels [42-45] and the mK,q [12,13,18,46,47| do have
redox active thiols, NADPH does not directly reduce thiols, suggesting
that its direct redox activity is not the mechanism of channel
regulation.

Mevertheless, NADPH does play an important role in overall
mitochondrial redox status; rranshydrogenases reduce mitochondrial
NADP* using electrons from NADH and the electrochemical proton
gradient as an energy source [48]. The resulting NADPH is used as an
electron source for thiol peroxidase remowal systems, including
glutathione and thioredoxin peroxidasefreductase [17]. Thus, the
finding that NADPH can regulate mKaye activity suggests that this
channel may play a role in sensing both energy metabolism and redox
status [13.49).

MNotably, surface Kapp channel activity has been shown to be
sensitive to pyridine nucleotides [50], possibly at the same site as
adenine nucleotides modulate channel activity. Furthermore, insulin
secretion in pancreatic |5 cells, which occurs secondarily to Kgpe
closure, correlates with NADPH/MADP* ratios [51]. Thus, a direct
modulation of the mK,qp channel by NADPH binding may occur.
Another possibility might be that NADPH competes with DZX for a
binding site on the mK,p channel. However, we consider this unlikely
since NADPH was also able to inhibit channel opening by the
structurally unrelated opener atpenin A5 |32] (supplemental Fig. 3).
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Fig. 3. mEype activation by S-nitrosothiols and mitochondrial-associated NOS: mEaxm
aotivity was measured by osmotic swelling as detailed in Materiak and methods. Controls
{Ma* based media) are in Fig 52 {A): mKuys was activated by S-nitrosnacetylpenacillamine
(SMAP) and S-nitrosoglutathione (GSNO), at the indicated doses. (B): Dose response of
Mk pp activation by SNAP in K+ (black circles) or Na* (gray miangles) hased media
“p=005 ws. ATP alone. #p-<005 vs ATP plus SMNAP. (C): mKae activation by NOS
miodulators. 1- or p-Arginine, c-nitroarginine methyl ester (MAME), Clyb and 5-HD were
presentat the concentrations indicated. *p-0.05 vs “p-<0.05 v ATP alone. #p- 005 vs ATP
plus L-arginine.

3.4 mKqqp is activated by S-nitrosothiols and t-arginine

In addition to ROS, much recent interest has focused on mKareas a
possible target for MO® or its redox congeners [20]. While NO* effects
on mKare activity in intact cells are thought to be mediated via cCMP
signaling [52,53], direct effects of NO* on the purified channel have
been measured in planar bilayer studies [28]. In addition NO* was
shown to activate mKagq in mitochondria by using flavoprotein
fluorescence as a read-out |27]. However, the dose response of mKa e
to NO* in intact mitochondria is unknown. Fig. 3A and B shows that
S-nitrosoacetylpenacillamine (SNAP) dose-dependently activated
mKare in a glybenclamide and 5-HD sensitive manner. Motably,
=10pM SNAP led to mK,qe inhibition, presumably due to NO®
inhibition of cytochrome ¢ oxidase 54| leading to mitochondrial de-
energization, removing the driving force for K™ uptake. SNAP did not
activate swelling in Na™ based buffers (supplemental Fig. 4). Notably,
the optimal SNAP concentration for mKugs channel opening in this
study (10pM) is 3 orders of magnitude lower than previously
reporied (Table 1). We are unsure as to the origin of this very large
discrepancy [20].

There has been much interest in the possibility that mitochondria may
contain a nitric oxide synthase, termed “mtNOS". Despite recent
developments including retraction of some work [35-57] NOS is a
common contaminant of isolated mitochondrial preparations [58]. This
may be particularly applicable to mK . studies, since a rapid and crude
mitochondrial isolation is required to effectively measure channel activity
( full experimental details are in the online supplement) [32,36]. The data
in Fig. 3C show that the NOS substrate 1-arginine stimulates mKgpp

opening. in a manner sensitive to the NOS inhibitor L-NAME. No effect
was seen with p-arginine, suggesting that the origin of this effect resides
at the level of a mitochondnally associated NOS or L-MAME-sensitive
enzyme. Unfortunarely, further purification of mitochondria that would
be required to assert a mitochondria-resident NOS in mediating these
effects, also results in loss of mExpe channel activity, in a manner
mechanistically related to classical channel “run-down™ |38].

3.5, Certain RNS can activate mKame via @ mechanism involving
mitochondrial complex I

In addition to “classical” RNS such as NO=, RNS such as nitro-lipids and
nitroxyl may regulate mKgyqp. Nitro-lipids are an emerging class of anti-
inflammmatory signaling lipids which can mediate NO- signaling. [59,60]
and are known to be generated during IPC [34.61). One example of a
nitro=lipid, nitrolinoleate [ LA-NO). can elicit cardioprotection ina cGMP-
independent manner [34.62]. Fig. 4A shows that, low doses (0.5 pM) of
LA-NO, opened the mK,q channel in a 5-HD- and glyburide-sensitive
manner, while native linoleic add (LA) did not. Complex 1l of the
mitochondrial respiratory chain has been proposed as an important
regulator of mK. e activity [31,32,63), and in this regard Fig. 4B shows
that LA-NO;, but not LA, inhibited complex Il in a dose-dependent
manner. Motably however, the amount of LA-NO;, required to open the
channel was significantly lower than that required to inhibit complex I
(see below for discussion).

The disparate effects of LA-NO: (stimulation mKare activity), and
lipid hydroperoxide (no effect on mKare, see section 3.1) highlight the
different chemical properties of these species. While both are
hydrophobic reactive lipids, only LA=-NO2 possesses an electrophilic
moiety that can adduct thiols by Michael addition |61]. Thus it is
suggested that the mechanism of LA-NO, mediated mK,rp opening
may involve modification of thiols on the channel (c.f. section 3.3).

The levels of LA-NO; generated inside mitochondria during IPC
may reach 1pM [34], raising the possibility that LA-NO, is an
impaortant endogenous mKaq regulator. However, we previously
showed that cardioprotection induced by exogenously added LA-NO-
was insensitive to mKuye blockers [34), suggesting that other
mechanisms of LA-NO; action (e.g. mild uncoupling) may account
for its cardioprotective effects.

Similar to nitro-lipids, the importance of nitroxyl in cardiovascular
signaling has also been the subject of recent attention [29,37]. In
agreement with previous findings, we showed that the nitroxyl donor
Angeli's salt (AS) dose-dependently inhibited complex Il in rat heart
mitochondria (Fig. 5A). Consistent with an interaction between
complex Il and the mKare channel, we also found that Angeli's salt
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Fig 4. LA-NO, Opens mk pp and inhibits complex Iz (A): mbyy, activity was measured
by osmotic swelling as detailed in Materials and methods. LA-NOs, native linoleate {LA),
Glyb, and 5-HD were present at the indicated concentrations. *p-<0105 vs. ATP alone.
#p=0.05 vs. ATP plus LA-NO,. (B): Complex |l activity in the presence of LA-N0, was
determined as detailed in Materials and methods. Values are expressed as percentage of
conirel complex Il rate {128 + 26 nmol DCPIP min~ " mg protein™").
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Flg. 5. Nitroxyl inhibéts complex Il opens mk .y, and is cardioprotective: (A): Complex [l
activity was measured, following nitraxyl exposure of mitochondria, as described in
Marerials and methods. Values are expressed as percentage of control complex 1l rate
{108 £ 8 nmol DCPIP min~"mg protein—"). (B): Mitraeyl activation of mEue was
maonitored using a novel TI* flux assay ac described in Materials and methods. Data
show the magnitude of change in intra-mitochondrial T+ based fluorescence following
TI* addition, relative o control. 5-HD, Glyh, the nitroxyl donor Angeli's salt (AS) and
decomposed AS (AS™) were present at the indicated concentrations. *p<0.05 ve. ATP
alone. #p<005 vs. ATP plus 5 ph AS. (C): Nitroooyl protects against cardiomyocyte IR
imjury. Cell viability was measured via Trypan blue exclusion at the end of
reoxygenation, a5 described in Materials and methods, and expressed as percentage
of control {normodc) cefl viability. 5-HD, Glyb, Angelis salt (AS), decomposed AS
(AsPc), the PKG inhibitor KT-5823 (KT) or the soluble guamylare oyclase inhibitor 0D
were present at the indicated concentrations. *p-<0.05 vs_ IR alone. #p<0.05 vs_ IR plus
5 M AS

opened mExre in a manner sensitive to 5-HD and glyburide (Fig. 5B).
Furthermare, in agreement with previous studies [29,64] Angeli's salt
was protective in a cardiomyocyte model of IR injury. This protection
was sensitive to 5-HD and glyburide, but insensitive to the guanylate
cyclase inhibitor ODQ or the protein kinase G inhibitor KT-5823
{Fig. 5C). The role of other known components of the preconditioning
signaling pathway (e.g. PKC, ERK, PI2 kinase) in mediating the effects of
Angeli's salt is currently unknown, although none of these signals has
previously been linked to nitroxyl. Together, these data suggest that
Angeli's salt mediated cardioprotection proceeds via non-PKG mediat-
ed activation of mKyyp, possibly involving an inhibition of complex IL.

Both nitroxyl and LA-MO, inhibit mitochondrial complex [I,
activate mKarp, and are known to react with complex Il thiols
[30,34). This suggests that modification of complex Il thiols may
underlie the mechanism of mK.pp activation. However, the concen-
trations of nitroxyl and LA-NO, which activated mKype did not
significantly inhibit complex Il enzymatic activity (Figs. 4 and 5). In
this regard, nitroxyl and LA-NO: are similar to other species which
activate the mKare at doses far below those at which they inhibit
complex II, including atpenin A5 [32], malonate [31] and diazoxide
|65]. Thus, the regulation of mKare activity appears to be mechanis-
tically divorced from the bulk enzymatic activity of complex Il itself.
The fact that 5 unrelated compounds which inhibit complex 1l by
distinct mechanisms all activate mKgpe at lower concentrations,
collectively suggests that a small sub-population of complex Il may
play an important role in regulating mKuq activity, while not
impacting total complex Il enzymatic activity.

L-Arg=——NOS —bN_O‘\

Flg. & Schematic showing redox regulation of mEaxm. Nitroxyl (HND), RSNO, and LA-
MOy, activate the channel, possibly via thiols on the channel itself or on complex I of the
respiratory chain. The ability of low molecular weight thioks (RSH) to inhibic the
channel may also be mediated via thiols on the channel or on complex IL In contrast, the
effects of MADPH are likely no mediated via thiols. The ability of NO® to activate the
channel may be mediated via the generation of secondary ENS (eg RSNO, LA-NO.,
HND), which can activate the channel via PKG-independent mechanisms, or wia
classical NO® protein kinase signaling. ROS (in particular HaOk) can also activate the
channel, via mechanisms that may include thiol modification or protein kinase
signaling. The nature of the interaction between complex I and the subunits of the
MKy channel itself remains to be elucidated.

4. Conclusions

In summary, a variety of redox active species, including ROS, RNS,
antioxidants, and reductants, all act on the mKgpe. While a broad
conclusion of this work can be summanzed as “"oxidants activate,
reductants inhibit", it is apparent that many species do not conform to
this simple model. Key examples indude NADPH, which may regulate
the channel via direct binding, and LA-NO; and nitroxyl, which are
thought to mediate their effects via complex Il A summary of the
poiential mechanisms of mK.p channel modulation by various
species is shown in Fig. 6. Clearly, further work in this area, including
the molecular identification of the mEuye itself, and the redox-
sensitive residues within it, will facilitate a better understanding of
the role that channel regulation by redox plays in events such as [PC.
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Knowledge of location and intracellular subcompartmentalization is essential for the understanding of
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Introduction reactivity (and thus diffusion), may result in very distinct redox

Isolated mitochondria were first reported to release hydrogen
peroxide in the late 1960s, and this oxidant was subsequently
demonstrated to be a product of superoxide radical dismutation
|8,19,37,53]. Since then, it has become clear that these organelles
are a quantitatively relevant source of intracellular oxidants,
produced mostly as by-products of electron transfer reactions.

The electron transfer reactions that generate oxidants are diverse
in nature and occur in submitochondrial locations. This, added to
specific characteristics of removal systems and differences in
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status in mitochondrial compartments. Because redox processes are
highly dependent on local intracellular characteristics and targets, it
is important to understand these environmental properties. This
review focuses on current knowledge regarding the compartmenta=
lization of mitochondrial redox processes.

Where are mitochondrial oxidants generated?

The electron transport chain is the most studied source of
mitochondrial superoxide radicals (05~), formed through one-
electron reduction of molecular oxygen |1,66,108). NADH-ubiqui-
none oxidoreductase (complex 1) releases 03~ to the matrix,
possibly through the flavin and iron=sulfur clusters into the
hydrophilic arm [9,51,114]. Complex Ill {ubiguinone:cytochrome
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c¢ reductase), on the other hand, releases 0:~ to both the
intermembrane space and the matrix [9,114]. Although isolated
succinate dehydrogenase (complex I} has been shown to release
03~ in the absence of added coenzyme Q [125], this complex
seems to be of lesser importance considering total oxidant release
in intact organelles and cells, perhaps because of structural
characteristics of this enzyme [124]. Complex IV is not usually
considered a quantitatively relevant source of mitochondrial 03—,
because of its ability to bind tightly to partially reduced inter-
mediates [9,48,60,114).

In addition to the electron transport chain, the importance of
other mitochondrial enzymes, in particular flavoproteins, as 05~
sources has increasingly been recognized [1]. Two of these
enzymes, pyruvate and x-ketoglutarate dehydrogenase, are located
in the matrix and possess the same flavin subunit {dihydrolipoa-
mide dehydrogenase or dihydrolipoyl dehydrogenase), which is
the source of 03~ [102.106,111]. For reasons that are still unclear,
03~ generation is more pronounced in x-ketoglutarate dehydro-
genase compared to pyruvate dehydrogenase [102]. Interestingly,
a-ketoglutarate dehydrogenase is tightly associated with the
matrix surface of the inner mitochondrial membrane |55] and, in
yeast, is a component of the mitochondrial nuclecid [43,86]. This
close proximity between an important source of mitochondrial
oxidants and mitechondrial DMA (miDNA) may explain why this
enzyme is involved in mtDNA dysfunction [107] and is an oxidant
source involved in aging in yeast [106].

Other sources of matrix 05— include the electron-transferring
flavoprotein Q oxidoreductase and possibly acyl-CoA dehydrogenases,
although these sources still remain poorly explored [9,101,108]. Other
mitochondrial flaveenzymes such as the branched-chain a-ketoacid
dehydrogenase complex are possible and yet unstudied mitochon=
drial reactive oxygen species (ROS) sources.

Aconitase is a matrix enzyme commonly used as a marker for
mitochondrial oxidant levels, because 0;~ can oxidize its iron-
sulfur clusters. Vasquez=Vivar and colleagues [117] reported that
oxidized aconitase can produce hydroxyl radicals by the Fenton
mechanism. Interestingly, aconitase is also a component of the
nucleoid involved in the maintenance of mtDNA [107].

Enzymes on the outer surface of the inner mitochondrial
membrane can contribute to oxidant release in the intermem-
brane space. Dihydroorotate dehydrogenase participates in the
synthesis of pyrimidine nucleotides and donates electrons to
coenzyme (. In the absence of this electron acceptor, this enzyme
has been shown to generate H,0,, although this remains to be
further investigated [1,19]. x-Glycerophosphate dehydrogenase is
an enzyme located on the outer surface of the inner mirtochon-
drial membrane that has a clear role as a source of intermem-
brane space 03~ [9,60,108,112,129]. Moreover, topological
measurements of 03~ generation originating from x-glyceropho-
sphate dehydrogenase suggest radicals may be produced at both
sides of the membrane [60], although the location of the flavin, far
from the membrane, does not support this possibility [123].
Superoxide radical production within the mitochondrial matrix
originating from glycerol phosphate may also be the result of
reverse electron transfer to complex 1 [1,9,60,112,113,108].

Monoamino oxidase is an enzyme located on the outer face of
the mitochondrial outer membrane. It can generate H:0: at
higher rates than the electron transfer chain. thus resulting in
mtDNA damage [30.49.91].

Mitochondrial antioxidant compartmentalization

Considering the diverse and quantitatively significant sources
of oxidants in the mitochondrial microenvironment described
above, effective antioxidant mechanisms are necessary to maintain

mitochondrial and cell function. Antioxidant systems vary greatly
in each mitochondrial compartment and include many different
strategies: (i) catalytic removal of free radicals and other ROS, (ii)
reduction of free radicals by electron donors, (iii) chelating
mechanisms for pro-oxidant metal ions, and (iv) repair mechan-
isms [254850,114,116). The antioxidant characteristics of the
various mitochondrial subcompartments are described next.

03~ in the matrix is dismutated into H.0, either sponta-
neously or catalyzed by the MnSOD (S0D2). The high concentra-
tion and reaction rate of SOD2 suggest that the steady-state levels
of mitochondrial 0:— are low, in keeping with the perceived
importance of removing this oxidant [20.21,46,66,120).

H40. generated in the matrix can diffuse to other cellular
compartments because of its high stability and membrane per-
meativity (as will be discussed below). Alternatively, Hy0. gener-
ated in the mitochondrial matrix will be removed by enzymatic
systems in this compartment. These systems include glutathione
peroxidases (GPx), thioredoxin peroxidases (TPx), and, in some
tissues, catalase [18,48). GPx and TPx convert hydrogen peroxide to
H.0 at the expense of oxidizing glutathione (GSH) and thioredoxin
(TRx), respectively. The ubiquity of both systems suggests the
central importance of peroxide removal within cells, although
simulations based on rate constants and concentrations suggest
TPx is the premier enzyme responsible for Hy0, removal in
mitochondria, mostly because of its relative abundance [15]. On
the other hand, the rate constant of GPx and the concentrations of
glutathione are higher. Differences also exist regarding substrate
specificity: TPx also removes organic hydroperoxides [67]. Both TPx
and GPx H;0.-removal systems use electrons from MADPH to
regenerate reduced GSH and TRx [3,35,80]. NADPH in the mito-
chondrial matrix is regenerated from electrons donated by NADH,
through the activity of the proton-translocating transhydrogenase
[73]. linking the presence of the inner membrane proton gradient
to an effective removal of H;0.. Catalase has been found in heart
and liver mitochondria [77.85], although it is probably not as
effective as GPx and TPx in removing mitochondrial H,0, at
physiological levels [121]. Despite this, overexpression of catalase
specifically in mitochondria significantly extends murine life span
|90, indicating it is functionally relevant in this compartment.

Impaortant nonenzymatic antioxidant systems also exist within
the mitochondrial matrix: GSH is a powerful antioxidant itself. It
is synthesized in the cytoplasm and imported into mitochondria
by two electroneutral antiport carrier proteins, reaching concen-
trations as high as 11 mM in the matrix [2234,38,57,116]. GSH
scavenges hydroxyl radicals and singlet oxygen directly and can
regenerate vitamins C and E to their reduced forms. The oxidized-
to-reduced glutathione ratio is widely used as an indicator of the
mitochondrial or cellular redox state. Ascorbate (vitamin C) is also
an important electron donor in the mitochondrial matrix. It
participates in the regeneration of oxidized vitamin E and is a
radical scavenger. Ascorbate can also be a cofactor for one-Cys
peroxiredoxins, which are located in yeast mitochondria, remov-
ing H,0, [56,61,116).

Metal chelation Is an essential antioxidant defense in the
mitochondrial matrix, because the mitochondrion is a metal-rich
organelle. Indeed, iron chelation prevents mitochondrial damage
under conditions of oxidative stress [12,39]. Finally, mtDMA-
repairing systems are essential for mtDMNA integrity, ensuring
efficient electron transport chain assembly that prevents further
oxidant generation in mitochondria [29,48,114).

Hydrophobic antioxidant systems are located within the
mitochondrial inner membrane, protecting both membrane integ-
rity and inner membrane proteins. Phospholipid hydroperoxide
glutathione peroxidase is a membrane-associated GPx that reacts
with both hydrogen peroxide and lipid hydroperoxides. This
enzyme protects against membrane-damaging lipid oxidation
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and has been reported to be antiapoptotic, preventing the forma-
tion of cardiolipin hydroperoxide and cytochrome ¢ release
[70,109,115). Vitamin E [x-tocopherol) is a relevant lipid-soluble
antioxidant in the mitochondrial inner membrane, preventing the
propagation of free radical-mediated chain reactions by trapping
lipid peroxyl radicals [26.110]. Coenzyme () is a recognized 03~
source when partially reduced but also represents an important
inner membrane antioxidant when fully reduced. Ubiquinol
inhibits lipid and protein oxidation by reducing perferryl radicals
or eliminating lipid peroxyl radicals. Ubiquinol can also regener-
ate vitamin E from the a-tocopheroxyl radical [5.62).

In the mitochondrial intermembrane space, 0~ is dismutated
to Hz0; by CuZnSOD (SOD1), the cytosolic isoform of S0D, also
present in the intermembrane space [44,71]. Interestingly, target-
ing SOD1 specifically to the mitochondrial intermembrane space
rescues the motor phenotype of 50D1 knockout animals, indicat-
ing that the mitochondrial location of this enzyme is essential for
the maintenance of motor neuron integrity [17). Cytochrome ¢ is
also an important mitochondrial antioxidant, oxidizing 05~ to Oy
and then transferring the electron to complex IV [74,93 ). Finally,
GSH is abundant in the intermembrane space; it is transported by
voltage-dependent anion-selective channels located in the outer
membrane [44].

