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RESUMO 

 

Tahara, E.B. Influência da Restrição Calórica no Metabolismo Bioenergético e Estado Redox 
de Saccharomyces cerevisiae e Kluyveromyces lactis. 2011. 94p. Tese - Programa de Pós-
Graduação em Bioquímica. Instituto de Química, Universidade de São Paulo, São Paulo. 

 

 

O envelhecimento envolve um progressivo declínio na eficiência metabólica dos sistemas 
biológicos ao longo do tempo. Embora não possa ser evitado, o envelhecimento pode ter seus 
fenótipos típicos mitigados em organismos submetidos à restrição calórica, um regime dietético 
que consiste em uma oferta diminuída de calorias. Ao longo do tempo, a levedura Saccharomyces 
cerevisiae mostrou-se um importante organismo modelo para o estudo de importantes marcas 
relacionadas ao envelhecimento, sobretudo por ser responsiva à restrição calórica. Através de 
uma abordagem do metabolismo energético e do estado de óxido-redução celular, nós temos 
buscado identificar quais são os fatores imprescindíveis para a exibição do aumento do tempo de 
vida cronológico dessa levedura. Nós verificamos que defeitos específicos na síntese de 
nicotinamida adenina dinucleotídeo aumentam a geração mitocondrial de espécies reativas de 
oxigênio pela enzima dihidrolipoil desidrogenase, porém não suprimem o aumento da do tempo de 
vida cronológico de S. cerevisiae. Por outro lado, os mutantes dessa levedura irreponsíveis à 
restrição calórica são aqueles que possuem defeitos no metabolismo aeróbico, mais 
especificamente na montagem da cadeia de transporte de elétrons. Também verificamos que 
diferentes mutações em enzimas do ciclo dos ácidos tricarboxílicos alteram a taxa de perda do 
DNA mitocondrial de S. cerevisiae numa forma dependente da concentração inicial de glicose nos 
meios de cultura e também do tempo de cultivo. Também observamos que a eficiência energética 
em S. cerevisiae cultivada sob restrição calórica é aumentada em relação à levedura cultivada em 
condição controle. Finalmente, também observamos que a morfologia mitocondrial é alterada pelo 
estado metabólico celular e se correlaciona com a geração de espécies reativas de oxigênio 
nesse organismo. Assim sendo, em conjunto, esses dados revelam importantes modificações 
metabólicas e no estado de óxido redução proporcionadas pela restrição calórica e como os 
fenótipos típicos do envelhecimento podem ser mitigados em S. cerevisiae, assim como quais são 
os fatores imprescindíveis para a resposta dessa levedura à restrição calórica. 
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ABSTRACT 

 

Tahara, E.B. Influence of Caloric Restriction on Energy Metabolism and Redox State of  
Saccharomyces cerevisiae e Kluyveromyces lactis. 2011. 94p. PhD Thesis. Graduate Program 
in Biochemistry. Instituto de Química, Universidade de São Paulo, São Paulo. 

 

 

Aging involves a progressive decline in metabolic efficiency of biological systems over time. 
Although it cannot be avoided, aging phenotypes are delayed in organisms undergoing caloric 
restriction, a dietary regimen consisting of a reduced availability of calories. The yeast 
Saccharomyces cerevisiae has proved to be an important model organism for studying important 
characteristics related to aging, and is responsive to caloric restriction. We sought to identify 
factors essential for increased chronological lifespan in yeast by investigating changes in energy 
metabolism and redox state. We found that defects in the synthesis of nicotinamide adenine 
dinucleotide increased mitochondrial generation of reactive oxygen species by the enzyme 
dihidrolipoil dehydrogenase, but did not suppress the increase in chronological life span. On the 
other hand, mutants of this yeast which do not respond to caloric restriction are those that have 
defects in aerobic metabolism, specifically in the assembly of the electron transport chain. We also 
found that different mutations in enzymes of the citric acid cycle alter the rate of loss of 
mitochondrial in a manner dependent on the initial concentration of glucose in culture media and 
culture time. We also observed that energy efficiency in S. cerevisiae grown under caloric 
restriction is increased compared to yeast grown under control conditions. Finally, we also 
observed that mitochondrial morphology is altered by the cellular metabolic state and correlates 
with the generation of reactive oxygen species in this organism. Thus, altogether, these data reveal 
significant changes in metabolism and redox state promoted by caloric restriction, how phenotypes 
typical of aging can be prevented in S. cerevisiae, as well as what factors are required for the 
response of yeast to caloric restriction. 
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Introdução 

 

O envelhecimento é um complexo processo multifatorial ao longo do qual os sistemas 

biológicos exibem alterações progressivas em suas funções metabólicas, em sua eficiência e em seu 

comportamento, e está fortemente associado à diminuição das respostas ao estresse, ao declínio da 

fertilidade e também, em última análise, ao aumento da mortalidade tempo-dependente (Kenyon, 

2001; Kirkwood, 2002; Jazwinski, 2002; Viña et al., 2007). 

 A literatura ocidental é prolífica em apresentar personagens que definitivamente não foram 

em nada beneficiados pelo envelhecimento e suas conseqüências – Homero, em sua Odisséia, 

retrata o Odisseu idoso como fraco, sendo um inepto ao trabalho e um peso sobre a terra; William 

Shakespeare, em O Rei Lear, associa a velhice de Lear à fraqueza, à doença, à melancolia e à perda 

da capacidade de discernimento; em um dos seus poemas, T.S. Eliot faz seu personagem Gerontian 

(“pequeno homem idoso”, em grego) esperar com ansiedade a refrescante chuva, já que tudo o que 

nele havia estava seco: seu tato, seu paladar, seu olfato, sua visão e sua audição. Não é 

surpreendente, portanto, que a relutância humana em aceitar naturalmente os fenótipos típicos do 

envelhecimento tenha resultado na crença – presente no imaginário das mais variadas culturas, 

nos mais diversos tempos – da existência de uma fonte cujas águas restaurariam a juventude e a 

vitalidade daqueles que dela fizessem uso (Post e Binstock, 2004). 

Embora a mítica fonte da juventude nunca tenha sido descoberta, em 1935, quando McCay 

e colaboradores depararam-se com o achado de que roedores submetidos a um regime de oferta 

calórica diminuída em relação àquela oferecida ao grupo controle haviam exibido uma maior 

sobrevivência ao final de três anos (McCay et al., 1935), foi observado, pela primeira vez, o 

resultado de uma intervenção dirigida capaz de aumentar o tempo de vida de um organismo. 

Atualmente, a restrição calórica é definida como um regime dietético de baixa oferta de calorias 

que, porém, atende às mínimas necessidades energéticas e de nutrientes essenciais diárias de um 

determinado organismo, retardando a exibição de fenótipos típicos do envelhecimento – o que se 

correlaciona positivamente com o aumento do tempo de vida (Walford et al., 1987; Weindruch e 

Walford, 1988; Roth et al., 1999; Hursting et al., 2003; Fontana et al., 2010). 

Devido a uma série de facilidades operacionais – tais como o baixo custo de cultivo, o 

domínio da manipulação genética e, principalmente, os curtos tempos de vida – a utilização de 

sistemas mais simples, como a levedura Saccharomyces cerevisiae, o nematóide Caenorhabditis 

elegans e o artrópode Drosophila melanogaster tem decisivamente contribuído para o 

entendimento das características mais relevantes e dos mecanismos moleculares envolvidos no 

processo de envelhecimento de eucariotos (Sinclair et al., 1998; Jazwinski, 2002; Bitterman et al., 

2003; Fabrizio et al., 2005; Grotewiel et al., 2005; Piper, 2006; Artal-Sanz e Tavernarakis, 2008; 

Barros et al., 2010). 
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Os primeiros pesquisadores a considerar a utilização de S. cerevisiae como organismo 

modelo para estudar o envelhecimento foram Mortimer e Johnston, em meados do século passado 

(Mortimer e Johnston, 1959). Em seu trabalho seminal, eles propuseram a definição do tempo de 

vida dessa levedura como sendo o número de gerações pelas quais passa uma célula, i.e., a 

contabilização do número total de células-filhas geradas por uma única célula-mãe. Duas décadas 

mais tarde, Müller e colaboradores revisitaram o conceito de longevidade em S. cerevisiae e, por 

sua vez, escolheram acessar o tempo de vida dessa levedura através da determinação da sua 

atividade metabólica em fase estacionária de crescimento, propondo, então, que o tempo de vida 

dessa levedura seria o período total em que uma célula apresenta-se metabolicamente ativa (Müller 

et al., 1980). Assim sendo, da proposta de Mortimer e Johnston, e daquela de Müller e 

colaboradores, atualmente temos o que são chamados de tempo de vida replicativo e tempo de 

vida cronológico, respectivamente (MacLean et al., 2001; Fabrizio e Longo, 2003; Jazwinski, 

2004; Minois et al., 2005; Barros et al., 2010). Dessa forma, é interessante perceber que, enquanto 

o tempo de vida replicativo quantifica a capacidade reprodutiva de S. cerevisiae, o tempo de vida 

cronológico quantifica a viabilidade dessa levedura, ao longo do tempo, em sua fase pós-mitótica.  

Com o passar dos anos, S. cerevisiae provou ser um organismo modelo conveniente para 

estudos de envelhecimento, atraindo intenso interesse depois de Jiang e colaboradores (Jiang et 

al., 2000) e Lin e colaboradores (Lin et al., 2000) terem independentemente demonstrado que 

essa levedura exibe aumento do tempo de vida replicativo em resposta à restrição calórica – cuja 

aplicação é realizada reduzindo-se a quantidade inicial de glicose em meio de cultura YPD dos 

usuais 2,0% para 0,5%, ou ainda menos (Jiang et al., 2000; Lin et al., 2000). Pouco tempo depois, 

outros trabalhos adicionalmente demonstraram que este mesmo protocolo é capaz de também 

aumentar o tempo de vida cronológico de S. cerevisiae (Reverter-Branchat et al., 2004; Barros et 

al., 2004; Smith et al., 2007). 

Desta forma, a descoberta da plena responsividade de S. cerevisiae à restrição calórica, há 

menos de uma década atrás, proporcionou a abertura de novas e promissoras possibilidades 

quanto à exploração e estudo das características intrínsecas a essa levedura, em diversas situações 

e com diferentes abordagens, com a finalidade de se determinar os mecanismos pelos quais essa 

intervenção aumenta os seus dois tipos de tempo de vida. 
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Objetivo 

 

 O objetivo central deste trabalho foi a pesquisa dos mecanismos pelos quais a restrição 

calórica aumenta o tempo de vida de S. cerevisiae, bem como os demais fenótipos por ela 

promovidos, através (i) da determinação da importância do metabolismo de nicotinamida adenina 

dinucleotídeo no tempo de vida cronológico e no estado de óxido-redução celular (Seção 1); (ii) do 

estudo do impacto de diferentes inativações gênicas no tempo de vida cronológico com o objetivo 

de reconhecer os fatores essenciais para a responsividade de S. cerevisiae à restrição calórica, bem 

como a determinação da viabilidade do uso de Kluyveromyces lactis como modelo alternativo para 

estudos da influência desta intervenção no envelhecimento de levedura (Seção 2); (iii) da 

determinação da influência da restrição calórica e do genoma mitocondrial em parâmetros 

fisiológicos relacionados ao metabolismo energético de S. cerevisiae (Seção 3); e (iv) da 

investigação do impacto da restrição calórica na liberação de espécies reativas de oxigênio e no 

estado de óxido-redução celular ao longo do envelhecimento cronológico dessa levedura (Seção 4). 
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Seção 1 – Importância do metabolismo de nicotinamida adenina dinucleotídeo no tempo de vida 

cronológico e no estado de óxido-redução celular de Saccharomyces cerevisiae: dihidrolipoil 

desidrogenase como fonte de espécies reativas de oxigênio 
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1.1. Metabolismo de nicotinamida adenina dinucleotídeo e tempo de vida em S. cerevisiae 

 

Os estudos de longevidade de S. cerevisiae situados no período compreendido entre o início 

da década de 1990 e meados da seguinte apresentaram como principal foco a intensiva busca e a 

análise fenotípica de diversos genes potencialmente envolvidos na determinação do tempo de vida 

replicativo dessa levedura (D’Mello et al., 1994; Sun et al., 1994; Kennedy et al., 1995; Jazwinski, 

1996; Kennedy e Guarente, 1996; Sinclair et al., 1997; Sinclair e Guarente, 1997; Kim et al., 1999; 

Kaeberlein et al., 1999; Jiang et al., 2000; Lin et al., 2000; Jazwinski, 2001; Saffi et al., 2001; 

Hoopes et al., 2002; Chen et al., 2003; Kaeberlein et al., 2005a e 2005b). Embora o seu papel no 

envelhecimento tenha sido recentemente questionado (Kaeberlein e Powers, 2007), à época 

particular destaque foi dado ao gene SIR2 uma vez que (i) a sua inativação diminui marcadamente 

a duração do tempo de vida replicativo de S. cerevisiae (Kim et al., 1999), e que (ii) a sua presença 

é necessária para o aumento desse mesmo tipo de tempo de vida quando essa levedura é cultivada 

em condições de restrição calórica (Lin et al., 2000; Lin et al., 2002; Blander e Guarente, 2004; 

Guarente e Picard, 2005). 

SIR2 codifica a proteína Sir2p, uma desacetilase de histonas dependente da nicotinamida 

adenina dinucleotídeo oxidada (NAD+), altamente conservada ao longo da escala filogenética, 

envolvida no silenciamento telomérico e do DNA ribossômico (Gottlieb e Esposito, 1989; 

Gottschling et al., 1990; Brachmann et al., 1995; Bryk et al., 1997; Smith e Boeke, 1997; Landry et 

al., 2000). De fato, uma diminuição da quantidade intracelular de NAD+ decorrente da inativação 

do gene NPT1 em S. cerevisiae previne o aumento do tempo de vida replicativo promovido pela 

restrição calórica (Lin et al., 2000). A enzima fosforibosil nicotinato transferase (Npt1p), codificada 

pelo gene NPT1, é responsável pela última etapa da via sintética de recuperação de NAD+, i.e., a 

conversão de nicotinato a ribonucleotídeo nicotinato – o intermediário para o qual convergem esta 

via e a via sintética de novo de NAD+ em S. cerevisiae (Panozzo et al., 2002). 

 

1.2. Tempo de vida cronológico de S. cerevisiae npt1 e bna6 

 

Uma vez que o tempo de vida replicativo e o tempo de vida cronológico em S. cerevisiae têm 

suas durações determinadas por mecanismos distintos – embora haja certa sobreposição entre eles 

(Fabrizio et al., 2001; Barros et al., 2004; Barea e Bonato, 2009) – decidimos determinar a 

viabilidade celular do mutante npt1 na 16ª h, e no 7º, 14º, 21º e 28º dia de cultivo com o objetivo 

de verificar se a inativação do gene NPT1 também suprime o aumento do tempo de vida 

cronológico mediado pela restrição calórica. Também objeto de estudo foi o mutante bna6, que 

não apresenta atividade de quinolato fosforibosil transferase (Bna6p), enzima que é responsável 

pela produção de ribonucleotídeo nicotinato na via sintética de novo de NAD+ a partir de ácido 

quinolínico (Panozzo et al., 2002). Diferentemente da ausência de atividade da Npt1p, a inativação 



 20 

de BNA6 não impede o aumento do tempo de vida replicativo promovido pela restrição calórica em 

S. cerevisiae (Lin et al., 2000). 

 

 

Figura 1.1. Tempo de vida cronológico de S. cerevisiae WT, npt1 e bna6. A determinação das viabilidades celulares de S. 

cerevisiae WT (Painel A), npt1 (Painel B) e bna6 (Painel C) na 16ª h, e no 7º, 14º, 21º e 28º dia de cultivo foi realizada 

conforme descrição em Materiais e Métodos (Item 4). *p < 0,05 vs. 2,0% (teste t de Student não-pareado). 

 

Observamos que, diferentemente do que acontece em relação ao tempo de vida replicativo 

(Lin et al., 2000), a ausência de Npt1p não suprime o aumento do tempo de vida cronológico 

mediado pela restrição calórica em S. cerevisiae (Figura 1.1, Painel B). Essa observação é mais uma 

evidência que corrobora a existência de mecanismos de regulação distintos na determinação dos 

dois tempos de vida dessa levedura. Além disso, verificamos que a inativação do gene BNA6 

também não possui influência sobre a resposta de S. cerevisiae à restrição calórica, uma vez que 

essa intervenção também promove o aumento da viabilidade celular do mutante bna6 em todos 

os dias de cultivo investigados (Figura 1.1, Painel C). 

 

Tabela 1.1. Valores da viabilidade celular de S. cerevisiae WT, npt1 e bna6 cultivadas em condição controle. Os valores 

abaixo estão expressos em média do número de colônias ± erro médio. Para determinação do valor de p foi utilizado one-

way ANOVA seguido do pós-teste de Bonferroni, no qual todas as médias foram comparadas entre si. 

 WT 2,0% npt12,0% bna62,0% p < 0,05 

16ª h 78,71 ± 4,85 58,67 ± 10,13 76,42 ± 4,05 - 

7º dia 49,42 ± 2,06 49,29 ± 4,77 48,93 ± 2,75 - 

14º dia 42,36 ± 2,54 41,57 ± 3,24 44,53 ± 2,33 - 

21º dia 29,11 ± 3,64 29,58 ± 2,81 42,33 ± 1,23 bna6 vs. WT 

28º dia 22,99 ± 3,18 24,58 ± 2,69 28,42 ± 4,56 - 

 

 Os dados de viabilidade celular obtidos ao longo do tempo de cultivo também nos permitiu 

verificar qual o impacto da ausência da Npt1p e da Bna6p na duração do tempo de vida cronológico 

em S. cerevisiae. Notamos que os dois defeitos metabólicos específicos na via de recuperação e na 

via de novo de síntese de NAD+ não diminuem a viabilidade cronológica dos dois mutantes em 
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relação à célula selvagem em condição controle de cultivo; há, inclusive, um aumento significativo 

da viabilidade celular do mutante bna6 no 21º dia de cultivo em comparação à S. cerevisiae WT 

(Tabela 1.1). 

 

Tabela 1.2. Valores da viabilidade celular de S. cerevisiae WT, npt1 e bna6 cultivadas em restrição calórica. Os valores 

abaixo estão expressos em média do número de colônias ± erro médio. Para determinação do valor de p foi utilizado one-

way ANOVA seguido do pós-teste de Bonferroni, no qual todas as médias foram comparadas entre si. 

 WT 0,5% npt10,5% bna60,5% p < 0,05 

16ª h 102,70 ± 5,61 82,53 ± 11,45 91,87 ± 4,20 - 

7º dia 74,56 ± 1,91 80,37 ± 4,83 72,18 ± 7,23 - 

14º dia 73,00 ± 3,28 68,20 ± 6,48 70,39 ± 4,50 - 

21º dia 67,89 ± 7,64 56,58 ± 3,01 68,78 ± 4,27 - 

28º dia 60,02 ± 2,37 60,02 ± 9,15 63,67 ± 2,66 - 

 

Observamos também que o tempo de vida cronológico de ambos os mutantes cultivados em 

restrição calórica é igual àquele observado na célula selvagem, demonstrando que as inativações de 

NPT1 e de BNA6 também não interferem na amplitude do aumento do tempo de vida cronológico 

de S. cerevisiae (Tabela 1.2). 

 

1.3. Consumo de oxigênio e liberação de peróxido de hidrogênio induzidos por substratos exógenos 

em S. cerevisiae npt1 e bna6 

 

 Interrupções específicas na via de síntese de novo e na de recuperação de NAD+ (i) não 

suprimiram o aumento do tempo de vida cronológico desses mutantes em resposta à restrição 

calórica (Figura 1.1) e (ii) tampouco alteraram significativamente os valores de viabilidade celular 

dos mutantes npt1 e bna6 em relação à célula selvagem (Tabelas 1.1 e 1.2). Entretanto, NAD+ é 

um cofator cujo papel é essencial para reações de óxido-redução celulares e para o metabolismo 

energético. Assim, esperaríamos que S. cerevisiae com inativações em NPT1 e BNA6, apresentasse, 

ao menos, alguns fenótipos distintos daqueles exibidos pela célula selvagem. Portanto, levando em 

consideração o papel final que NAD+ possui no metabolismo energético – i.e., atuar como molécula 

doadora de elétrons para a cadeia de transporte de elétrons mitocondrial – investigamos o 

consumo de oxigênio induzido por malato 1 mM, glutamato 1 mM e etanol 2% em esferoplastos de 

S. cerevisiae WT, npt1 e bna6 permeabilizados com uma quantidade adequada de digitonina – 

para garantir a preservação da integridade da membrana mitocondrial (Item 7 em Materiais e 

Métodos)– após 16 h e 64 h de cultivo, para a obtenção desses valores em duas fases de 

crescimento distintas (Figura 3.2, Painel A; Tabela 2). 
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Observamos então que os mutantes npt1 e bna6 exibiram um menor consumo de 

oxigênio induzido por substratos exógenos do que aquele apresentado pela célula selvagem na fase 

logarítmica tardia de crescimento – i.e., na 16ª h de crescimento, em nossas condições de cultivo 

(Figura 3.2) – tanto em condição controle como em restrição calórica (Figura 1.2, Painel A). Porém, 

surpreendentemente, a restrição calórica foi capaz de elevar o consumo de oxigênio induzido por 

substratos exógenos em ambos os mutantes quando comparado àquele da condição controle 

(Figura 1.2, Painel A) e, também, de aumentar esse parâmetro a níveis comparáveis aos da célula 

selvagem na fase estacionária de crescimento, i.e., após 64 h de cultivo (Figura 1.2, Painel B). 

Entretanto, nessa mesma fase, o consumo de oxigênio induzido por substratos exógenos dos 

mutantes npt1e bna6 cultivados em condição controle foi significativamente menor do que a da 

célula selvagem (Figura 1.2, Painel B). A diminuição da concentração inicial de glicose nos meios de 

cultura caloricamente restritos e a conseqüente modificação no padrão de expressão dos genes 

respiratórios em S. cerevisiae devido à mitigação do fenômeno da repressão por glicose (Rolland et 

al., 2002; Item 2.9) explicam essa marcante diferença no consumo de oxigênio induzido por 

substratos exógenos existente entre a fase logarítma tardia e a fase estacionária de crescimento dos 

mutantes npt1 e bna6 cutivados sob condição controle e restrição calórica. 

 

 

Figura 1.2. Consumo de oxigênio induzido por substratos exógenos em S. cerevisiae WT, npt1 e bna6. A determinação do 

consumo de oxigênio em esferoplastos (800 g/mL) de S. cerevisiae WT, npt1 e bna6  induzido por malato 1 mM, 

glutamato 1 mM e etanol 2% na fase logarítmica tardia (16 h de cultivo; Painel A) e estacionária de crescimento (64 h de 

cultivo; Painel B) foi realizada segundo descrição em Materiais e Métodos (Item 8). Uma quantidade de digitonina que variou 

entre 0,004% e 0,006% foi utilizada para proporcionar o aumento da permeabilidade dos esferoplastos aos substratos 

exógenos. Painel A: *p < 0,05 vs. WT 2,0% e #p < 0,05 vs. WT 0,5% (one-way ANOVA/Bonferroni); +p < 0,05 vs. 2,0% (teste t de 

Student não-pareado). B: *p < 0,05 vs. WT 2,0% (one-way ANOVA/Bonferroni); #p < 0,05 vs. WT 2,0% (teste t de Student não-

pareado). 

 

Uma vez que nosso grupo havia previamente demonstrado a existência de uma correlação 

negativa entre o consumo de oxigênio e a geração mitocondrial de espécies reativas de oxigênio 

induzida por substratos exógenos em S. cerevisiae (Barros et al., 2004), a verificação de alterações 

nos valores do consumo de oxigênio induzido por substratos exógenos nos mutantes npt1 e bna6 

sugeriu a existência de diferenças quanto à taxa geração de oxidantes por esses mutantes em 

relação à célula selvagem. Desta forma, determinamos a liberação de peróxido de hidrogênio 
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induzida por malato 1 mM, glutamato 1 mM e etanol 2% em esferoplastos de S. cerevisiae WT, 

npt1 e bna6 também permeabilizados com uma quantidade adequada de digitonina. 

 

 

Figura 1.3. Liberação de peróxido de hidrogênio induzida por substratos exógenos em S. cerevisiae WT, npt1 e bna6. A 

determinação da liberação de peróxido de hidrogênio em esferoplastos (100 g/mL) de S. cerevisiae WT, npt1 e bna6 

induzida por malato 1 mM, glutamato 1 mM e etanol 2% na fase logarítmica tardia (16 h de cultivo; Painel A) e estacionária 

de crescimento (64 h de cultivo; Painel B) foi realizada segundo descrição em Materiais e Métodos (Item 9) . Uma quantidade 

de digitonina que variou entre 0,002% e 0,003% foi utilizada para proporcionar o aumento da permeabilidade dos 

esferoplastos à peroxidase de raiz forte – necessária para a oxidação da sonda fluorescente Amplex Red pelo peróxido de 

hidrogênio – e aos substratos exógenos. Painel A: *p < 0,05 vs. WT 2,0% e #p < 0,05 vs. WT 0,5% (one-way 

ANOVA/Bonferroni); +p < 0,05 vs. npt1 2,0% (teste t de Student não-pareado). Painel B: *p < 0,05 vs. 2,0% (teste t de Student 

não-pareado). 

 

Podemos observar que a liberação de peróxido de hidrogênio induzida por substratos 

exógenos em S. cerevisiae npt1 e bna6 é significativamente maior do que a observada na célula 

selvagem na fase logarítmica tardia de crescimento (Figura 1.3, Painel A), mas não na fase 

estacionária (Figura 1.3, Painel B). Além disso, quando em restrição calórica e na fase logarítmica 

tardia de crescimento, a ausência da Npt1p não promove um aumento da liberação de peróxido de 

hidrogênio induzida por substratos exógenos em S. cerevisiae, ao contrário do que é observado no 

mutante bna6 (Figura 1.3, Painel A). 

Finalmente, na fase estacionária de crescimento, a restrição calórica diminui 

significativamente a liberação de peróxido de hidrogênio induzida por substratos exógenos nos 

mutantes npt1 e bna6, assim como na célula selvagem (Figura 1.3, Painel B). Em conjunto, esses 

resultados demonstram que a inativação de NPT1 e BNA6 alteram, paralelamente, o consumo de 

oxigênio e a liberação de peróxido de hidrogênio induzidos por substratos exógenos em S. 

cerevisiae. 