Overall, mitochondrial antioxidant systems are so effective
that it has been proposed that release of oxidants from mitochon-
dria within cells under physiological conditions may not be
significant [10,69,100).

Diffusion of oxidants and mitochondrial subcompartments

The presence of oxidants in various mitochondrial subcom-
partments depends not only on their generation properties, but
also on their reactivity and diffusibility (see Fig. 1). Diffusion
distance can be estimated by the Einstein-Schomulochowski
equation,

X= /(6D

(1)

where ¥ is the quadratic mean of the diffusion distance in three-
dimensional space, D is the diffusion coefficient, and t is the time,
usually taken as the molecule half-life time. A half-life time is the
time for a decrease in concentration of 1fe, or 37% The diffusion

coefficient can be calculated using the Stokes=Einstein equation,
D= kT jGanr, 2)

where k represents the Boltzman constant, T is the absolute
temperature, 4 is the viscosity of the biological matrix. and r is
the hydrodynamic radius of the solute species. The diffusion
coefficient was assumed to be 1x10~%s~". Molecule half-life
times are estimated considering all the rates at which a molecule
reacts in the cell or tissue and reactant concentrations:

T=In2/iks+kq[My]+kz[Ma]+ -- - +ko[Mg]). 3)

Chemical reactions in the condensed phase are limited by the
solvent surrounding the reactants, which is usually water within
cells. Encounters between reactants last about 10~* to 10~ "% 5. If
the probability of a reaction is high enough, the overall reaction
rate will depend only on solvent diffusion, restricted by the
diffusion limit (10°=10"" mol L' 5~ 1),

Considering both the predicted short diffusion distances for
05~ and the limitations in measuring intracellular concentrations
of this radical. the rates/concentrations of 03~ that leave or enter
mitochondria remain a largely open question. Fig. 1 shows a
schematic drawing of a 16 pm diameter cell and its mitochondria,
with predicted diffusion distances of some ROS brought to scale.
Fig. 2 shows ROS concentration evolutions based on their esti-
mated lifetimes.

Superoxide diffusion distances and lifetimes are strongly
dependent on the presence of superoxide dismutase and free
metal ions. The high rate constant for the S0D reaction (about
5x 10° Lmol-'s—") reduces 03— lifetime from 100 ms (in the
absence of S0D) to 35 ps |59.84), whereas the diffusion distance
changes from about 50 pm to 400 nm. Thus, in mitochondria, matrix
and membrane S0D isoforms will remove most 05~ produced
under physiological conditions [10]. Because superoxide is nega-
tively charged, its diffusion through the lipid bilayer is unfavorable,
and it is thus highly improbable that the radical generated in the
mitochondrial matrix could leave this subcompartment. However,
the protonated form of O3~, the perhydroxyl radical (HOO";
pK,=4.7), is potentially membrane-diffusible. Superoxide produc-
tion occurring in the proton-rich intermembrane space could lead to
the production of HOO®, which may diffuse into mitochondria
(stimulated by the pH gradient) or to the immediate extramito-
chondrial space [23,52,84]. Intermembrane-space 03~ diffuses out

Fig 1. Schematic representation of selected oxidant diffusion distances based on Einstein-Schomulochowski relations and f=3t,y, accounting for ~95% decay of the initial
concentration. Cell dimensions adopted were approximately 16 x 16 pm; mitochondrial dimensions were 2 x 1 pm; hydrogen peroxide diffusion radius (represented by
the armow) is ~3 mm Half-life times: 005~ 3.5 ps, NO3 7 ps, "0, 4 ps, 03— 35 ps, OH* 10ns, Hy0y 500
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Fig 2. Time evolution of selected oxidant species based on their estimated half-life times: OH" 10 ns, CO5 ™ 3.5 s, "0z 4 s, MO« 7 s, 037 35 pis (in the presence of S0D),

04~ 100 ms (in absence of SOD), NO® 1 s, Hy0y 500s.

of the organelle through the outer membrane voltage-dependent
anion channel [27).

Hydrogen peroxide is a relatively stable molecule in solution,
with long lifetimes and large diffusion distances, mostly elimi-
nated by thiol peroxidase and catalase activities, as described
above. Hy0; is often believed to diffuse through membranes
because of its lack of charge, small size, and physical properties
similar to water |7]. However, biomembranes constitute a barrier
to peroxide diffusion and lead to the formation of gradients. This
was investigated experimentally in Jurkat cells by measuring H,05
consumption rates by scavenging enzymes |2]. The magnitude of
the H,0; gradient is proportional to consumption rates in each
compartment. Furthermore, the formation of the H,0, gradient is
determined by the size of the cell or organelle (smaller compart-
ments are more permeable to Hy0:) and expression levels of
aquaporins known to transport H,0, [6]. Membrane andfor cell
wall composition also determines Hz0: permeability [98).

Hydroxyl radical lifetimes and diffusion distances in water are
10 ns and 5 nm, respectively |24,76). Inside the cell, however, the
lifetime may be much lower because of high reactivity toward cell
components, and the diffusion distance in water should be
considered an upper limit for diffusion in the cell. Singlet oxygen
('0), which can be generated in various cellular locations by
photosensitization, also has limited lifetime and diffusion (4 us
and 100 nm) in water and within cells [79].

Subcompartmentalized measurements of mitochondrial redox
state and oxidants

Because the outcome of mitochondrial oxidant generation
varies largely with the type, quantity, and location of ROS, gaining
access to technologies that provide specific, localized, and quan-
titative measurements of these species is essential. Unfortunately,
although considerable progress has been made, precise forms to
measure mitochondrial redox state are still lacking, and all
technigues should be used critically, include appropriate controls,
and be associated with other mechanistically distinct techniques
to confirm the findings [64]. We will first present techniques
available and then discuss their shortcomings. Table 1 lists some
commonly used mitochondrial redox probes, their strengths, and
their weaknesses.

Probes available for measurements of mitochondrial redox
state or oxidant levels can be separated into two main groups:
protein and nonprotein probes. The majority of nonprotein probes

are targeted to mitochondria through their coupling to the
lipophilic triphenylphosphonium cation (TPP*). a group that
favors the accumulation of the probe (several hundreds of times)
within mitochondria, driven by the membrane potential [65].
Mitochondrially targeted probes in this category include those
designed for the detection of highly reactive oxygen/nitrogen
species (MitoAR [45]), hydrogen peroxide/peroxynitrite (MitoPY1
[16]; MitoB [14]), superoxide [MitoS0X [41]), and lipid peroxides
(MitoDPPP [89): MitoFOX green, a diphenyl-1-pyrenylphosphine
derivative available from Molecular Probes, Eugene, OR, USA,
although a report describing its use could not be located).

Dichlorofluorescein (DCF) is another nonprotein probe that is not
targeted to mitochondria, but we find important to mention because
it is the most widely used fluorescent probe for ROS measurements,
including mitochondrially derived oxidants. DCF has numerous
artifacts and limitations |13.4041], as discussed in the next section.

Recently, a hybrid probe, SPG2, was described by Srikun et al.
[99]. This probe was designed to detect peroxynitrite/hydrogen
peroxide and consists of a derivatized boronate bioconjugated to
SMNAP-tag fusion protein. This strategy allows the targeting of
nonprotein compounds to various subcellular locations, a fact
feasible only for protein probes so far.

Genetically encoded proteinaceous probes have been developed
with a number of targeting sequences that promote their localiza-
tion to specific mitochondrial compartments [28,32,54,83,118,119].
cp¥FP, a circularly permuted yellow fluorescent protein that shifts
its fluorescence emission under strong oxidizing conditions [118].
was targeted to mitochondria through its fusion to the targeting
sequence of subunit IV of cytochrome ¢ oxidase [118). HyPer, a
genetically encoded biosensor for hydrogen peroxide based on
cpYFP and the OxyR bacterial transcription factor [4], was targeted
to the mitochondrial matrix or the intermembrane space through
the use of the targeting sequence of subunit VIl of cytochrome ¢
oxidase or a partial sequence of mouse mitochondrial glycerol
phosphate dehydrogenase 2, respectively [54,83] Finally, rxYFP
[72] and roGFP [28], two fluorescent protein probes for measure-
ment of thiol{disulfide intracellular redox state, were targeted to
the mitochondrial matrix or the intermembrane space through the
use of different leading sequences [32,119). Quantitative measure-
ments using rxXYFP in yeast grown in high-glucose cultures
(a condition that increases their Hy0, release [106]) suggest that
GSH:GS5G ratios are in the range of 900:1 in the matrix and 250:1
in the intermembrane space. Both environments are thus distinct in
redox state and more oxidized than the cytosol, in which the ratio is
in the range of 3000:1 [32].

100



AR. Cardoso et al. / Free Rodicol Biology and Medicine 52 (2012) 22012208 2205
Table 1
Commonly used mitochondrial redos probes.
Probe Characteristics Cautionary notes Refs.
Nonprotein probes
MitoAR High fluorescence intensiny Nonspecific [45]
pH-independent fluorescence Mitochondrial accumulation depends on membrane
potential
Tolerance to photobleaching
Tolerance to autoxidation
MitoB1 More specific for mitochondrial H0, Mitochondrial accumulation depends on membrane [14]
potential
May be analyzed by mass spectrometry
MitoDPPP Does not react with 03— or OH" Oxidized by various lipid peroxdes, including those from [8a]
other cellular sites
MitolY More specific for mitochondrial Hp0; than other Mitochondrial accumulation depends on membrane [18]
nonprotein probes potential
Mito50% Reacts with 05~ to form a specific product Reacts with other oxidants (OH®, ONOO™) to form Mito- [40.41,128]
[2-0H-Mito-E+) E+ and dimers, which have similar spectral parameters
Irreversible reaction—not suitable for transient
Measurements
DCFH; Easy manipulation Nonspecific [13.41,42,127]
Cheap Dependent on pH, concentration of transition metals, and
Easily obtained phenotype
Modified by many biological molecules including GSH,
NADH, and Ascorbare
Autoxidation, photo-oxidation, autocatalysis, respiratory
inhibition
Protein-based probes
CpYFP Can be targeted to specific mitochondrial compartments Requires transfection and appropriate expression [33.58,63,87.118]
Very pH sensitive
Suitability as a D3~ probe is under debate
HyPer Rariometric Requires transfection and appropriate expression [4.54.83]
Specific for H:0s PH sensitive
Presents high sensitivity
rxYFP Targeted Not ratiometric [32.58,72]
High background noise
Sensitive to pH and chloride
roGFP Ratiometric Limited sensitivity [28.81.119]
Allows dynamic measurement of mitochondrial redox Biosynthesis of one mamre molecule of GFP implies the
state release of one HaD:
Can be targeted to specific mitochondrial compartments
Hybrid probe
SPGZ Specific for Hy0, Requires transfection [&1.29]

Can be targeted to specific mitochondrial compartments

Reaction with H20: is irmeversible—not suitable for
transient measurements

Rate constant with Hz0: is lower than that of catalase,
glutathione peroxidase, or peroxdredosin

Mitochondrial probes: a few words of caution

Redox measurements in themselves are tricky, because of the
reactive nature of oxidants, and localized measurements are even
more so. Although most probes are designed to react preferen-
tially with specific oxidants, they certainly react with other
species, too [41,45,128), making specificity a rare quality. Further-
more, several important artifacts of these probes are particularly
relevant to mitochondrial microenvironments.

Probes linked to TPP* [14,16,82] or any other lipophilic cation
will accumulate in mitochondria in a manner related to the
magnitude of the inner membrane potential. Thus, the first obvious
point to be taken into account is that probe fluorescence both in the
whole cell and in the mitochondria within the cell will vary with
changes in the cellular and mitochondrial membrane potentials,
independent of variations in oxidant levels. Because most changes
in mitochondrial oxidant generation involve alterations of mito-
chondrial oxidative phosphorylation and energy metabolism, this is
a central point that must always be considered and that precludes
the use of these probes as sole measurements of mitochondrial
oxidant levels. Furthermore, the accumulation of probes in the
mitochondrial microenvironment does not increase proportionally

to its localized fluorescence. Because the quantity of these probes in
a small environment can be significant, both quenching |65,68] and
mitochondrial uncoupling due to the accumulation of the indicator
may occur. Uncoupling is a highly effective antioxidant strategy
[11,95], so uptake of the probe is a possible mechanism in which
the technique used to measure oxidants changes oxidant produc-
tion. Finally, the presence of very high quantities of these chemicals
in the mitochondrial microenvironment can lead to changes in
mitochondrial function. It is worth noting that DCF, which can
accumulate in mitochondria under some conditions, promotes
mitochondrial respiratory inhibition when added to the extrami-
tochondrial medium at micromaolar concentrations [104]. Because
these effects are certainly variable with cell type and loading
conditions, it is recommended that mitochondrial functionality be
verified as a control for the use of these indicators.

Protein-based probes [28,99,118] can be directed to specific
compartments with low risk of quenching or interference with
other proteins. Nonetheless, overexpression of any protein can
change the normal physiology and morphology of the organelle.
In addition, proteinaceous probes are based on cysteine redox
chemistry [28,118] and are therefore limited to processes that
affect thiols.
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An issue that affects both protein and nonprotein probes is
changes in mitochondrial quantity and morphology, which can
affect probe signal [47). Another central point for all probes is pH
sensitivity. Mitochondria present substantial ApH across the
inner mitochondrial membrane [78], and the pH in different
mitochondrial environments is influenced by metabolic activity.
Changes in pH can notably change the signal obtained with
different probes |87,88,122]. within the physiological range. For
example, cpYFP fluorescence increases five times by shifting the
pH from 7 o & [118], and clamping cytosolic pH has led to
questions regarding 03~ measurements using this probe [87].
DCF presents at least threefold changes in fluorescence, with pH
shifts between 7 and 8, and doubles its fluorescence emission
with shifts of pH between 6 and 7 [122].

Targeted antioxidants and other “antioxidant strategies™

An effective way to demonstrate the participation of mito-
chondrial oxidants in pathophysiological processes is by verifying
the effects of antioxidants designed to selectively remove ROS
from mitochondrial microenvironments.

Lipophilic cationic antioxidants make use of the mitochondrial
inner membrane potential, similar to TPP*-bound probes, to
promote the accumulation of antioxidants in the matrix. TPP*=
associated vitamin E (MitoVitE) and, especially, coenzyme Q
(Mito(}) have been widely used and provide protection against
many different oxidant-related forms of cell and organismal
damage (reviewed by Smith and Murphy [96]). Both accumulate
by more than 2 orders of magnitude in mitochondria, in a
membrane-potential-dependent manner. The downfall of these
probes is that they can cause uncoupling themselves [103],
possibly preventing mitochondrial 05~ formation. These probes
also undergo redox cycling that can generate 03~ and may be
poor inhibitors of thiol oxidation [36]. Furthermore, MitoQ) has
been demonstrated to accept electrons before the rotenone-
inhibitory site in complex | and to have its reduced form recycled
by complex I, allowing it to act as an intracellular pro-oxidant
under conditions under which electron flow through complex I is
high [75].

5k, compounds are similar to MitoQ) in mitochondrial accu-
mulation and protective properties, but are less prone to redox
cycling because of the use of plastoquinones instead of the
ubiquinone moiety present in Mito(). The main pharmacological
advantage of SkQ, compounds over MitoQ) is a larger window
between their antioxidant and pro-oxidant effects (for review see
[92,94]). Plastoquinones in vivo are located in thylakoid mem-
branes, a highly oxidant environment, and present distinct redox
properiies: whereas the plastoguinone redox potential is around
+110 mV, that of ubiquinone is+70mV [97]. Moreover, SkQ,
compounds are reduced by mitochondrial cytochrome by, and the
reduced form of SkQ, compounds promptly reacts with super=
oxide produced in mitochondria. In addition, the SkQH, structure,
especially SkQH.1, favors a direct interaction with cardiolipin
molecules, hence avoiding oxidation of this lipid.

Cell-permeative mitochondrially targeted peptides have also
been developed [105,126), and they mostly accumulate (by 3 or
4 orders of magnitude) in the inner mitochondrial membrane,
without reaching the matrix. in a manner that is not highly
dependent on the membrane potential. The differential location
and accumulation properties of these mitochondrial antioxidants
are interesting in terms of studying mitochondrial redox coms-
partmentalization, but this possibility has not yet been fully
explored. Membrane-potential-sensitive polycationic peptides
that penetrate into the matrix have also been developed [31].

Conclusions

Because of the reactive nature of oxidants, their intracellular
targets for both damaging and signaling effects must be within
very specific constraints regarding the separation from their
source. Given the importance of mitochondria as generators and
targets of these oxidants, understanding the subcompartmentali=
zation of mitochondrial redox processes is essential. In the past
few years, a lot of knowledge has been gained regarding the
characteristics and locations of mitochondrial oxidant generation,
as well as more guantitative measurements of the antioxidant
capacity and redox state of various mitochondrial subcompart-
ments. A challenge for the area in the future will be the devel-
opment of more trustworthy and specific mitochondrially
targeted antioxidants, as well as mechanisms to conduct real-
time, localized, specific, and guantitative measurements of oxi-
dants in mitechondrial microenvironments in vivo.
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The carbon dioxidejbicarbonate (CO2/HCO5 ) pair is the main biological pH buffer. However, its
influence on biological processes, and in particular redox processes, is still poorly explored. Here we
study the effect of COL/HCO3 on ischemic injury in three distinet models (cardiac HL-1 cells, perfused
rat heart, and Caenorhabditis eleguns). We found that, although various concentrations of COL/HCOF do
not affect function under basal conditions, ischemia-reperfusion or similar insults in the presence of
higher CO,JHCD5 resulted in greater functional loss associated with higher oxidative damage in all

Keywords: models. Because the effect of COLfHCO5 was observed in all models tested, we believe this buffer is an
E:ilhmgtedlamcal important determinant of oxidative damage after ischemia-reperfusion.

Heaflml'c 2 © 2012 Elsevier Inc. All rights reserved.
Cirenorhabditis elegans

Free radicals

Introduction and nitration of various biomolecules [2,3,21,24,27 3442 43| The

C0,, formed in a multitude of intracellular reactions, is
hydrated in a reaction catalyzed by carbonic anhydrase to
carbonic acid (H:C04). which deprotonates. generating bicarbo-
nate (HCO5 ). The COL/HCO3 pair, with a pK, of 6.4, is the main
physiological buffer, due mostly to its high concentration in
biological compartments (extracellular fluid pH is ~7.2 [10,14]).

Interestingly, despite its ubiquity and abundance, biological
activities of the COz/HCO7 pair have received very little attention,
probably because there is little ability to control concentrations
in vivo. Bicarbonate buffer, which is composed of ~1.3 mM CO-
in equilibrium with 25 mM HCOz in serum and 14 mM HCOs5
intracellularly, has well-demonstrated redox effects (see [23] for a
review). The first suggestion in this sense came from Hodgson and
Fridovich in 1976 [15], who reported that xanthine oxidase-
catalyzed luminescence was dependent on the presence of car-
bonate. After that, a series of studies demonstrated that the
presence of COy/HCO3 stimulates the oxidation, peroxidation,

Abbreviations: DNPH. 2 4-dinitrophenylhydrazine; BCECF, 2',7"-bis{carboc-
yethyl}-5(6 }-carboxyfluorescein; BIFM, beats per minute; OTT, dithiothreitol; IR,
ischemia-reperfusion; AS, anoxia-starvation; MGM, normal growth medium;
PLML, posterior lateral microtubule cell left; PLMR, posterior lateral micromubule
cell right; ROS, reactive oxygen species; 5D5, sodium dodecyl sulfate
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mechanism through which CO,fHCO; stimulates these oxida-
tions has been elucidated for peroxynitrite-mediated processes
but remains uncovered in most cases because of methodological
difficulties involving the detection of highly reactive intermedi-
ates, such as the carbonate radical (see [23] for a review).

Most studies addressing the role of CO-/HCO; in biological
oxidations have been exclusively conducted in in vitro or, less
commonly, in vivo systems to which oxidants were added
exogenously, promoting overt oxidative stress followed by an
evaluation of the effects of HCO5 [10]. This still leaves open the
question if CO:fHCO3 levels are relevant for oxidative injury
resulting from reactive oxygen species (ROS)' generated endo-
genously in vivo under physiolegical or pathological conditions.
The question is highly relevant because, owing to their reactive
and diverse nature, ROS effects mostly result from localized
intracellular reactions [6,39]. In addition, quantities of added
oxidants may differ very significantly from those produced
intracellularly, even under pathological conditions. The demon-
stration that CO-/HCO3 levels affect tissues under physiologically
relevant conditions would provide evidence, albeit indirect, of the
participation of carbonate radicals in biologically relevant pro-
cesses [23].

To address this point, we chose to study the effects of CO.f
HCO3 in ischemia=reperfusion (IR). IR occurs in important patho-
logical conditions such as heart attack and stroke and involves a
burst in ROS production and oxidative damage, mainly during
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reperfusion, that is a determinant of the final outcome of tissue
damage [12,22,35]. Furthermore, because of the nature of these
pathologies, which involve changes in local tensions of diluted gasses
and modifications from oxidative to fermentative metabolism, COuf
HCO3 levels are expected to change during IR and may, thus, have an
important role in determining the extent of postischemic lesions.

The effects of CO4/HCO5 levels on functional and oxidative
damage after IR were tested in three distinct models, under
conditions in which external pH was clamped despite the changes
in CO./HCO5 concentrations. Our results show that CO./HCOs
levels contribute strongly toward postischemic functional loss
and oxidative damage.

Materials and methods
Materials

All chemicals were of the highest purity available from Sigma
(St. Louis, MO, USA). unless otherwise specified. BCECF was
purchased from Molecular Probes (Eugene, OR. USA). Antibody
sources are provided under Western blots.

Isolated heart perfusion

Heart perfusion was conducted as described previously [12].
Briefly. hearts were rapidly removed from male Sprague-Dawley
rats [ ~300 g, 2-3 months of age) and Langendorif-perfused with
oxygenated Krebs-Henseleit buffer (described below). Hearts
were eliminated from the study if the time between rat death
and the beginning of perfusion was longer than 3 min. All studies
were conducted in accordance with guidelines for animal care
and use established by the Colégio Brasileiro de Experimentagio
Animal and approved by the local animal ethics committee.

After isolation, the hearts were stabilized for 50 min and then
subjected to 30 min ischemia and 60 min reperfusion. The reper=
fusion was conducted with buffers containing 0, 5, and 10% COa.
The buffer for 0% CO5 contained (in mmol/L) 118 NacCl, 1.2 KH,PO,,
4.7 KCl, 1.2 MgS0,, 1.25 CaCl,, 10 glucose, and 20 Na+-Hepes, pH
7.4, gassed with pure 0, at 37°C; that for 5% (in mmoljL) 118
NaCl, 17 NaHCO4, 1.2 KH,P0,. 4.7 KCl, 1.2 MgS0,, 1.25 CaCl,, 10
glucose, and 20 Na*-Hepes, pH 74, at 37 *C gassed with 95% Oy
+ 5% C0y; and that for 10% (in mmol/L) 118 NaCl, 25 NaHCO,,
1.2 KH4PO,, 4.7 KCL, 12 MgS0,, 1.25 CaCly, 10 glucose, and 20 Na*-
Hepes, pH 7.4, at 37 °C gassed with 90% 0, + 10% CO.. L-NAME
(200 uM), when present, was added 10 min before ischemia and
remained in the perfusate until the end of the reperfusion time.

Hemodynamic data were obtained using an electrode con-
nected to a Powerlab Langendordf apparatus from ADInstruments.
The pressure transducer was connected to a latex balloon and
placed inside the left ventricle, as described previously [12].

Infarcted area

Quantification of the infarcted area was conducted as pre-
viously described |5,13). Briefly, after reperfusion the heart was
sliced and incubated in 1% triphenyltetrazolium chloride for
15 min. The infarcted area was quantified using Image] and is
presented as a percentage of the total area of the slice. Each heart
was sliced in three places and the areas from both sides were
quantified by an unblinded scorer and averaged.

Cardiac HL-1 cell cultures and simulated cellular IR

Cardiac HL-1 cells were kindly donated by Professor William C.
Claycomb. These cells maintain their cardiac phenotype during

extended passages and present ordered myofibrils, cardiac-specific
Jjunctions, and voltage-dependent currents that are characteristic of a
cardiac myocyte phenotype [7]. For routine growth, HL-1 cells were
maintained in T-75 flasks ar 37 °C in an atmosphere of 5% COz in
Claycomb medium (Sigma) supplementad with 0.1 mM norepinephr-
ine, 100 U/ml penicillin, 100 Ufml streptomycin, 2 mM glutamine,
and 10% fetal bovine serum. Experiments were conducted at 100%
confluence, after trypsinization and resuspension in a standard buffer
{pH 7.4) containing (in mmolfL) 137 NaCl, 20 Na-Hepes, 22 glucose,
5 Na-pyruvate, 20 taurine, 5 creatine, 5.4 KCI, 1 MgCl,, and 1 CaCl,.

Cell IR was simulated as previously described [11,12). Briefly, 105
cellsfml were subjected to simulated ischemia by metabolic inhibi-
tion using 50 mM KCN and 2 mM 2-deoxyglucose added to standard
cell buffer devoid of glucose and pyruvate for 90 min, followed by
5 min centrifugation and resuspension of the cell pellet in experi-
ment buffer for simulated reperfusion. Control HL-1 cardiomyocytes
were incubated with standard buffer solution during the entire
experimental period and subjected only to centrifugations and
washes. The standard buffer was gassed with 100% O, for the 0%
C0y condition, and 25 mM NaHCOy was added to a buffer gassed
with a mixture of 90% 02 + 10% CO- for 10¥ CO: condition.

Cell viahility

Cell viability was assessed by relative fluorescence of 50 uM
ethidium bromide (Sigma=Aldrich) using a Hitachi F4500 spectro-
fluorimeter at excitation and emission wavelengths of 365 and
580 nm, respectively [11,12,17]. Cells were permeabilized with 0.1%
Triton at the end of the each experiment to promote 100% cell death.
The autofluorescence of ethidium bromide was subtracted from
total fluorescence in the presence of cells, ethidium bromide, and
Triton. Data are expressed as the percentage of total cells.

Iniracellular pH measurements

pH measurements were conducted using the highly sensitive
intracellular probe BCECF, with a modification of a described
method [16,30]. Cells were trypsinized, washed, and resuspended
in experimental buffer (described in the cell IR protocol) twice.
Cells (105/ml) were incubated with 5pM BCECF for 50 min,
pelleted, and resuspended in experimental buffer. The readings
were conducted using a Hitachi F4500 spectrofluorimeter with
fixed emission at 535 nm. The excitation was scanned from 400 to
550 nm. After the measurement of the baseline fluorescence,
calibration was conducted adding 10 mg/ml nigericin to allow
from proton exchange across the plasma membrane and adding
MNaOH and HCl to promote maximal alkalization and acidification.
The intracellular pH was calculated as described by the maker.
Briefly, the formula used was [H*| = K,([R — Ra)f(Rs — R))Fapyf
Fig.zy). where R is the Fi.qy/Fy.2) ratio of fluorescence intensities (F)
measured at two wavelengths, 3.1, 490 nm, and »2, 440 nm, and
the subscripts A and B represent the limiting values at the acidic
and basic endpoints of the titration, respectively.

Caenorhabditis elegans culture and strains

C. elegans were cultured using standard techniques at 20 *C on
normal growth medium (NGM) agar plates [4]. Synchronized
young adults were used in the experiments. The strains used
were Bristol N2 (wild type) and KWNE5 (him-5(e 14900V, uls22
{Pmec-18::GFPV).

C elegans anoxia-starvation (AS)

IR in C elegans was simulated by promoting AS followed by
reoxygenation and feeding, as previously described [32.4041].
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C. elegans young adults were collected from NGM plates, washed
three times, and resuspended in M9 medium (22 mM KHzPOa,
42 mM NazHPQa. 86 mM NaCl, 1 mM MgS04, pH 7.0) supplemen-
ted with 20 mM Hepes. The animals were incubated in 100 ul of
M9 in an open Eppendorf tube at 26 *C for 20 h under either 100
or 90% M2z and 10% CO:. After AS, C. elegans were moved to a
seeded plate with a minimal amount of M9 and left to recover for
another 24 h and then scored by an unblinded observer for
viability and sensitivity to touch.

C. elegans neuron imaging

Animals were transferred to a 2% M9 agarose pad containing
0.1% tetramiscle and 0.1% tricaine (EMS, Hatfield, PA, USA) and
were imaged within 20 min of being placed under a coverslip. A
Mikon Eclipse TE2000-U microscope (Nikon USA, Melville, NY,
USA), Polychrome V monochromator (TILL Photonics, Grafelfing,
Germany), and Cooke Sensicam CCD (PCO-TECH, Romulus, MI,
USA) were coordinated using TILLvisION software to obtain
fluorescence images (470 nm excitationf535 nm emission) under
a 100 = oil objective.

Western blots

Western blots used 12% denaturing gels. Gels were transferred
(4 h, 400 mV) onto polyvinylidene difluoride membranes. Protein
was quantified by the Bradford technique. For carbonylation detec-
tion, 5 pg of protein was used per lane. Detection of 3-nitrotyrosine
and methionine sulfoxide residues used 10 pg of protein.

The samples from hearts and cells were prepared by homogeniz-
ing the tissue or the cells in the presence of a RIPA buffer (135 mM
NaCl, 50 mM Tris=HCl, 1% Nonidet P-40, 0.5% sodium deoxycholate,
0.1% SDS, and 1:10 Sigma proteinase inhibitor cocktail, pH 8) and
frozen at — 80 *C until use. For C. elegans samples, the live worms
were selected after reperfusion and resuspended in buffer pre-
viously described in [5] (0.2 M Tris-HC1, 100 mM DTT, 20% glycerol,
10% SD5, and 1:10 Sigma proteinase inhibitor cocktail. pH B),
subjected to three freeze thaw cycles (liquid nitrogen/boiling water),
and frozen at —80 °C until use.

For the carbonylation Western blots, samples were treated
as described before [8,26), or the OxyBlot kit from Millipore
was used and the reactions were done as described by the
manufacturer. Briefly, we added SDS to the samples to reach a
final concentration of 12% and then subjected the proteins to

a reaction with 2 4-dinitrophenylhydrazine (DNPH) for 30 min
followed by the addition of a neutralization buffer. For detec-
tion, we used 1:5000 anti-DNP antibody from Sigma and
1:7000 anti-rabbit from Calbiochem. For other Western blots,
we added the protein with sample buffer (20 ug) Antibody
concentrations were anti-nitrotyrosine from Upstate, 1:5000;
anti-mouse from Calbiochem, 1:5000; anti-methionine sulfox-
ide from Upstate, 1:5000; and anti-rabbit from Calbiochem and
anti-phospho-Akt{Ser473) from Cell Signaling, 1:5000.

The blots were scanned and analyzed using Image]. Images were
converted to 8 bits color and intensities of the whole lane were
included. Blots were compared to the 0% CO; control or to the 0%
C0;, ischemic group. In the 3-nitrotyrosine blot, we ran a standard
amount of nitrated protein to quantify modified tyrosine.

Statistics

All experiments presented were replicated at least three times,
and statistical analysis was conducted using GraphPad Prism 5.
Fig. 2A, B, D, and E were analyzed using two=way ANOVA followed
by Bonferroni correction, and all other data were analyzed using
Student t tests. Correlations were analyzed using linear fits.
Differences were considered significant if p < 0.05.

Results

Our aim in this work was to evaluate the impact of CO./HCO5 on
oxidative and functional tissue damage under the pathologically
relevant condition of IR Because CO./HCO5 is a vital buffer, and
we wished to focus on the effects of CO,/HCOy itself, and not changes
in pH, all extracellular solutions used in this study were buffered
using Hepes, and the pH was carefully adjusted after gassing
Additionally, we questioned if, despite the clamped pH, changes in
extracellular CO.{HCO; concentrations could result in alterations in
intracellular pH. To address this question, we used cardiac HL-1 cells,
a cell line that maintains the cardiac phenotype and has been
extensively used to study cardiac IR (Fig. 1) [7.12,38). Cells were
loaded with the intracellular pH probe BCECF. and intracellular pH
was measured in the absence or presence of O0:/HCO3 (indicated as
the percentage of gassed CO.. 0 or 10%). We found that intracellular
pH was indistinguishable under both incubation conditions (Fig. 1AL
Thus, the conditions established allow for the evaluation of the
biological role of CO2/HCO5 independent of changes in physiological
intracellular pH.
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Fig. 1. Cardiac HL-1 cells present increased oxidative damage and loss of viability when subjected to IR in the presence of C02. (A) Intracellular pH was measured as
described under Materials and methods, in the presence or absence of CO., after 95 min stabilization. (E) Cell viability was measured in the absence (open bars) or presence
{filled bars) of 10 HoCOuHCO; . Cell viability was measured as described under Materials and methods, at 0 and 95 min, in the absence or presence of IR, as indicated and
{C) Protein carbonyl levels were detected as described under Materials and methods and are shown as percentage of 0% €Oy levels at Omin. "p < 0,05 relative to

nonischemic, 95 min; *p < 0.05 relative to 95 min IR in 0% COy.
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‘We then subjected the cells to simulated IR (see Materials and
methods) in the presence of 0 and 10% CO: (Fig. 1B). We found
that after IR, cells incubated in buffer containing COx/HCO3 (filled
bars, 95 min IR) had significantly lower viability compared to cells
incubated in the absence of CO./HCOs (open bars). Indeed, cell
viahility in the absence of C0. was similar to that of cells
subjected to 95 min incubation and centrifugations, but not IR.
Cell viability before the ischemic intervention (0 min) and under
nonischemic conditions (95 min) was similar in both CO0./HCO3 -
containing and 0% CO, groups, indicating that changes in COuf
HCO5 levels do not affect cell viability under physiological
conditions, but exacerbate cell death after IR.

To wverify if the loss of cell survival was associated with
oxidative damage, we measured protein carbonyls in cell lysates.
We found that incubation and centrifugation of samples for
95 min in the absence of IR increased carbonyl levels slightly
relative to baseline in both 0 and 10% CO, (Fig. 1C, 95 min).
However, after 95 min IR, very significant increments in protein
carbonyl levels were observed, and this increase was substantially
larger in 10% CO; samples. Together, these results demonstrate
that the presence of C0z/HCO3 substantially affects cell survival
and oxidative damage after IR in cardiac cells.

Given the striking results of changes in CO;/HCOF concentra-
tions in cells subjected to IR, we sought next to evaluate the
effects of these on ischemic hearts. Langendorff-perfused rat

hearts were either maintained for 150 min without any interven-
tion [ nonischemic) or subjected to IR as described under Materials
and methods (Fig. 2). We found that the various gassed COa
concentrations (0, 5, or 10%) did not affect nonischemic heart beat
rates (BPM; Fig. 2A) or left-veniricular developed pressure
(Fig. 2B), a measure of cardiac function. Furthermore, the various
C0; concentrations did not affect activating Akt phosphorylation,
a known determinant of infarct injury (results not shown). On the
other hand, ischemic hearts perfused with 10% CO, presented
severely decreased BPM (Fig. 2D) and change in developed
pressure (Fig. 2E) during reperfusion; the difference was signifi-
cant both comparing the curves point by point (as shown in the
figures) and integrating the area under the curve at reperfusion
(p = 0.05 comparing 0 and 10% CO. using a t test, for both BFM
and developed pressure). Indeed, 10% CO, hearts displayed an
infarcted area that was double that observed in 0% CO; IR hearts
(Fig. 2F). Overall, these results confirm, in a whole-heart model,
that CO5/HCO; levels are a determinant of functional cardiac
recovery after IR.

To evaluate if the changes in cardiac function observed were
associated with oxidative damage, we measured protein carbonyl
levels. Whereas carbonyls were unaltered under vanous incubation
conditions in nonischemic hearts (results not shown), in IR hearis,
protein carbonyl levels increased in proportion to the percentage of
gassed COy; (Fig. 3A) and were more than 50% higher in 10& CO,

=

gl L

A B
1501 150
) 5
wn
m
E E“’“ £ 100
£ i i
2 = 8 0%co, 2
E 4 5%CO, 3 50
-2 10% CO -
z ° 2 a!
0 ' 0
0 50 100 150 0
Time (min)
D E
150 150
g
2
(5] w
= 100 g
o
§ 3
£ o a
o = 2
0 50 s
= 1 a
' -
L =
0 o .
0 50 100 150 0
Time (min)

Fig 2 Perfused rat heams present increased functional loss when subjected to IR in the presence of 10% COy. (A and D) Beats per minute (BFM), (B and E) left-ventricular
developed pressure, and (C and F) infarct areas were measured as described under Materials and methods for nonischemic (A-C) or IR (D-F) hearts perfused with 0, 5, or

10% COy. "p < 0.05 relative to IR with 0% C0,.

) e
2
o
2 20
B 101
(3]
g
, o L1 h
50 100 150 0 § 10
Time (min) % GOy
F
g L
5 | |
=}
'S 20
)
£
E 10
E
0 T
50 100 150 5 10
Time (min) % CO,

108



50 BB Queliconi et al. § Free Rodicol Biology and Medicine 55 (2013) 46-53
A B
o 160 # 1.5 # — 0391 l
=9 Ll x E
£ S H
§'=, 2 1.3 4 % 0.8 -
S s 3
a £ 1404 E o
= 2 =
£° . 2 .14 w 0.7 -
=¥ 5 g
£ 1 2 g
a3 E 0.6
EH z 0 T
5 = s
- 100 4 0.7 o
0 5 10 0 5 10 0 5 10
WCO, %WC Oy G0y
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Fig 4. L-NAME does not inhibit functional loss promoted by CO, in IR hearts. (A) Beats per minute (EPM), (B) left-ventricular developed pressure and {C) infarct areas were
measured as for Fig. 2, with the addition of 200 pM L-NAME to the perfusion medium. "p < 0005 relative to 0% CO5.

relative to the absence of this gas. Similar increases in methionine
sulfoxide (Fig. 3B) and nitrotyrosine (Fig. 3C) residue levels were also
observed in 10% CO: tissues. These protein modifications were
undetectable in nonischemic heart samples perfused with any
concentration of CO. Again, our results suggest that, although CO.f
HCO3 does not overtly affect hearts under physiological conditions, it
is a determinant in functional and oxidative damage after IR.

The detection of increased nitrotyrosine radicals in hearts
perfused with CO, indicates the participation of nitric oxide-
derived species in cardiac damage enhanced by C0, Indeed,
peroxynitrite in the presence of COy is very efficient at promoting
tyrosine nitration due to the production of nitrogen dioxide and
the carbonate radical anion (reviewed in [23]). To investigate a
potential role for nitric oxide-derived oxidants in this process, we
measured the effects of L-NAME, an inhibitor of nitric oxide
synthases, on (0s-enhanced cardiac damage after IR (Fig. 4). We
found that cardiac damage increases promoted by CO: persisted
in the presence of L-NAME. Whereas this result suggests nitric
oxide synthases are not involved in the effects of COy, a role for
nitric oxide cannot be excluded because it can be produced
through nitrite reduction during ischemia [36,44].

We next evaluated the effect of CO4/HCO5 on protein carbonyl
formation in C elegons during anoxia-starvation as a model for
worm IR. Behavior and cell morphology were also assessed in the
surviving worms. We found that CO, had little apparent effect in the
absence of AS (results not shown), whereas survival after AS was
naot altered by 0 or 10% CO, either (Fig. 5A). Protein carbonyls under

AS conditions tended, nonsignificantly, to increase in 10% CO2
(Fig. 5B). Interestingly, however, surviving animals exhibited subtle
but significant differences in behavior, manifested as an increased
defective response to light body wall touch as a function of CO,
during hypoxia (Fig. 5C). The behavioral response to body wall touch
is mediated by six mechanosensory neurons whose processes run
just under the hypodermis of the animal. To investigate if the
decrease in function in these animals was accompanied by damage
to these neurons, an integrated transgene was used to label the
touch cells with green fluorescent protein (GFF), and two of these
neurons (PLML and PLMR) were examined in detail, as described
(Materials and methods). Neuronal abnormalities that were scored
included the appearance of GFP inclusions in the processes, tortuous
processes, and breaks, all of which have been shown to accumulate
as a result of hypoxia [9]. The incidence of such abnormalities was
significantly increased by AS in 10% CO, compared to 0% CO, (Fig. 6)
demonstrating that, in a whole organism maodel, higher COz/HCOs
promoted more significant tissue and functional damage after AS.

Discussion

Considering its role as the main biological buffer, it is surprising
so little recent attention has been given to the biological activity of
CO./HCOg [14,23). In particular, metabolic and redox effects of this
buffer are expected. In this work, we evaluated the results of various
tensions of CO., incurring ar different COL/HCO5 levels.

109



B8, Queliconi et al § Free Radicel Blology and Medicine 55 (2013) 46-53 51

=
w

75 - —, 500
£8
32 4004
@ 55 235 400
@ 50 - .
- )
E 25
5 2 = i
F =5 300
& 25 G2
£5
S S 200
o £
\001‘,001 00: Cl
e s\ o
SR \6’ “e.\o

S &

&

C g0-

g

S 751

2 T

L]

7]

& 70

N =

[+]

3

65| *

=

60 :
i3 T
\ e \ooo \ o
o0 @ e
& 3 Ky

Flg 5. 10% CO, decreases touch responses in C elegans after IR, without affecting survival. (A) The percentage of worms that exhibit 24-h post-AS survival in the presence
or absence of C0; was measured as described under Materials and methods. The N2 strain is the canonical wild-type genetic background, and KWHNES contains an
integrated wransgene that labels mechanosensory neurons with green flusrescent protein. (B) Proteins were extracted from living C elegans after AS in the presence or
absence of 00,, and protein carbonyls were detected using an OxyElot and (C) The response to touch stimuli of living C elegans after AS in the presence or absence of CO5

was measured as described under Matenials and methods. "p < 0,01 relative to 08 COu.