 

1.4. Estado de óxido-redução da glutationa em S. cerevisiae npt1 e bna6 

 

 A glutationa – ou -glutamilcisteinilglicina – é um tripeptídeo envolvido em uma série de 

processos celulares tais como (i) a manutenção da comunicação celular de metazoários através de 
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gap junctions (Barhoumi et al., 1993); (ii) o metabolismo de ascorbato – na conversão de 

dehidroascorbato a ascorbato, seja atuando como substrato da dehidroascorbato redutase, seja 

reagindo com o dehidroascorbato sem mediação enzimática (Foyer e Mullineaux, 1998); e (iii) a 

prevenção da oxidação de grupos tiólicos e a conseqüente ligação cruzada entre resíduos de 

aminoácidos (Pompella et al., 2003). Uma vez que a glutationa é substato das glutationa 

peroxidases e das glutationa-S-transferases celulares, além de ser capaz de conjugar-se não-

enzimaticamente com moléculas reativas, a sua atividade antioxidante é considerada de grande 

importância para a prevenção da oxidação descompensada de componentes celulares (Grant, 2001; 

Pompella et al., 2003). Além disso, a razão entre a quantidade de glutationa oxidada (GSSG) e 

reduzida (GSH) é aceita como uma medida confiável do estado de óxido-redução celular – 

conceito que deve ser entendido como o quão deslocado para a geração de oxidantes ou para a 

detoxificação destes está o steady-state celular. Em outras palavras, uma razão aumentada entre 

GSSG e GSH indica a existência de um balanço deslocado à maior geração e/ou menor 

detoxificação de oxidantes celulares. Assim, determinando as quantidades celulares de GSSG, GSH 

e glutationa total (GSSG + GSH) nos mutantes npt1 e bna6, pudemos verificar se os estados 

fisiológicos de óxido-redução celular desses dois mutantes de S. cerevisiae estavam em 

concordância com aqueles sugeridos pela liberação de peróxido de hidrogênio induzida por 

substratos exógenos (Figura 1.3). 

 

 

Figura 1.4. Estado de óxido-redução da glutationa em S. cerevisiae WT, npt1 e bna6. As concentrações intracelulares de 

glutationa total (Painel A), oxidada (Painel B) e a razão entre GSSG e GSH (Painel C) na fase estacionária tardia de 

crescimento (86 h de cultivo) foram determinadas conforme descrição em Materiais e Métodos (Item 10) . Painel A: *p < 0,05 

vs. WT 2,0% (one-way ANOVA/Bonferroni). Painel B: *p < 0,05 vs. WT 2,0% (one-way ANOVA/Bonferroni); #p < 0,05 vs. 2,0% 

(teste t de Student não-pareado). Painel C: *p < 0,05 vs. 2,0% (teste t de Student não-pareado). 

 

Verificamos que a quantidade de GSSG na célula selvagem e no mutante npt1 (Figura 1.4, 

Painel B), assim como a razão entre GSSG e GSH em S. cerevisiae WT, npt1 e bna6 (Figura 1.4, 

Painel C), são significativamente menores quando em restrição calórica. De fato, S. cerevisiae 

caloricamente restrita exibe uma menor liberação de peróxido de hidrogênio induzida por 

substratos exógenos em fase estacionária quando comparada à condição controle (Figura 1.3, 

Painel B). Além disso, tanto as quantidades de glutationa total como as de GSSG nos mutantes 
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npt1 e bna6 são significativamente maiores em relação à célula selvagem (Figura 1.4, Painéis A e 

B). É interessante considerar que a síntese de glutationa é induzida em condições de estresse 

oxidativo em S. cerevisiae (Grant, 2001). Desta forma, podemos afirmar que os estados de óxido-

redução celulares aqui verificados estão em concordância com aqueles previamente indicados pela 

determinação da liberação de peróxido de hidrogênio induzida por substratos exógenos, uma vez 

que os mutantes npt1 e bna6 possuem uma aumentada liberação de peróxido de hidrogênio 

induzida por substratos exógenos na fase logarítmica tardia de crescimento em relação à célula 

selvagem (Figura 1.3). 

 

1.5. Consumo de oxigênio e liberação de peróxido de hidrogênio induzidos por substratos exógenos 

em S. cerevisiae npt1lpd1 e bna6lpd1 

 

 Desde que Jensen, há quase 50 anos, reportou que peróxido de hidrogênio poderia ser 

formado a partir de preparações mitocondriais (Jensen, 1966), o conhecimento concernente sobre 

os mecanismos de geração de espécies reativas de oxigênio celulares, bem como a sua química e o 

seu papel na fisiologia e fisiopatologia, tem sido largamente ampliado (Davies, 1995; Beckamn e 

Ames, 1998; Harman, 2001; Golden, 2002; Sohal, 2002; Turrens, 2003; Balaban et al., 2005; 

Miller et al., 2006; Kowaltowski et al., 2009). 

 Embora as espécies reativas de oxigênio sejam geradas em diversos compartimentos e 

enzimas celulares – tais como pelas oxidases presentes nos peroxissomos (Schrader e Fahimi, 

2006); as NADPH oxidases localizadas na membrana plasmática (Lambeth, 2004); e pelas 

ciclooxigenases citosólicas (Pathak et al., 2006) – a vasta maioria de seu total (aproximadamente 

90%) possui origem na cadeia de transporte de elétrons mitocondrial (Balaban et al., 2005).  

 Apesar de os resultados de consumo de oxigênio induzido por substratos exógenos (Figura 

1.2) estarem coerentemente alinhados com a liberação de peróxido de hidrogênio induzida por 

substratos exógenos nos mutantes npt1 e bna6 (Figura 1.3) – considerando a correlação negativa 

existente entre o consumo de oxigênio e a geração de espécies reativas de oxigênio em S. cerevisiae 

(Barros et al., 2004) – os defeitos metabólicos em vias de síntese de NAD+ faz com que estes dois 

mutantes possuam uma diminuída quantidade de NADH celular – a espécie responsável pela 

entrega dos elétrons à cadeia de transporte de elétrons mitocondrial. De fato, tanto na fase 

logarítmica tardia de crescimento, quanto na estacionária, o consumo de oxigênio induzido por 

substratos exógenos desses dois mutantes é menor do que o apresentado pela célula selvagem 

(Figura 1.2), evidenciando o menor aporte de elétrons à cadeia de transporte de elétrons em S. 

cerevisiae npt1 e bna6 quando em uma condição de excesso de substratos exógenos. Dessa 

forma, o aumento da liberação de peróxido de hidrogênio induzida por substratos exógenos em 

ambos os mutantes somente poderia ser explicado em termos mecanísticos desde que existisse em 
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S. cerevisiae, além da cadeia de transporte de elétrons, outra fonte mitocondrial de espécies 

reativas de oxigênio. 

 Interessantemente, em 2004, foram publicados dois trabalhos demonstrando que a 

flavoenzima dihidrolipoil desidrogenase, um dos componentes do sistema enzimático glicina 

descarboxilase (Douce et al., 2001) e dos complexos piruvato desidrogenase e -cetoglutarato 

desidrogenase (Roy e Dawes, 1987; Pronk et al., 1996) – todos localizados na matriz mitocondrial – 

é, em mamíferos, uma fonte mitocondrial de espécies reativas de oxigênio em um cenário em que 

há baixa disponibilidade de NAD+ celular (Tretter e Adam-Vizi, 2004; Starkov et al., 2004). Para 

então investigarmos se a dihidrolipoil desidrogenase de S. cerevisiae (Lpd1p) era também uma 

importante fonte de espécies reativas de oxigênio em nos mutantes npt1Δ e bna6Δ, determinamos 

o consumo de oxigênio e a liberação de peróxido de hidrogênio induzidos por substratos exógenos 

em ambos os mutantes com a adicional inativação de LPD1, o gene responsável pela codificação da 

Lpd1p em S. cerevisiae (Roy e Dawes, 1987). Os mutantes npt1lpd1 e bna6lpd1 foram obtidos 

segundo descrição em Materiais e Métodos (Item 11). 

 

 

Figura 1.5. Consumo de oxigênio e liberação de peróxido de hidrogênio induzidos por substratos exógenos em S. cerevisiae 

WT, npt1lpd1D e bna6lpd1D. A determinação do consumo de oxigênio em esferoplastos de S. cerevisiae WT, npt1lpd1 e 

bna6lpd1 (800 g/mL) induzido por malato 1 mM, glutamato 1 mM e etanol 2% na fase logarítmica tardia (16 h de cultivo; 

Painel A) e a determinação da liberação de peróxido de hidrogênio em esferoplastos de S. cerevisiae WT, npt1lpd1 e 

bna6lpd1 (100 g/mL) induzido por malato 1 mM, glutamato 1 mM e etanol 2% na fase logarítmica tardia (16 h de cultivo; 

Painel B) foi realizada segundo descrição em Materiais e Métodos (Itens 8 e 9). Uma quantidade de digitonina que variou 

entre 0,004% e 0,006% (Painel A) e 0,002% e 0,003% (Painel B) foi utilizada para proporcionar o aumento da permeabilidade 

dos esferoplastos aos substratos exógenos e, além desses, à peroxidase de raiz forte (Painel B). Os resultados do consumo de 

oxigênio e da liberação de peróxido de hidrogênio induzidos por substratos exógenos dos mutantes npt1 e bna6 já haviam 

sido apresentados na Figuras 1.2 e 1.3, respectivamente, mas o estão sendo aqui novamente para o bem da clareza. Painel A: 

*p < 0,05 vs. bna6 (one-way ANOVA/Bonferroni) e #p < 0,05 vs. lpd1 2,0% (teste t de Student não-pareado). Painel B: *p < 

0,05 vs. npt1 e #p < 0,05 vs. bna6(one-way ANOVA/Bonferroni). 

 

Observamos que não há diferença entre o consumo de oxigênio induzido por substratos 

exógenos entre os mutantes npt1 e npt1lpd1 caloricamente restritos; entretanto, o mutante 

bna6lpd1 apresenta uma diminuição significativa no consumo de oxigênio induzido por 
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substratos exógenos em relação ao mutante bna6 em condições de restrição calórica, mas não em 

relação ao mutante lpd1 em nenhuma condição de cultivo (Figura 1.5, Painel A). 

 Além disso – e sobretudo – verificamos que a inativação do gene LPD1 nos mutantes npt1 

e bna6 é capaz de diminuir significativamente a liberação de peróxido de hidrogênio induzida por 

substratos exógenos em S. cerevisiae em relação aos mutantes npt1 e bna6 quando em condição 

controle (Figura 1.5, Painel B), mesmo a despeito de seu baixo consumo de oxigênio induzido por 

substratos exógenos (Figura 1.5, Painel A). Em outras palavras, a correlação negativa existente 

entre a respiração e a liberação de oxidantes em S. cerevisiae não é válida para os duplos mutantes 

em questão, os quais possuem, em comum, a inativação de LPD1. Desta forma, observando que 

alelo nulo lpd1 é epistático sobre os alelos nulos npt1 e bna6, demonstramos que a Lpd1p é uma 

importante fonte de espécies reativas em S. cerevisiae. 

 

1.6. Conclusões 

 

 Podemos concluir, portanto, que as inativações de NPT1 e BNA6 não suprimem o aumento 

do tempo de vida cronológico devido à restrição calórica em S. cerevisiae; elas diminuem 

significativamente, porém, o consumo de oxigênio induzido por substratos exógenos dessa 

levedura, aumentando tanto a liberação de peróxido de hidrogênio como as quantidades de 

glutationa total e GSSG celulares. Os aumentos da liberação de oxidantes e da oxidação de GSH são 

revertidos pela restrição calórica. Finalmente, em condição controle de cultivo, a inativação do 

gene LPD1 nos mutantes npt1 e bna6 promove a diminuição da liberação de peróxido de 

hidrogênio induzida por substratos exógenos em S. cerevisiae, provando ser a Lpd1p uma 

importante fonte de espécies reativas de oxigênio nessa levedura, em uma maneira sensível à 

restrição calórica. 
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Seção 2 – Aptidão respiratória e atividade de enzimas do metabolismo aeróbico como moduladores do 

tempo de vida cronológico, da responsividade à restrição calórica e da estabilidade do DNA 

mitocondrial de Saccharomyces cerevisiae 
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2.1. Aptidão respiratória e tempo de vida cronológico em S. cerevisiae 

 

 Uma característica da cultura em batelada – utilizada para a realização dos estudos de 

envelhecimento – é disponibilidade finita de substratos. Tanto em condição controle de cultivo 

como em restrição calórica, a glicose disponível é totalmente consumida em, no máximo, 24 h de 

cultivo (Figura 3.4, Painel A), enquanto S. cerevisiae permanece viável em fase estacionária de 

crescimento ao longo de várias semanas (Sinclair et al., 1998;. Reverter-Branchat et al., 2004; 

Fabrizio e Longo, 2003; Figura 1.1, Painel A). Após o esgotamento da glicose, os substratos 

restantes (i) ou estavam presentes no início do cultivo – como por exemplo os aminoácidos – (ii) 

ou foram formados durante o metabolismo de glicose – como por exemplo o etanol, o ácido acético 

e o glicerol – e somente podem ser metabolizados aerobicamente (MacLean et al., 2001; Frick e 

Wittmann, 2005). Portanto, a aptidão respiratória é uma exigência necessária para a manutenção 

da viabilidade de S. cerevisiae durante a fase estacionária (MacLean et al., 2001; Fabrizio e Longo 

2003; Samokhvalov et al., 2004). De fato, durante o final da fase de crescimento suportada por 

uma fonte de carbono fermantável e o início da fase de crescimento suportada por substratos 

respiratórios, S. cerevisiae tem a expressão de enzimas do ciclo dos ácidos tricarboxílicos e dos 

componentes da cadeia de transporte de elétrons mitocondrial drasticamente alterada (DeRisi et 

al., 1997). Os genes relacionados ao metabolismo aeróbico são desreprimidos à medida que a 

glicose é consumida, fazendo com que, durante a fase estacionária de crescimento, o metabolismo 

aeróbico seja predominante (MacLean et al., 2001; Fabrizio Longo e 2003; Samokhvalov et al., 

2004). 

 

2.2. Tempo de vida cronológico de S. cerevisiae lpd1, npt1lpd1 e bna6lpd1 

 

 Como já discutido anteriormente, a Lpd1p é componente do sistema enzimático glicina 

descarboxilase e também dos complexos enzimáticos piruvato desidrogenase e -cetoglutarato 

desidrogenase. Ela é responsável pela conversão de dihidrolipoato a lipoato em uma reação que 

envolve a transferência de elétrons do substrato à sua flavina adenina dinucleotídeo, e desta para o 

NAD+, gerando NADH. 

 A inativação de LPD1, portanto, promove a interrupção da conversão de glicina em serina 

(Sinclair e Dawes, 1995); de piruvato a acetil-CoA e de -cetoglutarato a succinil-CoA (Pronk et al., 

1996). Essas duas últimas reações são de grande importância para o metabolismo energético 

aeróbico já que (i) a primeira fornece o substrato que se condensa com o oxaloacetato, formando 

citrato – o primeiro intermediário do ciclo dos ácidos tricarboxílicos – e que (ii) a segunda é parte 

integrante dessa via. 
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 Decidimos então determinar o tempo de vida cronológico dos mutantes lpd1, bem como 

dos mutantes npt1lpd1 e bna6lpd1, com o objetivo de investigarmos o impacto das inativações 

de NPT1 e BNA6 no mutante lpd1 na duração do tempo de vida cronológico e na responsividade 

de S. cerevisiae à restrição calórica. 

 

 

Figura 2.1. Tempo de vida cronológico de S. cerevisiae lpd1, npt1lpd1 e bna6lpd1. A determinação das viabilidades 

celulares de S. cerevisiae lpd1 (Painel A), npt1lpd1 (Painel B) e npt1lpd1 (Painel C ) na 16ª h, e no 7º, 14º, 21º e 28º dia 

de cultivo foi realizada conforme descrição em Materiais e Métodos (Item 4). *p < 0,05 vs. 2,0% (teste t de Student não-

pareado). 

 

Tabela 2.1. Valores da viabilidade celular de S. cerevisiae lpd1, npt1lpd1 e bna6lpd1 cultivadas em condição controle. 

Os valores abaixo estão expressos em média do número de colônias ± erro médio. Para determinação do valor de p foi 

utilizado one-way ANOVA seguido do pós-teste de Bonferroni, no qual todas as médias foram comparadas entre si. Os 

valores da viabilidade celular de S. cerevisiae WT cultivada em condição controle já haviam sido apresentados na Tabela 1.1, 

e o são aqui novamente para o bem da clareza. 

 WT 2,0% lpd1 2,0% npt1lpd1 2,0% bna6lpd1 2,0% p < 0,05 

16ª h 78,71 ± 4,85 84,60 ± 3,17 44,61 ± 4,21 83,33 ± 5,54 npt1lpd1 vs. WT, lpd1 

e bna6lpd1

7º dia 49,42 ± 2,06 49,42 ± 1,93 30,76 ± 4,97 39,61 ± 2,30 npt1lpd1 vs. WT 

14º dia 42,36 ± 2,54 7,88 ± 2,65 15,38 ± 2,53 9,77 ± 2,77 WT vs. lpd1, npt1lpd1 

e bna6lpd1

21º dia 32,07 ± 2,61 0,16 ± 0,16 7,4 ± 1,46 0,25 ± 0,15 WT vs. lpd1, npt1lpd1 

e bna6lpd1

28º dia 22,99 ± 3,18 0,00 ± 0,00 4,46 ± 2,03 0,16 ± 0,16 WT vs. lpd1, npt1lpd1 

e bna6lpd1

 

Observamos que os mutantes lpd1 e bna6lpd1, apesar de apresentarem uma menor 

viabilidade celular a partir do 14º dia de cultivo em relação à célula selvagem, tanto em condição 

controle de cultivo como em restrição calórica (Tabela 2.1), ainda foram capazes de responder à 

restrição calórica com o aumento do tempo de vida cronológico (Figura 2.1, Painéis A e C). Em 

todos os dias estudados, nas duas condições de cultivo, os mutantes lpd1 e bna6lpd1 não 

exibiram diferenças em suas viabilidades, demonstrando que a inativação de BNA6 no mutante 

lpd1 não possui efeito adicional neste fenótipo (Tabelas 2.1 e 2.2). Por outro lado, a inativação de 

NPT1 no mutante lpd1 provou possuir maior impacto no tempo de vida cronológico de S. 

cerevisiae dado que, (i) em condição controle de cultivo, na 16ª h existe uma diferença significativa 
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na viabilidade celular entre os mutantes lpd1 e npt1lpd1 (Tabela 2.1) e que (ii) em restrição 

calórica, essa diferença existe tanto na 16ª h como no 7º dia de cultivo (Tabela 2.2). Além disso, o 

mutante npt1lpd1, em todos os dias estudados e em ambas condições de cultivo, exibiu uma 

viabilidade celular diminuída em relação à célula selvagem (Tabelas 2.1 e 2.2). 

 

Tabela 2.2. Valores da viabilidade celular de S. cerevisiae lpd1, npt1lpd1 e bna6lpd1 cultivadas em restrição calórica. 

Os valores abaixo estão expressos em média do número de colônias ± erro médio. Para determinação do valor de p foi 

utilizado one-way ANOVA seguido do pós-teste de Bonferroni, no qual todas as médias foram comparadas entre si. Os 

valores da viabilidade celular de S. cerevisiae WT cultivada em restrição calórica já haviam sido apresentados na Tabela 1.2, e 

o são aqui novamente para o bem da clareza. 

 WT 0,5% lpd1 0,5% npt1lpd1 0,5% bna6lpd1 0,5% p < 0,05 

16ª h 102,70 ± 5,61 100,50 ± 4,78 24,25 ± 7,07 99,75 ± 7,17 npt1lpd1 vs. WT, lpd1 

e bna6lpd1

7º dia 74,56 ± 1,91 77,17 ± 4,55 24,69 ± 3,05 76,22 ± 6,56 npt1lpd1 vs. WT, lpd1 

e bna6lpd1

14º dia 73,00 ± 3,28 28,42 ± 3,42 21,10 ± 2,44 37,67 ± 5,11 WT vs. lpd1, npt1lpd1 e 

bna6lpd1; npt1lpd1 vs. 

bna6lpd1

21º dia 67,89 ± 7,64 8,16 ± 2,36 17,33 ± 4,22 13,75 ± 4,02 WT vs. lpd1, npt1lpd1 

e bna6lpd1

28º dia 60,02 ± 2,37 0,75 ± 0,75 8,00 ± 2,33 4,41 ± 2,57 WT vs. lpd1, npt1lpd1 

e bna6lpd1

 

Em conjunto, esses dados indicam que, apesar de a inativação de LPD1 na célula selvagem e 

nos mutantes npt1 e bna6 promover uma significativa diminuição do tempo de vida cronológico 

de S. cerevisiae, em dois desses cenários – a inativação de LPD1 na célula selvagem e no mutante 

bna6 – ainda é observado o aumento do tempo de vida cronológico devido à restrição calórica 

(Figura 2.1, Painéis A e C). No terceiro – a inativação de LPD1 no mutante npt1– é verificada a 

ineficácia da restrição calórica em aumentar o tempo de vida cronológico dessa levedura. 

 

2.3. Tempo de vida cronológico de S. cerevisiae aco1, kgd1e sdh1

 

 A verificação da responsividade dos mutantes lpd1 e bna6lpd1, assim como da 

irresponsividade do mutante npt1lpd1 à restrição calórica, indicou-nos que (i) a interrupção de 

da rota sintética de novo de NAD+ não foi capaz de abolir o aumento do tempo de vida cronológico 

de S. cerevisiae lpd1 em virtude da restrição calórica (Figura 2.1, Painéis A e C) e que (ii) somente 

um defeito na via sintética de recuperação de NAD+ associada à ausência da atividade de Lpd1p foi 

capaz de prevenir o aumento do tempo do tempo de vida cronológico mediado pela restrição 

calórica nessa levedura (Figura 2.1, Painel B). Desta forma, iniciamos a busca por outros mutantes 

de S. cerevisiae que, assim como o mutante npt1lpd1, também fossem irresponsivos à restrição 

calórica, já que a identificação de mutações que previnem fenótipos específicos da restrição calórica 

contribuiria sobremaneira com o entendimento de como esse regime de cultivo pode aumentar a 

longevidade dessa levedura. 
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 Ainda com o foco voltado para o ciclo dos ácidos tricarboxílicos, elegemos S. cerevisiae com 

inativações em ACO1, KGD1 e SDH1, os quais não exibem, nesta ordem, atividade de aconitase 1 

(Ganglof et al., 1990), de -cetoglutarato desidrogenase – assim como o mutante lpd1 – (Repetto 

e Tzagoloff, 1989) e de succinato desidrogenase (Chapman et al., 1992). 

 

 

Figura 2.2. Tempo de vida cronológico de S. cerevisiae aco1, kgd1 e sdh1. A determinação das viabilidades celulares de S. 

cerevisiae aco1, kgd1 e sdh1 na 16ª h, e no 7º, 14º, 21º e 28º dia de cultivo foi realizada conforme descrição em Materiais 

e Métodos (Item 4). *p < 0,05 vs. 2,0% (teste t de Student não-pareado). 

 

Tabela 2.3. Valores da viabilidade celular de S. cerevisiae aco1, kgd1 e sdh1 cultivadas em condição controle. Os valores 

abaixo estão expressos em média do número de colônias ± erro médio. Para determinação do valor de p foi utilizado one-

way ANOVA seguido do pós-teste de Bonferroni, no qual todas as médias foram comparadas entre si. Os valores da 

viabilidade celular de S. cerevisiae WT cultivada em restrição calórica já haviam sido apresentados na Tabela 1.1, e o são aqui 

novamente para o bem da clareza. 

 WT 2,0% aco1 2,0% kgd1 2,0% sdh1 2,0% p < 0,05 

16ª h 78,71 ± 4,85 48,00 ± 4,55 46,58 ± 1,66 64,11 ± 1,82 WT vs. aco1 e kgd1

7º dia 49,42 ± 2,06 42,17 ± 2,61 20,50 ± 2,23 21,67 ± 1,96 WT vs. aco1 e kgd1; 

aco1 vs. kgd1 e sdh1  

14º dia 42,36 ± 2,54 40,11 ± 2,89 5,75 ± 11,10 5,74 ± 4,68 WT vs. sdh1 e kgd1; 

aco1 vs. kgd1e sdh1

21º dia 32,07 ± 2,61 33,00 ± 5,67 0,00 ± 0,00 0,00 ± 0,00 WT vs. sdh1 e kgd1; 

aco1 vs. kgd1e sdh1

28º dia 22,99 ± 3,18 30,67 ± 4,66 0,00 ± 0,00 0,00 ± 0,00 WT vs. sdh1 e kgd1; 

aco1 vs. kgd1e sdh1

 

Podemos verificar que (i) o mutante aco1 apresentou uma viabilidade celular diminuída 

em relação à célula selvagem no 1º e no 7º dia de cultivo, porém não o fez a partir do 14º dia, em 

ambas as condições de cultivo; que (ii) a inativação de KGD1 diminuiu significativamente a 

viabilidade de S. cerevisiae em condição controle e em restrição calórica em todos os tempos 

estudados; e que (iii) o mutante sdh1 apresentou uma diminuição da viabilidade celular em 

relação à célula selvagem, em ambas as condições de cultivo, a partir do 7º dia, tempo em que 

também passa a exibir valores de viabilidade comparáveis ao mutante kgd1 quando em condição 

controle (Tabelas 2.3 e 2.4). 
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Tabela 2.4. Valores da viabilidade celular de S. cerevisiae aco1, kgd1 e sdh1 cultivadas em restrição calórica. Os valores 

abaixo estão expressos em média do número de colônias ± erro médio. Para determinação do valor de p foi utilizado one-

way ANOVA seguido do pós-teste de Bonferroni, no qual todas as médias foram comparadas entre si. Os valores da 

viabilidade celular de S. cerevisiae WT cultivada em condição controle já haviam sido apresentados na Tabela 1.2, e o são 

aqui novamente para o bem da clareza. 

 WT 0,5% aco1 0,5% kgd1 0,5% sdh1 0,5% p < 0,05 

16ª h 102,70 ± 5,61 67,09 ± 7,41 63,33 ± 4,86 99,33 ± 0,66 WT vs. aco1 e kgd1; 

sdh1 vs. aco1 e kgd1

7º dia 74,56 ± 1,91 63,50 ± 0,87 63,50 ± 3,38 50,67 ± 2,03 WT vs. aco1, kgd1 e sdh1; 

aco1 vs. kgd1 e sdh1; kgd1 

vs. sdh1

14º dia 73,00 ± 3,28 64,00 ± 2,72 20,33 ± 3,02 38,92 ± 2,28 WT vs. kgd1 e sdh1; aco1 

vs. kgd1 e sdh1; kgd1 vs. 

sdh1

21º dia 67,89 ± 7,64 61,84 ± 1,83 1,08 ± 0,67 38,54 ± 1,67 sdh1 vs. WT e kgd1

28º dia 60,02 ± 2,37 52,67 ± 0,33 0,00 ± 0,00 35,75 ± 2,06 WT vs. kgd1 e sdh1; aco1 

vs. kgd1 e sdh1; kgd1 vs. 

sdh1

 

Quanto à responsividade à restrição calórica, observamos que, os três mutantes do ciclo dos 

ácidos tricarboxílicos estudados apresentaram aumento da viabilidade celular quando cultivados 

em restrição calórica (Figura 2.2.). Esses achados indicam que as interrupções pontuais 

promovidas pela inativação de ACO1, KGD1 e SDH1 não impedem o aumento do tempo de vida 

cronológico de S. cerevisiae quando caloricamente restrita. 

 

2.4. Tempo de vida cronológico de S. cerevisiae 0 e abf2

 

Uma vez que os mutantes do ciclo dos ácidos tricarboxílicos aco1, kgd1 e sdh1 

mostraram-se responsivos à restrição calórica (Figura 2.2), decidimos investigar se a interrupção 

do metabolismo respiratório a jusante desta via metabólica impede o aumento do tempo de vida 

cronológico em S. cerevisiae promovido por esta condição de cultivo. Desta forma, decidimos 

estudar a responsividade à restrição calórica de mutantes de S. cerevisiae que apresentam 

deficiências em seu DNA mitocondrial.  