A B
& Y /
5 &
8 " 1.50 - .
71 E
3 ; 1.25 -
T 61 %
ﬁ £ 1.001
5 ]
c E
o T 2 075
4 o
<
3 : 0.50 -
v 4 3!
5’0 °<Jc:; &© ot
g ¢ §° g*

Flg 6. 10% CO; increases wouch neuron medifications. (A) The accumulation of GFP
aggregates in the touch newron (PLML and PLMR) processes or (B) abnormalities such
as tortuous processes and breaks were monitored in surviving anesthetized C elegans
after IR in the presence or absence of 00y, as described under Materials and methods.
"p < 005 relative to 0 COz.

Using cardiac cells, perfused rat hearts, and C elegans, we found
that increased CO:/HCOs heightened the injury assodated with IR
(Figs. 1=3) [18]. Previous studies have determined that increased
levels of CO4 result in increased heart beat rates [33], but no change
in pumping function [37]. However, these changes were completely
reversed by mormalizing pH, indicating that they are related to pH
and not to other possible biological activities of CO2/HCO3 . These
data, in fact, correlate well with our finding that changes in CO.f
HCO5 in the presence of clamped perfusion pH do not alter the basal
function of perfused rat hearts (Fig. 2). On the other hand, Lavani et al.

|20] found that reperfusion in the presence of high CO, tension
resulted in protection against cardiac damage. This result differs from
ours, in that we found higher cardiac damage in the presence of high
0, tension. Because Lavani et al. [20] did not correct for pH changes,
and acidic pH is strongly protective in cardiac ischemia [19.31], it
seems reasonable to propose that their effects also are attributable to
pH changes promoted by altered CO, tension. Our work separated the
pH effect of CO, from other biological effects by clamping pH with
high concentrations of other buffers. Although we could not ascertain
that this extracellular pH clamping maintained intracellular pH in
perfused hearts and C elegans, measured intracellular pH was
identical in cells incubated in the presence and absence of C02/HCO3
(Fig. 1A), indicating that changes in pH are not necessary for the
detrimental effects of CO-.

Under these conditions, it was possible to focus on the redox
effects of CO;/HCO5 under basal conditions and IR. The presence
of CO; in solution allows for the generation of the highly reactive
carbonate radical from the reaction of C0, with peroxynitrite. CO.,
also reacts with H,0., producing peroxymonocarbonate, which is
a better two-electron oxidant than H;0, and decomposes to the
carbonate radical in the presence of biologically ubiquitous metal
ions [25,29). The carbonate radical does not produce any known
stable target adducts and is therefore difficult to detect in vivo
and even in vitro [23]. Peroxymonocarbonate and other oxidants
may also be derived from bicarbonate. Thus, we investigated if
changing CO,/HCO5 altered markers of tissue redox state.

Levels of protein carbonyls, the only modification detected in the
absence of IR. were not altered by COu/HCO5 under nonischemic
conditions in any of the models studied. This result is not unexpected,
because bicarbonate-derived oxidants are produced secondarily to
reactions promoted by other reactive oxygen and nitrogen species.
which are much more abundant after IR Indeed, we found that
in both cardiac cells and perfused hearts (Figs. 1 and 3), levels of
oxidized proteins after IR increase markedly with the presence and
increasing levels of COw/HCOs. In fact, a linear correlation was
detected between carbonylated protein (* = 0995, p = 001) and
methionine sulfoxide (r* = 09881, p = 0.06) and CO, levels. Changes
in protein modifications were not significantly increased in C elegans,
although they tended to be higher; it should be pointed out that AS
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in C elegans requires 20 h after reoxygenation to produce notable
functional effects, and the long reperfusion time may result in the
removal of many modified proteins. Despite the lack of strong
evidence for changes in redox state in the C. elegans system, CO2f
HCOs affected the functional recovery of the worms after AS
(Figs. 5 and 6), once again demonstrating the importance of
bicarbonate in ischemic damage.

Owerall, our results show that over a wide range of experimental
models (cells, organs, and whole organisms), the presence of CO4f
HCOs promotes a strong decrease in function after IR, in a manner
correlated with tissue oxidative damage. This demonstrates that
CO4/HCO3 levels are a determinant of the outcome of pathologically
relevant conditions of oxidative imbalance and may explain the
protective effect of modulating carbonic anhydrases [1,28]. Although
C05/HCO5 are unavoidable in biological systems, our data provide a
gain in the understanding of the mechanisms involved in tissue
damage after ischemic insults, which we hope will be important for
future development of therapeutic interventions. Furthermore, our
results provide evidence, albeit indirect, for the participation of
bicarbonate radicals in pathologically relevant biological processes
and indicate that more attention should be focused on the redox
biology of the CO2/HCOs buffer.
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Abstract

Exercise training is a well-known coadjuvant in heart failure treatment; however, the molecular mechanisms underlying its
beneficial effects remain elusive. Despite the primary cause, heart failure is often preceded by two distinct phenomena:
mitochondria dysfunction and cytosolic protein quality control disruption. The objective of the study was to determine the
contribution of exercise training in regulating cardiac mitochondria metabolism and cytosolic protein quality control in a
post-myocardial infarction-induced heart failure (MI-HF) animal model. Our data demonstrated that isolated cardiac
mitochondria from MI-HF rats displayed decreased oxygen consumption, reduced maximum calcium uptake and elevated
H,0, release. These changes were accompanied by exacerbated cardiac oxidative stress and proteasomal insufficiency.
Declined proteasomal activity contributes to cardiac protein guality control disruption in our MI-HF model. Using cultured
neonatal cardiomyocytes, we showed that either antimycin A or H,0; resulted in inactivation of proteasomal peptidase
activity, accumulation of oxidized proteins and cell death, recapitulating our in wvive model. Of interest, eight weeks of
exercise training improved cardiac function, peak oxygen uptake and exercise tolerance in MI-HF rats. Moreover, exercise
training restored mitochondrial oxygen consumption, increased Ca**-induced permeability transition and reduced H.O,
release in MI-HF rats. These changes were followed by reduced oxidative stress and better cardiac protein quality control.
Taken together, our findings uncover the potential contribution of mitochondrial dysfunction and cytosolic protein quality
contrel disruption to heart failure and highlight the positive effects of exercise training in re-establishing cardiac
mitochondrial physiclogy and protein quality control, reinforcing the importance of this intervention as a non-
pharmacological tool for heart failure therapy.
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Introduction and heart failure [8]. Evidences indicate that 4-hydrosy-2-nonenal
(4-HNE}, a long-lived lipid peroxidation product that accumulates
during oxidative stress, irreversibly interacts with and inactivates
mitochondrial, cytosolic and membrane proteins  [9,10,11].
However, the contnbution of 4-HNE protemn adduction to heart
faalure pathophysiology remams elusive.

Ower the last years, in wifo studies have demonstrated that
specific subunits of the 205 proteasome are targeted for

Heart failure is a common endpoint of most cardiovascular
diseases and a leading cause of morbadity and mortality worldwide.
There is a consensus that adjuvant therapies for cardiovascular
discase are ahle o ncrease patients’ quality of life and survival
rates [1]. Acting as a non-pharmacological therapy, exercise
training reduces a number of cardiovascular risk factors [2.3] and

has been recognized as an important and safe strategy for
preventing and treating heart failure [4.56]. However, the
mnderlving cellular mechansEms by which  exercise  raming
improves heart fallure patients’ clinical outcome are still under
Imvesigation.

Mitochondrial dysfunction has been widely recognized as key
player in the progression of cardiovascular diseases [7]. Exacer-
bated generation of reactive oxygen species (ROS) due to impaired
mitochondrial biocenergetics s believed 0 underlie intra- and
extra-mitochondrial signal transduction during cardiac remodeling

PLOS ONE | www plosone.org

modification by 4-HNE, which results in reduced proteasomal
peptidase activities [9,10]. Recent findings showing that the
uhbiquitin=proteasome system is negatively regulated by oxidative
stress during cardiac ischemia-reperfusion injury generated the
hypothesis that mitochondrial dyshunction-mediated redox imhbal-
ance may negatively affect ubigquitin-proteasome activity - an
ATP-independent manner.

Ower the past decades, the ubiquitin=proteasome system has
emerged as an important player on essential cellular processes
such as cellular proliferation, differentiation and  apoptosis

Decemnber 2012 | Volume 7 | lssue 12 | e52764
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[12.15.14]. The ubiquitin=proteasome systemn is the primary
cffector of the protein quality control process, protecting long-
lived cells, such as nevrons and cardiomyocytes, through selective
removal of polvpeptides that are terminally misfolded and toxic to
the cell [153]. Perturbations in the ubiquitin=proteasome system
have been shown to disturb protein tumover and thereby affect
cell function. Recent studies have highlighted the role of the
uhigquitin-protcasome  system  in stressed  cardiac  phenotypes
including cardiac remodelling and heart failure [16]. Accumula-
tion of ubiquitinated and damaged proteins is a common feature of
human failing hearts and indicates the relevance of the ubiquitin=
proteasome system in maintaining cardiac homeostasis [16.17].
However, it remains to be determined whether dysfunction of
specific protein guality control components, such as the ubiquitin=
protcasome system, coniributes to the development of heart
failure, and which signaling events regulate them.

Despite the increased knowledge regarding the molecular basis
of mitochondnal ROS generation and redox balance in candio-
vascular diseases, there is stll wncertainty in the literature
regarding the contribution of the longlived lipid peroadation
product -HNE in protein modification and intraccllular system
disruption in cardiovascular discases. Some cvidence indicates that
4-HNE modification of proteins is triggered by mitochondrial
dysfunction and provides an operational criterion for inactivation
of mitochondrial and cytosolic systems related to cell survival
[18.19]. Therefore, the objectives of the study were: 1) to test the
hypothesis that mitochondrial dysfunction disrupts cardiac protein
quality control through specific 4-HNE modification/inhibition of
proteasome and 2) to verfy whether exercise training prevents
mmpairment of mitochondnal metabolism, 4-HNE adduct forma-
tion and protein quality control disruption in heart failure.

Materials and Methods
Study design

The present investigation was carried out in male Wistar rats
assigned into three experimental groups: sham (control, n=49),
myocardial infarction-induced heart failure (MI-HF, n=10) and
exercised-trained  MI-HF (MI-HFtr, n=8). Heart failure was
induced by myocardial infarction surgery. Four weeks later,
physiological parameters were determined and animals with heart
failure were randomly assigned into sedentary (MI-HF) and
exercise-trained  (MIHFr) groups (Figure 1A). MI-HFir rats
performed a moderate-intensity running training on a motor
treadmill over cight weeks (from 46" month of age). At the end
of the protocol, physiological parameters were re-analysed. Forry-
eight hours later, all rats were killed by decapitation and cardiac
structure, bioenergetics and protein quality control measurements
were performed.

Animals and procedures

A cohort of male Wistar rats (250=300 g) was selected for the
study. Rats were maintained in a 12:12 h light-dark cycde and
temperature-controlled environment (22°C) with free access to
standard lahoratory chow (Nuvital Nutrientes, Curitiba, PR Brawil)
and tap water. This study was conducted in accordance with the
cthical principles in animal rescarch adopted by the Brazilian
Caollege of Animal Experimentation  (www.cobea orghbr). The
amimal care and protocols n this study were reviewed and
approved by the Ethical Commitiee of Medical School of
University of Sao Paulo (3008/40).

PLOS ONE | www plosone.org
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Myocardial infarction-induced heart failure model
Myocardial infarction was induced by ligation of the left
anterior descending coronary artery (LAD), as previously de-
scribed  [20]. We have chosen this model since myocardial
infarction is the underlyving ctiology of heart failure in nearly
70% of patients [21]. Male Wistar rats were anesthetized with
ketamine (30 mgkg ' IP) and xylazine (10 mgkg ' 1F), endo-
tracheally intubated, and mechanically ventilated with room air
(respiratory rate of 60=70 breaths/min and #dal volume of
2.5 ml). Left thoracotomy between the fourth and fifth ribs was
performed and the LAD was ligated. After the surgery, animals
were monitored daily. Heart failure was observed four weeks after
coronary artery ligation and was defined when animal presented
pathological cardiac remodeling accompanied by left ventricle
dysfunction, cardiac dilation and exercise intolerance (Tables 1
and 2), according to the Guidelines of American Heart Association
[22]. Lefi thoracotomy with equal procedure duration to that of
heart failure group, but without LAD ligation, was undertaken in

the sham group (control).

Graded treadmill exercise test and oxygen uptake
measurement

After being adapted to treadmill exercises and the test
environment for over one week (10 minutes each session), rats
were placed on the exercise streak inside a metabolic chamber
equipped with plastic tubes that allowed air into the chamber and
out to a high-resolution oxvgen anabyzer (FC-10, Sable Systems
International, Las Vegas, USA). Ambient air was pumped into the
chamber (3500 1'nL“rni|'1_l)1 continuously extracted at the same
rate and directed to the oxygen analyzer. Ohygen fraction in
cflluent air was registered every second. The analyzer was
calibrated with known gas mixtures every day of tests. Each rat
had a twenty-minute rest period and a ten-minute warm-up at
3 m'min~" before the test protocol. Treadmill speed was increased
by 3 mmin~" every 3 minutes until the animal was unable to run
[23]. We considered the WOy reached at the highest workload
during the treadmill test as peak VO,. It is worth mentioning that
peak VO has been described to the best predictor of mortality in
humans  with cardiovascular  diseases  [24]. VO, (mlL
Oz'lg_l'rnirl_]'] was caleulated using the measured flow through
the metabolic chamber (3300 mL'min_J], expired fraction of
effluent axygen (E)., fraction of axygen in room air (A) and rat bady
mass (M [kg]), as described by the  formula:
VO, = [3500{A=E)]/M. Peak VO, was measured both before
(week 16) and after experimental protocol (week 24) (Figure 1).

Running training protocol

Heart failure rats performed moderated-intensity  running
training on a motor treadmill, 5 days/wk, 60 min/day. Running
speed and duration of exercise were progressively increased to
elicit 60% of maximal speed at the second week of training,
corresponding to the maximal lactate steady state workload [23].
At the fourth week of training, run capacity was evaluated in order
to readjust exercise training intensity. Treadmill running skills
were maintained in sedentary HF and sham rats by treadmill
running for 5 min, twice a week. This procedure was performed in
order to avoid any mterference of treadmill stress on the variables
studied. This latter activity did not seem to alter maximal exercise

capacity [Tahle 1).
Cardiovascular measurements

Heart rate and blood pressure were determined nonimvasively
using a computerized taill-cuff system (BP 2000 Visitech Systemns)
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Myocardial infarctioninduced heart failure animal madel

B Before training  After fraining Cc Baforatraining  After training
{16 wh) (24 wh) (16 wk) (24 wh)
G0, ——— ———— 800, ———— ——
£ 50 4 W 7504
A -0 3
g 600+
Surgery Experimantal §; 4o ul £
protocol 2 304 § 4504 =
I e | @ B
1'2 16 24 § 204 E 300+
| | 2
. Control Sham R E 10 Dﬂ 1504
[ Sham |
|
w o E T8 0
2
oo™l \X& Y\<' ‘h\-‘ﬁ' ¥ ;p“’!‘:\ﬁ! "‘« o™ \g\\‘!‘\ \-'“‘E
MI-HFtr
D < : E s o <=
. ) Before trasning  Afler Irsning Before training  After training
Measurements Measurements 800~ 8wk @dwh 160, —1Ewk 24wk
Physiclegical Physiological parameters 5004 IE
Pameien. Cardiac structure E‘m_ : E 1207 e e
2 £
Bioenergetics P H
Pratein quality control 2 g &0
% 2001 s
I § 404
1004 8
oJLellell7 sllefl 7 I ollellell7 s|ls]l 7
F o8 g of e \3
o W e o e e

Figure 1. Exercise training improves cardiac function and exercise tolerance in myocardial infarction-induced heart failure.
Schematic panel (A). Fractional shortening (B), distance run (C), heart rate (D) and blood pressure (E) in control {sham, white bars), MI-HF (gray bars)
and MI-HF exercise trained {(MkHFtr, gray bars) rats before and after 8 wks of either sedentary or exercise training protocol. Error bars indicate SEM.
Interaction between main effects: fractional shortening [F (2, 15)=528, p=0.0183]; distance run [F (2, 31)=4897, p<0.0001]; heart rate [F (2,
13} = 4.06, p=0.0425] and blood pressure [F (2, 13)=1.05, p=0.3754]. §, p=<0.05 vs. before experimental protocol. ®, p=<0.05 vs. control (sham) rats. §,
p<0.05 vs. MEHFtr rats.

doi:10.1371/journal.pone.0052764.9001

described elsewhere [26]. Rats were acclimatized to the apparatus Non-invasive cardiac function evaluation was performed by M-
during daily sessions over 4 days, one week hefore starting the mode echocardiography in anesthetized (isoflurane 3%) sham and
experimental period. HF rats, four and twelve weeks after surgery. Briefly, rats were

Table 1. Physiological parameters.

Before experimental protocel (16 wk) After experimental protocol (24 wh)®
Parameter Contral (9) MI-HF (7] MI-HFtr (7) Contral (9) MI-HF (7) MI-HFtr (7)
Peak VO, mL Oz kg™ -min™" 656+ 18 675224 684232 587+25 478224 663231
EW. g 418212 39011 3£ 432227 419514 41512
€S activity, pmal-mg™"min™" - - - 4476718 3200+677% 638621007*
HW/BW, mg-g™" = - - 20=01 24=01* 24*00*
Mi area, % - - - - 313 354
Cardiomyocyte width, pm - - - 14332007 14.90:+0.17* 14422022
Cardiac collagen content, % - - - 545+0.33 677 =044 5662032

Peak VO; (in mL Oykg ™ +min™"), body weight (EW in grams), sofeus muscle citrate synthase activity (C5 in umokmg ™" min~"), heart weight/body welght ratio (HW/
BW), myocardial infarction (M) area, cardiomyocyte width (um) and cardiac collagen content (%) data in control (sham), MI-HF and MIFHF exercise trained [MIHFt) rars
(Mean + SEM).

“Main time effect: peak VO, [F (1, 18)=9.75, p=00058] pre-training values>post-training values and BW [F (1, 16)=10.73, p=0.0047]. C5 activity [F (2, 21)=29.80,
p=<0.0001] *MHHF<icontred {p=0.0047) and EMI-HFLr (p=<00.0001), *MI-HFtr=control (p=0.0002) HW/EBW [F (2, 16)=8.55, p=0.0029] *contral<MI-HF (p=0.0044) and
Mi-HFtr (p=0.0038); cardiomyocyte width [F (2, 14)=11.42, p-<000001] *MI-HF >control (p--0.0001) and cardiac collagen content [F (2, 23)=3.76, p=0.0245) *Mi-

HF »contrel (p=0.0189) and $MI-HFir (p=0.0311).

dok 101371 journal. pone. D052 7640001
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Table 2. Echocardiographic measurements.

Exercise Training in Heart Failure

Before experimental protocol (16 wk)

After experimental protocol (24 wik)®

(p=0.0401).

dok10.137 1/ jounal pone.DDS2764 1002

positioned in the supine position with front paws wide open and
ultrasound transmission gel was applied to the precordium.
Transthoracic echocardiography was performed using an Acuson
Sequoia model 512 echocardiographer equipped with a 14-MHz
lincar transducer. Left ventricle systolic function was estimated by
fractional shorteming (FS) as follows: FS(%)=[[LVEDD-=L-
VESD)LVEDDY] %100, where LVEDD is the left ventricular
cend-diastolic diameter, and LVESD is the lefi ventnicular end-
systolic diameter.

Cardiac structural analysis

Forty-eight hours after the end of protocol, all rats were killed by
decapitation and their tissues were harvested. Cardiac chambers
were then fixed by immersion in 4% buffered formalin and
cmbedded in paraffin for routine histological processing. Sections
(4 um) were stained with Hematooin-eosin, Picrosirius red or
Masson's trichrome for the guantification of the cardiomyocyte
width, cardiac collagen content and myocardial infarct arca,
respectively. These measurements were performed in the lefi
venirice free wall with a computer-assisted morphometric system
(Leica Cuantimet 500, Cambridge, UK, England), as described
previously [27]. The myocardial infarcted area was expressed as a
pereentage of total surface arca of the lefi ventricle [28].

Citrate synthase activity

Soleus muscles were homogenized in phosphate buffer (30 mM
sodium phosphate, 1 mM EDTA and proicase inhibitor cocktail
(Sigma-Aldrich), pH 7.4) and centrifuged for 15 minutes at
12000 g and 4°C, pellet was discarded and supernatant was used
for the assay. Assay mixture contained 100 mM Tris, 1 mM
EDTA, 0.2 mM DTNB, 0.1 mM acetil-CoA, 1% (vov) Triton X-
100, sample (130 pg of soluble proteins per mL of total assay) and
0.5 mM oxaloacctate (added latest), as originally described [29].
Sample absorbance was monitored at 412 nm in 96-well plate
during 10 minutes at 23°C and maximal citrate synthase activity
was measured within the linear range of the assay.

Mitochondrial isolation

Heart mitochondria were isolated as described ebewhere [30].
Bricfly, cardiac samples from a remote arca were minced and
homogenized in isolation buffer (300 mM sucrose, 10 mM Hepes,

PLOS OME | www.plosone.org 4

Parameter Control (9) MI-HF (7] MI-HFtr (7] Control (9) MI-HF (7] MiI-HFtr (7)
EF, % 2k el B A47ZX3E9 4B0E 443 TRILIAS 4702504% s43616"
V54, mm T4x002 12:0.08 12006 152005 1.22005 14x0.11
VSs, mem 252010 132010 13009 262013 152003 20+039
LVEdD, mim 70004 91+0237 BTE0.21 7o+039 91+0.13 B7+04
LVESD, mm 372004 722024 GE£0.23 45037 72E051 602063
LVvPWd, mim 142003 162009 152013 16008 13+006" 152012
LVPWSs, mm 262004 262017 27%020 27018 22*013 272024

Left ventricular ejection fraction (EF), interventricular septum in diastole (IWSd), interventricular septurn in systole (IVSs), left ventricular end-diastolc diameter (LVEDD),
left ventricular end-systolic diameter (LVESD), left ventricular posterior wall in diastole (LVPWd) and left ventricular posterior wall in systole (LVPWs) were obtained
befere and after B wks of the experimental protocel in contrel (sham), MIEHF and MI-HF exercise trained (MI-HFtr) rats (Mean ® SEM). Interaction between main effects:
EF [F (2, 15)=6.B4, p=0.0077] *control>MI-HF (p-20.0001) and MI-HFtr (p<0.0001) before and after experimental protocal, $MIEHFr=MIHF after experimental protocsl
(p=0.0135) and EMI-HFtr befere<after experimental protocol (p=0.0167) and LVPWd [F (2, 15]=452, p=0.0280] $MI-HF before>afier experimental protocel

EMain time effect: WSs [F (1, 15)=5.98, p=0.0272] pre-training values-< post-training values.

2 mM EGTA, pH 7.2, 4°C) containing 0.1 mgmL™" of type [
protease (bovine pancreas) to release mitochondria from within
muscle fibers and later washed in the same buffer in the presence
of | mgmL™' bovine serum albumin. The suspension was
homogenized in a 40 mL tissue grinder and centrifuged at 950 g
for 5 min. The resulting supernatant was centrifuged at 9300 g for
10 min. The mitochondrial pellet was washed, resuspended in
isolation buffer and submitted o a new centrifugation (9500 g for
10 min). The mitochondrial pellet was washed and the final pellet
was resuspended in a minimal volume of isolation buffer.

Mitochondrial H;0; release

Mitochondrial HaOw release was measured as  described
elsewhere [31]. Briefly, mitochondrial Hy(O), release was measured
in a 0.125 mg 1:|ml.|:in'rnL_l mitochondrial suspensions in buffer
containing 125 mM sucrosc, 63 mM KCL, 10 mM Hepes, 2 mM
inorganic phosphate, 2 mM MgCly, 100 pM EGTA and 0.01%
bovine serum albumin, pH 7.2, at 30°C, with continuous stirring.
Amplex Red (25 pM) oxidation was followed in the presence of
0.5 UmL™" horseradish peroxidase and using succinate, malate
and glitamate (2 mM of each) as substrates. Amplex Red is
oxidized mm the presence of extramitochondrial horseradish
peroxidase bound w0 Hy()y, generating resorufin, which can be
detected using a fluorescence spectrophotometer.  Excitation/
emission wavelengths were 5363/587 nm. Calibration was con-
ducted by adding Hy(, at known concentrations (Agy,=43.6
M em™") to the experimental buffer.

Mitochondrial O; consumption

Mitochondrial O, consumption was monitored in a 0.25 mg
proteinmL”! mitochondrial suspension under the same condi-
tions as He0)y release measurements using a computer-interfaced
Clark-type electrode (OROBOROS Oxyvgraph-2k) operating with
continuous stirring at 37°C [31]. Succinate, malate and glotamate
(2 mM of each) were used as substrates and ADP (1 mM) was
added to induce State 3 respiratory rate. A subsequent addition of
oligomycin (1 pgml™") was used to determine State 4 rate
Respiratory control ratio (RCR) was calculated by dividing State 3
by State 4 oxygen consumption rates, which demonstrates the
tighiness of the coupling hetween mitochondrial respiration and
phosphoryvlation.
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Maximal mitoechondrial calcium uptake

Extramitochondrial Ca™ concentrations were measured in a
0.125 mg proteinmL™"  mitochondrial nsions using the
fluorescent probe Calcium Green (100 nM) as described [32].
The reactions were carried out under the same conditions as Ha(Oy
release measurements with continuous stirring at 37°C. For each
cxperiment, consecutive additions of 50 pM CaCly were made
until the mitochondria failed to reduce extramitochondrial Ca™.
We therefore plotted a calibration curve that correlates fluores-
cence and Ca®* concentration. Succinate, malate and glutamate
(2 mM of cach) were used as substrates and 100 pM EGTA was
used to establish the baseline. Excitation/emission wavelengths
were 506/5332 nm.

In vitro 4-hydroxy-2-nonenal modification of proteasome

Either 50 pg of heart lysate from control (sham) animals or 2 pug
of purified 205 proteasome (FW8720, Enzo Lif Sc, PA) were
incubated with different concentrations of 4-HNE (10 or 100 pM)
in assay buffer containing 25 mM Tris-HCIL, 1 mM CaCl,,
20 mM MgCl,, pH 7.5 at 37°C for 60 minutes. Dithiothreitol
(OTT, 1 uM) was added to the reaction either 30 minutes prior or
after 4-HNE incubation to assess the reversibility of 4-HNE
modification of proteasome. Measurement of proteasome activity
was carried out afier finishing the in miro assay.

Proteasome activity

ATP-dependent chymotrypsin-like activity of the proteasome
was assayed in the total lysate from hean, isolated cardiomyocyte
or purified proteasome using the fluorogenic peptide Suc-Leu-
Leu-Val-Tyr-T-amido-4-methyleoumarin [LLVY-AMC, 25 pb).
The assay was rmed in a microtiter plate (FlexStation [T 384,
Molecular Device Inc, CA), in assay buffer containing 25 mM
Tris-HCIL, 5.0 mM MgCly, 25 pM ATP, pH 7.5. Kinetic analyses
were carried out using 50 pg of protein for 30 min at 37°C in the
presence and absence of 1 gM epoxomicin (a selective proteasome
inhibitor), with the difference attributed to ATP-dependent
proteasomal activity. Excitation/emission wavelengths were 350/
440 nm. Proteasome activity was linear for 30 min under the
conditions of the assays.

Cell culture
Cardiac myocytes were isolated from  I-dayv-old Sprague-
Dawley rat litters, as described [33].

Cell death

Cell death was measured using the cytotoxicity detection kit
(Roche), which measures LIDH released in the medinm. Percent-
age cytotoxicity was calculated according to the manufacturer’s
INSITUCHOns.

Immunoprecipitation

Total lysate of rat heart (300 yg protein) was incubated with the
indicated antibodies for 3 h at 4°C, followed by incubation with
protein ASG agarose beads (Santa Cruz Biotechnology) for 1 h at
4°C. The immunoprecipitates were separated on SDS=PAGE and
transferred onto nitrocellulose membranes. The membranes were
then probed with the indicated antibodies.

Western blot

208 proteasome (25727, B, B3, BT subunits), polyubiquitinated
proteins, soluble oligomers, HSP25, ap-crystallin and 4-HNE
expression levels were evaluated by western blotting in total
extracts from the ventricular remote area. Briefly, samples were
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Exercise Training in Heart Failure

subjected to SDS-PAGE in polvacrylamide gels (f=15%) depend-
ing upon protein molecular weight. Cardiac soluble oligomers
levels were evaluated in non-denaturating gel electrophoresis
according to Glabe et al (2004) [34]. Aficr clectrophoresis,
proteins were  electrotransferred  to  nitrocellulose  membranes
(BioRad Biosciences; Piscataway, NJ, USA). Equal gel loading
and transfer efficiency were monitored using 0.5% Ponceau S
staining of blat membrane. Blotted membrane was then hlocked
(5% nonfat dry milk, 10 mM Trs-HCI (pH = 7.6), 150 mM NaCl,
and 0.1% Tween 20) for 2 h at room temperature and then
incubated overnight at 4°C with specific antibodics against 208
proteasome (25727, B1, B3, P7 subunits) and polyubiquitinated
proteins (Biomol Int, PA, USA), HSP25 and #f-crystallin
(Stressgen, MI, USA), 4-HNE (Calbiochem, HE, Germany),
GAPDH (Advanced Immunochemical Inc. CA, USA) and soluble
oligomers All (Invitrogen, CA, USA). Binding of the primary
antibody was detected with the use of peroxidase-conjugated
secondary antibodies (rabbit or mouse, depending on the protein,
for 2 h at room temperature) and developed using enhanced
chemiluminescence (Amersham Biosciences, NJ, USA) detected by
autoradiography. Quantification analysis of blots was performed
with the use of Scion Image software (Scion based on NIH image).
Samples were normalized to relative changes in GAPDH and
expressed as percent of control.

Cellular oxidized proteins

Protein madation was determined as previously described [33].
The carbonyl groups in the protein side chains were derivatized to
2 4-dinitrophenylhydrazone (DNPhydrazone) by reaction with
2 4-dinitrophenylhydrazine (DNPH). The DNP-derivatized pro-
tein samples were separated by polyacrylamide gel electrophoresis
followed by Western blotiing.

Statistical analysis

Data arc presented as means * standard crror of the mean
(SEM). Data normality was assessed through Shapiro-Wilk’s test
and those no presenting normal distribution were log transformed
(ie. distance run and peak VO, before experimental protecol, and
interventricular septum in diastole before and afier experimental
protocol). One-way analysis of variance (ANOVA) was used to
analyze data presented in Figures 2, 3, 4, 3A=C and 6. Two-way
ANOVA for repeated measures was used to analyae data depicted
in Figure 1 and Tables 1 and 2. Whenever significant F-values
were obtained, Tukey’s adjustment was used for multple
comparison purposcs (p-values displayed on Tables | and 2
legends). Statistical significance was considered achieved when the
value of P was <0.05. Linear regression was used to assess the
association between variables in Figure 5D,

Exercise training improves cardiac function and oxygen
uptake in heart failure animals

At four weeks afier myocardial infarction surgery (Figure 1A),
heart failure rats displayed reduced cardiac function and exercise
intolerance (Figures 1B=C). These changes were accompanied by
a pathological cardiac remodeling, depicted by increased heart
weight/body weight ratio (HW/BW), lefi ventricular dilation,
cardiomyocyte hypertrophy and elevated cardiac fibrosis com-
pared to control animals (Tables 1 and 2). No changes in heart
rate and blood pressure were ohserved (Figures 11 and E).

Eight weeks of acrobic exercise training (Figure 1A) significantly
increased cardiac function, depicted by elevated ventricular
fractional shortening and ejection fraction in heart failure animals
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Myocardial infarction-induced heart failure animal model
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Figure 2. Exercise training improves oxygen cor ion and H0; rel in cardiac isolated mitochondria from

myocardial infarction-induced heart failure animal. Mitochondrial state 3 (A) and state 4 (B) respiratory rates; respiratory contral ratio (C);
maximum calcium uptake (D) and H.0; release (E) in heart samples from 24 week-old control (sham, white bars), MI-HF (gray bars) and MIHF exercise
trained (MI-HFtr, gray bars) rats. All measurements were performed in the ventricular remote area. Error bars indicate SEM. Mitochondrial state 3 [F (2,
41)=B.62, p=0.0007] and state 4 [F (2, 41) = 8.86, p = 0.0006] respiratory rates; respiratory control ratio [F (2, 45) =3.26, p= 0.0475]; maximum calcium

uptake [F (2, 14)=5.72, p=0.0152] and H;O; release [F (2, 37)=528, p=0.0095]. *, p<<0.05 vs. control (sham) rats. }, p<0.05 vs. MI-HFtr rats.

doi:10.1371/joumal pone 00527 64.002

(Figure 1B and Table 2). These findings were accompanied by a
cardiac anti-remodeling effect, characterized by reduction of both
cardiac collagen deposition and left ventricular dilation (Tables 1
and 2} Exercise training had no effect on HW/BW ratio and
myocardial infarction area (Table 1). Cardiomyocyte width was
normalized in trained heart failure animals towards control group
(Table 1). Based on the data described above, we demonstrate a
switch from pathological to physiological cardiac remodeling in
trained heart failure animals, since exercise training improved
cardiac function along with a prominent morphological change.
These findings corroborate our previous work showing that
aerohic exercise training promotes a cardiac anti-remodelling
cffect in a sympathetic hyperactivity-induced heart failure animal
model [36]. Finally, the effectiveness of exercise training was
demonstrated by increased exercise capacity, peak VO, citrate
synthase activity and resting bradycardia in the trained heart
failure animals (Figure 1C=D and Table 1).

Failing hearts display reduced mitochendrial function
and exacerbated ROS release

Impaired mitochondrial metabolism associated with increased
ROS release has been shown to contribuie to a number of
cardiovascular diseases [7,37]. In order to assess mitochondrial
function in failing hearts, we measured oxvgen consumption and

PLOS ONE | www.plosone.org

maximum calcium uptake in isolated mitochondria from 24 week-
old myocardial infarction-nduced heart failure rats and age-
matched controls (Figure 24=D). Our results indicate that heart
[ailure rats displayed reduced state 3 respiratory rate along with a
significant decrease in the efficiency of mitochondrial oxidative
phosphorvation compared to control (sham) animals, as measured
by respiratory control ratio (State 3/Swte 4) (Figure 2A=C). OF
interest, reduced mitochondrial cfficiency was parallcled by the
inahility of heart failure animals to perform prolonged physical
activity (Table 1). Isolated mitochondria from failing hearts also
displayed mmpaired maximum calcium uptake (Figure 2ID). Strik-
ingly, a moderate exercise training protocol (over § weeks)
increased both state 3 and state 4 respiratory rates as well as re-
established the efficiency of mitochondrial oxidative phosphoryla-
tion  (Figures 2A=C). Moreover, exercise training improved
maximum calcium uptake and exercise tolerance in heart failure
animals (Figures 21 and Table 1)

Considering that KOS release has been strongly associated with
changes in oxygen consumption and heart failure [7], we decided
to measured Hy Oy release in isolated mitochondria from 24 week-
ald failing hearts. Our results demonstrated that HyoOb release was
significantly increased in mitochondria from heart failure animals
compared to age-matched control group (Figure 2E). Interestingly,
exercise training decreased mitochondrial HyOy release to control
group values.
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Figure 3. Exercise training decreases &-HME modification of pr

and blishes cardiac ubiquitin-proteasome system

function in myocardial infarction-induced heart failure. (4) 4-HME protein adducts in heart samples from 24 week-old control (sham), MkHF
and MI-HF exercise trained (MI-HFtr) rats. Protein expression was normalized by GAPDH. Inset: Representative blot of 4-HME protein adducts. Black
arrows indicate changes in the adduct formation in MI-HF and MI-HFtr samples, red arrows indicate changes in the adduct formation of proteins at
the molecular weight of proteasomal subunits. (B) 205 proteasome subunits (%5/x7, B1, (5, f7) were precipitated from left ventricle tissue from 24-
week-old control, MI-HF and MI-HFtr rats (B, n=3 per group), and then probed with 4-HNE-modified proteins antibody. Equal sample loading was
verified using »5/27, {1, f5 and {i7 proteasome subunits antibody. (C) Chymotrypsin-like activity of 265 proteasome, (D) 205 proteasome n5/27, 1,
5, b7 protein levels and (E) polyubiquitinated proteins levels in heart samples from 24 week-cld control, Mi-HF and MI-HFtr rats. Protein expression
was normalized by GAPDH. (F) Representative blots of polyubiquitinated proteins, 205 proteasome and GAPDH. All measurements were performed in
the ventricular remote area. Error bars indicate SEM. 4-HME protein adducts [F (2, 15) = 4258, p</0.0001]; chymotrypsin-like activity of 265 proteasome
[F (2, 25)=1290, p=0.0001]; 205 proteasome 25/%7, i1, A5, (7 [F (2, 18)=021, p=04595] and polyubiquitinated proteins levels [F (2, 18)=4.19,

p=00318]. *, p=<0.05 vs. contral (sham) rats. , p=<0.05 vs. MI-HFtr rats.
doi:10.1371fjoumal pone 0052764.g003

4-HNE modification inhibits proteasomal peptidase
activity in heart failure

Elevated ROS release has been generally implicated in cellular
damage during pathological processes. The mtroduction of
carbonyl functional groups into proteins by 4-HNE, a major
product of ROS-mediated lipid oxidation, has been reported to
induce protein inactivation during ischemia-reperfusion injury
[38]. Here, we found that non-infarcted cardiac zone from 24
week-old heart fatlure rats displayed exacerbated aceumulation of
4-HNE-protem adducts compared to control animals (Figure 3A).
Morcover, immunoprecipitation experiments showed that 4-HNE
maodifications of the 208 proteasome were elevated in failing hearts
compared to controls (Figure 3B). Interestingly, exercise training
was ahle to reduce the formation of adducts berween 4-HNE and
208 proteasome in heart failure animals (Figure 3A=B).

Berause oxidative modifications of the proteasome have been
reported to reduce its proteolyvtic activity during  ischemia-
reperfusion injury [9], we decided to evaluate the efficacy of the
proteasome  chymotrypsin-ike site (the main proteolytic  site
involved in peptide degradation) to cleave the artificial substrate
LINY-AMC i pitro. These experiments were performed in the

FLOS ONE | www plosone.org 7

non-infarcted cardiac zone from 24 week-old heart failure rats and
their age-matched controls. As shown in Figure 3C, proteasomal
activity was strikingly reduced in failing hearis compared to
controls, with no changes in protein expression of 208 proteasome
subunits (35/27, B1/B5/BT7) (Figure 3D and F). Reduction of
proteasomal  activity was  accompanied by accumulation  of
polyubiquitinated proteins in failing hearts (Figures 3E and F).
Interestingly, exercise training re-established proteasomal activity
and decreased polyubiquitinated protein levels in failing hearts.
Therefore, our results suggest that exercise training prevents 208
proteasome dysfunction in heart failure, likely due o formation of
4-HNE adducts.

In vitro 4-HNE modification inhibits proteasomal activity
in an irreversible manner

To directly test the effect of 4-HNE modification on proteasome
function, purified M8 proteasome was incubated with 4-HNE for
60 min at 37°C (Figure 4A). fn wim incubation of purified 208
proteasome  with different  concentrations of 4-HNE (10 and
100 uh) resulted in a significant reduction of proteasomal activity
(Figure 4B). In order to test whether proteasome mhibition was
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Figure 4. 4-HNE irreversibly inactivates 205 proteasome in
vitro. (A) Schematic panel of in witro incubations. (B) Purified 205
proteasome (1 wg) was incubated for 30 min at 37°C with 4-4NE (10 or
100 uM) and proteasomal activity was measured at the end of
incubation. OTT (1p) was added to the reaction either previous or after
4-HME incubations. Of interest, prior, but no later, incubation with DTT
protected 4-hydroxi-2-nonenal inhibition of proteasomal activity. Error
bars indicate SEM. Proteasomal activity [F (7, 32)=21.37, p=<0.0001]. %,
p=<0.05 vs. control, 4-HNE (10 pMBDTT (before). #, p<0.05 vs. 4-HNE
(10 pM).

doi:10.1371 fjournal.pone 0052764.g004

mediated by oxidative modifications, purified 205 proteasome was
pre-treated with DTT (1 pM). Indeed, reduction of free sulphydryl
groups prior to incubation with either 100 pA or 100 pM of 4-
HNE was effective to protect the proteasome against oxidative
maodification-mediated inhibition. Another explanation for the
benefits of DTT pre-treatment might be related to a direct
neutralization of 4-HNE oxadative capacity. Interestingly, DTT
post-treatment of purified 205 proteasome did not rescue the
proteasomal  inactivation mediated by 4-HNE  modifications.
These results demonstrate that 4-HNE modification induces
mactivation of proteclytic 205 proteasome activity @ oifo in an
irreversible manner.

Oxidative stress contributes to proteasomal inactivation,
accumulation of damaged proteins and cell death in
cultured neonatal cardiomyocytes

In order to validate our & pio and in vitre findings showing that
mitochondrial dysfunction-mediated oxidative modification inac-
tvates proteasome and results in accumulation of damaged
proteins, we challenged cultured neonatal cardiomyocytes isolated
from rats with cither antimycin A (a mitochondrial complex II1
inhibitor) or HyOy. Antimyein A (100 pM) resulted in a significant
reduction of @ i proteolytic proteasomal activity in an ATP-
independent manner, since ATP was added during in zitw
measurements (Figure 5A). Antimycin A-mediated proteasomal
mhibition was accompanied by accumulation of oxidized proteins
and elevated cardiomyocyies death (Figures 5B=C). These findings
demonsirate  that  mitochondrial — dyshunction-mediated  ROS
release inactivates proteasome and impairs removal of damaged
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proteins. Indeed, treatment of cardiomyocytes with either HoOy
(100 pM) or Epoxomicin (1 pM, a selective proteasome inhibitor)
drastically reduced proteasomal activity along with accumulation
of oxidized proteins and cell death (Figures 5A=C). Finally, we
found a tght correlation between proteasomal  nactivation,
accumulation of oadized protens and cell death in cultured
neonatal cardiomyocytes treated with antimycin A, HyOs or
Epoxomicin (Figure 50).