 Em S. cerevisiae, o DNA mitocondrial é responsável pela codificação das subunidades 1, 2 e 

3 da citocromo c oxidase, do apocitocromo b e das subunidades 6, 8 e 9 da ATP sintase (Foury et 

al., 1998). Desta forma, mutantes com ausência funcional do DNA mitocondrial per se ou com 

defeitos na manutenção de sua integridade e funcionalidade apresentam importantes deficiências 

no metabolismo aeróbico. Para isso, isolamos e caracterizamos um mutante 0 (Seção 2; Item 12 

em Materiais e Métodos), além de também termos escolhido outro, com inativação no gene ABF2, 

para ser objeto de estudo. O mutante abf2Δ não possui a proteína de ligação ars, um membro da 

família de proteínas mitocondriais de alta mobilidade, importante para a replicação, a 

recombinação e a estabilidade do DNA mitocondrial de S. cerevisiae (Diffley e Stillman, 1991 e 

1992), não sendo capaz de crescer em meio seletivo para respiração quando previamente cultivado 

em glucose (Zelenaya-Troitskaya et al., 1995). 
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Figura 2.3. Tempo de vida cronológico de S. cerevisiae 0 e abf2. A determinação das viabilidades celulares de S. cerevisae 0 

(Painel A) e abf2 (Painel B) na 16ª h, e no 7º, 14º, 21º e 28º dia de cultivo foi realizada conforme descrição em Materiais e 

Métodos (Item 4). 

 

Tabela 2.5. Valores da viabilidade celular de S. cerevisiae 0 e abf2 cultivadas em condição controle. Os valores abaixo estão 

expressos em média do número de colônias ± erro médio. Para determinação do valor de p foi utilizado one-way ANOVA 

seguido do pós-teste de Bonferroni, no qual todas as médias foram comparadas entre si. Os valores da viabilidade celular de 

S. cerevisiae WT cultivada em condição controle já haviam sido apresentados na Tabela 1.1, e o são aqui novamente para o 

bem da clareza. 

 WT 2,0% 
 2,0% abf2 2,0% p < 0,05 

16ª h 78,71 ± 4,85 87,74 ± 9,28 57,22 ± 6,284 - 

7º dia 49,42 ± 2,06 56,41 ± 8,79 24,11 ± 4,05 abf2 vs. WT e  

14º dia 42,36 ± 2,54 26,44 ± 4,81 10,78 ± 0,67 WT vs.  e abf2

21º dia 32,07 ± 2,61 16,15 ± 1,96 4,44 ± 1,17 WT vs.  e abf2; 

  vs. abf2

28º dia 22,99 ± 3,18 4,78 ± 2,19 2,22 ± 0,77 WT vs.  e abf2

 

Verificamos que a ausência de atividade do DNA mitocondrial, seja em um mutante sem o 

genoma mitocondrial per se – ρ0 – seja em um mutante com defeitos na manutenção de sua 

integridade e funcionalidade – abf2Δ – resulta em uma completa supressão da resposta de S. 

cerevisiae à restrição calórica (Figura 2.3). Esta observação demonstra que a interrupção do fluxo 

de elétrons pela cadeia de transporte de elétrons mitocondrial, e as conseqüências disso, tais como 

a perda da fosforilação oxidativa, do potencial de membrana mitocondrial e deficiências na 

importação de proteínas (Baker e Schatz, 1991; Stuart et al., 1994) abolem totalmente o aumento 

do tempo de vida cronológico promovido pela restrição calórica em S. cerevisiae. 

Podemos adicionalmente observar que o mutante abf2 também exibe uma viabilidade 

celular diminuída com relação àquela da linhagem parental em todos os dias de experimento 

(Tabela 2.5). Essa observação permite-nos concluir que a ausência da Abf2p, além de suprimir o 

aumento do tempo de vida cronológico das células cultivadas em restrição calórica, também limita 

o tempo de vida cronológico de S. cerevisiae quando esta é cultivada em condição controle. 

Interessantemente, já no 7º dia de cultivo os mutantes abf2 exibem uma viabilidade celular 

diminuída em relação à célula selvagem, o que só ocorre com o mutante 0 a partir do 14º dia de 
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cultivo (Tabela 2.5). Essa observação sugere que a Abf2p exerce outros papéis além daquele de 

garantir a replicação, a recombinação e a estabilidade do DNA mitocondrial na determinação do 

tempo de vida cronológico em S. cerevisiae. 

 

2.5. Tempo de vida cronológico de S. cerevisiae cyt1

 

 A adequada funcionalidade mitocondrial requer que haja uma concertada interação entre os 

genomas nuclear e mitocondrial (Linnane et al., 1972; Falkenberg et al., 2007). Uma vez que a 

ausência do DNA mitocondrial suprime o aumento do tempo de vida de S. cerevisiae mediado pela 

restrição calórica (Figura 2.3), decidimos investigar se a ausência de uma subunidade específica da 

cadeia de transporte de elétrons mitocondrial codificada pelo DNA nuclear poderia promover essa 

mesma irresponsividade. Desta forma, em ambas as condições de cultivo, determinamos o tempo 

de vida cronológico do mutante cyt1Δ, que não possui o citocromo c1, um componente do complexo 

ubiquinol-citocromo c redutase, o primeiro transportador de prótons da cadeia de transporte de 

elétrons em S. cerevisiae (Sidhu e Beattie, 1983). 

 

 

Figura 2.4. Tempo de vida cronológico de S. cerevisiae cyt1. A determinação da viabilidade celular de S. cerevisiae cyt1 na 

16ª h, e no 7º, 14º, 21º e 28º dia de cultivo foi realizada conforme descrição em Materiais e Métodos (Item 4). 

 

Embora Kaeberlein e colaboradores tenham demonstrado que a restrição calórica é capaz 

de aumentar o tempo de vida replicativo do mutante cyt1 (Kaeberlein et al., 2005), verificamos 

esse mesmo mutante não apresenta aumento do tempo de vida cronológico mediado pela restrição 

calórica (Figura 2.4), além de exibir uma viabilidade celular diminuída quando comparada à célula 

selvagem (Tabela 2.6). Essa observação indica que a inativação de um gene nuclear que codifica 

uma subunidade específica da cadeia de transporte de elétrons mitocondrial pode também 

promover a irresponsividade de S. cerevisiae à restrição calórica. Além disso – e sobretudo – esse 

achado, em conjunto com a ineficácia da restrição calórica em aumentar o tempo de vida nos 

mutantes 0 e abf2, suporta a idéia de que a integridade da cadeia de transporte de elétrons é 

essencial para a viabilidade em fase estacionária de crescimento e também para o aumento do 

tempo de vida cronológico mediado pela restrição calórica. 
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Tabela 2.6. Valores da viabilidade celular de S. cerevisiae cyt1 cultivada em condição controle. Os valores abaixo estão 

expressos em média ± erro médio. Para determinação do valor de p foi utilizado o teste t de Student não-pareado. Os valores 

da viabilidade celular de S. cerevisiae WT cultivada em condição controle já haviam sido apresentados na Tabela 1.1, e o 

estão sendo aqui novamente para o bem da clareza. 

 WT 2,0% cyt12,0% p < 0,05 

16ª h 78,71 ± 4,85 55,92 ± 9,57 não 

7º dia 49,42 ± 2,06 29,00 ± 2,67 sim 

14º dia 42,36 ± 2,54 16,33 ± 1,07 sim 

21º dia 32,07 ± 2,61 4,58 ± 0,41 sim 

28º dia 22,99 ± 3,18 2,66 ± 1,00 sim 

 

2.6. Tempo de vida cronológico de S. cerevisiae atp2

 

 Os resultados até aqui obtidos indicam que a integridade da cadeia de transporte de 

elétrons mitocondrial é necessária para a responsividade de S. cerevisiae à restrição calórica 

(Figuras 2.3 e 2.4). No entanto, os mutantes ρ0 também apresentam defeitos na ATP sintase, uma 

vez que as suas subunidades 6, 8 e 9 são codificadas pelo genoma mitocondrial (Foury et al., 1998). 

Desta forma, com o objetivo de determinar isoladamente o impacto de um defeito na ATP sintase 

na determinação do tempo de vida cronológico e na resposta à restrição calórica, investigamos se o 

mutante atp2Δ, que não possui a subunidade  do componenente F1 da ATP sintase (Saltzgaber-

Muller et al., 1983), é capaz responder à restrição calórica com o aumento do tempo de vida 

cronológico. 

 

 

Figura 2.5. Tempo de vida cronológico de S. cerevisiae atp2. A determinação das viabilidades celulares de S. cerevisiae atp2 

na 16ª h, e no 7º, 14º, 21º e 28º dia de cultivo foi realizada conforme descrição em Materiais e Métodos (Item 4) *p < 0,05 vs. 

2,0% (teste t de Student não-pareado). 

 

Podemos observar que o mutante atp2 caloricamente restrito apresenta maior viabilidade 

celular apenas na 16ª hora e no 7º dia de cultivo (Figura 2.5). A exibição de viabilidades celulares 

iguais a partir do 14º dia de cultivo entre este mutante cultivado em condição controle e em 

restrição calórica demonstra que defeitos advindos da ausência da Atp2p comprometem a resposta 
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a longo prazo de S. cerevisiae à restrição calórica. Também é interessante notar que até o 21º dia 

de cultivo, S. cerevisiae com inativação em ATP2 possui uma viabilidade celular significativamente 

menor do que a célula selvagem, demonstrando a importância da síntese de ATP na determinação 

do tempo de vida cronológico de S. cerevisiae nas três primeiras semanas de cultivo (Tabela 2.7). 

 

Tabela 2.7. Valores da viabilidade celular de S. cerevisiae atp2 cultivada em condição controle. Os valores abaixo estão 

expressos em média ± erro médio. Para determinação do valor de p foi utilizado o teste t de Student não-pareado. Os valores 

da viabilidade celular de S. cerevisiae WT cultivada em condição controle já haviam sido apresentados na Tabela 1.1, e o 

estão sendo aqui novamente para o bem da clareza. 

 WT 2,0% atp22,0% p < 0,05 

16ª h 78,71 ± 4,85 61,67 ± 2,47 sim 

7º dia 49,42 ± 2,06 35,87 ± 2,61 sim 

14º dia 42,36 ± 2,54 26,42 ± 2,15 sim 

21º dia 32,07 ± 2,61 20,27 ± 2,22 sim 

28º dia 22,99 ± 3,18 16,78 ± 0,86 não 

 

2.7. Capacidade de crescimento de S. cerevisiae em meio seletivo rico e meio seletivo sintético para 

respiração 

 

 Como já discutido anteriormente, a aptidão respiratória que confere a S. cerevisiae a 

habilidade de utilizar substratos que sejam metabolizados por vias aeróbicas é de fundamental 

importância para a manutenção da viabilidade dessa levedura em fase estacionária de crescimento 

dado que a quantidade de glicose disponível nos meios de cultura utilizados para a realização dos 

cultivos celulares para a determinação do tempo de vida cronológico é finita. Dessa forma, com o 

objetivo de investigar a capacidade de crescimento dos mutantes previamente estudados e 

correlacioná-la com a duração do tempo de vida cronológico e com a responsividade à restrição 

calórica, determinamos a aptidão respiratória da célula selvagem e dos mutantes em meio seletivo 

rico – YPEG – e sintético para respiração – SEG. 

 Observamos a existência de quatro grupos de S. cerevisiae, determinados segundo a sua 

capacidade de crescimento em meio seletivo rico e sintético para respiração: (i) o grupo que exibe 

crescimento em ambos os meios seletivos – WT e aco1; (ii) o grupo que exibe crescimento 

residual, apenas no meio seletivo rico – npt1lpd1 e atp2; (iii) o grupo capaz de exibir 

comparativamente maior extensão de crescimento em meio seletivo rico – lpd1, bna6lpd1, 

kgd1 e sdh1; e (iv) o grupo que não exibe crescimento em nenhum deles – , abf2 e cyt1. 

 Este último grupo é composto por mutantes que não apresentam aumento do tempo de vida 

cronológico mediado pela restrição calórica – , abf2 e cyt1. (Figuras 2.3 e 2.4). Já os mutantes 

que apresentam um tempo de vida cronológico diminuído em relação à célula selvagem, mas que 
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ainda são capazes de responder à restrição calórica com seu aumento, estão reunidos no terceiro 

grupo – lpd1, bna6lpd1, kgd1 e sdh1(Figura 2.1, Painéis A e C; Figura 2.2, Painéis B e C).No 

segundo grupo, estão os mutantes npt1lpd1 e atp2: enquanto o primeiro não apresenta 

responsividade à restrição calórica e exibe uma severa diminuição no tempo de vida replicativo 

(Figura 2.1, Painel B), o segundo é parcialmente responsivo à restrição calórica (Figura 2.5). 

 

 

Figura 2.6. Capacidade de crescimento em meio seletivo rico e meio seletivo sintético para respiração. A determinação da 

capacidade de crescimento de S. cerevisiae WT, lpd1, npt1lpd, bna6lpd1, aco1, kgd1, sdh1, 0, abf2, cyt1 e atp2 

em meio seletivo rico e meio seletivo sintético para respiração foi realizada conforme descrição em Materiais e Métodos (Item 

13). A documentação fotográfica foi realizada após sete dias de crescimento a 30 °C. A figura acima é representativa de, no 

mínimo, duas repetições independentes. YPD (meio fermentativo rico): extrato de levedura 1%, peptona 2%, glicose 2%, ágar; 

YPEG (meio seletivo rico para respiração): extrato de levedura 1%, peptona 2%, etanol 2%, glicerol 2%, ágar 2%; SD (meio 

fermentativo sintético): base nitrogenada 0,17%, sulfato de amônio 0,5%, glicose 2% e ágar 2% suplementado com adenina e 

aminoácidos (Item 3 em Materiais e Métodos); SEG (meio seletivo sintético para respiração): base nitrogenada 0,17%, sulfato 

de amônio 0,5%, etanol 2%, glicerol 2% e ágar 2% suplementado com adenina e aminoácidos (Item 3 em Materiais e 

Métodos). 

 

É interessante notar que, classicamente, mutantes do ciclo dos ácidos tricarboxílicos são 

considerados inaptos ao crecimento em meio que não contém fontes de carbono fermentáveis 

(Tzagoloff e Dieckmann, 1990). De fato, esses mutantes – que compõem o segundo e o terceiro 

grupos, exceção feita à S. cerevisiae atp2 – somente exibiram crescimento em meio seletivo rico 

para respiração devido à presença de intermediários do ciclo dos ácidos tricarboxílicos no extrato 

de levedura presente em sua composição. Na presença de extrato de levedura, NADH e FADH2 

podem ser gerados em reações dessa via à montante ou à jusante das disrupções promovidas pelas 

inativações gênicas e então ser oxidados pela cadeia de transporte de elétrons mitocondrial. 
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Portanto, em incubações a longo prazo como a realizada aqui, os mutantes ciclo dos ácidos 

tricarboxílicos são capazes de exibir crescimento em meio seletivo rico para respiração, mas não 

em meio seletivo sintético – que não possui extrato de levedura em sua composição. Além disso, é 

notável a extensão do crescimento do mutante aco1 – comparável à célula selvagem – tanto em 

meio seletivo rico para respiração quanto em meio seletivo sintético. De fato, a ORF YJL200c 

(ACO2), presente no mutante aco1, codifica uma segunda isoforma de aconitase em S. cerevisiae 

(Sickmann et al., 2003).  

 Em suma, podemos concluir que, nessas condições, a capacidade de crescimento em meio 

seletivo rico e em meio seletivo sintético para respiração oferece a informação da aptidão 

respiratória a longo prazo de S. cerevisiae, a qual se correlaciona qualitativamente com a presença 

e a intensidade de resposta dessa levedura à restrição calórica e com a duração de seu tempo de 

vida cronológico. 

 

2.8. Progressão temporal da porcentagem de células respiratório-competentes durante o 

envelhecimento cronológico de S. cerevisiae 

 

O DNA mitocondrial é organizado sob a forma de estruturas denominadas nucleóides, 

complexos formados pela interação de proteínas empacotadoras e a dupla-fita de ácidos nucléicos 

(Kucej e Butow, 2007). Desde a descoberta da existência desses complexos nucleoprotéicos em S. 

cerevisiae (Rickwood et al., 1981), muitos avanços quanto à natureza das proteínas nucleoidais e 

seu papel na manutenção da funcionalidade do mtDNA desse organismo foram alcançados 

(Miyakawa et al., 1984, 1987 e 1995; Zelenaya-Troitskaya, 1995; Newman et al., 1996; Meeusen et 

al., 1999; Hoobs et al., 2001; Brewer et al., 2003; Kaufman et al., 2003; Chen et al., 2005; Nosek et 

al., 2006). 

Atualmente, tem-se uma lista contendo mais de vinte proteínas que são reconhecidas como 

participantes dos nucleóides. Curiosamente, a maioria delas exibe “funções primárias” no 

metabolismo do etanol, do piruvato, de intermediários do ciclo dos ácidos tricarboxílicos e de 

aminoácidos de cadeia ramificada (Chen et al., 2005). Além disso, foi demonstrada, recentemente, 

a existência de um mecanismo de remodelamento do perfil do conjunto dessas proteínas 

empacotadoras do genoma mitocondrial, regulado pelo estado metabólico de S. cerevisiae (Kucej et 

al., 2008). Dentre as proteínas portadoras de “funções primárias” em outras vias metabólicas de S. 

cerevisiae por nós estudadas, estão a Aco1p (Figura 2.2, Painel A e Figura 2.6), a Kgd1p (Figura 2.2, 

Painel B e Figura 2.6) e a Lpd1p (Figura 2.1, Painel A e Figura 2.6). 

 De fato, durante a realização das determinações do tempo de vida cronológico desses três 

mutantes, além do sdh1, notamos a existência de diferentes tendências de esses mutantes 

espontaneamente formarem colônias do tipo petite – as quais são quase que exclusivamente 

relacionadas com a instabilidade e conseqüente perda da funcionalidade do DNA mitocondrial 
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(Linnane et al., 1989; Ferguson e von Borstel, 1992). Portanto, decidimos quantificar a progressão 

temporal da porcentagem da população de células respiratório-competentes (ρ+) em S. cerevisiae 

com inativações em ACO1, KGD1, LPD1 e SDH1 em condição controle de cultivo e em restrição 

calórica. 

Pela análise da Figura 2.7, observamos que essas quatro inativações alteraram a 

estabilidade do DNA mitocondrial de forma dependente (i) do tempo e (ii) da condição de cultivo. 

Podemos verificar que na 16ª h de cultivo, em condição controle, as ausências da Aco1p e da Kgd1p 

diminuíram a estabilidade do DNA mitocondrial, enquanto a ausência da Lpd1p reduziu a 

porcentagem de células + em restrição. 

Comparando as porcentagens de células + entre a 16 h e o 7º dia de cultivo – período em 

que a glicose é totalmente consumida (Figura 3.4, Painel A) – verificamos que, em condição 

controle, (i) a porcentagem de colônias + no mutante aco1 no 7º dia foi maior do que na 16ª h 

[60,67 ± 3,62 (16ª h) vs. 94,91 ± 2,02 (7º d), p = 0,0007]; e que (ii) esse parâmetro em S. 

cerevisiae kgd1 permaneceu inalterado [58,02 ± 4,85 (16ª h) vs. 57,86 ± 7,46 (7º d), p = 0,9865]. 

Essa observação demonstra a importância da Kgd1p na manutenção da estabilidade do DNA 

mitocondrial de S. cerevisiae nessa etapa da longevidade cronológica. Já em restrição calórica, 

verificamos que a porcentagem de colônias + no 7º dia de cultivo (i) permaneceu inalterada em 

relação à 16ª h no mutante sdh1 [83,14 ± 0,27 (16ª h) vs. 79,39 ± 3,25 (7º d), p = 0,4855]; (ii) foi 

aumentada no mutante lpd1 [59,83 ± 4,84 (16ª h) vs. 72,33 ± 1,86 (7º d), p = 0,0422]; e (iii) foi 

diminuída no mutante kdg1 [69,65 ± 2,82 (16ª h) vs. 39,69 ± 2,75 (7º d), p = 0,0016], fazendo 

com que esses três mutantes exibam uma estabilidade do DNA mitocondrial significativamente 

diminuída quando comparada à célula selvagem. 

É interessante notar a tendência geral ao aumento da porcentagem de células + da 16ª h – 

tempo que ainda há a presença de glicose nos meios de cultura (Figura 3.2, Painel A) – até o 7º dia 

de cultivo. Embora essa observação possa ser justificada utilizando o argumento da existência de 

um mecanismo que exerce uma pressão seletiva sobre as células 0 causado pela exaustão da 

glicose – o que promoveria a morte celular destas e, conseqüentemente, a diminuição percentual 

de sua presença nos cultivos ao longo do tempo – podemos observar que a viabilidade cronológica 

do mutante 0 cultivado em condição controle é comparável àquela apresentada pela célula 

selvagem até o 14º dia de cultivo (Tabela 2.5). 
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Figura 2.7. Progressão temporal da porcentagem de 

células respiratório-competentes durante o 

envelhecimento cronológico de S. cerevisiae WT, 

aco1, kgd1, lpd1 e sdh1. A determinação da 

porcentagem de células respiratório- competentes 

(+) em S. cerevisiae WT, aco1, kgd1, lpd1 e sdh1 

na 16ª h, e no 7º, 14º, 21º e 28º dia de cultivo através 

da replicação das colônias formadas em placas 

contendo YPD sólido em placas contendo meio 

seletivo rico para respiração (YPEG) sólido foi 

realizada conforme descrição em Materiais e Métodos 

(Item 14) O teste estatístico utilizado para a 

comparação das médias foi o one-way ANOVA 

seguido do pós-teste de Bonferroni. 16ª h, 2,0%: *p < 

0,05 vs. WT; #p < 0,05 vs. lpd1. 16ª h, 0,5%: *p < 0,05 

vs. WT; #p < 0,05 vs. sdh1. 7º dia, 2,0%: *p < 0,05 vs. 

WT; #p < 0,05 vs. aco1; +p < 0,05 vs. lpd1. 7º dia, 

0,5%: *p < 0,05 vs. WT; #p < 0,05 vs. aco1; +p < 0,05 

vs. lpd1; $p < 0,05% vs. sdh1. 
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De fato, como previamente discutido, essa observação indica que a sobrevivência de uma 

célula 0 em meio com ausência de uma fonte de carbono fermentável não é influenciada de forma 

significativa durante os primeiros 14 dias de cultivo. Porém, a incapacidade de os mutantes 0 em 

utilizar substratos metabolizados aerobicamente (Figura 3.8, Painel C) e a conseqüente ausência do 

crescimento de biomassa promovida por esses substratos nesses mutantes (Figura 3.2, Painel C; 

Figura 3.8, Painel B), somadas ao fato de que as células selvagens possuem uma velocidade 

específica máxima de crescimento em glicose significativamente aumentada em relação ao mutante 

0 (Figura 3.6, Painel A), além de exibir crescimento de biomassa suportado por substratos 

metabolizados aerobicamente (Figura 3.8, Painel D), são os fatores que decisivamente contribuem 

para a observação da diminuição percentual das células 0 da 16ª hora ao 7º dia de cultivo.  

 Ainda mais notável, portanto, é a diminuição da porcentagem de células + no mutante 

kgd1 observada nos primeiros sete dias de cultivo quando cultivado em restrição calórica, 

demonstrando que, diferentemente das inativações de LPD1 e SDH1, a inativação de KGD1 

promove uma instabilidade ao genoma mitocondrial sem paralelo dentre os mutantes estudados 

nesse período de cultivo. 

 Finalmente, é possível inferir que a Sdh1p – mesmo não tendo sido descrita como uma 

proteína participante do complexo nucleóide – participa indiretamente da regulação da 

estabilidade do DNA mitocondrial, uma vez que o mutante sdh1 apresentou uma diminuição da 

porcentagem de células + aumentada em relação à célula selvagem em restrição calórica no 7º dia 

de cultivo. De fato, Lee e colaboradores predisseram uma provável interação desta com a Kgd1p em 

S. cerevisiae (Lee et al., 2007). 

 

2.9. Tempo de vida cronológico de Kluyveromyces lactis 

 

 A conclusão advinda dos resultados obtidos através das determinações do tempo de vida 

cronológico em condição controle e em restrição calórica nos diferentes mutantes de S. cerevisiae é 

a de que a integridade da cadeia de transporte de elétrons é estritamente necessária para que a 

redução da oferta inicial de glicose nos meios YPD possa aumentar o tempo de vida cronológico 

dessa levedura (Figuras 2.3 e 2.4). 

É interessante considerar que a glicose diminui a expressão de uma série de enzimas 

relacionadas ao metabolismo aeróbico em S. cerevisiae, em um fenômeno denominado repressão 

por glicose, relatado na literatura desde os anos 1960 (Yotsuyanagi, 1962; Polakis e Bartley, 1965; 

Polakis et al., 1965; Jayaraman et al., 1966; Rolland et al., 2002). De fato, S. cerevisiae é uma 

levedura Crabtree-positiva, a qual, quando presente em altas concentrações de glicose, tem o 

destino metabólico do piruvato direcionado à conversão a etanol em detrimento de sua conversão a 

acetil-CoA, independentemente da presença de oxigênio (De Deken, 1966; Fiechter et al., 1981). 
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 Desta forma, questionamos se a mitigação da repressão do metabolismo aeróbico por 

glicose em S. cerevisiae era um fator necessário para a eficácia do protocolo de restrição calórica 

em levedura. Para investigar esta possibilidade, decidimos verificar se o tempo de vida cronológico 

de Kluyveromyces lactis, uma levedura ascomiceta como S. cerevisiae, porém Crabtree-negativa 

(Kiers et al., 1998), poderia ser aumentado quando esta fosse cultivada em restrição calórica. 

 

 

Figura 2.8. Tempo de vida cronológico de K. lactis. A determinação da viabilidade celular de K. lactis da 16ª h ao 6º dia de 

cultivo foi realizada conforme descrição em Materiais e Métodos (Item 4). *p < 0,05 vs. 2,0% (teste t de Student não-pareado). 

 

Pela análise da Figura 2.8, podemos observar que, apesar de K. lactis caloricamente restrita 

ter exibido uma viabilidade celular maior do que a célula cultivada em condição controle no 2º dia 

de cultivo, a partir do 3º dia o inverso já era verdadeiro. Além disso, a restrição calórica promoveu 

uma total inviabilidade de K. lactis já no 4º dia de cultivo, enquanto as células cultivadas em 

condição controle apresentaram uma razoável viabilidade até o 5º dia de cultivo. Desta forma, 

concluímos que o protocolo de restrição calórica para levedura não é capaz de aumentar o tempo 

de vida cronológico de K. lactis, demonstrando ser a mitigação da repressão por glicose promovida 

pela diminuição da quantidade inicial de glicose nos meios YPD um fator determinante para a 

exibição do aumento do tempo de vida cronológico em S. cerevisiae. 

Também é notável a diminuída longevidade cronológica desta levedura quando comparada 

à de S. cerevisiae: enquanto K. lactis em ambas as condições de cultivo já exibe uma completa 

inviabilidade em menos de uma semana, S.cerevisiae, por sua vez, é capaz de se manter viável por 

períodos mais longos (Sinclair et al., 1998;. Reverter-Branchat et al., 2004; Fabrizio e Longo, 

2003; Figura 1.1, Painel A). Assim sendo, dada a sua irresponsividade à restrição calórica e ao seu 

curto tempo de vida cronológico, o uso extensivo de K. lactis como modelo para estudos dos efeitos 

da restrição calórica envelhecimento não se torna, no momento, de considerável interesse. 