Proteasomal inhibition disrupts cardiac protein quality
control in heart failure rats

The ubiquitin proteasome system is the primary effector of the
protein quality control process in cardiomyocytes [39]. Consider-
ing our i owoe and cell cultured findings demonstrating that
mitochondrial dysfunction mediates inactivation of proteasome
and accumulation of damaged proteins, we evaluated the cardiac
protein  quality conirol profile in 24 week-old  myocardial
infarction-induced heart failure rats.

Heart failure animals displayed significant accumulation of
oxidized proteins compared to age-matched controls (Figure 6A
and E). In order to test whether decreased proteasomal activity
would contribute to misfolded proteins accumulation, we evalu-
ated cardiac soluble pre-amyloid oligomers levels in heart failure
rats. In fact, myocardial infarction-induced heant failure rats
presented a significant  increase of misfolded proteins levels
compared with control hearts (Figure 6B and E). Moreover, heart
failure rats presented a significant increase in HSP25 protein levels
compared to controls (Figure 6C and E). Our findings showing
inhibition of the proteasome along with accumulation of damaged
proteins and increased expression of small chaperones demon-
strate a clear disruption of protein quality control in failing hearts.
Interestingly, exercise training reduced cardiac oxidized and
misfolded proteins levels in heart failure rats compared with age-
matched non-trained heart failure animals (Figure 6A=B and E).
This profile was accompanied by a reduction of small chaperone
levels in tramed animals (Figure 6C and E), suggesting that
improved protcasomal activity mediated by acrohic exercise
training contributes, at least in part, to better cardiac protein
quality control in heart failure.

Discussion

Ower the past decades, significant progression has been made in
understanding the cellular processes involved in hearnt failure,
which has positively contributed to drug development in this field.
However, in spite of new therapies able to improve patient’s
quality of life and survival [1], heart failure remains the main cause
of death worldwide. Thus, there is a compelling need for new
pharmacological and non-pharmacological therapies that could
improve clinical outcomes. To fulfil this issue, a number of studies
have forused on identifying intracellular distal strategic nodes
where signals converge and/or serve as multi-effector brakes to
suppress or reverse heart failure, which would become attractive
targets for heart failure therapy.

Due to its pivotal role in bioenergetics, calcium homeostasis,
redox  regulation and cell death, mitochondra have been
considered an intracellular organclle capable of orchestrating
hiochemical processes across the cell [40]. Indeed, much of the
current research focuses on understanding the crosstalk between
mitochondrial and the rest of the cell. In the present study, we
found that mitochondral dvsfunction-associated 4-HNE aceumu-
lation, a highly reactive & f-unsaturated aldehyde and a major
secondary product of lipid peroxidation, contributes to protein
quality control disruption by directly targeting the proteasome in
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In cultured neonatal cardiomyocytes
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failing hearts. Morcover, we demonstrated that o wte 4-HNE-
maodification/inactivation of proteasome occurs in an irreversible
manner, while reduction of free sulphydryl groups prior to 4-HNE
incubation abolished the inhibition of proteasomal chymotrypsin-
like activity. Our study has shown for the first time that
modification/inactivation of the cardiac protcasome by the lipid
peroxidation product 4-HNE occurs in heart failure. Others have
observed the same phenomenon during acute coronary occlusion/
reperfusion, cercbral ischemia and aging [9.18].

The protcasome has been implicated in the removal of
polyubiquitinated  and  oxidatively  modified  proteins
[41,42,43,44]. Thercfore, impairment of proteasomal proteolytic
activity by 4-HNE may negatively affect cellular protein quality
control and further contributes to cell death. In agreement with
these findings, we observed a striking inactivation of proteasomal
chymotrypsin-like activity paralleled by accumulation of oxida-
tively modified, misfolded and polyubiquitinated proteins in failing
hearts. These responses were accompanied by increased expres-
sion of small chaperones. Over-expression of small chaperones
such as HSP25 and 2} crystallin is related to cellular protection
against misfolded protein accumulation [45] and cell death [46]
under acute insults (i.c. acute cardiac ischemia-reperfusion injury).

PLOS ONE | www.plosone.org

in A- and E d cells.

However, during chronic degencrative discases such as heart
failure, increased chaperones expression does not overcome the
deleterious  effects  generated by accumulation of misfolded
proteins.

Considering that maintenance of protein quality control is
crucial to protect long-lived cells, such as cardiomyocytes and
neurons, we evaluated whether mitochondrial dysfunction-medi-
ated oxidative stress could affect proteasomal activity and overall
protein quality control in cultured isolated card.wmvocytcs Eldlcr
Antimycin A or H,O, resulted in prote | inacti
ac lation of oxidatively modified proteins and cell death in
cultured cardiomyocytes. These findings demonstrate that oxida-
tive stress-mediated chymotrypsin-like protcasomal inhibition (the
main proteasomal proteolytic site involved in protein degradation
and the most sensitive to 4-HNE modification) [10] decreases
cardiomyocyte viability and contributes, at least in pan, to the
disruption of cardiac protein quality control in cardiomyocytes.
We have previously shown that improvement of proteasomal
activity using pharmacological tools protects neonatal cardiomy-
ocytes against H,O-induced cell death [42].

Emerging studics have revealed that disruption of cardiac
mitochondrial metabolism and/or proteasomal insufficiency are
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not only implicated but also play an important role in cardiac
pathogenesis. In fact, selective pharmacological and  genetic
therapies capable to rescue either mitochondrial metabolism or
proteasomal activity improve cardiac function in different heart
disease animal models [39.42,47,48]. However, considering that
both mitochondrial metabolism and proteasomal function are
highly regulated by different ccllular processes, we cannot exclude
the possibility that these changes are secondary to the compro-
mised cardiac function. Therefore, further studies investigating
hath direct and indirect proteasomal regulation by oxidative stress
during heart failure progression are required. Also, the contribu-
ton of oxidative stress o other proteolytic systems such as
autophagic/lvsosomal pathways, and its effect on cardiac protein
quality control in HF should be considered.

The possible mechanisms involved in 4-HNE-mediated protea-
somal inhibition have been previously described in different cell
lines and systems, including the heart. Analysis of two-dimension
gel electrophoresis from purified proteasomes followed by mass
spectrometry demonstrated that 4-HNE modification is not a
random process and that specific proteasomal subunits, mainy -
subunits, are targeted by 4HNE in the heart [9,10,49]. However,
since the proteasomal catalytic sites are located in the P subunits
(B1, B2 and PB5), it has been suggested that an indirect mechanism,
probably mediated by  protein-protein - interactions  between
regulatory and catalytic subunits, drives the mhibition of

PLOS ONE | www plosone.org

proteasomal peptidase  activity mediated by 4-HNE. Indeed,
further studies are required to better clarify this issue.

Another important finding of this study is the efficacy of exercise
training in restoring cardiac mitochondrial function, proteasomal
activity and protein quality control in heart failure animals.
Exercise capacity has been widely recognized an independent
predictor of mortality in patients with cardiovascular diseases [24].
Moreover, exercise training is considered an important adjrvant in
the treatment of heart failure since it increases both peak VO, and
exercise tolerance, resulting in improved patient outcome  and
quality of life [4.5,6]. However, the mechanisms underlying
exercise-induced  beneficial effect on heart failure are not
completely understood.

Over the last decades, several studies have demonstrated the
contribution of exercise training to improve expression of
mitochondrial markers of biogenesis and metabolism in heart
failure. However, the contribution of exercise training to
mitochondrial physiology and its extension to cytosolic systems
related to cell survival dunng heart failure remains unclear. A
recent study has demonstrated that low-intensity interval exercise
training decreases calcium-induced mitochondrial permeability
transition in aortic-banded miniature swine [2], which may
positively affect cytosolic systems. In addition, exercise traming
has been shown to mprove cardiac redox balance in yvoung and
old healthy animals [23.50]. We extended these fndings by
showing that 8 weeks of aerobic exercise training restored
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oxidative phosphorylation efficiency along with a reduction in
Ha)y release and increased maximum caleinm uptake in isolated
mitochondria from myocardial infarction-mduced heart failure
rats. Imterestingly, exercise training had a positive impact on
cvtosolic protein quality control machinery by re-establishing the
proteasomal activity in failing hearis. These findings suggest that
reduced cardiac oxidative stress along with hetier protein quality
control are associated with the benefits promoted by exercise
training in heart fallure rats. However, considering the complexity
of mitochondrial metabolism and protein quality control machin-
ery, further investigations need to be conducted in order to
cstablish a causc-and-cffect relationship as well as clarify other
possible regulatory mechanisms regulated by exercise training in
heart failure.

In summary, we provide evidence that myocardial-infarction
mnduced heart failure rats display a prominent cardiac mitochon-
drial dysfunction, 4-HNE accumulation and cytosolic protcin
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Abstract

Protocols for anoxia/starvation in the genetic model organism C. elegans simulate ischemia/reperfusion. Worms are separated from bacterial
food and placed under anoxia for 20 hr (simulated ischemia), and subsequently moved to a normal atmosphere with food (simulated
reperfusion). This experimental paradigm results in increased death and neuronal damage, and techniques are presented to assess organism
viability, alterations to the morphology of touch neuron processes, as well as touch sensitivity, which represents the behavioral output of neuronal
function. Finally, a method for constructing hypoxic incubators using common kitchen storage containers is described. The addition of a mass
flow control unit allows for alterations to be made to the gas mixture in the custom incubators, and a circulating water bath allows for both
temperature control and makes it easy to identify leaks. This method provides a low cost alternative to commercially available units.

Video Link

The video component of this article can be found at http://www.jove.com/video/51231/

Introduction

C. elegans is a nematode that has been widely adopted as a multicellular eukaryotic model organism since its introduction by Brenner'. Itis a
cheap, simple, and versatile model, which allows easy links between genetic alterations and phenotypic changesz.

Ischemia is characterized by a lack of nutrients and oxygen supply to a tissue, followed by reperfusion, when a burst of reactive oxygen species
is prl:)duc)ed3 and most of the damage occurs. In 2002, a model of ischemialreperfusion (IR) in C. elegans was developed'1 involving submitting
the whole worm to anoxia, nutrient deprivation and heat stress for approximately 20 hr followed by 24 hr under normal conditions. Although

this model is technically an anoxia-starvation (AS) condition, cell death occurs through mechanisms that are conserved in mammals, including
damage induced by oxidants during reperfusion”. Furthermore, similar to mammalian IR, damage induced by AS in C. elegans can be prevented
by ischemic precondilioningE”T or anesthetic premnditinningﬂ’g.

The protocols below demonstrate how to mimic IR in C. elegans using the AS model, how to score morphological and behavioral abnormalities
that result from AS, and how to adapt the protocol in a way that allows the experiment to be conducted with a lower initial investment using a
custom-made, easily-constructed chamber alternative.

Protocol
1. C. elegans Growth

1. Prepare 35 mm Nematode Growth Media (NGM) agar plates seeded with OP50 bacteria, as per standard cultivation methods'.

2. Synchronize C. elegans by placing 6 gravid adults onto a seeded NGM plate. Remove the adults after ~100 eggs have been laid (~3 hr).

3. Incubate the plates for 3 days at 20 °C, at which point the worms will have developed to young adult stage and are optimal for this
experiment. Alternative protocols to synchronize C. elegans are described elsewhere'’.

2. Materials for AS

1. M9 buffer (22 mM KH;PO,, 42 mM Na;HPO,, 86 mM NaCl, 1 mM MgS0Q,) should be purged of oxygen by equilibrating with N (argon can
also be used) during 30 min prior to the experiment and kept surrounded by ice.

2. Make a small hole (3 mm wide) in the lid of 1.5 ml microcentrifuge tubes in which the worms will be placed during AS. The hole allows for gas
exchange without keeping the lid open, as this can lead to excessive media evaporation.

Copyright © 2014 Creative Commons Attribution-NonCommercial License March 2014 | 85 | 51231 | Page 1 of 8
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3. Anoxia/Starvation

1. Conduct all experiments at least in triplicate.

2. Add 1 ml of RT, oxygenated M9 buffer to each 35 mm plate containing young adult worms grown as described above. Be careful to avoid
removing bacteria from the plate (add M9 to the edges where bacteria weren't seeded). After ~1 min the worms should be swimming in the
M9.

3. Coat a 1 ml pipette tip with BSA by pipetting and expelling a sterile 1% BSA solution.

4. Carefully incline the plate containing the worms in M9 buffer, remove the M9 from the same place where it was added, and place the
suspension in the prepared microcentrifuge tubes. Let rest in ice until the worms have dropped to the bottom of the tubes (~1-2 min).

5. Remove the maximum amount of M9 possible without disturbing the worms from the tube (leaving around 100 pl), add 1 ml of the oxygen-
purged and iced M9 and place the tube over ice until the worms settle to the bottom again. Repeat the last step 3x. In the last wash, remove
the M9 until ~100 pl remains in the tube.

6. Place the tubes with the worms in deoxygenated M9 inside an anoxic/hypoxic chamber (see instructions below, Section 3.6.1) or,
alternatively, into a custom sealed container (see instructions below, Section 3.6.2).

1. If a commercial anoxic/hypoxic chamber is to be used, leave some purged M9 inside the chamber before starting step 3.5 and repeat
step 3.5 once the worms are inside the chamber.
2. If a custom chamber is to be used, a detailed description of how to create a low-cost apparatus is presented at the end of this protocol
and has been described by another group previously . Briefly:
1. Make two holes in a 250 ml Tupperware-type container lid and add tube connectors to them. One will be used to inject the gas
mixture while the other will be the gas exit into a water bath.
2. Place the worms into the chamber and seal the chamber using the lid.
3. Gas with a constant N, flux (100 ml/min).
4. Place the container inside a water bath at 26 °C. Ensure that the exit tube is well immersed in water so no air returns and that
there are no leaks in the system (apparent by bubbles arising from the chamber itself).

7. Incubate the worms at 26 °C for 20 hr.

4. Simulated Reperfusion

1. After 20 hr under AS conditions, remove the tubes from the incubation chamber into room air.
2. Pipette C. elegans with a BSA-coated tip (as in step 3.3) onto an OP50 seeded 35 mm NGM plate. Incubate the plates at 20 °C for 24 hr.
After this, the worms will be ready to be scored.

5. Identifying Dead Versus Live Worms

1. Using a platinum pick, lightly touch the top of the head of the worm. Live worms will move backwards after being touched. If the worms are
nonresponsive, score as dead. Occasionally, a worm will not move backwards, but may exhibit a slight side-to-side head movement. Although
not technically dead, these worms are almost certain to expire within hours, and should be scored as dead. If one waits too long to score the
worms, internal hatching of progeny can occur and these “bags-of-worms” can rupture, making detecting the carcasses very difficult.

2. Remove both live and dead worms from the plate as they are counted to avoid duplicate counts. The live worms can be moved to a separate
plate to perform behavioral assays. The amount of living worms relative to the total is represented as the % of surviving worms (Figure 1A).

6. Touch Response Assay

1. A detailed description of this protocol has been presented in Hart, Anne C., ed. Behavior (July 3, 2006), WormBook, ed. The C. elegans
Research Community, WormBook, doi/10.1895/wormbook.1.87.1, http://www.wormbook.org.

1. To score for touch response, identify worms that are moving and lightly touch the side of the worm's head (near the middle part of the
pharynx) with an eyelash pick (Figure 3).

2. If the worm moves backward, score as responsive, if not, score as nonresponsive (Figure 1B). Repeat this step 10-15x for each
worm with 10 sec intervals. Probe at least 10 worms in each group to have accurate data. The same assay can be used to assess
forward locomotory changes following light touch to the posterior body wall. Be sure not to touch the head or tail of the worm, since this
stimulates a distinct behavior.

3. Finally, incorporate genetic control strains [N2 Bristol wild-type for positive, mec (mechanosensory) mutant for negative - e.g. CB1338
mec-3 (e1338)IV] to calibrate the force with which to touch the worms. Too harsh of a stimulation will elicit a behavioral response in
mec mutants, too little will not elicit an effect in wildtype N2 controls.

7. Neuronal Modifications

1. To visualize post AS neuronal modifications, use a strain which expresses GFP in the touch-responding mec neurons*®. These neurons have
long processes that run along the body wall and are easily scored for morphological abnormalities. In addition, the morphologic information
can be integrated with behavioral measures of neuronal function, as described above. One strain that can be used for this purpose is
TU2583, which is available from the C. elegans Genetics Center and contains the uls25 integrated transgene expressing GFP from the
mec-18 promoter, or alternatively TU2562, which contains an integrated mec-3::GFP fusion.

2. Prepare an agarose pad.

1. Melt 2% agarose in water, bring to 1x M9 with a 10x stock, and maintain the solution at 70 °C.
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2. Place a drop (~20 pl) of this solution on a glass slide (25 mm x 75 mm) that has been placed between two other slides, each of which
have a single piece of tape on their bottom side.

3. Place a final glass slide perpendicular to the first on top of the 2% agarose solution, and let it cool at RT. This should form a pad that is
the thickness of the tape.

4. Remove the top slide and add 10 pl of M9 containing 0.1% tetramisole, which will immobilize the worms.

3. Move some (~10) live worms onto the 2% agarose slide. Place a coverslip over them and visualize GFP using a fluorescence microscope
under a 100X objective with the appropriate illumination.

4. Damaged neurons will show a cytosolic membrane string of pearls pattern in the processes, comprised of multiple punctum (Figure 2A), and/
or abnormalities where the processes appear to be broken (Figure 2B). Count punctum and abnormalities in both neurons for each worm,
using a total of at least 10 worms.

8. Lab-made Hypoxic Chamber

1. A Tupperware-style, sealable, airtight container can be retrofit as an anoxic chamber. Take care to select a container that is as small as
feasible. A small container creates a hypoxic environment faster and is easier to fit in the water bath (Figure 4).

2. Make two holes on the lid (can be done with a screwdriver or by heating forceps and forcing into the lid) and insert a plastic or metal
connector that fits the tubing (Figure 5A). Use glue that can be placed under water, and also gets hard after drying, avoiding movement of
the connector and hence reducing the possibility of leakage (Figure 5B).

3. The container should be placed into the water bath so that it is submerged completely (Figure 4). To immerse the container, use a bottle
weight or a diving weight.

4. One of the tube connections will be used to introduce a gas mixture and the other tube will act as a pressure relief, hence it should be left
under the water so that the container is sealed off from the external environment (Figure 4).

5. The air composition can be modulated by using custom made gas, mass flow controllers or any apparatus that mixes the desired gases.
The gas flow should be controlled, as high flow can create excessive evaporation. For example, in a 250 ml container, 100 ml/min of gas will
provide good space for the worms and a suitable flux.

6. The length of the tubing should be kept to a minimum, as they can be permeable to gas, allowing the entrance of O. It is important to avoid
using silicone, Tygon tubes as these materials are permeable to gas exchange. We prefer polypropylene or nylon tubes. Glass or metal
tubing maintain the gasses well, but are also harder to work with.

Representative Results

Subjecting C. elegans to 20 hr of AS at 26 °C in a custom lab-made incubation chamber as described (Section 3.6.2) resulted in significant
mortality (Figure 1A)”. Subsequent fluorescent imaging of punctum and breaks in the GFP labeled neuronal processes of survivors confirmed
the presence of morphological abnormalities (Figure 2). The survivors also responded poorly to light body wall touch (Figure 1B). This

model has been used lg% Srﬂghti;)le groups to study how genetic predisposition, pharmaceutical intervention, and metabolic plasticity affects AS

dependent outcomes™®

Copyright © 2014 Creative Commons Attribution-NonCommercial License March 2014 | 85 | 51231 | Page 3 of 8



lee Journal of Visualized Experiments WWW.jove.com
100 = . A " 100+ B
S
2 ™ %
S * g 90- T
E 604 & o
5 5
404 3
s o 804
2 = *
204 o
-
0 T ] 70 I
N N AN
E ¥E ¥ RO <
A &
L L ¢

Figure 1. C. elegans survival and touch response after AS. A) Percentage of worms that exhibit 24 hr post-AS survival. The N2 strain is the
wild type genetic background, and KWN85 contains an integrated transgene that labels mec neurons with GFP. B) Response to touch stimuli of
living C. elegans (N2 Strain) after AS. Please click here to view a larger version of this figure.
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Figure 2. Touch neuron modifications after AS. Touch neuron (PLML and PLMR) abnormalities such as tortuous processes and breaks (A) or
the accumulation of GFP aggregates in the processes (B) were monitored in surviving anesthetized C. elegans after AS.
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Figure 3. Eyelash pick. An assembled eyelash pick. In the inset, a detail of the eyelash glued to the toothpick wood.

Bottle
Weight

Figure 4. Lab-made hypoxic chamber inside the water bath. A closed container ready to start the experiment. Arrows indicate the gas
entrance and exit and the bottle weight used to keep it from floating.
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Figure 5. Details of the internal and external side of the container lid. A) External side of the container lid, indicating the tube and its
connector attached to the previously made hole. B) External side of the container lid, indicating the tube connector attached to the previously
made hole.

AS has been widely used in C. elegans to model IR injury. Some key points should be highlighted for this protocol: C. elegans are resistant to a
wide array of injuries, justifying the need for 3 concomitant insults (heat, starvation and anoxia) to achieve death using this system. Anoxia alone
does not kill the worms in this window of time ™. Furthermore, temperature increase is an additional stress, so it is important to monitor closely.
Strictly speaking, starvation does not contribute significantly to the degree of mortality observed’, per se, but it appears to reduce variability
among experimental replicates. Given that there can be significant variability from day-to-day, it is extremely important to compare samples run
directly in parallel, and to repeat experiments over multiple days. In general, outcomes are measured for three separate plates of 50-100 worms/
experimental condition and these are then averaged and considered as a single experimental replicate. Generally, between seven and nine
replicates appear to be sufficient to achieve or rule out statistical significance.

The developmental stage of the worms used in the experiment also needs to be carefully monitored as the susceptibility of different stages to
AS damage varies significantly > . The use of young adults is standard, and larval stage (L3 and L4) worms appear to be more resistant to the
damaging effects of AS (unpublished data).

This Protocol presents two ways to perform the experiments, one using a lab-made apparatus (using Tupperware-type containers and gas

input 1) and other using a commercial hypoxic chamber*®. Anoxia can be achieved by other means that consume the oxygen, as described
elsewhere . The use of alternate techniques to create a hypoxic environment may change the AS incubation time necessary to create the
desired amount of death. Targeting ~20% survival is an ideal starting point for studying protective interventions, while 80% is similarly ideal for
interventions that exacerbate the detrimental effects of AS. Another important caveat is the time at which the observer scores dead/alive worms.
If the time for analysis is extended beyond 24 hr, the data may be misleading since dead worms become increasingly difficult to identify. This
may be due to worm carcasses becoming relatively transparent over time, but also to the fact that fertilized embryos can develop into progeny
post-mortem inside of the carcasses and disrupt them as they emerge.

The analysis of neuronal morphology can be modified to look at protein expression pattemsm, nuclear fragmentation‘ and other para\meters19 by
substituting a worm strain that expresses the appropriate genetically encoded marker. One final caveat is that the visualization of the neuronal
processes should be done less than 30 min after placing the worms on the slide. Animals kept under anesthesia on slides for longer periods can
exhibit AS-independent damage. Adjust the amount of animals per slide according to the time needed to track and analyze them.
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Aims We previously demonstrated that pharmacological activation of mitochondrial aldehyde dehydrogenase 2 (ALDH2) =
protects the heart against acute ischaemia/reperfusion injury. Here, we determined the benefits of chronic activation Bl
of ALDH2 on the progression of heart failure (HF) using a post-myocardial infarction model. 3
..................................................................................................................................................................................... 2
Methods We showed that a 6-week treatment of myocardial infarction-induced HF rats with a selective ALDH2 activator (Alda-1), g
and results starting 4 weeks after myocardial infarction at a time when ventricular remodelling and cardiac dysfunction were present, %
=]
improved cardiomyocyte shortening, cardiac function, left ventricular compliance and diastolic function under basal 2
conditions, and after isoproterenol stimulation. Importantly, sustained Alda-1 treatment showed no toxicity and pro- 2
=
moted a cardiac anti-remodelling effect by suppressing myocardial hypertrophy and fibrosis. Moreover, accumulation z
of 4-hydroxynonenal (4-HNE)-protein adducts and protein carbonyls seen in HF was not observed in Alda-1-treated é
rats, suggesting that increasing the activity of ALDH2 contributes to the reduction of aldehydic load in failing hearts. g
ALDH?2 activation was associated with improved mitochondrial function, including elevated mitochondrial respiratory =
o
control ratios and reduced H,O; release. Importantly, selective ALDH2 activation decreased mitochondrial Ca’t- §
induced permeability transition and cytochrome c release in failing hearts. Further supportinga mitochondrial mechanism ;
for ALDH2, Alda-1 treatment preserved mitochondrial function upon in vitro aldehydic load. "E
..................................................................................................................................................................................... g
Conclusions Selective activation of mitochondrial ALDH2 is sufficient to improve the HF outcome by reducing the toxic effects =
of aldehydic overload on mitochondrial bioenergetics and reactive oxygen species generation, suggesting that ALDH2 2
activators, such as Alda-1, have a potential therapeutic value for treating HF patients. hs
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role in mediating cardioprotection against acute ischaemic injury.l4
Acute ALDH?2 activation using Alda-1,a small molecule allosteric activa-
tor ofthis er’\zyme,5 issufficient to protect heart againstischaemia/reper-
fusion injury.®

1. Introduction

Despite advances in clinical and pharmacological interventions, acute
myocardial infarction with subsequent left ventricular dysfunction and

heart failure (HF) continues to be a major cause of morbidity and mor-
tality worldwide.'? Therefore, the identification of novel therapeutic
targets that improve cardiac function in patients with myocardial
infarction-induced HF remains a major priority. We recently found
that mitochondrial aldehyde dehydrogenase 2 (ALDH2) plays a key

Considering the pivotal role of ALDH2 in detoxifying mitochondrial
reactive aldehydes that accumulate upon oxidative stress during
chronic cardiac degenerative diseases,? including the lipid peroxidation
by-product (4fhydroxinonenal),a we set out to determine the role
of ALDH2 in HF. We tested here the possibility that selective
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pharmacological activation of mitochondrial ALDH2 in failed hearts
counteracts the aldehydic load, preserves mitochondrial function,
and inhibits the progression of cardiac dysfunction in myocardial
infarction-induced HF in rats.

2. Methods

2.1 Animals and study design

This study was conducted in accordance with the ethical principles in animal
research adopted by the Brazilian College of Animal Experimentation (www.
cobea.org.br). The animal protocols were reviewed and approved by the
Ethical Committee of Biomedical Sciences Institute of University of Sao
Paulo (20012/36). A cohort of male Wistar rats (250—300 g) was selected
for the study and maintained in a 12:12 h light—dark cycle and temperature-
controlled environment (22°C) with free access to standard laboratory
chow (Nuvital Nutrientes, Curitiba, PR, Brazil) and tap water.

2.2 Myocardial infarction-induced HF model
Myocardial infarction was induced by ligation of the left anterior descending
coronary artery (LAD), as previously described.” We have chosen this
model since myocardial infarction is the underlying aetiology of HF in
nearly 70% of patients.” Male Wistar rats were anaesthetized with 3% isoflur-
ane, endotracheally intubated, and mechanically ventilated with room air
(respiratory rate of 60—70 breaths/min and tidal volume of 2.5 mL). Left
thoracotomy between the fourth and fifth ribs was performed and the
LAD was ligated. After the surgery, animals were monitored daily. HF was
observed 4 weeks after coronary artery ligation and was defined when
animal presented pathological cardiac remodelling accompanied by left ven-
tricle dysfunction and cardiac dilation, according to the Guidelines of Ameri-
can Heart Association”'® A left thoracotomy with equal procedure
duration to that of HF group, but without LAD ligation, was undertaken in
the sham group (control).

2.3 Invivo treatment with Alda-1 (ALDH2
activator)

Four weeks after myocardial infarction surgery, physiological parameters
were determined and animals were randomly assigned into three experi-
mental groups: sham group (control, n = 22), placebo-treated myocardial
infarction-induced HF group (n= 14), and Alda-1-treated HF group
(HF + Alda-1, n = 16) (Figure TA). Continuous infusion of Alda-1 (10 mg/
kg per day) was achieved using Alzet osmotic pumps (2ML4 and 2ML2)
and began 4 weeks after myocardial infarction and ended 10 weeks later
(Figure 1A). A group of rats implanted with pumps containing the vehicle
alone (50% polyethylene glycol and 50% dimethyl sulfoxide by volume)
served as the control. Another group of healthy animals was treated with
Alda-1 in order to check drug toxicity. Subcutaneous pump implantation
was performed in 3% vaporized isoflurane-anaesthetized rats. This concen-
tration provided deep anaesthesia, allowing mini-pump implantation without
any clinical sign of pain, such as withdrawal reflex. The pumps were inserted
in the back of animals after making a sub-scapular incision.

At the end of the protocol, physiological parameters were re-analysed.
Forty-eight hours later, all rats were anaesthetized with sodium pentobar-
bital (100 mg/kg ip) and euthanized by decapitation.

2.4 Cardiovascular measurements

Systolic blood pressure was determined non-invasively, using a computer-
ized tail-cuff system (BP-2000, Visitech System, Apex, NC, USA). Evaluation
ofnon-invasive cardiac function was performed by echocardiography using a
Vevo 770 rodent ultrasound system (VisualSonics, Canada), equipped with a
high-resolution mechanical transducer (17-MHz scanhead RMV716). Echo-
cardiography measurements were performed in anaesthetized (isoflurane
3%) sham and HF rats, 4 and 10 weeks after surgery. Myocardial images

were recorded using 2D-guided M-mode from the parasternal long axis.
Mitral inflow pattern was recorded from the apical four-chamber view
using pulsed-wave Doppler. Left ventricle systolic function was estimated
by fractional shortening (FS) as follows: FS(%) = [(LVEDD — LVESD)/
LVEDD] x 100, where LVEDD is the left ventricular end-diastolic diameter,
and LVESD is the left ventricular end-systolic diameter. The observer was
blinded to the treatment groups.

2.5 Isolated perfused rat heart model

Ten weeks after Ml surgery, control, vehicle-treated HF, and Alda1-treated
HF rats were injected with heparin (2000 U/kg ip), anaesthetized with
sodium pentobarbital (100 mg/kg ip), and euthanized by decapitation. The
hearts were rapidly excised and then perfused with an oxygenated Krebs—
Henseleit solution containing (in mM) NaCl 120, KCl 5.8, NaHCO; 25,
NaH,PO. 1.2, MgSQ4 1.2, CaCl; 1.0, and dextrose 10, pH 7.4, at 37°Cina
Langendorff coronary perfusion system at a constant flow rate of 10 mL/
min. The left atrium was then removed and a thin latex balloon was inserted
into the left ventricle (LV) and connected to a pressure transducer (Utah
Medical Deltran) for measurement of the isovolumic LV pressure. The
balloon within the LV was initially inflated with water to a volume of
100 plL, and LV developed pressure (LVDP) was measured. The balloon
was then deflated in 20 pL decrements to determine the relationship
between LVDP and balloon volume. LVDP was determined under basal
conditions and during the peak response of isoproterenol (10 M).

2.6 Isolation of adult rat cardiomyocytes

Ten weeks after Ml surgery, control, vehicle-treated HF, and Alda1-treated
HF rats were injected with heparin (2000 U/kg IP), anaesthetized with
sodium pentobarbital (100 mg/kg IP), and euthanized by decapitation. The
hearts were rapidly excised and then perfused with low-Ca’* solution 1
(100 mM NaCl, 10mM KCl, 1.2mM KH;PO4 5mM MgSO,, 20 mM
glucose, 50 mMtaurine, 10 mMHEPES, and 100 uM CaCl,), then with diges-
tion solution containing low-Ca** solution 1, collagenase (0.5 mgmL™",
Worthington Type 1A), and protease type XIV (0.04 mg mL™"; Sigmay). Fol-
lowing perfusion, the ventricles were cut into fragments (2—5 mm”) in diges-
tion solution. The cell suspension was then filtered through a nylon sieve and
centrifuged for 1 min (at 300—400 g) at roomtemperature. Cell pellets were
resuspended in solution 1 containing 125 mg BSA and 500 .M CaCls.

2.7 Cardiomyocyte shortening and
relengthening

Cell contraction properties of cardiomyocytes were evaluated with a video-
based sarcomere-spacing acquisition system (SarclLen, lonOptix, Milton,
MA, USA), as previously described.!” Changes in sarcomere length were
recorded and analysed using the lonWizard software (lonOptix, Milton,
MA, USA). Sarcomeric shortening was determined under basal conditions
and during the peak response of isoproterenol (10 pM).

2.8 Cardiac structural analysis

Forty-eight hours after the end of the protocol, all rats were killed and their
tissues were harvested. Cardiac chambers were then fixed by immersion in
4% buffered formalin and embedded in paraffin for routine histological pro-
cessing. Sections (4 pm) were stained with Picrosirius red or Masson’s tri-
chrome for the quantification of cardiac collagen content and myocardial
infarctarea, respectively. Cardiac collagen deposition was measured by scan-
ning at least 15 fields per heart after serial sections at 1 mm intervals from
apex to base. The analysis covered the whole LV viable area. For that we
used a computer-assisted morphometric system (Leica Quantimet 500,
Cambridge, UK), as previously described.™ The myocardial infarcted area
was expressed as a percentage of total surface area of the LV. The observer
was blinded to the treatment groups.

134

F10T ‘0¢ 1sndny uo 1sansg Aq /10 s[ewinolpio) xo-saloseaoipies//:diy woy papeojumod]



500

K.M.S. Gomes et al.

Cardiac function in myocardial infarction-induced heart failure model
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Figure | Mitochondrial ALDH2 activation improves cardiac function in a rat model of post-myocardial infarction-induced HF. (A) Schematic panel. HF
induction and treatment protocol. Twelve-week-old rats were subjected to myocardial infarction by LAD ligation. Four weeks after myocardial infarction
induction, the rats were treated with Alda-1 (selective ALDH2 activator) or with vehicle solution (50% polyethylene glycol and 50% dimethyl sulfoxide by
volume). Alda-1 treatment was continuous (for 6 weeks) using subcutaneous Alzet pump delivery at 10 /mg/kg/day. (B) Ejection fraction, input: delta ejec-
tion fraction; (C) LVEDD and (D) left ventricle end-diastolic posterior wall thickness (LVEDPWth) before and after treatment periods in control (sham,
white bars, n = 12), vehicle-treated HF (HF, grey bars, n = 12), and Alda-1-treated HF (HF + Alda-1, black bars, n = 14). (E) LVDP in isolated ex vivo per-
fused heart and (F) sarcomeric shortening in isolated ventricular cardiomyocytes from control (sham, white bars, n = 6), vehicle-treated HF (HF, grey bars,
n = 6),and Alda-1-treated HF (HF + Alda-1, grey bars, n = 6). Both LVDP and sarcomeric shortening were determined under basal conditions and during
the peak response of isoproterenol (10 M) at 10 weeks after Ml surgery. Data are means + SEM. *P < 0.05 vs. control (sham) rats. TP < 0.05 vs. vehicle-
treated HF rats. *P < 0.05 vs. before the experimental protocol. The observer was blinded to the treatment groups.
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2.9 Mitochondrial isolation

Cardiac mitochondria were isolated as described elsewhere.'* Briefly, heart
samples were minced and homogenized in isolation buffer (300 mM sucrose,
10 mM HEPES, 2 mM EGTA, pH 7.2, 4°C) containing 0.1 mgmL™" of Type |
protease (bovine pancreas) to release mitochondria from within muscle
fibres, and later washed in the same buffer in the presence of 1 mgmL™'
of bovine serum albumin. The suspension was homogenized in a 40 mL
tissue grinder and centrifuged at 950 g for 5 min. The resulting supernatant
was centrifuged at 9500 g for 10 min. The mitochondrial pellet was washed,
resuspended in isolation buffer, and submitted to a new centrifugation
(9500 g for 10 min). The mitochondrial pellet was washed and the final
pellet was resuspended in a minimal volume of isolation buffer.

2.10 Mitochondrial H;O; release and O,
consumption

Mitochondrial H,O; release was determined by measuring the oxidation of
Amplex Red in the presence of horseradish peroxidase using a spectropho-
tometer with 563 nm of excitation and 587 nm of emission.'® Mitochondrial
O, consumption was monitored using a computer-interfaced Clark-type
electrode (Hansatech Instruments) operating with continuous stirring at
37°C."% Succinate, malate, and glutamate (2 mmol/L of each) were used as
substrates, and ADP (1 mmol/L) was added to induce State 3 respiratory
rate. A subsequent addition of oligomycin (1 pg mL™") was used to deter-
mine State 4 rate. Respiratory control ratio (RCR) was calculated by dividing
State 3 by State 4 oxygen consumption rates.

2.11 Maximal mitochondrial calcium uptake
Extramitochondrial Ca®* concentrations were measured in 0.125 mg
protein mL™" of mitochondrial suspensions using the fluorescent probe
Calcium Green (100 nM), as described elsewhere.'® The reactions were
carried out under the same conditions as oxygen consumption measure-
ments with continuous stirring at 37°C. For each experiment, consecutive
additions of 50 pM CaCl, were made until the mitochondria failed to take
up extramitochondrial Ca**. We plotted a calibration curve that correlates
fluorescence and Ca®* concentration. Succinate, malate, and glutamate
(2 mM of each) were used as substrates, and 100 pM EGTA was used to
establish the baseline. Excitation/emission wavelength was 506/532 nm,
respectively.

2.12 Enzymatic activity of ALDH2

Enzymatic activity of ALDH2 was determined by measuring the conversion
of NAD* to NADH, as described elsewhere.® The assays were carried out at
25°C in 50 mM sodium pyrophosphate buffer (pH 9.5) in the presence of
10 mM acetaldehyde. Measurement of mitochondrial ALDH2 activity in
the rat myocardium was determined by directly adding 400 mg of the
mitochondrial fraction of the myocardium to the reaction mix and reading
absorbance at 340 nm for 10 min.

2.13 Immunoblotting

Protein levels were evaluated by immunoblotting in cytosolic and mitochon-
drial extracts from the ventricular remote area."® Briefly, samples were sub-
jectedto SDS—PAGE in polyacrylamide gels (6—15%) depending on protein
molecular weight. After electrophoresis, proteins were electrotransferred
onto nitrocellulose membranes (BioRad Biosciences, Piscataway, NJ,
USA). Equal gel loading and transfer efficiency were monitored using 0.5%
Ponceau S staining of blot membrane. A blotted membrane was then
blocked [5% non-fat dry milk, 10 mM Tris—HCl (pH 7.6), 150 mM NaCl,
and 0.1% Tween 20] for 2 h at room temperature and then incubated over-
night at 4°C with specific antibodies. Binding of the primary antibody was
detected with the use of peroxidase-conjugated secondary antibodies
(rabbit or mouse, depending on the protein, for 2 h at room temperature)
and developed using enhanced chemiluminescence (Amersham Biosciences,
NJ, USA) detected by autoradiography. Quantification analysis of blots was

performed with the use of Scion Image software (Scion based on NIH image).
Samples were normalized to relative changes in housekeeping proteins and
expressed as the percent of control.

2.14 Protein carbonyl levels

Protein carbonyl levels were determined as previously described.’®
The carbonyl groups in the protein side chains were derivatized to
24-dinitrophenylhydrazone (DNPhydrazone) by reaction with 2,4-dinitro
phenylhydrazine (DNPH). The DNP-derivatized protein samples were sepa-
rated by polyacrylamide gel electrophoresis followed by immunoblotting.

2.15 Cell culture

Cardiac fibroblasts were isolated from 1-day-old Sprague—Dawley rat
litters, as described elsewhere.'® All rat litters were euthanized by decapita-
tion.

2.16 Statistical analysis

Dataare presented as means + standard errorof the mean (SEM). Datanor-
mality was assessed through Shapiro—Wilk's test. One-way analysis of
variance (ANOVA) was used to analyse data presented in Figures 1B
(input), 2C—J, and 3-5. Two-way ANOVA for repeated measures was
used to analyse data depicted in Figure 1B—D and Table 1. Two-way
ANOVAwas also used to analyse data depicted in Figure 1E and F. Whenever
significant F-values were obtained, Duncan's adjustment was used for mul-
tiple comparison purposes. Unpaired Student’s t-test was used to analyse
data presented in Figure 2B. GraphPad Prism Statistics was used for the
analysis, and statistical significance was considered achieved when the
value of P was <0.05.