 

2.10. Conclusões 

 

Podemos concluir, portanto, que as (i) inativações concomitantes de BNA6 e LPD1, além (ii) 

das inativações de ABF2 e de CYT1, assim como (iii) a ausência do genoma mitocondrial per se, 
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diminuem a duração do tempo de vida cronológico de S. cerevisiae e também suprimem 

integralmente o aumento deste tempo de vida promovido pela restrição calórica. O defeito na 

subunidade  da ATP sintase faz com que S. cerevisiae exiba uma resposta parcial à restrição 

calórica. Inativações de genes que codificam enzimas participantes de etapas de conversão de 

intermediários do ciclo dos ácidos tricarboxílicos tais como ACO1, KGD1, LPD1 e SDH1, por sua 

vez, não impedem o aumento do tempo de vida cronológico em virtude da restrição calórica. Desta 

forma, a integridade funcional da cadeia de transporte de elétrons mostrou ser um requisito 

estritamente necessário para que S. cerevisiae tenha o seu tempo de vida cronológico aumentado 

pela restrição calórica. Além disso, a mitigação do fenômeno da repressão por glicose em S. 

cerevisiae promovida pela diminuição da disponibilidade inicial de glicose no meio de cultura 

caloricamente restrito mostrou-se essencial para que o protocolo de restrição calórica tenha êxito 

em aumentar o tempo de vida cronológico de levedura. 

 Finalmente, também observamos que em condição controle e na presença de glicose no 

meio de cultura (Figura 3.4, Painel A), Aco1p e Kgd1p são importantes para a manutenção do DNA 

mitocondrial de S. cerevisiae, enquanto em restrição calórica e na presença de glicose no meio de 

cultura (Figura 3.4, Painel A), Lpd1p o é. No 7º dia de cultivo, quando a glicose já não está mais 

presente (Figura 3.4, Painel A), (i) Kgd1p – em condição controle – e (ii) Lpd1p, Sdh1p e, 

novamente, Kgd1p – em restrição calórica – são proteínas cuja ausência é refletida em uma 

diminuição da porcentagem de células + em S. cerevisiae. Em conjunto, essas observações 

demonstram que não somente a presença ou a ausência da glucose nos meios de cultura como 

também a sua disponibilidade inicial afetam diferencialmente as atividades de proteínas 

participantes do complexo nucleóide, corroborando a existência de mecanismos de recrutamento 

dessas proteínas sensíveis ao estado metabólico celular. 

  



 45 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Seção 3 – Restrição calórica e DNA mitocondrial como moduladores da história metabólica de 

Saccharomyces cerevisiae 
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3.1. Estudo de parâmetros fisiológicos em S. cerevisiae 

 

 O estudo da fisiologia de S. cerevisiae através da quantificação dos fluxos metabólicos 

centrais é de grande importância para o entendimento de como essa levedura responde a diferentes 

condições de cultivo ao longo do tempo. Essa pesquisa pode ser realizada (i) pela quantificação de 

substratos e metabólitos extracelulares e (ii) pelo balanço dos metabólitos intracelulares através do 

uso de traçadores isotópicos como substratos (Aiba e Matsuoka, 1979; Stephanopoulos et al., 1998; 

Frick e Wittmann, 2005). 

 Embora uma descrição mais detalhada e uma quantificação mais acurada do metabolismo 

de S. cerevisae sejam obtidas pela combinação desses dois métodos de determinação, a 

quantificação temporal da fonte de carbono primária fornecida e dos produtos gerados e 

exportados pela célula para o meio de cultura torna-se uma ferramenta bastante informativa para a 

pesquisa de determinadas vias metabólicas em S. cerevisiae, quando analisada em conjunto com 

dados de formação de biomassa e variação do pH extracelular ao longo do tempo (Basso et al., 

2010). 

 A análise da exaustão da glicose e da dinâmica de metabólitos extracelulares tais como 

etanol, glicerol, acetato, piruvato e succinato e seu tratamento matemático para a obtenção de 

parâmetros fisiológicos dá origem a dados quantitativos que auxiliam na explicação de como S. 

cerevisiae tem, por exemplo, o fluxo do metabolismo de glicose modulado pela restrição calórica e 

pela ausência do DNA mitocondrial. Portanto, a quantificação de glicose e de seus metabólitos 

extracelulares, bem como a geração de biomassa e o monitoramento do pH extracelular foram 

realizados com a finalidade de caracterizar as alterações fisiológicas induzidas pela restrição 

calórica em S. cerevisiae WT e 0. 

 

3.2. Consumo de oxigênio em S. cerevisiae WT 

 

A variação das taxas de consumo de oxigênio é uma verificação indefectível em S. 

cerevisiae, dadas as mudanças metabólicas pelas quais essa levedura passa ao longo de sua história 

cronológica. Com o objetivo de se determinar quais são as diferenças dos perfis de respiração 

existentes entre as células controle e as caloricamente restritas ao longo do envelhecimento 

cronológico, realizamos medidas de consumo de oxigênio em células intactas de S. cerevisiae WT. 

A análise da Figura 3.1 permite observar que as células em restrição calórica atingem uma 

taxa máxima de consumo de oxigênio significativamente maior do que as células controle [27,18 ± 

1,50 (0,5%) vs. 15,09 ± 0,48 (2,0%); p = 0,0015 (teste t de Student não-pareado)], e o fazem 12 h 

mais precocemente (t = 33 h para 0,5% e t = 45 h para 2,0%). Além disso, a partir da 24ª h de 

cultivo, quando as células caloricamente restritas já iniciaram a utilização de etanol e glicerol como 

fontes de carbono (Tabela 2 em Materiais e Métodos), até a 42ª h de cultivo, o consumo de 



 47 

oxigênio pelas células em restrição calórica é maior do que o das células controle De fato, a 

respiração celular destas somente supera aquela das células caloricamente restritas na 45ª h de 

cultivo, justamente o ponto máximo de respiração das células controle. Já na 48ª h de cultivo, a 

taxa de consumo de oxigênio das células cultivadas em ambas as condições volta a ser igual, assim 

permanecendo até a 168ª h, quando o consumo de oxigênio das células controle volta a ser maior 

do que as células cultivadas em restrição calórica. Interessantemente, na 672ª h de cultivo, a taxa 

de consumo de oxigênio das células em restrição calórica passa a ser novamente maior do que 

aquela apresentada pelas células controle. 

 

 
Figura 3.1. Consumo de oxigênio ao longo do tempo de vida cronológico em S. cerevisiae WT. A determinação do consumo de 

oxigênio em células intactas de S. cerevisiae WT foi realizada conforme descrição em Materiais e métodos (Item 15). *p < 0,05 

vs. WT 2,0% (teste t de Student não-pareado). 

 

As diferenças existentes entre as taxas máximas de respiração das células controle e 

caloricamente restritas seguramente advêm do efeito repressor que a glicose exerce sobre 

determinados genes que codificam proteínas que participam do metabolismo aeróbico, como já 

previamente discutido no Item 2.9. Notável é a observação de que mesmo após a sua exaustão (24 

h na condição controle de cultivo e 18 h em restrição calórica; Figura 3.4, Painel A), a maior 

quantidade de glicose presente no início da cultura ainda exerce, ainda que indiretamente, um 

efeito fenotípico claramente distinto daquele observado nas células cujo início de cultivo foi 

realizado em uma condição de menor disponibilidade dessa fonte de carbono. Cabe aqui ressaltar 

que as quantidades relativas de etanol e glicerol – dois substratos oxidáveis de relevância para o 

metabolismo respiratório – atingem maiores concentrações na condição controle (Figura 3.4, 

Painéis B e C), excluindo a possibilidade de haver uma menor disponibilidade desses substratos 

por grama de biomassa nessa condição de cultivo. 

 

3.3. Curvas de biomassa e de pH ao longo do tempo de vida cronológico de S. cerevisiae WT e 0 

 

 Para determinarmos a velocidade específica máxima de crescimento celular em glicose 

(Figura 3.6, Painel A) e em etanol/glicerol (Figura 3.8, Painel B), assim como os fatores de 
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conversão de glicose e de etanol/glicerol a biomassa (Figura 3.7, Painel A; Figura 3.8, Painel D), 

acompanhamos o crescimento celular de S. cerevisiae WT e 0 através de sua absorbância a 600 

nm (Abs600) ao longo de 28 dias de cultivo em meio controle e em restrição calórica. Para 

posteriormente transformar os valores de Abs600 obtidos em valores de biomassa, determinamos o 

fator de conversão entre esses dois parâmetros segundo Olsson e Nielsen (1997), chegando ao valor 

de 0,194 mg/mL de biomassa seca por unidade de Abs600 (Item 18 em Materiais e Métodos). 

 

 
Figura 3.2. Curvas de biomassa ao longo do tempo de vida cronológico de S. cerevisiae WT e 0. As determinações da Abs600 e 

do fator de conversão de Abs600 a biomassa para a obtenção da curva de biomassa ao longo do tempo de vida cronológico de 

S. cerevisiae WT e 0 foram realizadas conforme descrição em Materiais e Métodos (Itens 17 e 18). Os Paineis A e C 

apresentam uma escala de tempo diminuída para melhor visualização da fase exponencial de crescimento. 

 

Analisando as curvas de biomassa em maior resolução (Figura 3.2, Painéis A e C), podemos 

observar qualitativamente a influência promovida pela ausência do DNA mitocondrial de S. 

cerevisiae sobre a geração de biomassa na fase pós-diáuxica (Monod, 1949): enquanto a célula 

selvagem apresenta crescimento celular promovido pela utilização de substratos oxidáveis – tais 

como o etanol e o glicerol – o mutante 0 não o faz. Além disso, verificamos que, ao final dos 28 

dias de cultivo, a biomassa formada pelas células cultivadas em condição controle (6,32 ± 0,12 g 

biomasssa/L) é 38,50 ± 1,64% maior do que a formada pelas células cultivadas em restrição 

calórica (3,88 ± 0,14 g biomasssa/L). Essa observação, somada ao fato de o meio caloricamente 

restrito possuir 75% menos glicose no início dos cultivos do que o meio controle, indica que a 

eficiência de conversão energética de S. cerevisiae cultivada em restrição calórica é maior do que a 

apresentada pelas células cultivadas em condição controle. De fato, há um aumento significativo do 

fator de conversão de etanol/glicerol a biomassa pelas células em restrição calórica (Figura 3.8, 
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Painel D), o que demonstra que este regime de cultivo promove um melhor aproveitamento 

energético do etanol e do glicerol em S. cerevisiae, ainda que estes substratos sejam produzidos em 

maior quantidade pelas células controle (Figura 3.4, Painéis B e C). 

Outra diferença é a biomassa máxima formada pelos mutantes 0 cultivados em condição 

controle (observada após 240 h de cultivo) em relação à linhagem parental no mesmo tempo 

(Figura 3.2, Painéis B e D): 55,42 ± 0,92% menor [5,19 ± 0,07 g biomassa/L (WT) e 2,31 ± 0,02 g 

biomassa/L (0)]. Além disso, se compararmos a biomassa das duas células em restrição calórica 

(também em 240 h), verificamos nos mutantes 0 uma diminuição de 83,29 ± 1,28% em seu valor 

[4,35 ± 0,05 g biomassa/L (WT) e 0,72 ± 0,01 g biomassa/L (0)], sendo essa observação 

compatível com a menor disponibilidade de glicose nos meios de cultura de restrição calórica e com 

a impossibilidade de esses mutantes em utilizar, para a geração de biomassa, substratos 

metabolizados exclusivamente por vias aeróbicas. Portanto, essas diferenças percentuais 

quantificam a contribuição da integridade funcional do DNA mitocondrial para a geração de 

biomassa em S. cerevisiae. Além disso, a diminuição da biomassa em S. cerevisiae 0 observada a 

partir do 14º dia de cultivo (Figura 3.2, Painel D), tanto em condição controle de cultivo como em 

restrição calórica, reflete o progressivo aumento da mortalidade (Figura 2.3, Painel A; Tabela 2.5) e 

da conseqüente degradação celular desse mutante, que são justificadas pela sua inabilidade de se 

manter viável na ausência de substratos fermentáveis a longo prazo (Figura 2.3; Tabela 2.5). Já o 

aumento de biomassa apresentado pela linhagem parental, também a partir do 14º dia de cultivo 

(Figura 3.2, Painel C), pode ser explicado pela evaporação de água do sistema, fator claramente 

observado em todas as repetições deste experimento – através de aferições por 28 dias das massas 

de erlemeyers contendo somente meio de cultivo, verificamos que o valor estimado para a 

evaporação de água é de 0,262 g por dia de cultivo. 

 

 

Figura 3.3. Curvas de pH extracelular ao longo do tempo de vida cronológico de S. cerevisiae WT e 0. As determinações do pH 

extracelular ao longo do tempo de vida cronológico de S. cerevisiae WT e 0 foram realizadas conforme descrição em 

Materiais e Métodos (Item 17). 
 

Com relação às curvas de pH do meio extracelular de S. cerevisiae WT, observamos grandes 

diferenças entre a concentração de íons hidrogênio entre os cultivos em condição controle e em 

restrição calórica (Figura 3.3, Painel A), sobretudo entre a 144ª h e a 240ª h, refletindo a existência 
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de profundas diferenças metabólicas entre as células cultivada nas duas condições; além disso, 

podemos verificar que o perfil dessas curvas é sobremaneira influenciado pela ausência do DNA 

mitocondrial (Figura 3.3, Painel B). Assim, podemos concluir que o metabolismo respiratório é 

responsável pela acidificação do meio de cultura controle e pela alcalinização do meio de cultura 

caloricamente restrito em S. cerevisiae observadas entre a 144ª h e a 240ª h de cultivo. 

 

3.4. Curvas de exaustão de glicose e de formação e exaustão de etanol, glicerol, acetato, piruvato e 

succinato em S. cerevisiae WT e 0 

 

 As curvas de exaustão de glicose e de formação e exaustão de etanol, glicerol, acetato, 

piruvato e succinato de S. cerevisiae WT e 0 fornecem a informação de como as concentrações 

extracelulares destes metabólitos variam ao longo do seu tempo de vida cronológico, retratando 

importantes características promovidas não só pela diminuição da disponibilidade inicial de glicose 

nos meios de cultura caloricamente restritos como também a influência do genoma mitocondrial 

na dinâmica de geração e consumo destes. 

  

 

Figura 3.4. Curvas de exaustão de glicose, e de formação e exaustão de etanol, glicerol, acetato, piruvato e succinato ao 

longo do tempo de vida cronológico de S. cerevisiae WT. A determinação das concentrações de glicose (Painel A), etanol 

(Painel B), glicerol (Painel C), acetato (Painel D), piruvato (Painel E) e succinato (Painel F) ao longo do tempo de vida 

cronológico de S. cerevisiae WT foi realizada conforme descrição em Materiais e Métodos (Item 16). 

 

Como esperado, podemos observar que a célula 0, diferentemente da célula selvagem, não 

é capaz de consumir substratos que são (i) exclusivamente utilizados de forma aeróbica, tais como 
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o acetato (Figura 3.5, Painel D) e o succinato (Figura 3.5, Painel F), ou (ii) preferencialmente, tal 

como o glicerol (Figura 3.5; Painel C). Desta forma, o decaimento progressivo da concentração de 

etanol – outro substrato metabolizado de forma exclusiva pelo metabolismo aeróbico – nos meios 

de cultura dos mutantes 0 (Figura 3.5; Painel B) pode ser explicado pela evaporação deste produto 

ao longo dos 28 dias de cultura. 

Outra interessante observação são as semelhantes concentrações máximas de etanol 

extracelular alcançadas tanto em S. cerevisiae WT como no mutante 0, as quais assumem valores 

de 8,90 ± 0,05 g/L na célula selvagem (em 24 h) e 9,01 ± 0,05 g/L no mutante 0 (em 30 h) 

quando cultivadas em condição controle e 2,25 ± 0,02 g/L na célula selvagem (em 18 h) e 2,28 ± 

0,01 g/L no mutante 0 (em 24 h) quando cultivadas em restrição calórica. Esse fato é consistente 

com a observação de que não há diferença significativa entre a capacidade de conversão de glicose a 

etanol entre S. cerevisiae WT e 0 (Figura 3.7, Painel B). Além disso, os tempos em que os picos da 

concentração extracelular de etanol são observados no mutante 0 estão diretamente relacionados 

com a sua velocidade máxima de consumo de glicose, significativamente diminuída com relação à 

S. cerevisiae WT (Figura 3.6, Painel B). 

 

 

Figura 3.5. Curvas de exaustão de glicose, e de formação e exaustão de etanol, glicerol, acetato, piruvato e succinato ao 

longo do tempo de vida cronológico de S. cerevisiae 0. A determinação das concentrações de glicose (Painel A), etanol 

(Painel B), glicerol (Painel C), acetato (Painel D), piruvato (Painel E) e succinato (Painel F) ao longo do tempo de vida 

cronológico de S. cerevisiae o foi realizada conforme descrição em Materiais e Métodos (Item 16). 

 

 



 52 

3.5. Velocidade específica máxima de crescimento celular em glicose e velocidade específica máxima 

de consumo de glicose de S. cerevisiae WT e 0 

 

 Com o objetivo de investigar se a restrição calórica ou a ausência do DNA mitocondrial 

alteram as taxas de aumento de biomassa e o consumo de glicose em S. cerevisiae, determinamos a 

velocidade específica máxima de crescimento celular em glicose (Glu
max) e a velocidade específica 

máxima de consumo desse substrato (rcGlu
max) em S. cerevisiae WT e 0 cultivadas em condição 

controle e em restrição calórica. 

 

 

Figura 3.6. Velocidade específica máxima de crescimento celular em glicose e velocidade específica máxima de consumo de 

glicose em S. cerevisiae WT e 0. Os cálculos para a determinação da velocidade específica máxima de crescimento celular 

em glicose (glu
max; Painel A) e da velocidade específica máxima de consumo de glicose (rglu

max; Painel B) de S. cerevisiae WT e 

0 foram realizados conforme descrição em Materiais e Métodos (Itens 20 e 23) . Painéis A e B: *p < 0,05 vs. WT (teste t de 

Student não-pareado). 

 

Podemos observar que a restrição calórica não altera a Glu
max em S. cerevisiae, uma vez que 

não há diferença significativa dos valores deste parâmetro fisiológico nas duas condições de cultivo; 

entretanto, verificamos que existe uma diminuição significativa da Glu
max no mutante 0 em relação 

à célula selvagem, tanto em condição controle como em restrição calórica (Figura 3.6, Painel A). As 

diferenças de 23,70 ± 0,59% existentes entre os valores de da Glu
max entre a célula selvagem (0,389 

± 0,002 . h-1) e o mutante 0 (0,297 ± 0,001 . h-1) cultivados em condição controle, e de 30,74 ± 

2,44% entre a célula selvagem (0,429 ± 0,014 . h-1) e o mutante 0 (0,291 ± 0,003 . h-1) em restrição 

calórica demonstram, quantitativamente, a parcela de contribuição do metabolismo respiratório 

para a determinação da Glu
max de S. cerevisiae nas duas condições de cutivo. 

Assim como na determinação da Glu
max, verificamos que a ausência do DNA mitocondrial 

também altera a rcGlu
max de S. cerevisiae (Figura 3.6, Painel B). As diferenças de 22,47 ± 5,96% 

entre a célula selvagem (2,96 ± 0,22 g glicose/g biomassa . h) e o mutante 0 (2,30 ± 0,04 g 

glicose/g biomassa . h) cultivados em condição controle, e de 28,23 ± 5,69% entre a célula selvagem 

(3,13 ± 0,23 g glicose/g biomassa . h) e o mutante 0 (2,24 ± 0,05 g glicose/g biomassa . h) 
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cultivados em restrição calórica também demonstram, em termos quantitativos, a parcela de 

contribuição do metabolismo aeróbico para a determinação da rcGlu
max em S. cerevisiae. 

Através dos resultados de Glu
max e rc Glu

max determinamos a relação numérica entre os 

percentuais de alteração destes dois parâmetros na condição controle e em restrição calórica 

promovida pela ausência do DNA mitocondrial. Pela Tabela 3.1, podemos perceber que a razão dos 

percentuais de alteração dos dois parâmetros entre a célula selvagem e o mutante 0 possuem 

valores numéricos muito próximos de 1,00 (1,05 ± 0,28 na condição controle e 1,08 ± 0,23 em 

restrição calórica). Essa observação demonstra, portanto, que a ausência do DNA mitocondrial 

afeta igualmente a Glu
max e a rcGlu

max em S. cerevisiae. 

 

Tabela 3.1. Relação numérica entre os percentuais de alteração de Glu
max e rcGlu

max promovida pela ausência do DNA 

mitocondrial na condição controle e em restrição calórica. 

 % de alteração mGlumax (A) % de alteração rcGlumax (B) A/B 

controle 23,70 ± 0,59 22,47 ± 5,96 1,05 ± 0,28 

restrição calórica 30,74 ± 2,44 28,23 ± 5,69 1,08 ± 0,23 

 

3.6. Fator de conversão de glicose a células, de glicose a etanol e de glicose a glicerol de S. cerevisiae 

WT e 0 

 

 Simplificadamente, a glicose consumida por S. cerevisiae pode gerar (i) ATP – o qual, por 

sua vez, é consumido para a manutenção da viabilidade celular – (ii) biomassa, e também (iii) seus 

substratos derivados, tais como o etanol e o glicerol (Frick e Wittmann, 2005). Embora o fluxo 

metabólico da glicose em S. cerevisiae seja extremamente complexo, e esse açúcar tenha os seus 

fluxos determinados com exatidão somente através de experimentos que o utilizem na forma de 

traçador isotópico – uma vez que dessa maneira é possível determinar a dinâmica do 13C através 

das vias metabólicas (Grotkjær et al., 2004; Raghevendran et al., 2004) – essa abordagem 

simplificada ainda é uma forma de aproximação bastante válida para a determinação do fator de 

conversão de glicose a produtos. Em nosso caso, determinamos os fatores de conversão de glicose a 

células (YX/Glu
exp), a etanol (YEtOH/Glu

exp) e a glicerol (YGli/Glu
exp) em S. cerevisiae WT e 0 cultivadas 

em condição controle e em restrição calórica. 

Observamos que os mutantes 0 não exibem diminuição da YX/Glu
exp, tampouco da 

YEtOH/Glu
exp, quando comparados à célula selvagem; além disso, a restrição calórica também não 

alterou esses dois parâmetros fisiológicos em S. cerevisiae (Figura 3.7, Painéis A e B). Desta forma, 

podemos afirmar, surpreendentemente, que as conversões de glicose a células e a etanol não são 

influenciadas pelo estado funcional de seu DNA mitocondrial e da condição de cultivo em S. 

cerevisiae; em outras palavras, a capacidade dessa levedura em gerar biomassa e em formar etanol 

a partir de glicose não depende da integridade do seu genoma mitocondrial e nem é alterada pela 
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quantidade de glicose disponível no meio de cultura no início do cultivo. A maior biomassa 

observada na condição controle em relação à observada em restrição calórica (Figura 3.2, Painel B) 

é justificada, portanto, pelo tempo total que S. cerevisiae cultivada em meio YPD contendo 2,0% de 

glicose é capaz de gerar biomassa exponencialmente (Tabela 2 em Materiais e Métodos), já que 

essa é uma observação diretamente relacionada com a quantidade inicial de glicose disponível do 

meio de cultura, ainda que o aproveitamento energético das células cultivadas em meio controle 

seja menor (Item 3.2). Da mesma maneira, a maior quantidade de etanol gerado pelas células em 

meio controle (Figura 3.4, Painel B) também é explicada pela maior concentração inicial de glicose 

disponível no meio de cultura controle. 

 

 

Figura 3.7. Fator de conversão de glicose a células, de glicose a etanol e de glicose a glicerol em S. cerevisiae WT e 0. Os 

cálculos para a determinação do fator de conversão de glicose a células (YX/Glu
exp; Painel A), de glicose a etanol (YEtOH/Glu

exp; 

Painel B) e de glicose a glicerol (YGli/Glu
exp; Painel C) de S. cerevisiae WT e 0 foram realizados conforme descrição em Materiais 

e Métodos (Itens 21 e 22). Painel C: *p < 0,05 vs. WT (teste t de Student não-pareado). 

 

 Com relação ao YGli/Glu
exp, observamos uma diferença significativa entre os valores 

apresentados pelo mutante 0 e a linhagem parental em condição controle de cultivo (Figura 3.7, 

Painel C). Além disso, há uma tendência observável de esse parâmetro ser também alterado 

significativamente pela restrição calórica na célula selvagem (p = 0,07 para WT 0,5% vs. WT 2,0%, 

teste t de Student não-pareado). 

 

3.7. Velocidade específica máxima de formação de etanol/glicerol; de crescimento celular em 

etanol/glicerol; de consumo de etanol/glicerol; e fator de conversão de etanol/glicerol a células 

 

 Uma vez que o etanol e o glicerol possuem consumos temporalmente paralelos em S. 

cerevisiae (Figura 3.4, Painéis B e C), as velocidades específicas máximas de crescimento celular 

em etanol e em glicerol não puderam ser calculadas isoladamente. Desta forma, o cálculo da 

formação, do consumo e do fator de conversão a células desses dois substratos foi realizado em 

conjunto, ainda que tenhamos determinado uma estimativa da contribuição individual do etanol e 

do glicerol na velocidade específica máxima de crescimento celular (Item 3.8). 
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Com o objetivo de investigar se a restrição calórica e a ausência do mtDNA alteram a 

velocidade específica máxima de formação de etanol/glicerol a partir de glicose (rfEtOH+Gli
max), e se a 

restrição calórica influencia a velocidade específica de crescimento celular em etanol/glicerol 

(EtOH+Gli
max), de consumo de etanol/glicerol (rcEtOH+Gli

max) e a conversão destes a células (YX/EtOH
exp) 

em S. cerevisiae, realizamos a determinação desses parâmetros fisiológicos. 

 

Figura 3.8. Velocidades específicas máximas de 

formação de etanol, de crescimento celular em 

etanol, de consumo de etanol e fator de conversão 

de etanol a células em S. cerevisiae WT e 0. Os 

cálculos para a determinação da velocidade 

específica máxima de formação de etanol/glicerol 

(rfEtOH+Gli
max; Painel A), de crescimento celular em 

etanol/glicerol (EtOH+Gli
max; Painel B), de consumo 

de etanol/glicerol (rcEtOH+Gli
max; Painel C) e do fator 

de conversão de etanol/glicerol a células 

(YXEtOH+Gli
max; Painel D) foram realizados conforme 

descrição em Materiais e Métodos (Itens 20, 21 e 23) 

Painel A: *p < 0,05 vs. 2,0%; +p < 0,05 vs. WT (teste t 

de Student não-pareado). Painel B: *p < 0,05 vs. 

2,0% (teste t de Student não-pareado). Painel C: *p 

< 0,05 vs. 2,0% (teste t de Student não-pareado). 

Painel D: *p < 0,05 vs. 2,0% (teste t de Student não-

pareado). 

 

 

 

 

 

 

Podemos observar que a rfEtOH+Gli
max é diminuída tanto pela restrição calórica como pela 

ausência do DNA mitocondrial (Figura 3.8, Painel A). Além disso, verificamos que a EtOH+Gli
max das 

células caloricamente restritas é maior do que a observada na condição controle (Figura 3.8, Painel 

B): as últimas exibiram uma EtOH+Gli
max 136,38 ± 12,54% maior em relação às primeiras. Essa 

observação é consistente com o aumento significativo da rcEtOH+Gli
max e do YX/EtOH+Gli

exp em S. 

cerevisiae WT caloricamente restrita (Figura 3.8, Painéis C e D). 

 O fato de a extensão da repressão por glicose ser menor nas células caloricamente restritas 

não só justifica sua elevada EtOH
max como também o aumentado período de tempo para que as 

células cultivadas em condição controle começassem a exibir aumento de biomassa suportado por 

etanol (Tabela 2 em Materiais e Métodos). 

Finalmente, uma vez que as células 0 não são capazes de utilizar o etanol e o glicerol como 

fontes de carbono, o aumento de biomassa suportado por esse substrato nesses mutantes não foi 

observado (Figura 3.2, Painel C; Figura 3.8, Painel B) e, conseqüentemente, a EtOH+Gli
max, assim 

como a rcEtOH+Gli
max e a YX/EtOH+Gli

exp não puderam ser calculados (Figura 3.8, Painéis B, C e D). Essas 
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observações evidenciam a inabilidade de os mutantes 0 utilizarem substratos metabolizados 

aerobicamente para a manutenção de sua viabilidade celular e para o crescimento celular, estando, 

portanto, em concordância com a sua menor geração de biomassa (Figura 3.2, Painel D). 

 

3.8. Velocidade específica máxima de crescimento celular em etanol e em glicerol 

 

 Como previamente discutido, o etanol e o glicerol possuem consumos temporalmente 

paralelos em S. cerevisiae, (Figura 3.4, Painéis B e C; Item 3.7). Assim, com o objetivo de realizar 

uma estimativa da velocidade específica máxima de crescimento celular em etanol (EtOH
max)em 

relação à velocidade específica máxima de crescimento celular em glicerol (Gli
max), realizamos a 

transferência de S. cerevisiae WT cultivadas em meio YPD a meios YP contendo ou etanol ou 

glicerol, nas concentrações máximas previamente determinadas (Item 24 em Materiais e 

Métodos), nos tempos em que estas eram atingidas (Figura 3.4, Painel C). 

 

 

Figura 3.9. Velocidade específica máxima de crescimento celular de S. cerevisiae WT em etanol e glicerol. A determinação dos 

valores de EtOH
max e de Gli

max foram realizadas segundo descrição em Materiais e Métodos (Item 24). *p < 0,05 vs. 2,0% (teste t 

de Student não-pareado). EtOH: etanol. Gli: glicerol. 

 

 Podemos observar que os valores absolutos da velocidade específica máxima de crescimento 

celular em etanol aqui determinados são maiores do que os valores absolutos da velocidade 

específica máxima de crescimento celular em etanol/glicerol previamente verificados (Figura 3.8). 

Isso pode ser explicado pelo fato de que os meios frescos aqui utilizados não estavam 

condicionados e, portanto, isentos de modificações tanto químicas quanto físicas que podem 

diminuir a velocidade específica máxma de crescimento celular de S. cerevisiae. Entretanto, pela 

análise dos valores obtidos, verificamos que, em condição controle, a EtOH
max (0,0535 ± 0,002 . h-1) 

é 87, 85 ± 7,90% maior do que a Gli
max (0,0065 ± 0,0005 . h-1) e que, em restrição calórica, a 

EtOH
max (0,179 ± 0,003 . h-1) é 91,89 ± 3,52% maior do que a Gli

max (0,0145 ± 0,0005 . h-1). Em 

outras palavras, o glicerol contribui com 12,15 ± 7,90% e 8,11 ± 3,52% dos valores dos parâmetros 

fisiológicos calculados no Item 3.6 em condição controle e em restrição calórica, respectivamente. 
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3.9. Conclusões 

 

 Podemos concluir que a disponibilidade diminuída de glicose nos meios de cultura promove 

às células em restrição calórica (i) a exibição mais precoce do início do período de máxima 

respiração celular e também (ii) uma taxa de consumo de oxigênio máxima significativamente 

maior do que a das células controle, um fenótipo decorrente da mitigação da repressão por glicose 

nas células caloricamente restritas. Também concluímos que a conversão energética nas células em 

restrição calórica é maior do que nas células controle, e que a ausência do DNA mitocondrial possui 

significativa influência na formação máxima de biomassa de S. cerevisiae. Além disso, verificamos 

que o metabolismo respiratório de S. cerevisiae é responsável pela presença de uma diferença de 

mais de 3 unidades de pH extracelular existente entre os cultivos controle e os caloricamente 

restritos. Também concluímos que as concentrações máximas de etanol e glicerol formadas nas 

culturas de S. cerevisiae são dependentes da condição de cultivo, mas não da funcionalidade do 

genoma mitocondrial: a velocidade específica máxima de crescimento celular em glicose e a 

velocidade específica máxima de consumo desse substrato não se mostram dependentes da 

condição de cultivo, mas sim da presença funcional do DNA mitocondrial, cuja ausência afeta 

ambos igualmente. Embora a condição de cultivo não tenha alterado a formação (i) de biomassa, 

(ii) de etanol e (iii) de glicerol a partir de glicose nas células selvagens, ela influenciou a velocidade 

específica de formação de etanol e glicerol a partir de glicose – sendo maiores nas células 

cultivadas em condição controle – e também a (i) velocidade específica de crescimento celular em 

etanol e glicerol, (ii) de formação de etanol e glicerol e (iii) conversão de etanol e glicerol a 

biomassa – sendo maiores nas células em restrição calórica. 
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Seção 4 – Metabolismo de espécies reativas de oxigênio ao longo do tempo de vida cronológico de 

Saccharomyces cerevisiae 
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4.1. Espécies reativas de oxigênio no envelhecimento 

 

 Como previamente discutido (Item 1.5), as espécies reativas de oxigênio são produtos do 

metabolismo celular, podendo ser geradas a partir de processos enzimáticos e não-enzimáticos. A 

larga oxidação de macromoléculas – como, por exemplo, proteínas, lipídeos e DNA – é prevenida 

pela existência, no ambiente celular, de um balanço fisiológico entre a formação e a remoção dessas 

espécies reativas, como também anteriormente abordado (Item 1.4). Todavia, em determinadas 

condições, a geração descompensada das espécies reativas de oxigênio e seus derivados pode 

induzir danos a macromoléculas causando, via de regra, perda de função que leva à perda da 

manutenção da homeostase celular (Bevilacqua et al., 2005; Hagopian et al., 2005; Sanz et al., 

2005; Gredilla e Barja, 2005; Zheng et al., 2005). De fato, a observação de prejuízos funcionais 

devido a modificações oxidativas irreversíveis a componentes celulares tem sido utilizada como o 

alicerce que sustenta a teoria dos radicais livres no envelhecimento, proposta por Denham Harman 

em meados do século passado (Harman, 1956). 

Apesar de ter sofrido alterações ao longo do tempo, essa teoria postula, fundamentalmente, 

que o envelhecimento é um fenômeno baseado em um único processo comum – o aumento das 

reações de iniciação de geração dos radicais livres e espécies reativas. Embora a teoria dos radicais 

livres no envelhecimento ofereça um conjunto de argumentos bastante plausíveis, tais como o 

aumento do acúmulo de modificações oxidativas que precedem a disfunção celular (Fukagawa, 

1999; Sohal et al., 2002; Jacobs, 2003; Choksi et al., 2007; Choksi e Papaconstantinou, 2008), e a 

relação inversa entre essas modificações e o tempo de vida (Barja e Herrero, 2000; Barja, 2002), 

uma análise mais cuidadosa da literatura da área não é capaz de fornecer provas irrefutáveis de que 

a oxidação de biomoléculas é o efeito causal definitivo da perda da homeostase e do 

envelhecimento celular (Andziak et al., 2006; Buffenstein et al., 2008; Ristow e Schmeisser, 2011; 

Rodriguez et al., 2011); ao contrário, vários estudos clínicos que preconizaram a administração de 

antioxidantes não verificaram a promoção de benefícios à saúde humana (Greenberg et al., 1994; 

Liu et al., 1999; Czernichow et al., 2005; Kataja-Tuomola et al., 2008; Sesso et al., 2008; Katsiki e 

Manes, 2009). Além disso, outros trabalhos sugerem a associação entre a suplementação de 

antioxidantes com o aumento de doenças que possuem efeitos adversos sobre a longevidade 

humana (Omenn et al., 1996; Bjelakovic et al., 2007; Ward et al., 2007). 

Conseqüentemente, em conjunto, essas observações não só colocam a teoria dos radicais 

livres no envelhecimento em xeque como também exigem que a geração e o papel biológico das 

espécies reativas de oxigênio sejam analisados sob outro ponto de vista. De fato, recentemente, um 

grande número de trabalhos tem indicado que essas espécies podem atuar como importantes 

sinalizadores celulares na medida em que a sua formação promoveria, a posteriori, maior 

resistência celular ao estresse oxidativo – um cenário no qual o fenômeno da hormese parece ser a 

causa direta desse benefício (Kaiser, 2003; Ristow e Zarse, 2010; Ristow e Schmeisser, 2011; 

Calabreze et al., 2011). 
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A hormese tem sido descrita como um participante decisivo no envelhecimento, uma vez 

que C. elegans submetidos a diferentes tipos de estresses ambientais exibem um aumento do 

tempo de vida (Cypser e Johnson, 2002). Além disso, Mesquita e colaboradores recentemente 

demonstraram que em S. cerevisiae, as inativações das catalases peroxissomal e citosólica foram 

capazes de aumentar o tempo de vida cronológico, enquanto as suas superexpressões levaram à sua 

diminuição (Mesquita et al., 2010), sugerindo a existência de mecanismos horméticos mediados 

pelo estado de óxido-redução celular. 

Diante de todos esses argumentos, torna-se plausível considerar a hipótese de que 

modificações oxidativas específicas e delimitadas por um período de tempo possam contribuir, em 

conjunto com outros fatores – ambientais e/ou genéticos – com a determinação do destino 

fenotípico celular. Portanto, a quantificação da liberação induzida de peróxido de hidrogênio, bem 

como a determinação das quantidades de glutationa total, GSH e GSSG, e o teste de tolerância a 

oxidante exógeno, em diferentes tempos de cultivo, foram realizados para a obtenção de dados que 

permitam avaliar se o aumento do tempo de vida de S. cerevisiae em virtude da restrição calórica é 

um fenômeno hormético mediado por modificações do estado de óxido-redução celular. 

 

4.2. Liberação de peróxido de hidrogênio induzida por substratos exógenos ao longo do tempo de 

vida cronológico de S. cerevisiae WT 

 

 Dada a mudança metabólica promovida pelo consumo da glicose e formação de seus 

substratos derivados (Seção 3) questionamos se existem diferenças significativas – e se existem, 

qual o seu padrão de variação – em relação à liberação induzida de espécies reativas de oxigênio 

entre as células controle e as caloricamente restritas durante seu envelhecimento cronológico. 

Desta forma, verificamos como se comporta a liberação de peróxido de hidrogênio induzida por 

substratos exógenos na 16ª h (nos painéis representada como “1 d”), bem como no 7º, 14º, 21º, e 

28º dia de cultivo em S. cerevisiae WT. 

Observamos que em ambas as condições de suplementação de substratos exógenos – 

piruvato 0,5 mM (Figura 4.1, Painel A) – ou malato 1 mM, glutamato 1 mM e etanol 2% (Figura 4.2, 

Painel B) – as taxas de liberação de peróxido de hidrogênio pelos esferoplastos obtidos de células 

controle na 16ª hora de cultivo sempre são significativamente maiores do que as observadas nas 

células caloricamente restritas. É notável que a liberação induzida de peróxido de hidrogênio em 

ambas as situações de cultivo cai de forma significativa da 16ª hora até o 7º dia de cultivo, 

assumindo os seus menores níveis absolutos ao longo do tempo. Essa verificação sugere que, direta 

ou indiretamente, o estado metabólico das células durante a fase logarítmica tardia e a fase 

estacionária precoce de crescimento (transição observada aproximadamente em 16 h de cultivo, em 

nossas condições; Figura 3.2, Painel A) – que é distinto do estado metabólico em fase estacionária 

tardia – está relacionado com a geração celular de oxidantes. 
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Figura 4.1. Liberação de peróxido de hidrogênio induzida por substratos exógenos ao longo do tempo de vida cronológico de 

S. cerevisiae WT. A determinação da liberação de peróxido de hidrogênio em esferoplastos de S. cerevisiae WT (100 g/mL) 

induzida por piruvato 0,5 mM (Painel A) e malato 1 mM, glutamato 1 mM e etanol 2% (Painel B) na 16ª h (“1d”) e no 7º, 14º, 

21º e 28º dia foi realizada segundo descrição em Materiais e Métodos (Item 9). Uma quantidade de digitionina que variou 

entre 0,007% e 0,010% foi utilizada para proporcionar o aumento da permeabilidade dos esferoplastos à peroxidase de raiz 

forte – necessária para a oxidação da sonda fluorescente Amplex Red pelo peróxido de hidrogênio – e aos substratos 

exógenos. Painéis A e B: *p < 0,05 vs. WT 2,0% 1 d, #p < 0,05 vs. WT 0,5% 1 d (one-way ANOVA/Bonferroni); +p < 0,05 vs. WT 

2,0% (teste t de Student não-pareado). 

 

 Também é notável que, quando suplementados com piruvato, os esferoplastos obtidos de 

células caloricamente restritas exibem um aumento significativo na geração induzida de oxidantes 

no 7º e no 14º dia de cultivo (Figura 4.1, Painel A), situação que é também observada no 7º, 14º e 

21º dia de cultivo quando esses mesmos esferoplastos são suplementados com malato, glutamato e 

etanol (Figura 4.1, Painel B). 

 Finalmente, também verificamos que esferoplastos preparados a partir de células controle, 

quando suplementados com piruvato, apresentam uma liberação de peróxido de hidrogênio 

significativamente maior do que os mesmos esferoplastos na presença de malato, glutamato e 

etanol [3,36 ± 0,03 nmols . mg prot-1 . min-1 (piruvato) vs. 1,57 ± 0,01 nmols . mg prot-1 . min-1 

(malato, glutamato e etanol); p = 0,0004]. O inverso é observado quando se leva em conta os 

esferoplastos advindos de células em restrição calórica: a liberação de peróxido de hidrogênio é 

significativamente maior quando a suplementação é realizada com etanol, malato e glutamato 

[0,38 ± 0,01 nmols . mg prot-1 . min-1 (piruvato) vs. 0,78 ± 0,06 nmols . mg prot-1 . min-1 (malato, 

glutamato e etanol); p = 0,02]. 

 

4.3. Estado de óxido-redução da glutationa ao longo do tempo de vida cronológico de S. cerevisiae WT  

 

Como já previamente discutido, a determinação do estado de óxido-redução da glutationa é 

de grande importância para a verificação de o quão deslocado para a geração de oxidantes ou para 

a detoxificação destes está o steady-state celular (Item 1.4). Assim, determinamos a quantidade de 

glutationa total, GSH e GSSG, bem como calculamos a razão entre GSSG e GSH na 16º h (nos 

painéis representada como “1 d”), e no 7º, 14º, 21º e 28º dia de cultivo para verificar se os estados 

fisiológicos de óxido-redução celular desses dois mutantes de S. cerevisiae estavam em 
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concordância com aqueles sugeridos pela liberação de peróxido de hidrogênio induzida por 

substratos exógenos da mesma forma que anteriormente (Figura 1.3). 

 

 

Figura 4.2. Estado de óxido-redução da glutationa ao longo do tempo de vida cronológico de S. cerevisiae WT. As 

quantidades de glutationa total (Painel A), GSH (Painel B), GSSG (Painel C) e a razão GSSG-GSH (D) foram determinadas 

conforme descrito em Materiais e Métodos (Item 10). Painéis A e B: *p < 0,05 vs. 2,0% 1 d, #p < 0,05 vs. 2,0% 7 d, +p < 0,05 vs. 

2,0% 14 d, $p < 0,05 vs. 0,5% 1 d, &p < 0,05 vs. 0,5% 7 d, §p < 0,05 vs. 0,5% 14 d (one-way ANOVA/Bonferroni); £p < 0,05 vs. 

2,0% (teste t de Student não-pareado). C: *p < 0,05 vs. 2,0% 1 d, #p < 0,05 vs. 0,5% 1 d (one-way ANOVA/Bonferroni); +p < 0,05 

vs. 2,0% (teste t de Student não-pareado). D: *p < 0,05 vs. 2,0% 1 d, #p < 0,05 vs. 2,0% 7 d, +p < 0,05 vs. 2,0% 14 d, $p < 0,05 vs. 

0,5%  1 d,  §p < 0,05 vs. 0,5% 7 d,  £p < 0,05 vs. 0,5% 14 d, %p < vs. 0,5% 21 d (one-way ANOVA/Bonferroni); @p < 0,05 vs. 2,0% 

(teste t de Sudent não-pareado). 

 

Verificamos que os dados de liberação de peróxido de hidrogênio induzida por substratos 

exógenos (Figura 4.1) estão, mais uma vez, coerentemente alinhados com os valores de glutationa 

total, GSH, GSSG e com a razão entre GSSG e GSH (Figura 4.2). Além disso, observamos que a 

restrição calórica promove um aumento da síntese celular de glutationa entre o 1º e o 7º dia de 

cultivo (Painel A), o que sempre é refletido em uma maior disponibilidade de glutationa reduzida 

para as células cultivadas nessa condição, inclusive na 16ª h de cultivo (Figura 4.1, Painel B). De 

fato, na 16ª h de cultivo, há um pool significativamente menor de glutationa reduzida nas células 

controle devido à grande quantidade de glutationa oxidada nesse mesmo ponto (Figura 4.1, Painel 

C). Embora exista uma maior quantidade de GSSG nas células caloricamente restritas no 7º, 14º e 

21 º dia de cultivo (Figura 4.1, Painel C), as maiores quantidadades de glutationa reduzida nesses 

mesmos dias (Figura 4.1, Painel B) compensam essa maior oxidação, uma vez que a razão entre 

GSSG e GSH não é significativamente diferente entre a condição controle e a restrição calórica 

nesses três dias de cultivo (Figura 4, Painel D). Notadamente, essa razão é significativamente maior 
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nas células controle no 1º e no 28º dia de cultivo, o que sugere que nesses dias há uma geração de 

oxidantes que possivelmente não é compensada, ao menos, pelo sistema antioxidante da glutationa 

peroxidase e pela atividade antioxidante da GSH per se. 

 

4.4. Tolerância ao estresse oxidativo ambiental ao longo do tempo de vida cronológico de S. cerevisiae 

WT 

 

 Com o objetivo de determinarmos se a capacidade antioxidante das células sugerida pelos 

resultados da quantificação da glutationa total, GSH, GSSG e do estado de óxido-redução celular 

indicado pela razão GSSG-GSH seria refletida em sua capacidade de tolerar um determinado 

estresse oxidativo ambiental, realizamos um teste de tolerância celular a peróxido de hidrogênio 

exógeno durante o tempo de vida cronológico de S. cerevisiae, no qual verificamos a extensão do 

crescimento dessa levedura em placas de meio sintético completo suplementadas com diferentes 

concentrações desse oxidante. 

 

Figura 4.3. Tolerância ao estresse oxidativo ambiental ao 

longo do tempo de vida cronológico de S. cerevisiae WT. A 

determinação da tolerância a estresse oxidativo ambiental 

de S. cerevisiae WT através da capacidade de crescimento 

em meio suplementado com peróxido de hidrogênio (H2O2) 

em meio sintético completo foi realizada conforme 

descrição em Materiais e Métodos (Item 25). H2O2 1º dia: 1,2 

mM; H2O2 7º, 14º, 21º e 28º dia: 2,5 mM. A figura ao lado é 

representativa de, no mínimo, 4 repetições independentes. 

 

 

 

 

 

 

 

 

Podemos observar que, no 1º e no 7º dia de cultivo, as células caloricamente restritas 

possuem uma maior tolerância ao estresse ambiental promovido pelo peróxido de hidrogênio. Essa 

tolerância torna-se igual no 14º dia, permanecendo assim até o 21º. Interessantemente, no 28º dia 

de cultivo, a tolerância das células controle não só se torna maior do que a as células em restrição 

calórica, como aparentemente a capacidade absoluta em tolerar o estresse oxidativo ambiental 

apresenta-se maior do que aquela verificada no 21º dia. Embora essas observações sejam de difícil 

interpretação quando analisadas somente com os demais dados aqui apresentados, elas indicam 
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que a capacidade antioxidante de S. cerevisiae obedece a uma dinâmica específica, sensível à 

condição de cultivo, mas cuja regulação ao longo do tempo e efetores ainda necessitam ser 

determinados. 

 

4.5. Morfologia mitocondrial ao longo do tempo de vida cronológico de S. cerevisiae WT 

 

 Em dois trabalhos recentemente publicados, Yu e colaboradores demonstraram a existência 

de uma correlação entre a morfologia mitocondrial e a liberação de espécies reativas de oxigênio 

em mamíferos (Yu et al., 2006 e 2008). Decidimos, então, realizar a aquisição de imagens de S. 

cerevisiae previamente tratadas com a sonda fluorescente MitoTracker Green com o objetivo de 

verificar (i) a existência de possíveis diferenças morfológicas entre a condição controle de cultivo e 

a restrição calórica que poderiam ser associadas às taxas de liberação de oxidantes em S. cerevisiae 

e também (ii) como o envelhecimento modula a morfologia mitocondrial dessa levedura. 

 

Figura 4.4. Morfologia mitocondrial ao longo do tempo de 

vida cronológico de S. cerevisiae WT. A determinação da 

morfologia mitocondrial com o uso de MitoTracker Green 

500 nM na 16ª h (“1º dia”), na 40ª h (“2º dia”) e no 14º e 28º 

dia de cultivo em S. cerevisiae WT foi realizada conforme 

descrição em Materiais e métodos (Item 26) As imagens aqui 

utilizadas são representativas da análise de uma média de 

100 células em, no mínimo, 4 experimentos independentes. 
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Pela análise da Figura 4.4, podemos observar que na 16ª hora de cultivo (representada na 

figura como “1º dia”), as mitocôndrias apresentam-se em redes de estrutura alongada, ocupando a 

periferia da célula em condição controle de cultivo e tanto a periferia como o centro da célula em 

restrição calórica. Já em restrição calórica, na 40ª h de cultivo (representada na figura como “2º 

dia”) – momento em que não há mais glicose nos meios de cultura e em que o metabolismo 

aeróbico é prevalente (Seção 3) – observamos que há duas populações mitocondriais bem distintas: 

enquanto uma já se mostra altamente fragmentada, outra ainda permanece na forma alongada 

anteriormente observada na 16ª h de cultivo. Por sua vez, na condição controle, as mitocôndrias de 

todas as células analisadas já se apresentavam em um grau avançado de fragmentação, embora 

tanto estas como as células em restrição calórica já estivessem utilizando substratos respiratórios 

como fonte de carbono (Figura 3.4). Essa diferença pode ser explicada pelo único fator que 

inicialmente as diferenciou, i.e., a quantidade de glicose disponível no início dos cultivos. De fato, 

podemos observar que o perfil de metabólitos gerados nas duas condições é bastante distinto entre 

a condição controle e a restrição calórica (Figura 3.4), assim como o consumo de oxigênio e a 

liberação de oxidantes (Figuras 3.1 e 4.1), evidenciando a existência de uma correlação entre o 

estado metabólico celular – e todos os fenótipos secundários a essa condição, tais como respiração 

celular, liberação mitocondrial de oxidantes e estado de óxido-redução celular (Figuras 3.1, 4.1 e 

4.2) – e a morfologia mitocondrial. Finalmente, a partir do 14º dia, as mitocôndrias já aparecem 

totalmente fragmentadas em ambas as condições, assumindo claramente uma localização celular 

estritamente periférica. 

  

4.6. Conclusões 

 

 Podemos concluir, portanto, que a liberação mitocondrial de peróxido de hidrogênio em S. 

cerevisiae cultivada em condição controle é maior do que aquela apresentada pelas células 

caloricamente restritas na fase logarítmica tardia de crescimento, porém não na fase estacionária 

de crescimento. Além disso, a liberação de peróxido de hidrogênio induzida por piruvato – um 

substrato celular de considerável relevância já que é o produto final da glicólise – foi 

significativamente maior do que a promovida pela mistura de malato, glutamato e etanol. Essa 

observação indica que, nessa condição, a Lpd1p da piruvato desidrogenase pode ser a responsável 

pela elevada liberação de peróxido de hidrogênio – de fato, nosso grupo demonstrou que a Lpd1p é 

uma importante fonte de espécies reativas de oxigênio também na célula selvagem (Tahara et al., 

2007). Além disso, observamos que a quantidade de GSH sempre é maior nas células cultivadas em 

restrição calórica, e que S. cerevisiae cultivada em condição controle não consegue compensar a 

maior oxidação de GSH no 1º e no 28º dia de cultivo. Curiosamente, a tolerância a peróxido de 

hidrogênio exógeno por células caloricamente restritas é maior do que a apresentada pelas células 

controle apenas no primeiro e no sétimo dia de cultivo, não esclarecendo se os possíveis 

mecanismos horméticos no envelhecimento de S. cerevisiae caloricamente restrita são mediados 
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pelo estado de óxido-redução celular, ou se estes promovem um aumento da tolerância a estresse 

oxidativo promovido por peróxido de hidrogênio nas células caloricamente restritas. Finalmente, 

também observamos que na fase logarítmica tardia de crescimento, tanto as mitocôndrias de 

células caloricamente restritas como as de células controle apresentam-se organizadas em redes, as 

quais progressivamente vão se fragmentando – embora em uma dinâmica diferente, 

aparentemente mais lenta na célula caloricamente restrita – e assumindo uma localização 

estritamente periférica ao longo do tempo de cultivo. As elevadas taxas de liberação de oxidantes 

na fase logarítmica tardia de crescimento, assim como as relativamente diminuídas durante a fase 

estacionária, correlacionam-se, portanto, com a morfologia mitocondrial, embora a relação causal 

entre esses dois parâmetros ainda tenha que ser determinada. 
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Conclusões finais 

 

• As inativações de NPT1 e BNA6 não promovem diminuição do tempo de vida cronológico, 

tampouco suprimem o aumento do tempo de vida mediado pela restrição calórica em S. cerevisiae, 

porém diminuem o consumo de oxigênio e aumentam a liberação de espécies reativas de oxigênio 

por intermédio da Lpd1p; 

 

• Inativações de genes que codificam enzimas do ciclo dos ácidos tricarboxílicos, tais como LPD1, 

ACO1, KGD1 e SDH1 não impedem o aumento do tempo de vida cronológico em virtude da 

restrição calórica; 

 

• Aco1p, Kgd1p, Lpd1p e Sdh1p alteram a estabilidade do DNA mitocondrial de forma dependente 

da disponibilidade inicial de glicose nos meios de cultura e do tempo de cultivo: no primeiro dia de 

cultivo, enquanto as ausências de Aco1p e Kgd1p diminuem a porcentagem de células respiratório-

competentes em uma condição em que há uma maior disponibilidade de glicose nos meios de 

cultura, Lpd1p o faz em restrição calórica. Já no sétimo dia de cultivo, a ausência de Kgd1p 

aumenta a instabilidade do genoma mitocondrial em ambas as condições, assim como Lpd1p e 

Sdh1p o fazem em S. cerevisiae caloricamente restrita; 

 

• A ausência da funcionalidade do genoma mitocondrial, seja pela ausência deste per se, seja pela 

ausência da atividade de Abf2p, abolem completamente a responsividade de S. cerevisiae à 

restrição calórica; 

 

• A inativação do gene nuclear CYT1 também suprime o aumento do tempo de vida mediado pela 

restrição calórica, demonstrando que a integridade da cadeia de transporte de elétrons é um 

requisito necessário para o aumento do tempo de vida cronológico de S. cerevisiae em resposta à 

restrição calórica; 

 

• A responsividade de S. cerevisiae à restrição calórica, exceção feita ao mutante npt1lpd1, 

correlaciona-se à capacidade de apresentar crescimento em meio seletivo rico para respiração 

 

• O protocolo de restrição calórica para levedura aumenta o tempo de vida cronológico de S. 

cerevisiae por mitigar o fenômeno da repressão por glicose nessa levedura Crabtree-positiva. O 

tempo de vida cronológico de K. lactis, uma levedura Crabtree-negativa, não é capaz de ser 

aumentado pela restrição calórica; 
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• A repressão por glicose promove um imprinting em S. cerevisiae que não é revertido ao longo do 

tempo, uma vez que a taxa respiratória máxima dessa levedura cultivada em condição controle é 

significativamente menor que a dessa levedura cultivada sob restrição calórica; 

 

• A ausência do DNA mitocondrial diminui a velocidade específica máxima de formação de 

biomassa e a velocidade específica máxima de consumo de glicose, e abole a capacidade de 

utilização de substratos oxidáveis para a geração de células, resultando em uma quantidade de 

biomassa diminuída nos mutantes 0; 

 

• O fator de conversão de glicose a células e a etanol não é alterado pela condição de cultivo 

tampouco pela funcionalidade do DNA mitocondrial; 

 

• As células caloricamente restritas apresentam um menor índice de formação de etanol e glicerol 

(por hora) do que as células cultivadas em condição controle, mas elas são comparativamente mais 

aptas a consumir esses dois substratos, apresentando maior velocidade específica de crescimento e 

conseqüentemente maior formação de biomassa (por hora) promovida por esses dois substratos; 

 

• Em ambas as condições de cultivo, a liberação de espécies reativas de oxigênio na fase logarítmica 

tardia de crescimento é sempre maior do que na fase estacionária e consideravelmente maior 

quando da suplementação de piruvato ao invés de malato, glutamato e etanol.  