3. Results

3.1 ALDHZ2 activation improves cardiac
function and reverses pathological
ventricular remodelling in HF animals

ALDH2 plays a key role in protecting the heart against oxidative stress
during acute ischaemic injuries, mainly through detoxification of reac-
tive aldehydes, such as 4-hydroxynonenal (4-HNE).'”'® We therefore
determined the effects of selective ALDH2 activation on the progres-
sion of myocardial infarction-induced HF in rats. Ten weeks after myo-
cardial infarction surgery (Figure 1A), the rats exhibited signs of HF as
demonstrated by left ventricular dysfunction and pathological cardiac
remodelling (Figures 1 and 2, Table 1, as well as see Supplementary ma-
terial online, Table 51). These rats displayed decreased cardiac ejection
fraction, FS and LVDP, as well as increased diastolic dilation compared
with control animals under basal conditions (Figure 1B—E and Table 1).
To determine whether the ventricular dysfunction observed in vivo
was cardiomyocyte-specific, shortening parameters were characterized
inisolated adult cardiomyocytes. Intrasarcomeric shortening was signifi-
cantly decreased in the HF group (Figure 1F). These differences seen at
baseline in both isolated ex vivo perfused heart and isolated cardiomyo-
cytes were exacerbated upon isoproterenol challenge (Figure 1Eand F).
Moreover, these rats had an increased heart weight."bady weight (HW/
BW) ratio (see Supplementary material online, Table 57),increased both
cardiomyocyte width and length (Figure 2A and G—I), and cardiac fibrosis
(Figure 2A—F) compared with control rats. Cardiomyocyte width and
length were measured in isolated cells using the Image | software
(NIH, USA). Cardiac fibrosis was measured in the non-infarcted
(remote) area. No changes in heart rate and blood pressure were
observed in rats with HF (see Supplementary material online, Table $1).
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Table | Echocardiographic measurements

Parameter Four weeks after Ml surgery (before drug treatment Ten weeks after Ml surgery (6 weeks of treatment)
begins)
s HE A A A
FS (%) 431 +12 246 + 1.5% 203 +1.1% 428+ 14 185 + 1.1* 248 + 1.5+
LVEDD (mm) 723 +013 897 + 0.14* 895 +0.25% 646 +0.26 945 +0.32* 8.01 4+ 023%™
LVESD (mm) 409 +0.14 7.06 + 0.11* 7.19 + 0.24* 418 +0.29 7.65 + 0.34* 599 + 0.32%1
PWth (mm) 1214003 141 £ 0.06 141 £ 005 117 £ 0.05 159 + 005 125 + 0.04
IVSth (mm) 095 +0.03 0.87 +0.03 0.96 +0.03 0.89 + 0.05 0.92 + 004 0.96 + 0.05
ET (ms) 785+ 06 680 +23 649 + 39 81.7 +24 66.3 + 2.6* 792 + 44
E (cm/s) 707 +1.0 808 + 1.7¢ 799 + 2.6 705+ 18 93.0 + 27 744 + 377
A (emis) 435+10 438+18 415+ 21 419+15 310 £ 2.1% 391+15
E/A 16 +0.1 19+01 20+01 17 +01 3.1+ 03 19 + 017
IVRT (ms) 242 +17 259+ 1.6 282+ 14 260+ 18 323 +30% 272422
MPI 040 +0.02 0.54 + 0.03* 0.58 + 0.06* 0.41+0.03 0.63 + 0.03* 043 + 0.04™*
HR (bpm) 295 + 12 272+ 6 285+7 296 +5 266 + 14 274 +9

Data are means + SEM.
The observer was blinded to the treatment groups.

Echocardiographic measurements. FS, fractional shortening; LVEDD, left ventricular end-diastolic diameter; LVESD, left ventricular end-systolic diameter; PWth, posterior wall thickness;
IVSth, interventricular septum thickness; ET, ejection time; E, mitral inflow E velocity; A, mitral inflow A velocity; IVRT, isovolumic relaxation time; MPI, myocardial performance index; HR,
heart rate in control (sham, n = 8—12), vehicle-treated HF (HF, n = 8—12), and Alda-1-treated HF (HF + Alda-1, n = 8—12) under basal conditions.

*P < 0.05 vs. control.
P < 0.05 vs. HF.
P < 0.05 vs. pre-treatment.

Using subcutaneously implanted Alzet pumps, we delivered Alda-1
in a sustained fashion at 10 mg/kg/day.® Delivery of Alda-1 from
Weeks 4 to 10 after inducing myocardial infarction (Figure 1A) not
only prevented the development of cardiac dysfunction, but also
increased left ventricular ejection fraction by 34% (Figure 1B, input).
Indeed, Alda-1 treatment improved sarcomeric shortening, cardiac
FS, and LVDP under basal conditions (Figure 1C—F and Table 1). More-
over, isolated hearts and cardiomyocytes from Alda-1-treated HF rats
became more sensitive to isoproterenol-induced increased inotropism
(Figure 1E and F). Finally, sustained Alda-1 treatment promoted a
cardiac anti-remodelling effect by reducing LVEDD (Figure 1C,
Table 1, and see Supplementary material online, Figure $1), posterior
wall thickness (Figure 1D and Table 1), HW/BW (see Supplementary
material online, Table $1), cardiac fibrosis (Figure 2A-F), and cardio-
myocyte length (Figure 2H and [) relative to untreated HF rats. Of
interest, prolonged ALDH2 activation by Alda-1 affected cardiac fibro-
sis by decreasing the extent of collagen type | deposition and collagen
type /Il ratio (Figure 2A and D—F), further contributing, at least in part,
to a better myocardial compliance (Table 7). In order to evaluate the
direct contribution of aldehydic load to fibrosis, we treated cardiac
fibroblast with 4-HNE (2 M) over 96 h and observed that sustained
aldehydic load Interestingly,
co-administration of Alda-1 reduced fibroblast proliferation upon alde-
hydic load stress (Figure 2J). Finally, Alda-1 treatment did not signifi-
cantly affect systolic blood pressure, heart rate, and myocardial
infarct size in HF animals (see Supplementary material online, Table
51, and Figure 2A and B).

Since this is the first study evaluating the long-term effect of Alda-1
treatment, we performed some toxicity measurements in healthy
(naive) rats treated with Alda-1 for 6 weeks (10 mg/kg per day). No
changes in haemodynamic parameters, BW, organ weight, cardiac

increases fibroblast proliferation.

function, circulating aspartate aminotransferase and alanine aminotrans-
ferase activities, as well as serum uric acid and creatinine levels were
observed in Alda-1-treated rats compared with untreated animals
(see Supplementary material online, Tables $2 and 53), suggesting that
sustained Alda-1 treatment is safe.

3.2 Increased detoxification activity of
ALDH2 contributes to preventing 4-HNE
accumulation in failing hearts

Excessive 4-HNE-protein adducts contribute towards cardiacischaemic
injuries.’” We have suggested that ALDH?2 activation-mediated cardio-
protection upon ischaemia/reperfusion injury occurs through preserva-
tion of protein function by reduction of the aldehydic load in the heart.*
ALDH2 metabolizes reactive aldehydes that accumulate under redox
imbalance, and prevents the production of aldehydic adducts that inacti-
vate key metabolic enzyme:s.20 HF rats already presented increasedalde-
hydic overload at 4 weeks after myocardial infarction surgery. We
therefore measured 4-HNE-protein adducts and total protein carbonyls
in the heart (non-infarcted area) 10 weeks after myocardial infarction
surgery. Placebo-treated rats with HF displayed a significant increase
of cardiac 4-HNE-protein adducts (Figure 3A and E) and protein carbo-
nyls (Figure 3B and E) compared with relative controls. Sustained Alda-1
treatment increased cardiac ALDH2 activity by 2.7-fold (Figure 3C) and
significantly reduced 4-HNE-protein adducts and protein carbonyls
compared with untreated failing hearts (Figure 3A—B and E, 4-HNE-
protein adducts: 98 + 4 vs. 129 + 11; protein carbonyls: 111 + 11 vs.
157 + 18forthe HF + Alda-1and the HF + vehicle groups, respective-
ly, P <0 0.05). No changes in protein levels of mitochondrial ALDH2
(Figure 3D—E) were observed in either HF or Alda-1 treatment.
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Cardiac remodelling in myocardial infarction-induced heart failure model
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Figure 2 Sustained Alda-1 treatment reverses pathological cardiac remodelling in post-myocardial infarction-induced HF and in cultured primary cells.
(A) Representative photomicrographs from control and age-matched post-myocardial infarction HF rats treated with Alda-1 or vehicle showing cardiac
infarcted area/morphology (upper panel) and collagen deposition in the left ventricle remote (non-ischaemic) area (lower panels). (B) Cardiac infarcted
area, (C) collagen content, (D) collagen type | deposition, (E) collagen type lll deposition, (F) collagen type I/lll and isolated cardiomyocyte width (G), and
length (H) in control (sham, white bars, n = 10), vehicle-treated HF (HF, grey bars, n = 10), and Alda-1-treated HF (HF + Alda-1, grey bars,n = 9). Quan-
tification of fibrosis was performed in the LV remote (non-ischaemic) area. Measurements were performed at 10 weeks after Ml surgery. The observer was
blinded to the treatment groups. (I) Representative image of isolated cardiomyocytes from control, vehicle-treated HF, and Alda-1-treated HF groups.
(/) Cardiac fibroblast proliferation upon sustained (96 h) aldehydic overload (4-HNE, 2 nM) and Alda-1 treatment (20 wM). n = 6 per experiment.
Data are means + SEM. *P < 0.05 vs. control. TP < 0.05 vs. vehicle-treated HF rats. P < 0.05 vs. non-treated fibroblasts. ¥P < 0.05 vs. 4-HNE-treated

fibroblasts.

3.3 Alda-1 treatment protects
mitochondrial function and prevents
increases in reactive oxygen species release
Since accumulation of aldehydic adducts inhibits mitochondrial respir-
ation by reacting with and inactivating metabolic enzymes during acute
ischaemic injuries,’® we set out to determine mitochondrial function
in a scenario of chronic aldehydic overload in HF. To assess mitochon-
drial function, we measured oxygen consumption, absolute (H,0,)
and relative (H,O,/O,) reactive oxygen species (ROS) release in iso-
lated mitochondria from myocardialinfarction-induced HF rats, and age-
matched control rats, 10 weeks after myocardial infarction.
Ourresults indicate that vehicle-treated HF rats displayed a significant
decrease in the efficiency of mitochondrial oxidative phosphorylation
compared with control (sham) rats, as measured by the RCR (State 3/
State 4; Figure 3F). This response was mainly due to a reduction of State
3 respiratory rate (the oxygen consumption rate maximized by the add-
ition of ADP) in failing hearts (Figure 4B), while respiration in the absence
of oxidative phosphorylation (State 4) was not affected (Figure 4C). Of
interest, sustained ALDH?2 activation by treating with Alda-1 improved
the efficiency of mitochondrial oxidative phosphorylation (Figure 3F,

RCR: 2.6 + 0.2 vs. 1.6 + 0.2 for HF + Alda-1 and HF, respectively)
by preserving State 3 respiratory rates. Moreover, oxygen consumption
enhancement induced by the mitochondrial uncoupler, carbonyl
cyanide m-chlorophenyl hydrazone, was attenuated in the placebo-
treated HF rat, whereas sustained ALDH2 activation normalized it
towards control (sham) values (data not shown). These results demon-
strate that sustained pharmacological activation of mitochondrial
ALDH2 with Alda-1 attenuates the prominent disruption of mitochon-
drial oxygen consumption rates observed in failing hearts.
Mitochondrial ROS release has been associated with reduction of
oxygen consumption in HFY so we hypothesized that Alda-1
treatment-mediated improvements in mitochondrial oxygen consump-
tion could be attributed to the prevention of excessive mitochondrial
ROS release in failing hearts. Placebo-treated HF animals presented
increased mitochondrial State 2 (basal), State 3, and State 4 H,0,
release when compared with control rats (Figure 4D—F). These
changes were more pronounced when H,O; release was normalized
by oxygen consumption rates for each state (Figure 4G—I), demon-
strating the tight interdependence between mitochondrial oxygen
consumption and ROS release in HF. Mitochondria isolated from
Alda-1-treated rats with HF did not present the increases in H,O, and
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ALDH2-related metabolism in myocardial infarction-induced heart failure model
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Figure 3 ALDH2 activation reduces cardiac aldehydic load and improves mitochondrial function in post-myocardial infarction-induced HF.
(A) 4-HNE-protein adducts, (B) protein carbonyl levels, (C) mitochondrial ALDH2 activity, and (D) ALDH2 protein levels in heart samples from
control (sham, white bars, n = 10), vehicle-treated HF (HF, grey bars, n = 10), and Alda-1-treated HF (HF + Alda-1, grey bars, n = 9). Measurements
were performed at 10 weeks after Ml surgery. Values were normalized by GAPDH and expressed as % Control. (E) Representative western blots
showing the levels of cardiac ALDH2, 4-HNE-protein adducts, and protein carbonyls in control and age-matched post-myocardial infarction HF rats
treated with Alda-1 or vehicle. Black arrows indicate increases in the 4-HNE adduct formation and protein carbonyls in vehicle-treated HF compared
with other groups. (F) Cardiac mitochondrial respiratory rate (State3/State4) from control (sham, white bars, n = 18), vehicle-treated HF (HF, grey
bars, n=29), and Alda-1-treated HF (HF + Alda-1, grey bars, n = 12). Data are means + SEM. *P < 0.05 vs. control (sham) rats. TP <005 vs.
HF + Alda-1 rats. *P < 0.05 vs. HF rats. Mitochondrial respiratory rate data are presented in the box plot.

H,0,/O, release observed in vehicle-treated HF rat mitochondria
(Figure 4D—I). These data demonstrate that activating ALDH?2 in failing
hearts using Alda-1 is sufficient to prevent excessive mitochondrial
ROS release during HF.

Excessive mitochondrial ROS and aldehydes in the presence of
Ca”" lead to non-selective inner mitochondrial membrane permeabil-
ization known as mitochondrial permeability transition, a cause of cell
death in the heart.?*?* To test the contribution of chronic aldehydic
overload towards the occurrence of mitochondrial transition perme-
ability in HF, we measured maximal cat* uptake in isolated mitochon-
dria from vehicle- and Alda-1-treated failing hearts. Control rats
presented significantly higher ability to accumulate Ca®* ions before
undergoing mitochondrial permeability transition relative to vehicle-
treated rats with HF (Figure 5A). Of interest, selective activation of mito-
chondrial ALDH2 corrected HF-induced susceptibility to mitochondrial
permeability transition. Moreover, the observed alterations in mito-
chondrial permeability transition were blocked by cyclosporin A
(Figure 5A).

Mitochondrial permeability transition has been implicated in cell
death through release of cytochrome c into the cytosol.2* Our results
indicate that increased sensitivity to Ca®*-induced mitochondrial per-
meability transition was associated with an exacerbated release of

mitochondrial cytochrome c (Figure 5B and C). Alda1 treatment signifi-
cantly reduced cytochrome c release in failing hearts.

3.4 Alda-1 attenuates in vitro

4-HNE-mediated mitochondrial dysfunction
Elevated ROS release has generally been implicated in cellular damage
during pathological processes. The introduction of carbonyl functional
groups into proteins by 4-HNE, a major product of ROS-mediated
lipid oxidation, has been reported to induce protein inactivation
duringischaemia/reperfusion injury.> We thus tested whether excessive
aldehydic load directly affects mitochondrial function. In vitro incubation
of cardiac mitochondria with different concentrations of 4-HNE
(0.5-10 pM)* resulted in a dose-dependent reduction in the efficiency
of mitochondrial oxidative phosphorylation (Figure 5D). Of interest,
similar to our invivo results, 4-HNE incubation affected mainly mitochon-
drial State 3 oxygen consumption rates in vitro, without changing State 4
oxygen consumption rates (Figure 5E and F). To confirm the benefits of
Alda-1 on 4-HNE-induced mitochondrial dysfunction, isolated mito-
chondria were incubated with Alda-1 prior to 4-HNE (10 wM) treat-
ment. Activation of ALDH2 protected against 4-HNE-mediated
mitochondria dysfunction, resulting in an improvement of RCRs and

139

$10Z ‘0¢€ 1sn3ny uo 1sand £q B1os[euInolpioyxo saraseaorped;/:dny woly papeojumoc]



ALDH?2 activation attenuates heart failure

505

Bioenergetics in isolated cardiac mitochondria in myocardial infarction-induced heart failure model
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Figure 4 Selective ALDH2 activation restores mitochondrial oxygen consumption rates and ROS release in post-myocardial infarction-induced HF.
State-dependent (A—C) oxygen consumption rates, (D—F) absolute H,O5 release, and (G—[) HyO»/O5 in heart samples from control (sham, white
bars, n = 18), vehicle-treated HF (HF, grey bars, n = 9), and Alda1-treated HF (HF + Alda-1, grey bars, n = 12) rats. Measurements were performed
at 10 weeks after Ml surgery. Succinate, malate, and glutamate (2 mM of each) were used as substrates (State 2), and ADP (1 mM) was added to induce
State 3 respiratory rate. Addition of oligomycin (1 pg mL™") was used to determine State 4 respiratory rates. Data are means + SEM. *P < 0.05 vs.

control (sham) rats. TP < 0.05 vs. HF + Alda-1 rats.

State 3 oxygen consumption rates by 55 and 172%, respectively, when
compared with 4-HNE-treated mitochondria (Figure 5D—E). Alda-1
treatment per se did not affect mitochondrial bioenergetics.

4. Discussion

Overthe past decades, rapid and substantial advances have been made in
the understanding of intracellular processes involved in HF, positively
contributing to drug development in this field." However, in spite of
new therapies to improve clinical outcomes‘26 myocardial infarction-
induced HF remains the main cause of death worldwide.? Thus, there
is a compelling need for new pharmacological therapies that improve
patient quality of life and survival once cardiac dysfunction occurs.

Due to its pivotal role in bioenergetics, redox homeostasis, ion hand-
ling, and cell death, mitochondrial dysfunction is considered a critical

factor in the progression of HF*"?® Mitochondrial ALDH2 has
emerged as a key enzyme in cardioprotection, since it efficiently elimi-
nates toxic aldehydes by catalyzing their oxidation to non-reactive
acids.4Experimentalapproachesusw’ngeitherpharmacologicalact'\vaﬂon
or genetic overexpression of ALDH2 have shown thatimproved detoxi-
fication of reactive aldehydes, such as 4-HNE, is protective against acute
ischaemia/reperfusion injury,” nitroglycerine tolerance,” and alcoholic
cardiomyoparhy.30 More recently, mitochondrial ALDH2 has been
associated with remote preconditioning in humans®' and metabolic
remodelling-related cardioprotection in patients with congenital heart
disease.”” However, the role of mitochondrial ALDH2 in HF has not
been determined yet.

Using an unconscious in vivo model of post-myocardial infarction-
induced HF, we demonstrated that sustained activation of mitochondrial
ALDH2 with Alda-1 improves cardiac contractility and promotes a
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aldehydic overload (A) Maximum mitochondrial Ca®* uptake (an index of mitochondrial permeability transition) and (B) cytosolic cytochrome c levels in
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cardiac anti-remodelling effect. This benefit of Alda-1 treatment can be
obtained when treatment is initiated after cardiac dysfunctinn occurred,
at 4 weeks after myocardial infarction. Alda-1-induced cardioprotection
is evidenced by increased cardiac contractility, decreased LV dilation,
reduced myocyte hypertrophy, and diminished cardiac fibrosis. More-
over, selective ALDH2 activation attenuated cardiac aldehydic load,
mitochondrial dysfunction, and oxidative stress seen in HF. Finally, we
showed that sustained treatment with Alda-1 is well tolerated in naive
rats, suggesting that chronic activation of ALDH2 may be safe.

Most of the cardiac damage occurring during HF is due to exacerbated
generation of ROS, which leads to excessive oxidation of polyunsatur-
ated fatty acids presented in biological membranes and accumulation
of reactive aldehydes (i.e. 4-HNE). 4-HNE can readily interact with cyst-
eine, histidine, and lysine residues and inactivate key proteins via Michael
addition or Schiff base reactions.'** Mak et al>* demonstrated that
4-HNE levels are consistently elevated in the plasma of congestive HF
patients and are inversely correlated with left ventricular contractility.
Similar to findings in humans with failing hearts,” in the present study
we found a pronounced increase in aldehydic load in the myocardium
from rats with HF, characterized by accumulation of cardiac 4-HNE-
protein adducts and protein carbonyls. Furthermore, sustained Alda-1
treatment strikingly corrected these changes by activating cardiac
ALDH2 by 2.7-fold. These data demonstrate that selective ALDH2
activation is sufficient to produce cardioprotection against HF.

Excessive aldehyde generation during lipid peroxidation negatively
affects cardiac viability by disrupting mitochondrial metabolism during
acute ischaemia/reperfusion injury.*®*” Here, we showed that aldehydic
load contributes to mitochondrial dysfunction and ROS generation in
chronic HF by demonstrating that selective ALDH2 activation restored
mitochondrial permeability transition, improved bioenergetics, and
reduced hydrogen peroxide release in failing hearts. Moreover, acute
Alda-1 treatment protected isolated mitochondria from 4-HNE-
mediated dysfunction in vitro. We believe that reactive aldehydes lie at
the centre of a positive feedback loop in HF signalling, whereby ROS
produces reactive aldehydes via lipid oxidation, that then promotes
mitochondrial dysfunction and lead to further ROS generation
(Figure 6). In fact, disrupting this loop by reducing cardiac aldehydic
load through selective ALDH2 activation enhances mitochondrial func-
tion and decreases ROS release, therefore improving the HF outcome.
Unlike antioxidant treatments that aim to reduce ROS, which are un-
stable, and must be biologically available at the right site (e.g. inside the
mitochondria) at a stoichiometric concentration, Alda-1 works catalyt-
ically on a stable product of ROS—aldehydes—within the correct
microenvironment—mitochondria.

Taken together, our findings provide evidence that reducing
cardiac aldehydic load via selective ALDH2 activation is sufficient
to improve ventricular function in HF rats through a process mainly
mediated by better cardiac mitochondrial bioenergetics and
reduced ROS generation. If Alda-1-like compounds are found to be
safe in humans, administration of an ALDH2 activator such as
Alda-1 to HF patients may reduce the potential injury associated
with aldehydic load and become a valuable tool in treating HF.
However, the results of the present study should be validated in
conscious AMI patients with HF.
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Supplementary material is available at Cardiovascular Research online.
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