 

• A liberação de espécies reativas de oxigênio nas células caloricamente restritas na 16ª hora de 

cultivo é menor do que nas células controle, cenário que é invertido ao longo do restante do tempo 

de vida cronológico de S. cerevisiae; 

 

• A restrição calórica aumenta a quantidade de glutationa total em todos os tempos de cultivo, e a 

célula cultivada sob condição controle possui um aumento da razão entre GSSG e GSH na 16ª h e 

no 28º dia de cultivo; 

 

• Não há correlação entre o estado de óxido-redução da glutationa com a tolerância ao estresse 

oxidativo ambiental em S. cerevisiae; 

• As mitocôndrias de S. cerevisiae, na 16ª h de cultivo, mostram-se organizadas em uma rede 

alongada; bem definida; com o passar do tempo, essa rede é fragmentada, gerando mitocôndrias 

que se localizam na periferia da célula. 
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Materiais e métodos 

 

1. Linhagem parental e mutantes de S. cerevisiae 

 

 A linhagem parental de S. cerevisiae utilizada foi a BY4741 (MATa; his31; leu20; 

met150; ura30; Brachmann et al., 1998). Os mutantes npt1, bna6, lpd1,npt1lpd1, 

bna6lpd1, aco1, kgd1, sdh1, abf2, cyt1, e atp2 também foram utilizados. 

 

2. Linhagem parental de K. lactis 

 

  A linhagem parental de K. lactis utilizada foi a CBS 2359 (Kiers et al., 1998). 

 

3. Meios de cultura, armazenamento e cultura celular 

 

 Os meios de cultura utilizados para os procedimentos foram (i) o YPD líquido (peptona 

2,0%, extrato de levedura 1,0% e glicose 2,0% ou 0,5%); (ii) o YPD sólido (YPD líquido com glicose 

2,0% suplementado com ágar bacteriológico 2,0%); (iii) o YPEG sólido (peptona 2,0%, extrato de 

levedura 1,0%, etanol 2,0%, glicerol 2,0% e ágar bacteriológico 2,0%); (iv) o SD sólido 

suplementado (base nitrogenada 0,17%, sulfato de amônio 0,5%, glicose 2,0%, sulfato de adenina 

20 mg/L, uracila 20 mg/L, triptofano 20 mg/L, histidina 20 mg/L, arginina 20 mg/L, metionina 

20 mg/L, tirosina 20 mg/L, leucina 100 mg/L, isoleucina 30 mg/L, lisina 30 mg/L, fenilalanina 50 

mg/L, glutamato 100 mg/L, aspartato 100 mg/L, valina  150 mg/L, treonina 200 mg/L, serina 400 

mg/L e ágar bacteriológico 2,0%); e (v) o SGE sólido suplementado (base nitrogenada 0,17%, 

sulfato de amônio 0,5%, etanol 2,0%, glicerol 2,0%, sulfato de adenina 20 mg/L, uracila 20 mg/L, 

triptofano 20 mg/L, histidina 20 mg/L, arginina 20 mg/L, metionina 20 mg/L, tirosina 20 mg/L, 

leucina 100 mg/L, isoleucina 30 mg/L, lisina 30 mg/L, fenilalanina 50 mg/L, glutamato 100 mg/L, 

aspartato 100 mg/L, valina  150 mg/L, treonina 200 mg/L, serina 400 mg/L e ágar bacteriológico 

2,0%), todos esterelizados em vapor úmido a 121 ºC, por 20 min. O armazenamento celular foi 

realizado em meio YPD sólido a 6 °C ou YPD líquido com glicose 2,0% acrescido de 15% de glicerol, 

a -80 °C. Os cultivos celulares eram realizados assepticamente em erlenmeyers fechados com 

tampas de estopa envolta em gaze em volumes de meio de cultura que variaram de 50 mL a 80 mL, 

por até 6 dias (K. lactis) ou 28 dias (S. cerevisiae), a 30 °C, em incubadora operando sob constante 

agitação orbital a 200 rpm. As pré-culturas eram realizadas por aproximadamente 18 h e o número 

de células inoculadas por mL de meio fresco para o início das culturas foi fixado em 1.105. 
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4. Determinação do tempo de vida cronológico de S. cerevisiae e K. lactis 

 

 A determinação do tempo de vida cronológico de S. cerevisiae e K. lactis foi realizado 

através da medida da viabilidade celular verificada pela capacidade de formação de colônias ao 

longo tempo. Na 16ª h e no 7º, 14º, 21º e 28º dia de crescimento, um volume de 2 mL de cultura de 

S. cerevisiae era transferida para um tubo cônico de centrífuga estéril, ao qual eram adicionados 3 

mL de água ultrapura estéril. A suspensão era então centrifugada por 1 min a 1000 × g, a 25 °C, e o 

sobrenadante era descartado. Este procedimento de lavagem era repetido e, por fim, as células 

eram ressuspenssas em 2 mL de água ultrapura estéril. A absorbância a 600 nm (Abs600) era 

determinada, e diluições em série a uma Abs600 final de 0,2, 0,02, 0,002 e 0,0002 eram realizadas. 

Um volume de 50 L da última diluição – o qual continha 100 células – era adicionado às placas de 

YPD sólido, as quais eram incubadas por 72 h a 30 ºC para promover o crescimento celular; após 

esse período, o número de colônias era então determinado. Os resultados estão indicados nas 

figuras pelo número absoluto de colônias contadas – eles não foram propositalmente corrigidos 

para a porcentagem de sobrevivência em cada tempo de determinação a fim de refletir as 

verdadeiras diferenças no comportamento de cada mutante estudado. Em K. lactis, os mesmos 

procedimentos foram efetuados; entretanto, as determinações de viabilidade celular foram 

realizadas após 16 h e 2, 3, 4, 5 e 6 dias de crescimento. 

 

5. Obtenção de esferoplastos de S. cerevisiae 

 

 Os esferoplastos de S. cerevisiae foram obtidos por duas maneiras diferentes, variando-se a 

quantidade de zimoliase utilizada para a preparação, bem como o tempo e a temperatura de 

incubação para a digestão enzimática. 

 Para as preparações utilizadas nas Figuras 1.2, 1.3 e 1.5, um volume que variava entre 5 mL 

e 20 mL de meio de cultura era transferido para um tubo cônico de centrífuga e 20 mL de água 

ultrapura eram adicionados. A suspensão era então centrifugada por 3 min a 1200 x g, a 25 ºC, e o 

sobrenadante era descartado. O procedimento de lavagem era repetido, e o precipitado celular 

tinha a sua massa determinada em balança analítica. Conhecendo-se a massa celular da amostra, 

eram adicionados, por g de células, 3 mL de tampão sorbitol 1,2 M, MgCl2 10 mM e Tris-Cl 50 mM 

(pH = 7,5) contendo ditiotreitol 30 mM. Essa suspensão era então incubada a temperatura 

ambiente, com moderada agitação orbital (50 rpm), por 15 min, ao final dos quais era novamente 

centrifugada 3 min a 1200 x g, a 25 ºC. O sobrenadante era descartado, e eram adicionados, por g 

de células, 5 mL do mesmo tampão sorbitol 1,2 M, MgCl2 10 mM e Tris-Cl 50 mM (pH = 7,5) 

contendo 1 mM de ditiotreitol e zimoliase 20 U/mg células. A suspensão resultante era então 

incubada com moderada agitação orbital (50 rpm), a 37 ºC, por 40 min, ao final dos quais 

aproximadamente 40 mL de tampão sorbitol 1,2 M, MgCl2 10 mM e Tris-Cl 50 mM (pH = 7,5) 



 71 

gelado eram adicionados ao tubo cônico. A suspensão era centrifugada por 1800 x g, por 5 min, a 4 

ºC. O procedimento de lavagem era novamente realizado, e o precipitado resultante de 

esferoplastos era ressuspenso em aproximadamente 1 mL de sorbitol 1,2 M, MgCl2 10 mM e Tris-Cl 

50 mM (pH = 7,5) gelado, sendo reservados em gelo até o momento da sua utilização. 

 Para as preparações utilizadas na Figura 4.1 foram utlizados os procedimentos 

anteriormente descritos; porém a quantidade de zimoliase utilizada para a digestão foi aumentada 

para 60 U/mg células, e a incubação subseqüente teve o tempo aumentado para 3 h e a 

temperatura diminuída para 30 ºC. 

 

6. Quantificação de proteína 

 

 A quantificação de proteína foi realizada segundo o método de Lowry (Lowry et al., 1951). 

 

7. Determinação da quantidade de digitonina necessária para permeabilização de esferoplastos de S. 

cerevisiae 

 

 A digitonina, um glicosídeo esteróide, é capaz de aumentar a permeabilidade de diferentes 

tipos de células a íons, metabólitos e enzimas (Dubinsky e Cockrell, 1975; Siess e Wieland, 1976; 

Mackall et al., 1979; Fiskum et al., 1980; Brocks et al., 1980). Este efeito é resultado da ligação da 

digitonina ao colesterol e outros -hidroxiesteróides presentes na membrana plasmática. Uma vez 

que, em eucariotos, a razão molar entre o colesterol e fosfolipídeos é algumas vezes maior na 

membrana plasmática do que em membranas intracelulares (Coulbeau et al., 1971), o tratamento 

de células intactas – ou ainda esferoplastos de levedura – com baixas quantidades de digitonina 

promove a perda da continuidade da membrana plasmática e, conseqüentemente, o aumento da 

permeabilidade desta, preservando, porém, a integridade organelar. Esta técnica vem sendo 

empregada desde o final de década de 70 para a realização de medidas in situ da atividade do 

transporte mitocondrial e retículo endoplasmático em células (Dubinsky e Cockrell, 1975; Fiskum 

et al., 1980). 

 Desta forma, a quantidade de digitonina a ser utilizada para a permeabilização dos 

esferoplastos de S. cerevisiae na determinação do consumo de oxigênio e da liberação de peróxido 

de hidrogênio induzido por substratos exógenos foi determinada através do monitoramento da 

integridade da membrana mitocondrial, i.e., da verificação da preservação do potencial de 

membrana mitocondrial após a adição de quantidades conhecidas deste glicosídeo. Nos dois 

ensaios acima citados, a permeabilização fez-se nessária para que a membrana plasmática exibisse 

um aumento de permeabilidade aos substratos exógenos e à peroxidase de raiz forte – enzima 

necessária para a detecção de peróxido de hidrogênio através da sonda fluorescente Amplex Red 
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(Item 9). Com a utilização de um volume adequado de digitonina 1%, a membrana plasmática tem 

a sua permeabilidade à safranina O aumentada, que é então acumulada na membrana mitocondrial 

interna, de forma dependente do potencial de membrana mitocondrial – já que a safranina O 

possui carga positiva e o interior da mitocôndria é negativamente carregado. Uma vez ligada, a 

safranina O já não mais fluoresce quando excitada a 495 nm, o que é verificado pelo alcance e 

sustentação da intensidade de fluorescência do traçado analítico nos menores valores possíveis. 

Caso a quantidade de digitonina 1% utilizada seja superior àquela necessária para a 

permeabilização, o traçado analítico mostrará, num primeiro momento, uma diminuição da 

intensidade de fluorescência da safranina O; porém, essa diminuição será seguida por um aumento 

da intensidade de fluorescência com o tempo, indicando a perda do potencial de membrana 

mitocondrial promovida pelo excesso do glicosídeo. 

 Assim, a integridade da membrana mitocondrial foi avaliada por 10 min com o uso de um 

espectrofotômetro de fluorescência operando a 495 nm de excitação e 586 nm de emissão, com 

agitação constante, a 30 ºC, em suspensões de esferoplastos (100 g/mL) em tampão sorbitol 1,2 

M, EDTA 1 mM (pH = 7,5) e fosfato de potássio 75 mM (pH = 7,5), contendo etanol 2%, malato 1 

mM (pH = 7,5) e glutamato 1 mM (pH = 7,5) como substratos, na presença de safranina O 5 M. 

Quantidades conhecidas de uma solução de digitonina 1% foram adicionadas às suspensões de 

esferoplastos, e os volumes adequados foram utilizados, então, na determinação do consumo de 

oxigênio e da liberação de peróxido de hidrogênio induzido por substratos exógenos em 

esferoplastos de S. cerevisiae.  

  

8. Determinação do consumo de oxigênio induzido por substratos exógenos em esferoplastos de S. 

cerevisiae  

 

 O consumo de oxigênio foi monitorado ao longo do tempo em suspensões de esferoplastos 

(800 g/mL) em tampão sorbitol 1,2 M, EDTA 1 mM (pH = 7,5) e fosfato de potássio 75 mM (pH = 

7,5) contendo malato 1 mM (pH = 7,5), glutamato 1 mM (pH = 7,5) e etanol 2%, como substratos, 

com o uso de um eletrodo de Clark interfaciado com computador e operando com agitação 

contínua, a 30ºC. 

 

9. Determinação da liberação de peróxido de hidrogênio induzido por substratos exógenos em 

esferoplastos de S. cerevisiae  

 

 A liberação de peróxido de hidrogênio induzida por substratos exógenos em esferoplastos 

de S. cerevisiae foi monitorada por 10 minutos com o uso de um espectrofotômetro de 

fluorescência operando a 563 nm de excitação e 587 nm de emissão, com agitação constante, a 30 



 73 

ºC, em suspensões de esferoplastos (100 g/mL) em tampão sorbitol 1,2 M, EDTA 1 mM (pH = 7,5) 

e fosfato de potássio 75 mM (pH = 7,5) contendo (i) piruvato 0,5 mM (pH = 7,5) ou (ii) malato 1 

mM (pH = 7,5), glutamato 1 mM (pH = 7,5) e etanol 2%, como substratos, na presença de 

peroxidase de raiz forte 0,5 U/mL e de Amplex Red 50 M.  

 

10. Quantificação de glutationa total, oxidada e reduzida em S. cerevisiae 

 

 A quantificação de glutationa total e GSSG foi realizada segundo Demasi et al. (2001), com 

algumas modificações. Um volume que variou entre 15 mL e 35 mL de meio de cultura foi 

transferido para um tubo cônico de centrífuga e 15 mL de água ultrapura foram adicionados. A 

suspensão foi então centrifugada por 3 min a 1200 x g, a 25 ºC, e o sobrenadante foi descartado. O 

precipitado celular foi ressuspenso em 1 mL de água ultrapura e tansportado a um microtubo de 

centrífuga sendo, em seguida, centrifugado a 20000 x g, por 3 min, a 25 ºC. O sobrenadante foi 

retirado com uma micropipeta e o precipitado celular teve a sua massa determinada em balança 

analítica – em caso de uma massa superior a 200 mg, o excesso era retirado com o auxílio de uma 

espátula. Assim, a massa celular de aproximadamente 200 mg era então rompida por 15 minutos 

na presença de 100 mg de glass beads e 150 L de ácido sulfosalicílico 3,5% por duas vezes, com o 

uso de um homogeneizador tipo vórtex, a 4 °C. Os homogenatos obtidos foram centrifugados a 

20000 x g por 5 min, a 4 °C, para a recuperação da solução de ácido sulfosalicílico que continha a 

glutationa celular total. Em seguida, um volume de 250 mL era separado, tinha o seu pH corrigido 

para 7 com KOH e era incubado por 1 h com N-etilmaleimida 5 mM. A determinação da glutationa 

total foi realizada com o sobrenadante final pela sua reação com ácido 5-5’-ditiobis-2-nitrobenzóico 

76 mM na presença de glutationa redutase 0,12 U/mL e NADPH 0,27 mM em um 

espectrofotômetro operando a 412 nm, sob agitação constante, a 30 °C. Os volumes das amostras 

reservados para a determinação de glutationa oxidada foram analisados sob as mesmas condições. 

A quantidade de glutationa reduzida foi determinada matematicamente pela diferença entre a 

glutationa total e a oxidada. 

 

11. Construção dos mutantes npt1lpd1 e bna6lpd1 

 

Os mutantes npt1lpd1e bna6lpd1 foram gerados, respectivamente, pelo cruzamento 

de mutantes com alelos nulos de NPT1 e BNA6 com um mutante LPD1 do tipo de acasalamento 

oposto. Os diplóides resultantes foram então esporulados. Após análise das tétrades resultantes, os 

duplos mutantes foram selecionados de tétrades verdadeiras com segregação 2:2 para resistência  a 

geneticina. As mutações simples e duplas foram confirmadas por reação em cadeia da polimerase, 

utilizando os seguintes primers localizados na região promotora dos respectivos genes: NPT1F 5'-

GCCCTGCAAAAGCTTATAAAG; BNA6F 5'-GGTACAAGCTTGGTTACAAAC; LPD1F 5'-
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GGCAAGCTTCGATTGTCTCTGTCG, com primer reverso presente no cassete de disrupção kanMX: 

kanB 5'-CTGCAGCGAGGAGCCGTAAT. 

 

12. Isolamento de S. cerevisiae 0 

 

Os mutantes 0 de S. cerevisiae foram obtidos após o cultivo de células selvagens por 20 h 

em YPD líquido de 2,0%. Então 100 células foram plaqueadas em YPD sólido e após 72 h, esta 

placa foi replicado em YPEG sólido. Após 48 h de incubação, as colônias respiratório-

incompetentes foram então identificadas e isoladas da placa de YPD. O fenótipo 0 das colônias 

selecionadas foi confirmado por meio de cruzamentos com linhagens mit- de S. cerevisiae contendo 

mutações pontuais nos genes mitocondriais COX1, cob1 e atp6 (Slonimski e Tzagoloff, 1976). Após 

a seleção baseada na complementação auxotrófica dos diplóides, não observamos a reversão da 

incompetência respiratória. 

 

13. Determinação da capacidade de crescimento em meio seletivo rico e sintético para respiração 

 

 A capacidade de crescimento em meio seletivo para respiração foi realizada pela verificação 

do crescimento de S. cerevisiae WT, aco1, kgd1, lpd1, npt1lpd1 bna6lpd1, cyt1, atp2, 

abf2 e 0 em meio YPEG sólido (seletivo rico) e SEG suplementado (seletivo sintético). Para tal, 5 

L de suspensões celulares de Abs600nm de valores 1,0; 0,1; 0,01; e 0,001 foram seqüencialmente 

adicionados em placas contendo YPD, YPEG, SD suplementado e SEG suplementado sólidos, as 

quais foram incubadas por 7 dias a 30 °C. 

 

14. Determinação da porcentagem de colônias respiratório-competentes em S. cerevisiae 

  

 A determinação da porcentagem de colônias + foi realizada replicando-se todas as colônias 

crescidas nas placas de YPD sólido em placas contendo YPEG sólido e se contando o número de 

colônias formadas também após 48 h de incubação a 30 °C. As colônias originadas em YPD a partir 

de células que não possuem o DNA mitocondrial íntegro não são capazes de crescer nesse meio 

seletivo para respiração e foram, portanto, inequivocamente consideradas como colônias do tipo 

petite (0). Dessa forma, conseguimos determinar o número e a porcentagem de colônias +. 
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15. Determinação do consumo de oxigênio em células intactas de S. cerevisiae WT 

 

 A determinação do consumo de oxigênio em células intactas de S. cerevisiae WT foi 

monitorado em alíquotas de 1 mL de cultura através o uso de um eletrodo de Clark interfaciado 

com computador e operando com agitação contínua, a 30 °C. A absorbância a 600 nm foi 

determinada para cada amostra, em todos os tempos, para a posterior correção do valor de 

consumo de oxigênio por biomassa. 

 

16. Separação, análise e quantificação dos metabólitos extracelulares de S. cerevisiae WT e 0 

 

 A separação dos analitos contidos nos meios de cultura YPD de S. cerevisiae WT e 0 foi 

realizada através do uso de uma coluna Bio-Rad Aminex HPX-87H (operando a 60 °C) acoplada a 

um cromatógrafo de alta eficiência operando com H2SO4 5 mM como fase móvel, a uma vazão de 

0,6 mL/min. A análise dos metabólitos extracelulares de S. cerevisiae WT e 0 foi realizada através 

do uso de um detector de índice de refração Waters 2414 (operando a 50 °C) e de um detector de 

absorbância Waters UV/Vis 2489 (operando em 214 nm). A quantificação desses metabólitos foi 

realizada através da determinação da altura dos picos cromatográficos com o uso do programa 

Empower 2 Chromatography Data Software (Waters). Alíquotas de 1 mL dos meios YPD 2,0% e 

0,5% foram retiradas das culturas de S. cerevisiae no tempo inicial (0 h) e na 6ª; 12ª; 18ª; 24ª; 

30ª; 36ª; 42ª e 48ª h de cultivo, e também no 3º; 6º; 7º; 8º; 9º; 10º; 14º; 21º e 28º dia de cultivo. 

Após coletadas, as alíquotas foram filtradas com unidades filtrantes GV Millex com membrana 

Durapore de poro 0,22 m para a retirada do conteúdo celular e estocadas a -20 °C até a sua 

análise. Os analitos estudados foram a glicose, o etanol, o glicerol, o acetato e o succinato (todos 

detectados pelo detector de índice de refração), além do piruvato (detectado pelo detector de 

absorbância).  

 

Tabela 1. Tempos de retenção aproximados e canais de detecção dos metabólitos extracelulares de S. cerevisiae cultivada em 

YPD. IR: detector de índice de refração; UV/Vis: detector de absorbância. 

Analito Tempo de retenção (min) Canal 

Glicose 9,39 IR 

Piruvato 9,58 UV/Vis 

Succinato 12,33 IR 

Glicerol 13,81 IR 

Acetato 15,76 IR 

Etanol 22,29 IR 
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Os padrões utilizados para a construção das curvas de calibração eram analisados no início, 

meio e final de todas as baterias de análise cromatográfica, e possuíam glicose 10,0 g/L, etanol e 

glicerol 5,0 g/L, e piruvato, succinato e acetato 1,0 g/L; ou glicose 5,0 g/L, etanol e glicerol 2,5 g/L, 

e piruvato, succinato e acetato 0,5 g/L. Os tempos de retenção aproximados de todos os analitos e 

os canais pelos quais eles são detectados estão listados na Tabela 1. 

 

17. Determinação da curva de crescimento celular e de pH do meio extracelular 

  

 As curvas de crescimento celular e de pH extracelular de S. cerevisiae WT e 0, cultivadas 

em condição controle e em restrição calórica, foram construídas com a obtenção dos dados de 

Abs600 e de pH do meio extracelular nos mesmos tempos em que eram realizadas as retiradas de 

alíquotas para a análise dos metabólitos extracelulares. Exclusivamente para a curva de 

crescimento, sempre que necessário, eram feitas diluições convenientes para que as leituras 

analíticas no espectrofotômetro fossem de, no máximo, 0,6. 

 

18. Determinação do fator de conversão de Abs600 para biomassa 

 

 O cálculo do fator de conversão de Abs600 para biomassa fez-se nessário para a 

determinação dos parâmetros fisiológicos relacionados aos cultivos, e foi realizado segundo Olsson 

e Nielsen (1997), com algumas modificações. Um volume que variou entre 3 e 20 mL de meio de 

cultura contendo S. cerevisiae foi filtrado por um sistema composto por membrana filtrante 

Millipore de 0,45 mm, unidade filtrante, kitassato e bomba de vácuo. As membranas filtrantes 

foram previamente armazenadas em uma estufa de secagem a 85 °C, por 8 h, ao final das quais 

uma a uma tinham as suas massas aferidas. Após a filtração, as membranas filtrantes eram 

retiradas da unidade filtrante e armazenadas novamente na estufa de secagem, a 85 °C, por mais 8 

h. Após esse período de secagem, tinham suas massas aferidas novamente, e a massa seca de 

leveduras era determinada pela subtração do valor da massa da membrana filtrante seca da massa 

da membrana filtrante seca acrescida de leveduras. Após dez repetições deste procedimento, cujo 

resultado mostrou-se altamente reprodutível, chegamos ao valor de 0,194 mg de massa seca de S. 

cerevisiae BY4741 por mL de meio de cultura para cada unidade de Abs600, independentemente da 

fase de crescimento. 

 

19. Cálculo dos parâmetros fisiológicos associados aos cultivos 

 

 Os dados cromatográficos obtidos foram utilizados para a construção de gráficos em função 

do tempo. As regressões lineares utilizadas para a determinação dos parâmetros fisiológicos foram 

obtidas com o uso do software OpenOffice.org Calc 3.2.1 (Oracle). O coeficiente de regressão linear 

mínimo aceito para a análise dos dados foi de 0,9. 
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20. Determinação da velocidade específica máxima de crescimento em glicose e etanol/glicerol 

 

 Para a determinação da velocidade específica máxima de crescimento (max; em h-1) de S. 

cerevisiae, tanto em glicose (Glu
max) como em etanol/glicerol (EtOH+Gli

max), foi gerado, 

primeiramente, o gráfico do logaritmo natural da concentração celular (Abs600; ordenada) contra o 

tempo (abcissa). O max para cada substrato corresponde ao coeficiente angular da regressão linear 

obtida com os pontos pertencentes ao trecho linear da curva de crescimento em logaritmo natural; 

esse trecho linear corresponde à fase exponencial de crescimento celular promovida pelo consumo 

de cada um desses substratos (Doran, 1995). 

 Os intervalos de tempo utilizados para o cálculo da Glu
max e da EtOH+Gli

max foram 

determinados pela curva de Abs600, e encontram-se na tabela abaixo, assim como o intervalo de 

tempo decorrido para o início da metabolização do etanol após a exaustão total da glicose. 

 

Tabela 2. Intervalos de tempo utilizados para o cálculo da Glu
max e da  EtOH

max e intervalo de tempo decorrido para o início da 

metabolização do etanol após a exaustão total da glicose em S. cerevisiae. t: intervalo de tempo. 

 t para mGlu
max (h) t para  mEtOH

max (h) t entre mGlu
max e mEtOH

max (h) 

WT 2,0% 0 a 18 30 a 48 12 

WT 0,5% 0 a 12 18 a 42 6 

0 2,0% 0 a 24 - - 

0 0,5% 0 a 18 - - 

 

  As determinações da velocidade específica máxima de crescimento em etanol e glicerol 

foram realizadas em conjunto, como um só índice, uma vez que os consumos desses dois substratos 

é temporalmente paralelo. 

 

21. Determinação do fator de conversão de substrato a biomassa 

 

 Para o cálculo do fator de conversão de substrato a biomassa, ou rendimento celular (YX/S
exp, 

em g células/g substrato), tanto para glicose (YX/Glu
exp em g células/g glicose) como para 

etanol/glicerol (YX/EtOH+Gli
exp em g células/g etanol), foi primeiramente necessário transformar os 

valores de Abs600 em biomassa. O coeficiente angular da regressão linear obtida no gráfico da 

concentração celular (em g células/L; ordenada) em função da concentração de substrato (g 

glicose/L ou g etanol+glicerol/L; abcissa) corresponde ao fator de conversão dos substratos a 

biomassa. Os intervalos de tempo da curva de biomassa utilizados para esses cálculos 

correspondem exatamente àqueles encontrados na Tabela 2. 
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22. Determinação do fator de conversão de substrato a produto 

 

 Para a determinação do fator de conversão de substrato a produto (YP/S; em g produto/g 

substrato), ou rendimento em produto, foi primeiramente gerado um gráfico da concentração do 

produto (g produto/L; ordenada) em função da concentração de substrato (g substrato/L). O 

coeficiente angular da regressão linear obtida corresponde ao YP/S; assim, os fatores de conversão 

de glicose a etanol (YEtOH/Glu
exp) e de glicose a glicerol (YGli/Glu

exp) puderam ser obtidos. Os intervalos 

de tempo utilizados para a determinação desses parâmetros foram aqueles em que, 

necessariamente, eram observados, de forma concomitante, o consumo de glicose e a geração dos 

produtos. Outros fatores de conversão, como o de conversão de glicose a acetato, a piruvato e a 

succinato não puderam ser calculados uma vez que estes foram somente detectados após a total 

exaustão da glicose dos meios de cultura. 

 

23. Determinação da velocidade específica máxima de consumo de substrato e de geração de produto 

 

 A velocidade específica máxima de consumo de substrato (rc
max; em g substrato/g célula.h) e 

a velocidade específica máxima de de geração do produto (rf
max) foram calculadas pelas equações 1 

e 2, respectivamente. A velocidade específica máxima de consumo de glicose (rcGlu
max; em g 

glicose/g células . h); de etanol e glicerol (rcEtOH+Gli
max; em g etanol e glicerol/g células . h); e a 

velocidade específica máxima de formação de etanol (rfEtOH
max; em g etanol/g células . h); de glicerol 

(rfGli
max; em g glicerol/g células . h) foram assim determinadas. 

 

rc
max = mmax/YX/S

exp [1] 

rf
max = (mmax/YX/S) * YP/S

exp [2] 

 

24. Estimativa da velocidade específica de crescimento em etanol e glicerol 

 

 A estimativa da velocidade específica máxima de crescimento celular em etanol (EtOH
max) e 

da velocidade específica máxima de crescimento celular em glicerol (Gli
max), foi realizada a partir 

da transferência de S. cerevisiae WT cultivadas em meio YPD 2,0% e 0,5% a meios YP contendo ou 

etanol ou glicerol, nas concentrações máximas determinadas [etanol: 8,90 g/L (2,0%) e 2,25 g/L 

(0,5%); glicerol: 0,68 g/L (2,0%) e 0,25 g/L (0,5%)], nos tempos em que estas eram atingidas 

[etanol: 24 h (2,0%) e 18 h (0,5%); glicerol: 30 h (2,0%) e 18 h (0,5%)]. Os cultivos tiveram as suas 

Abs600 registradas até a 48ª hora de cultivo. 
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25. Determinação da tolerância a estresse oxidativo ambiental 

 

 A determinação da tolerância celular de S. cerevisiae WT a estresse oxidativo ambiental foi 

verificada através da capacidade de crescimento em meio SD suplementado sólido com 

concentrações variadas de peróxido de hidrogênio após 3 dias de incubação a 30 °C. As diluições 

realizadas e o volume de células adicionado às placas foram os mesmos descritos no Item 13. 

 

26. Determinação da morfologia mitocondrial 

 

 A determinação da morfologia mitocondrial de S. cerevisiae WT foi realizada através da 

análise de células previamente incubadas com sonda fluorescente utilizando um microscópio de 

fluorescência. Para tal, 1.107 células ressuspensas em seu próprio meio de cultura foram incubadas 

na presença de MitoTracker Green 500 nM por 45 minutos. A microscopia foi realizada em um 

microscópio invertido Nikon TE300 operando com filtro para proteína verde fluorescente. As 

imagens foram capturadas com uma câmera Roper HQ CoolSnap. Os tempos de exposição 

variaram de 0,5 a 2 segundos. As imagens obtidas foram processadas e analisadas com os softwares 

Metamorph 7.1 (Universal Imaging) e ImageJ (http://rsb.info.nih.gov/ij/). 

 

27. Geração de gráficos e análise estatística 

 

 A geração dos gráficos e a realização da análise estatística foram feitas através do programa 

GraphPad Prism 5.00 (GraphPad Software, Inc.). Os resultados são expressos em média ± erro 

médio. 
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Increased replicative longevity in Saccharomyces cer-
evisiae because of calorie restriction has been linked to
enhanced mitochondrial respiratory activity. Here we
have further investigated how mitochondrial respira-
tion affects yeast life span. We found that calorie restric-
tion by growth in low glucose increased respiration but
decreased mitochondrial reactive oxygen species pro-
duction relative to oxygen consumption. Calorie restric-
tion also enhanced chronological life span. The benefi-
cial effects of calorie restriction on mitochondrial
respiration, reactive oxygen species release, and repli-
cative and chronological life span could be mimicked by
uncoupling agents such as dinitrophenol. Conversely,
chronological life span decreased in cells treated with
antimycin (which strongly increases mitochondrial re-
active oxygen species generation) or in yeast mutants
null for mitochondrial superoxide dismutase (which re-
moves superoxide radicals) and for RTG2 (which partic-
ipates in retrograde feedback signaling between mito-
chondria and the nucleus). These results suggest that
yeast aging is linked to changes in mitochondrial metab-
olism and oxidative stress and that mild mitochondrial
uncoupling can increase both chronological and repli-
cative life span.

The only intervention known to increase average and maxi-
mum life span in mammals is caloric restriction (CR),1 a reduc-
tion of 25–60% in calorie intake without essential nutrient
deficiency. This diet not only extends life span but also delays
many unwanted effects of aging and age-related pathologies.
CR is highly effective in a wide range of organisms, increasing
life span by up to 50% in some species (reviewed in Refs. 1–3).
Unfortunately, the mechanisms through which it results in
increased life span are still controversial (see Ref. 4 for a
critical review).

A leading hypothesis on the mechanism through which CR

prevents aging is that this process decreases reactive oxygen
species (ROS) generation and, hence, the oxidation of cellular
components (5–8). Indeed, aging is usually accompanied by
oxidative damage of DNA, proteins, and lipids (9, 10). CR
promotes a metabolic shift resulting in more efficient electron
transport in the mitochondrial respiratory chain (1, 5). Faster
and more efficient electron transport may lead to lower produc-
tion of ROS by mitochondria, one of the major intracellular
ROS sources. This occurs because of reduced leakage of elec-
trons from the respiratory chain and/or lower oxygen concen-
trations in the mitochondrial microenvironment (11, 12). In-
deed, artificially increasing mitochondrial respiration using
uncouplers such as 2,4-dinitrophenol (DNP) strongly prevents
mitochondrial ROS release (11). Furthermore, CR decreases
ROS release/O2 consumed in isolated mammalian mitochon-
dria (13), possibly because of enhanced expression of mitochon-
drial uncoupling proteins (14, 15). Despite this evidence sup-
porting a correlation between ROS-induced damage and aging,
a clear cause-effect relationship has been hard to establish, and
conflicting results are often presented in the literature (see Ref.
4 for a critical review).

Saccharomyces cerevisiae has been used as a model system to
study mechanisms of life span modulation. Two types of life
span may be measured in S. cerevisiae: chronological and rep-
licative (10, 16–18). Chronological life span is measured in the
stationary growth phase, in which reproduction rates are low.
Under these conditions, cells gradually senesce in a manner
that may be related to ROS removal capacity (19, 20). However,
factors influencing chronological longevity (or aging in non-
dividing cells) are expected to be different from those influenc-
ing replicative life span, which is defined by the number of
generations a yeast cell produces when in logarithmic growth
phase (16). Possible shared pathways and differences in these
forms of aging have not been thoroughly explored to date, and
it is unclear which form of life span relates best to longevity in
multicellular organisms.

Replicative life span has been more extensively studied in
yeast, and a hypothesis relating CR and changes in life span to
altered gene expression has been developed using this model.
Guarente and co-workers (21) have shown that replicative life
span extension in S. cerevisiae can be achieved by decreasing
the culture media substrate content, a condition mimicking CR.
Yeast replicative life span extension promoted by CR depends
on the activity of the SIR2 gene. SIR2 codes for a histone
deacetylase and prevents the formation of extrachromosomal
rDNA circles (ERCs), which accumulate during replicative ag-
ing (16, 22). Because Sir2p activity depends on nicotinamide
adenine dinucleotide as a substrate, the effect of CR in yeast
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may be related to an increase in the NAD�/NADH ratios in
restricted cells due to higher respiratory rates (23, 24). Lower
glucose levels increase respiration, shifting the preferred fer-
mentation pathway toward oxidative phosphorylation (re-
viewed in Ref. 4).

Guarente and co-workers (23) found that CR in yeast did not
enhance the resistance of these cells to exogenous oxidants,
such as paraquat or H2O2, or alter the expression of antioxi-
dant enzymes, a finding presented as an indication for the lack
of a ROS effect in replicative aging. However, oxidative stress
is the result of an imbalance between ROS removal and ROS
formation, which was not measured under their conditions.
Furthermore, these authors detected increased respiratory
rates in CR yeast (23), which may alter mitochondrial ROS
release rates, as discussed above. It is thus important to recon-
sider a possible participation of changes in mitochondrial ROS
release levels in the replicative life span effects of CR.

Other aspects that warrant investigation are the comparison
of replicative and chronological aging and the effects of factors
known to influence replicative life span on chronological life
span. CR and SIR2 have been extensively shown to enhance
replicative life span by decreasing ERCs, but their effects on
chronological life span have not, to our knowledge, been deter-
mined to date. Retrograde feedback between nucleus and mi-
tochondria also plays a role in replicative life span by decreas-
ing ERCs, as indicated by the fact that deletion of RTG2, a gene
that plays a central role in relaying retrograde response sig-
nals, decreases replicative life span (25). However, the effect of
RTG2 on chronological life span is also unknown.

To analyze further the role of mitochondrial activity in yeast
longevity, we measured the effects of CR on mitochondrial respi-
ration and ROS release. We also tested the effects of well estab-
lished regulators of mitochondrial ROS release and genes in-
volved in the regulation of replicative aging on chronological life
span, using a recently developed fluorescence technique. Finally,
we uncovered links between respiration, ROS release, and aging
in yeast by demonstrating that CR and mitochondrial uncoupling
can affect both chronological and replicative life span.

EXPERIMENTAL PROCEDURES

Yeast Strains and Media—S. cerevisiae W303–1A cells (R. Rothstein,
Columbia University, New York, NY) were used in most experiments.
EUROFAN BTY4741 wild type strain and strains harboring null mu-
tations of SIR2, SOD2, and RTG2, named here �SIR2, �SOD2, and
�RTG2, respectively, were used in Fig. 2, C and D. Cells were cultured
at 30 °C with continuous shaking in standard YPD medium (26) con-
taining 0.5 or 2% glucose.

Mitochondrial Isolation—Mitochondria were prepared from yeast
strain W303–1A cultures grown in YPD to early stationary phase by the
method of Faye et al. (27), except for the use of zymolyase 20,000 units/g
(ICN) instead of glusulase to convert cells to spheroplasts. Mitochondria
isolated in this manner present intact inner membranes and respira-
tory complexes (28).

Oxygen Consumption—O2 consumption was followed at 30 °C in iso-
lated mitochondrial suspensions incubated in 0.6 M sorbitol, 20 mM

Tris-HCl (pH 7.5), and 0.5 mM EDTA in the presence of 2% ethanol, 0.5
mM malate, and 0.5 mM glutamate, using a computer-interfaced Clark
electrode operating in an air-tight chamber with continuous stirring.

Hydrogen Peroxide (H2O2) Release—H2O2 production was measured
as described elsewhere (28) by measuring the oxidation of 50 �M Am-
plexTM Red (Molecular Probes®) in the presence of 1.0 units/ml horse-
radish peroxidase (Sigma). The incubation media contained 0.6 M sor-
bitol, 20 mM Tris-HCl (pH 7.5), and 0.5 mM EDTA, using 2% ethanol, 0.5
mM malate, and 0.5 mM glutamate as substrates. The rate of AmplexTM

oxidation was recorded at 30 °C using a Hitachi F-4500 fluorescence
spectrophotometer equipped with continuous stirring, operating at ex-
citation and emission wavelengths of 563 and 587 nm, respectively.

Yeast Chronological Life Span—Yeast were cultured with continuous
shaking for 4 days at 30 °C. Viability was assessed in the stationary
phase using the fluorescent FUN® 1 (Molecular Probes) probe. This
method provides faster and more reliable results than colony counts

(29). Culture quantities were determined by measuring the absorbance
at 600 nm. �2 � 108 cells were added to 1 ml of reaction buffer
consisting of 5 �M FUN® 1, 2% glucose, and 10 mM HEPES, pH 7.5.
FUN® 1 determines yeast metabolic activity through fluorimetric anal-
ysis. Only metabolically active cells can convert the bright green fluo-
rescent probe into an intravacuolar orange-red compound in a manner
independent of fermentation or respiratory metabolism (29). The fluo-
rescent conversion was detected using a Hitachi F-4500 fluorescence
spectrophotometer with 470 nm excitation and 535 and 580 nm emis-
sion wavelengths. Data are expressed as the difference in 580 and 535
nm emissions over time, in arbitrary fluorescence units.

Yeast Replicative Life Span—Replicative life span measures the
number of generations a yeast cell is capable of generating by budding
(30) and was determined as described previously (31). Briefly, 1 �l of
cells grown logarithmically overnight in liquid YPD or YPD supple-
mented with 10 nM DNP was plated on YPD and YPD � 10 nM DNP
plates. A group of unbudded cells was separated from the rest by
micromanipulation (TDM400TM micromanipulator and Nikon Eclipse
E400 microscope) and allowed to produce buds. Fifty of these buds were
removed and used as the starting mother cell population. The number
of daughter cells (generations) for each mother cell was counted by
following cell division and separating daughter cells. Cells were grown
at 30 °C during the day and at 8 °C overnight. Each experiment in-
volved �50 mother cells and was carried out three times independently.
There was no significant variability among the independent repetitions.
Statistical significance of life span differences was determined using a
Mann-Whitney Rank sum test.

RESULTS

ROS Release and O2 Consumption in CR and Control
S. cerevisiae Mitochondria—Because CR increases mitochon-
drial respiratory rates (23), we examined the possibility that
CR alters ROS production in isolated yeast mitochondria. To do
so, we measured the release of H2O2, a membrane-permeable
ROS, in suspensions of mitochondria isolated from S. cerevisiae
grown in YPD containing 2 or 0.5% glucose, a condition previ-
ously shown to extend replicative life span (21). Interestingly,
although oxygen consumption rates tended to be larger in CR
mitochondria (Fig. 1A), the release of H2O2 was not directly
proportional to the oxygen consumption rates measured (panel
B). In fact, H2O2 release/O2 consumption ratios in yeasts grown
in 2% glucose were significantly higher than those of CR mito-
chondria (panel C), indicating that CR alters the quantity of
H2O2 generated per O2 consumed. As a result, despite the fact
that yeasts grown in 0.5% glucose display O2 consumption
rates larger than those observed in 2% glucose (23), their total
mitochondrial ROS release may be lower. Indeed, the uncou-
pler carbonyl cyanide 3-chlorophenylhydrazone, which artifi-
cially enhances respiration, decreased H2O2 production in
S. cerevisiae mitochondria by 27% (panel D), as observed pre-
viously in animal tissues (11, 12). DNP (5 �M), a structurally
unrelated uncoupler, also lowered H2O2 release by 25–30%
(results not shown), whereas antimycin A, a respiratory inhib-
itor, strongly enhanced H2O2 release (panel D).

Respiration and ROS in Yeast Chronological Life Span—
Yeast CR has been shown to increase replicative life span (21),
but its effects on chronological life span have not been deter-
mined to date. To measure chronological life span, we grew
cells in stationary phase and marked them with the fluorescent
FUN® 1 probe, which is gradually metabolized in aerobic or
anaerobic live cells, leading to a fluorescence peak at 580 nm
when excited at 470 nm. Metabolically inactive cells do not
process the probe and fluoresce at 535 nm. Thus, the difference
in 580 and 535 nm fluorescence is proportional to the live/dead
cell contents (29).

We observed that cells cultured under CR conditions (0.5%
glucose) in stationary phase present a larger proportion of live
cells than yeast grown in 2% glucose (Fig. 2A), indicating that
CR also increases chronological life span. To verify the effects of
respiration and ROS release on chronological life span, we used
DNP as a mild uncoupler (to avoid cell death due to excessive
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H� transport) and antimycin A to block respiration (Fig. 2B).
We found that low doses of DNP (1–10 nM) significantly in-
crease 2% glucose live cell contents, a result indicative of en-
hanced survival. This effect was not observed in cells grown in
0.5% glucose (results not shown). Higher DNP doses (100 nM,
not shown, to 1 mM, Fig. 2B) did not affect or slightly decreased
stationary phase viability relative to control cells, probably
because of perturbed energy metabolism. On the other hand,
the respiratory inhibitor antimycin A consistently and strongly
increased dead cell contents at every concentration tested (Fig.
2B and results not shown). These results are in agreement with
the hypothesis that ROS affect yeast viability during the sta-
tionary phase (20).

Confirming the idea that mitochondrial ROS determine chro-
nological life span, the null mutant of mitochondrial superoxide
dismutase (�SOD2), which is incapable of dismutating intra-
mitochondrial superoxide radicals to H2O2, showed decreased
chronological life span relative to its wild type strain BTY4741
(Fig. 2C). A rtg2 mutant, which has been previously shown to
present decreased replicative life span (25) due to defective
retrograde (mitochondria-nuclear) signaling, also presented de-
creased chronological life span (Fig. 2C). This result indicates

more parallels between chronological and replicative life span
in yeast.

However, aspects affecting chronological and replicative life
span were not identical. Although the BTY4741 strain also
presented increased chronological life span in response to CR,
deletion of SIR2, which is essential for the beneficial effects of
CR in replicative life span (22, 23), did not strongly decrease
the effects of CR on chronological life span (Fig. 2D).

Mild Uncoupling and Replicative Life Span—Because we
found that mild uncoupling reproduces the effects of CR on
mitochondrial respiration, H2O2 release, and chronological life
span, we tested its effect on replicative life span. In three
independent experiments involving 50 yeast mother cells each,
we found that 10 nM DNP led to a small but reproducible and
statistically significant increase of �15% in replicative life
span (see Fig. 3 for a representative experiment). Thus, mild
uncoupling mimics CR and increases both chronological and
replicative life span.

DISCUSSION

The role of mitochondrial metabolism, respiration, and ROS
in life span and the beneficial effects of CR have been the focus

FIG. 1. CR and uncoupling decrease mitochondrial H2O2 release/O2 consumed. Mitochondria were isolated from W303–1A S. cerevisiae
grown in the presence of 2 or 0.5% glucose as described under “Experimental Procedures.” Respiratory rates (A) and H2O2 release rates (B) were
measured in parallel. The average � S.E. H2O2 detected/O2 consumed of three separate experiments, such as those in panels A and B, is depicted
in panel C (*, p �0.01 relative to 0.5% glucose, pairwise Tukey test). D, H2O2 release from mitochondria isolated from cells grown in 2% glucose
was measured, and 0.5 �M carbonyl cyanide 3-chlorophenylhydrazone or 0.5 �g/ml antimycin A was added where indicated. Numbers in
parentheses indicate O2 consumption and H2O2 release rates in �M/min. A, B, and D, representative experiments of at least three similar
repetitions.
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of many studies. Although most research using animals has
found an inverse correlation between levels of mitochondrial
ROS and life span (reviewed in Refs. 5–8), a causative effect of
ROS-promoted oxidation in limiting life span has been hard to
establish because of the inconsistent and/or nonexistent effects
of antioxidants (4, 32).

Further questions involving the role of ROS in life span have
been uncovered by studies using S. cerevisiae as a model for
aging and longevity (30). These studies, which focused on rep-
licative life span, show that CR does not enhance the expres-
sion of redox-related genes or resistance against oxidative
stress (23). Although the authors suggest this evidence excludes
a role for ROS in the replicative life span-extending effects of CR,
they demonstrate that mitochondrial metabolism and respiration
play a role in this process. By intensifying respiration, CR in-
creases intracellular NAD�/NADH ratios and the activity of
Sir2p, which prevents the accumulation of ERCs and loss of
replicative ability in the logarithmic growth stage (24) (see Fig.

4). Recently, the mammalian SIR2 orthologue, Sirt1, has been
shown to be up-regulated as a result of CR (33).

In this study, we have attempted to establish a more inte-
grative link between mitochondrial metabolism, ROS, and both
chronological and replicative life span. We began by measuring
ROS release levels in mitochondria from yeasts grown under
control and CR conditions and found that CR significantly
decreases ROS release/O2 consumed (Fig. 1). This finding sug-
gests that even though CR yeast do not present more antioxi-
dant defenses or increased resistance against exogenous oxi-
dants (23), their redox balance is improved by lower levels of
mitochondrial ROS release. The effects of CR on ROS release
could be mimicked by artificially increasing respiration with
uncouplers, whereas respiratory inhibition strongly enhanced
ROS release, indicating the CR effect occurs as a result of
respiratory stimulation. Yeast growth in 2% glucose represses
the synthesis of electron transport chain components (23, 34).
As a result, electrons may accumulate at intermediate levels of

FIG. 2. CR and mild uncoupling enhance chronological life span. The difference between metabolized red-orange FUN® 1 fluorescence
(living cells) and bright green fluorescence (dead cells) was measured every 5 min and plotted over time until stable levels were obtained (see
“Experimental Procedures”). The initial decrease in values occurs because of FUN® 1 incorporation by the cells, whereas fluorescence differences
after stabilization are proportional to live cell counts. A and B, the fluorescence of W303–1A cells grown for 4 days in 2% glucose (B, all traces) or
0.5% glucose, as shown, in the presence of DNP (at the concentrations shown) or 0.1 �g/ml antimycin A where indicated. C and D, BTY4741 wild
type or null mutants of SIR2, SOD2, and RTG2 cells were grown for 4 days in 2% (C, all traces) or 0.5% glucose as shown. The results presented
are representative experiments of at least three similar repetitions.
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the respiratory chain, favoring electron leakage and ROS for-
mation. In CR yeast, glucose repression of mitochondrial res-
piration is reduced, stimulating electron transport and pre-
venting ROS formation. In this manner, the effects of CR are
similar to those of mild uncoupling that decreases mitochon-
drial ROS by enhancing respiration and preventing the accu-
mulation of electrons at early steps of the transport chain
where they can reduce oxygen monoelectronically, generating
superoxide radical anions (11, 12).

To verify whether mild uncoupling was the cause of the
beneficial effects of CR, we measured the effects of low con-
centrations of the uncoupler DNP on life span in S. cerevisiae.
We initially studied chronological life span, which has been
the focus of fewer studies in the area. We found that CR
increases chronological life span in two yeast strains
(W303–1A and BTY4741), indicating that chronological and
replicative life spans share some common pathways (Fig. 2).
Furthermore, the effects of CR could be mimicked by low
doses of DNP, whereas respiratory inhibition decreased cell
viability under these conditions, suggesting the CR effect is
related to changes in respiration and ROS release promoted
by this treatment. Because the deletion of mitochondrial
superoxide dismutase also decreased cell viability, it seems
chronological life span is limited by mitochondrial ROS pro-
duction, as suggested previously (17, 20).

Further support for a role of mitochondrial metabolism in
the determination of chronological life span was obtained by
the finding that �RTG2, a mutant strain deficient in retro-
grade signaling, also displays reduced chronological life span.
The deletion of this gene has previously been shown to affect
replicative life span (25), bringing further support for the
existence of some common pathways in these processes (see
Fig. 4). However, there are clear differences between the two
mechanisms of aging in yeast. The null sir2 mutant, which
still responds to the effects of CR on chronological life span
(Fig. 3), represses the effect of CR on replicative life span
(23). This result indicates chronological life span is not
limited by ERC accumulation, as expected in a non-dividing
cell. Further support for this notion was provided by the
finding that a null mutant of PNC1, which affects NAD�/
NADH levels and ERC accumulation (35), displayed an in-
crease in chronological life span similar to that observed in
wild type cells when incubated under CR conditions (results
not shown).

Because mild uncoupling with DNP promoted the same res-
piratory, ROS, and chronological life span effects as CR, we
tested its effects on replicative life span. The finding that DNP
leads to an �15% increase in replicative life span indicates that
mild uncoupling efficiently mimics CR (which increases repli-
cative life span by �24% (21)) and improves life span in both
dividing cells and those in stationary phase.

Based on our results, we propose a model which relates the
effects of mitochondrial respiration and ROS release with chro-
nological and replicative life span (Fig. 4). The finding that
mild uncoupling, like CR, enhances both forms of life span
suggests this may be a viable intervention to prevent aging in
more complex organisms. Indeed, CR has been shown to pro-
mote a decrease in protonmotive force and ROS release in rats
(36). Furthermore, individual mice with longer life spans have
larger respiratory rates and proton leaks (37), supporting the
idea that CR causes mild uncoupling that is responsible for the
prevention of aging. Although the use of DNP as an uncoupler
has many unwanted toxic effects, mammals contain naturally
occurring pathways that lead to mild uncoupling, such as mi-
tochondrial ATP-sensitive K� channels (38) and uncoupling
proteins (39, 40). These pathways, when activated, decrease
H2O2 release/O2 consumption ratios and could prove useful in
further studies designed to establish a link between mild un-
coupling and longevity.
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FIG. 3. Mild uncoupling enhances replicative life span.
W303–1A cells were incubated overnight in the presence or absence
(control cells) of 10 nM DNP and then plated on YPD medium containing
10 nM DNP or with no further additions (control). Mother cells were
separated by micromanipulation, and the number of generations was
counted in each group. The generation average of three experiments for
control cells was 13.6 � 0.20 and 15.6 � 0.26 for cells treated with 10 nM

DNP. The differences in the median values between the two groups are
greater than would be expected by chance (p � 0.016, Mann-Whitney
Rank sum test). The experiment shown is representative of three sim-
ilar repetitions.

FIG. 4. Schematic representation of the proposed role of mito-
chondria in yeast life span. Decreased respiratory rates increase
NAD�/NADH ratios, leading to a lower Sir2p activity and ERC accu-
mulation, which limits replicative life span. In addition, lower respira-
tory rates increase ROS production, which diminishes chronological life
span, in a manner prevented by superoxide dismutase (SOD). Rtg2p
deletion decreases chronological life span and increases ERC accumu-
lation leading to reduced replicative life span. CR and mild uncoupling
promoted by DNP increase respiration and limit mitochondrial ROS
release, enhancing both chronological and replicative life span.
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ABSTRACT Replicative life span in Saccharomyces cer-
evisiae is increased by glucose (Glc) limitation [calorie
restriction (CR)] and by augmented NAD�. Increased
survival promoted by CR was attributed previously to the
NAD�-dependent histone deacetylase activity of sirtuin
family protein Sir2p but not to changes in redox state.
Here we show that strains defective in NAD� synthesis
and salvage pathways (pnc1�, npt1�, and bna6�) exhibit
decreased oxygen consumption and increased mitochon-
drial H2O2 release, reversed over time by CR. These null
mutant strains also present decreased chronological lon-
gevity in a manner rescued by CR. Furthermore, we
observed that changes in mitochondrial H2O2 release
alter cellular redox state, as attested by measurements of
total, oxidized, and reduced glutathione. Surprisingly, our
results indicate that matrix-soluble dihydrolipoyl-dehydro-
genases are an important source of CR-preventable mito-
chondrial reactive oxygen species (ROS). Indeed, dele-
tion of the LPD1 gene prevented oxidative stress in npt1�
and bna6� mutants. Furthermore, pyruvate and �-keto-
glutarate, substrates for dihydrolipoyl dehydrogenase-
containing enzymes, promoted pronounced reactive oxy-
gen release in permeabilized wild-type mitochondria.
Altogether, these results substantiate the concept that
mitochondrial ROS can be limited by caloric restriction
and play an important role in S. cerevisiae senescence.
Furthermore, these findings uncover dihydrolipoyl dehy-
drogenase as an important and novel source of ROS
leading to life span limitation.—Tahara, E. B., Barros,
M. H., Oliveira, G. A., Netto, L. E. S., Kowaltowski, A. J.
Dihydrolipoyl dehydrogenase as a source of reactive oxy-
gen species inhibited by caloric restriction and involved in
Saccharomyces cerevisiae aging. FASEB J. 21, 274–283
(2007)

Key Words: free radicals � yeast � senescence � �-ketoglutarate
dehydrogenase

McCay et al. (1) originally observed that rodents
submitted to low-calorie diets [calorie restriction (CR)]

had increased life spans compared to animals fed ad
libitum. Their results were later reproduced in a wide
range of multicellular organisms, including rotifers,
arachnids, worms, fish, mice, rats, and primates (for
reviews, see refs. 2, 3). Although increases in life span
through CR certainly occur due to multiple alterations
in metabolic regulation and gene expression, a com-
mon finding is that the generation of free radicals and
other ROS by mitochondria from CR animals is de-
creased (4–6). Concomitantly, many groups have
found that increases in levels of oxidative stress markers
during aging are prevented by CR (7, 8). These find-
ings support the idea that CR prevents mitochondrial
ROS formation and the accumulation of oxidative
cellular modifications that lead to cell damage during
aging.

Mitochondria are the main source of ROS in most
cells due to multiple one-electron transfer reactions.
Within the electron transport chain, a small quantity of
the electrons transported is sidetracked to oxygen at
intermediate points such as Complexes I and III, gen-
erating superoxide radical anions, which are trans-
formed into mitochondrial H2O2 and other ROS (9–
13). In addition to the electron transport chain, recent
work has indicated that ROS may also be generated by
matrix-soluble enzymes such as pyruvate and �-ketoglu-
tarate dehydrogenases (14, 15). Each mitochondrial
ROS source responds differently to substrates, changes
in energy metabolism, and O2 tensions (10). As a result,
mitochondrial ROS generation varies widely with met-
abolic conditions and the effects of CR on redox state
are still not fully understood (4, 11).

Saccharomyces cerevisiae has been used as a model to
study the effects of CR, with the advantage of exhibiting
short life spans and allowing simplified metabolic and
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genetic manipulation. Two forms of aging are typically
measured in S. cerevisiae: replicative and chronological
(16–18). Replicative life span measures the number of
generations produced by a single mother cell. This
measurement is the most common form of life span
determination in yeast (19–21). On the other hand,
chronological life span measures cell survival during
the stationary growth phase, in which budding rates are
low (18). The correlation between these forms of yeast
life span and aging in multicellular animals has yet to
be determined, but it has been suggested that chrono-
logical life span may resemble survival in nondividing
cells, while replicative life span mimics aging in divid-
ing tissues (18).

Most studies in yeast have focused on genes that
regulate replicative life span such as SIR2, which causes
increased life span when overexpressed and decreased
longevity when deleted (see ref. 22 for review). SIR2
encodes Sir2p, a highly conserved NAD�-dependent
histone deacetylase involved in telomeric and rDNA
silencing (19, 23), repressing the generation of toxic
extrachromossomal ribosomal DNA circles (21). Lin et
al. (20) and Jiang et al. (24) demonstrated that CR,
promoted by decreasing the concentration of Glc or
amino acids in growth media, extends S. cerevisiae
replicative longevity, in a Sir2p-sensitive manner. En-
hanced respiratory rates promoted by CR (21) result in
higher NAD�/NADH ratios (25), which may activate
Sir2p and augment replicative life span. On the other
hand, Anderson et al. (26) have proposed that CR also
up-regulates Pnc1p, an enzyme in the NAD� salvage
pathway, reducing nicotinamide levels and conse-
quently increasing Sir2p activity (22). Independently of
the proposed mechanism, it seems clear that NAD
metabolism plays a central role in the control of
replicative life span by CR.

In addition to increasing replicative life span, we
found that CR-promoted respiratory increments in
yeast enhance chronological longevity in a manner
independent of Sir2p (27). Indeed, artificial incre-
ments in respiratory rates using mitochondrial uncou-
plers improve both replicative and chronological life
span (27). Furthermore, survival in the stationary phase
is decreased when cellular antioxidants such as super-
oxide dismutase (SOD) are absent (27–29), suggesting
links between CR, mitochondrial respiratory rates, re-
dox balance, and chronological longevity similar to
those observed in multicellular animals. Unfortunately,
further mechanisms regulating chronological longevity
remain to be uncovered, since studies involving this
form of life span are fewer than those relating to
replicative longevity. However, the finding that CR and
changes in respiratory rates lead to increments in both
replicative and chronological life span indicates that
mitochondrial metabolism is a central regulatory point
for both forms of aging in yeast (30).

Here, we further investigate the link between respi-
ration and yeast life span, focusing on redox balance.
We found that CR enhances O2 consumption and
concomitantly prevents mitochondrial ROS formation

and glutathione oxidation. Indeed, a strong inverse
correlation between respiratory rates and ROS release
was observed. We also found that decreased NAD�

synthesis inhibits respiration, enhances mitochondrial
ROS release, and decreases chronological life span.
Surprisingly, our results suggest that the main CR-
sensitive ROS source was not the electron transport
chain but matrix dihydrolipoyl dehydrogenases. This
finding implicates a new mitochondrial ROS source in
cellular life span limitation.

MATERIALS AND METHODS

Culture media and yeast strains

Yeast were cultured with continuous shaking at 220 rpm,
30°C, in liquid YPD (1% yeast extract, 2% peptone, and 2.0%
or 0.5% Glc). Cells were inoculated (105/ml) and grown for
16 or 64 h to reach early and late stationary growth phases,
respectively, as confirmed by growth curves (results not
shown). Under these conditions, Glc levels in the culture
media were undetectable by HPLC analysis after 24 h for both
2.0 and 0.5% Glc cultures. Strains used were wild-type BY4741
and BY4742 and single null mutants of BY4741: sir2�, pnc1�,
npt1�, bna6�, and lpd1� obtained from the EUROFAN col-
lection (http://web.uni-frankfurt.de/fb15/mikro/euroscarf/
index.html). Double mutants bna6�lpd1� and npt1�lpd1� were,
respectively, generated by crossing null allele mutants of BNA6
and NPT1 with a LPD1 mutant of opposite mating type. The
resultant diploids were sporulated. After tetrad analysis, the
double mutants were selected from true tetrads with 2:2 segre-
gation for geneticin resistance. Single and double mutations
were confirmed by polymerase chain reaction (PCR) using the
following primers located in the promoter region of the respec-
tive gene: BNA6F 5�-GGTACAAGCTTGGTTACAAAC, NPT1F
5�-GCCCTGCAAAAGCTTATAAAG, LPD1F 5�-GGCAAGCTTC-
GATTGTCTCTGTCG, with the reversed primer present in the
kanMX disruption cassette: kanB 5�-CTGCAGCGAGGAGCCG-
TAAT.

Spheroplast generation

S. cerevisiae spheroplasts were obtained through yeast cell wall
digestion (31) for 45 min at 37°C with 20 U zymolyase/g cells
in 1.2 M sorbitol, 10 mM MgCl2, and 50 mM Tris, pH 7.5,
after 15 min pretreatment with 30 mM dithiotreitol at room
temperature. The resultant spheroplasts were washed twice
with 1.2 M sorbitol, 10 mM MgCl2, and 50 mM Tris, pH 7.5,
at 4°C and resuspended to a final concentration of 5 mg
protein/ml in 75 mM phosphate buffer, pH 7.5 (KOH), with
1.2 M sorbitol and 1 mM EDTA. Protein was quantified using
the Lowry method.

Mitochondrial isolation and permeabilization

Mitochondria from yeast strains grown in 2% Glc YPD were
isolated as described elsewhere (27). One-hundred micro-
grams of the resulting mitochondria were incubated at room
temperature in 2 ml reaction media (0.6 M sorbitol, 32.5 mM
phosphate, 10 mM Tris, and 1 mM EDTA, pH 7.5, KOH)
supplemented with 5 �g alamethicin for permeabilization.
Samples were then washed and ressuspended in the media
described in Fig. 1.
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O2 consumption assay

O2 consumption was monitored over time using a computer-
interfaced Clark electrode operating at 30°C with continuous
stirring. Spheroplasts were suspended at 800 �g/ml in 75 mM
phosphate, 1.2 M sorbitol, and 1 mM EDTA, pH 7.5 (KOH) in
the presence of 2% ethanol and 1 mM buffered malate/
glutamate. Digitonin (0.004–0.006%) was added as necessary
to promote plasma membrane permeabilization, maintaining
mitochondrial integrity (31).

H2O2 production assay

H2O2 production was monitored by following resorufin fluo-
rescence (27) in 100 �g/ml spheroplasts suspended in 75
mM phosphate, 1.2 M sorbitol, 1 mM EDTA, 50 �M Amplex
Red, 0.5 U/ml horseradish peroxidase (HRP), 2% ethanol,
and 1 mM malate/glutamate, pH 7.5 (KOH), using a Hitachi
F-4500 fluorescence spectrophotometer operating at 563 nm
excitation and 587 nm emission, with continuous stirring, at
30°C. Digitonin (0.002–0.003%) was added as necessary to
promote spheroplast permeabilization (31). Permeabilized
mitochondria were assayed at 50 �g/ml in media described in
Results, supplemented with Amplex Red and HRP.

Glutathione assays

Oxidized glutathione (GSSG), reduced glutathione (GSH),
and total glutathione were determined in the late stationary
phase using a DTNB colorimetric assay, as described by
Monteiro et al. (32). Values are expressed as glutathione
content per gram cells.

Resistance to H2O2

Yeasts were cultured in YPD containing 2.0 or 0.5% Glc for
16 h. Culture quantities were determined by measuring the
absorbance at 600 nm. Cells were then plated on solid
minimum media (0.67% yeast nitrogen based media supple-
mented with amino acids and 2.0% Glc) in the presence or
absence of H2O2. Spots were compared and photographed
after 36–40 h growth at 30°C.

Chronological life span determinations

Chronological life span can be defined as the measure of
survival in the stationary phase (18). Survival was measured in
two distinct manners: metabolic integrity determinations or
the ability to metabolize the FUN 1 probe (Molecular Probes,
33), and reproductive integrity or the ability to form colonies
when plated in solid media.

FUN 1 determinations were performed as described by
Barros et al. (27). This probe marks metabolically active vs.
inactive cells, which fluoresce at 580 and 535 nm, respectively,
when excited at 470 nm; 2 . 108 cells were added to 1.5 ml of
reaction buffer consisting of 5 �M FUN 1, 2.0% Glc, and 10
mM HEPES, pH 7.5 (NaOH). Fluorescence differences were
monitored until stable using a Hitachi F-4500 fluorescence
spectrophotometer. FUN 1 metabolism occurs both in aero-
bic and nonaerobic cells (33) and has been previously shown
to correlate with colony-forming ability (34). It should be
noted that FUN 1 fluorescence changes allow for qualitative,
not quantitative, metabolic activity determinations.

Reproductive survival was quantitatively measured by plat-
ing 100 stationary phase cells (as determined by absorbance
at 600 nm after being washed in distilled water) in individual

solid YPD plates. Colonies were counted in each plate after
36 h growth at 30°C.

Statistical analysis

Data are averages � se. of at least three repetitions using
distinct preparations or representative results of at least three
similar repetitions. Statistical analysis and comparisons were
performed using unpaired Student’s t tests conducted by
GraphPad Prism software.

RESULTS

CR decreases ROS release from mitochondria

Lin et al. (21) demonstrated that increments in cellular
oxygen consumption are necessary for replicative life
span extension promoted by CR in yeast. In support for
this finding, we observed that artificially enhancing
mitochondrial respiration improves both replicative
and chronological longevity (27). To study the respira-
tory effects of CR and directly relate them to possible
changes in mitochondrial ROS release, we measured
O2 consumption and H2O2 generation in mitochondria
within permeabilized S. cerevisiae spheroplasts, both in
early (16 h) and late (64 h) stationary growth phases. In
the early stationary phase (Fig. 1A), mitochondria
within cells grown in 0.5% Glc (CR, empty bars) exhibit
significantly higher respiratory rates when compared to
2.0% Glc (control, full bars), a result that confirms
measurements conducted in intact cells (21) and iso-
lated mitochondria (27). High Glc levels are well
known to inhibit respiration in S. cerevisiae through Glc
repression (35), which may account for the changes in
respiratory rates observed in the early stationary growth
phase. Interestingly, although Glc levels were undetect-
able after 24 h under both culture conditions (results
not shown), O2 consumption by mitochondria grown
under control conditions decreased significantly when
cells reached the late stationary phase, while CR cells
maintained high O2 consumption over time.

Parallel H2O2 release measurements indicated that
cells grown in 2.0% Glc maintained similar H2O2
release rates over 3 days growth, whereas lower levels of
H2O2 (Fig. 1B) and H2O2/O2 (Fig. 1C) were detected
in CR cells after a similar interval. These results indicate
that the cumulative release of ROS from CR mitochon-
dria over 64 h in culture is lower than that of control
cells.

Defective NAD� synthesis or salvage results in CR-
sensitive decrease in O2 consumption

CR increases NAD�/NADH ratios, a determinant effect
in yeast replicative longevity linked to changes in O2
consumption (20, 21, 25). To verify the importance of
NAD�/NADH in mitochondrial respiratory and redox
metabolism, we tested strains with altered NAD� syn-
thesis. PNC1 encodes a nicotinamidase for the NAD�

salvage pathway that, when absent, decreases intracel-
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lular NAD� and, consequently, replicative life span
(26). NPT1 encodes nicotinate phosphoribosyl trans-
ferase, necessary for de novo NAD� synthesis from
nicotinate. Deletions of this gene also promote reduced
intracellular NAD levels in S. cerevisiae and prevent life
span extension mediated by CR (20, 26, 36). We found
that npt1� and pnc1� strains in the early stationary
phase presented diminished respiratory rates relative to
WT strains grown in 2.0% Glc (Fig. 2A, full bars).
Confirming that this decreased respiration is related to
the lack of NAD� synthesis, similar results were ob-
served in cells devoid of Bna6p, an enzyme responsible
for NAD� synthesis from tryptophan-derived quinolinic

acid (36). On the other hand, sir2 mutants behaved
similarly to WT strains, indicating that the respiratory
effect is related to defects in NAD� synthesis and
salvage but not use.

In the late stationary phase (Fig. 2B), respiratory
rates of pnc1�, npt1�, and bna6� cells were more
similar to WT strains than in the early phase, although
still significantly lower in npt1� and bna6� strains.
Interestingly, oxygen consumption by pnc1�, npt1�,
and bna6� cells was considerably increased by CR
(empty bars), resulting in complete respiratory rate
recovery in the late stationary phase. Presumably, the
alternative NAD�-generating pathway is up-regulated
over time, in a manner stimulated by CR.

ROS release and O2 consumption are inversely
correlated

In all cells and growth conditions studied, lower O2
consumption promoted by lack of NAD or high Glc
growth conditions was accompanied by higher H2O2
release (Fig. 2C–F). Indeed, a strong inverse correlation
between respiratory rates and H2O2 release was ob-
served in early (Fig. 2G, r2�0.73, P�0.02) and late
stationary phase cells (Fig. 2H, r2�0.79, P�0.001). In
the early stationary phase (Fig. 2E,G), WT and sir2�
cells grown in 0.5% Glc had the lowest H2O2/O2
relationships. WT and sir2� cells grown in 2.0% Glc
and pnc1�, npt1�, and bna6� cells grown in 0.5% Glc
formed an intermediate group. Finally, pnc1�, npt1�,
and bna6� cells grown in 2.0% Glc presented the
highest H2O2/O2 relationships. In the late stationary
phase (Fig. 2F,H), a clear separation between CR and
control growth conditions was observed, demonstrating
that CR cells present very significant increments in
respiration concomitantly to decreased ROS formation.
As a result, cumulative ROS formation is lowest in CR
cells with no lack of NAD, intermediate in control cells
with unaffected NAD� synthesis or CR cells with defec-
tive NAD� synthesis/salvage, and highest in cells with
defective NAD� synthesis/salvage incubated in 2.0%
Glc.

CR prevents cellular oxidative stress

Further evidence supporting the concept that CR and
respiratory increments prevent oxidative stress was pro-
vided by glutathione measurements. We found that CR
decreased oxidized glutathione (GSSG) levels (Fig. 3A)
and improved GSSG/GSH ratios (Fig. 3C) in all strains.
npt1� and bna6� cells presented significantly higher
amounts of GSSG and total glutathione levels (Fig. 3B),
a result typical of chronic oxidative stress, which stim-
ulates glutathione synthesis (37). Thus, increased mito-
chondrial H2O2 release levels measured in Fig. 2 cor-
relate closely with changes in intracellular redox
potential.

The ability to grow in the presence of exogenously
added H2O2, a reflection of levels of major peroxide-
removing systems, was also tested for the different cell

Figure 1. CR enhances O2 consumption (A) and prevents
H2O2 release (B, C). O2 consumption and H2O2 release by
spheroplasts prepared from WT cells grown under control
(2.0% Glc, full bars) or CR (0.5% Glc, empty bars) conditions
were measured in parallel, in early and late stationary growth
phases, as described in Materials and Methods. *P � 0.05 vs.
early stationary phase; #P � 0.05 vs. 2.0% Glc.
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types and growth conditions (Fig. 4). CR did not
significantly alter the ability to grow in media supple-
mented with H2O2, a result supported by the finding
that CR does not alter the expression of antioxidants in
WT cells (21). The npt1� cells, but not the other
mutants tested, presented a marked decrease in resis-
tance to 0.6 mM exogenous H2O2. Even at higher H2O2
concentrations (0.9 mM), all other cell types and
growth conditions presented similar sensitivity, indicat-
ing that other mutations and CR do not change cellular
resistance to H2O2.

CR improves chronological longevity

To verify if the changes in ROS release observed over
time in the mutants tested affect life span, we measured
chronological life span in WT (Fig. 5) vs. npt1� cells
grown in 2.0 vs. 0.5% Glc. npt1� cells were chosen due

to their known limitation in replicative life span (20),
high H2O2 release rates, high exogenous H2O2 sensi-
tivity, increased GSSG, and efficient response to CR. In
Fig. 5, metabolic integrity in the late stationary phase
was qualitatively measured using the FUN 1 probe (27),
which is metabolized over time in live cells to a product
fluorescent at 580 nm (33). We found that npt1 dele-
tion limited FUN 1 metabolism in a manner partially
reversed by CR. This indicates that oxidative stress in
npt1� strains and the beneficial effects of CR on ROS
release observed previously (Fig. 2) are reflected as
decreased and improved metabolic integrity, respec-
tively. In addition to measurements using FUN 1, we
also determined the ability to resume cellular division
once cells are removed from stationary phase growth
conditions (Fig. 5B), a quantitative measurement of
replicative integrity. The number of colonies generated
by npt1� strains was lower than WT, in a manner

Figure 2. O2 consumption (A, B, E, F) and H2O2
release (C–F) are inversely correlated (G, H). O2
consumption and H2O2 release by spheroplasts
prepared from WT (f), sir2� (F), pnc1� (Œ),
npt1� (�), and bna6� (�)cells grown under
control (full bars/symbols) or CR (empty bars/
symbols) conditions were measured in parallel,
in early (A, C, E, G) and late stationary (B, D, F,
H) growth phases, as described in Materials and
Methods. *P � 0.05 vs. 2.0% Glc; #P � 0.05 vs.
WT.
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rescued by CR. Similar results, both using FUN 1 and
colony counts, were observed with bna6� cells (results
not shown). Thus, we found that decreased chronolog-
ical life span correlates with lower respiratory rates and
higher H2O2 release in these strains.

Matrix-soluble dehydrogenases are an important
source of CR-sensitive ROS release

Our data demonstrate that mitochondrial respiration
and NAD� levels are critical for chronological longev-
ity, in addition to their already known effects on
replicative longevity (25). Our data also show that
respiration and NAD� content strongly affect redox
balance. However, the increased mitochondrial H2O2
production exhibited by bna6�, pnc1�, and npt1�
strains is probably not a result of enhanced electron

leakage from the mitochondrial electron transport
chain, since levels and turnover of NADH (which
provides these electrons) are lower. This observation
suggests that electron leakage occurring upstream of
the respiratory chain contributes toward CR-sensitive
mitochondrial ROS production.

Recent work using mammalian tissue (14, 15) dem-
onstrated that matrix-soluble dihydrolipoyl-containing
dehydrogenases (pyruvate and, mainly, �-ketoglutarate
dehydrogenase) can also generate ROS, in a manner
stimulated by low NAD� availability. To investigate if
these dehydrogenases were the source of ROS under
our conditions, we measured O2 consumption and
H2O2 release in a strain harboring a null allele of lpd1,
which does not display dihydrolipoyl dehydrogenase
activity (38). As expected, lpd1� mitochondria present
low O2 consumption rates (9.82�0.54 O2

.mg
protein	1.min	1, in the early stationary growth phase),
comparable to npt1� and bna6� mutants (see Fig. 2A).
However, low respiratory rates in these mutants are not
accompanied by increased H2O2 release relative to WT
strains (Fig. 6). Furthermore, we generated lpd1�npt1�
and lpd1�bna6� double mutants and verified that the
lpd1 null allele is epistatic over bna6 and npt1 null
alleles, reverting increments in H2O2 release observed
in the single deletions (Fig. 6). This indicates that ROS
release enhanced by lack of NAD synthesis occurs
primarily at the level of dihydrolipoyl-containing dehy-
drogenases.

To investigate if dihydrolipoyl dehydrogenases were
also important ROS sources in WT cells, we compared
ROS release rates in WT mitochondria using different
substrates. In intact mitochondria, the limited matrix
space allows products of enzymatic reactions to accu-
mulate and act as substrates for other enzymes, so
individual contributions of each reaction toward ROS

Figure 4. npt1 deletion results in reduced resistance to
exogenous H2O2. WT and mutant strains were grown in 2.0
or 0.5% Glc-containing liquid media. After 16 h, 2 . 106, 4 .

105, and 8 . 104 cells were plated sequentially (from left to
right) on solid minimum media in the presence or absence of
0.6 or 0.9 mM H2O2, as shown. Plate growth was photo-
graphed after 36–40 h growth at 30°C.

Figure 3. CR and enhanced respiration prevent cellular
glutathione oxidation. Total (B), oxidized (GSSG; A) and
reduced (GSH; C) glutathione per gram cell weight were
measured as described in Materials and Methods section in
late stationary phase WT or mutant strains grown under
control (full bars) or CR (empty bars) conditions. *P � 0.05
vs. 2.0% Glc; #P � 0.05 vs. WT.
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generation cannot be determined. To circumvent this
situation, we measured ROS release in mitochondria in
which membranes were permeabilized by the pore-
forming compound alamethicin, which allows for free
substrate passage, but does not release mitochondrial
matrix enzymes (14). The use of different substrates
under these conditions allows for the comparison of
ROS release rates by individual mitochondrial sources,
since the products of enzymatic reactions are largely
diluted.

We found (Fig. 7) that the addition of �-ketogluta-
rate and pyruvate (substrates for dihydrolipoyl dehy-
drogenase-containing enzymes) but not malate to WT
permeabilized mitochondria resulted in substantial
ROS formation. In lpd1� cells, no H2O2 release was
measured after the addition of these substrates, indicat-
ing that the release was, indeed, dependent on the
activity of Lpd1p. Succinate was added to compare ROS
formation by these matrix-soluble dehydrogenases with
respiratory chain ROS release, since NADH cannot be

added due to interference with all horseradish peroxi-
dase-based measurements. In mammals, succinate leads
to large quantities of ROS formation in most tissues,
since it can feed electrons to coenzyme Q in Complex
III and (by reverse electron transport) to Complex I,
where superoxide formation occurs (10). Surprisingly,
under our conditions electron leakage promoted by
succinate at the respiratory chain was substantial but
still slightly lower than that observed with �-ketogluta-
rate. These results confirm that although the electron
transport chain generates ROS, ROS generated by
dihydrolipoyl dehydrogenase-containing enzymes �-ke-
toglutarate and pyruvate dehydrogenase are the main
source of these species in WT cells.

DISCUSSION

Aging studies in S. cerevisiae have uncovered a complex
control system for replicative life span involving sup-
pression by Sir2p family proteins of toxic ribosomal
DNA circle accumulation in dividing cells (for review,
see 22). CR alters replicative life span by regulating
Sir2p activity in a manner dependent on fluctuations in
NAD�/NADH levels promoted by changes in respira-
tory rates (20, 21, 25).

However, Sir2p family proteins are not the only
determinants of S. cerevisiae life span. Some groups (23,
39) have found that CR increases replicative life span
even in sir2� cells. Furthermore, although S. cerevisiae
CR enhances both replicative and chronological lon-
gevity, sir2 mutations do not decrease chronological life
span (27, 40). Interestingly, chronological life span, but
apparently not replicative, is limited by mitochondrial
oxidative stress (27–29, 34).

In animals, there is ample evidence that ROS partic-
ipate in aging processes, including enhanced levels of
oxidative markers with age and in short-lived animals,

∆
∆

Figure 5. CR-sensitive decrease in chronological life span in
npt1� cells. Cell viability after 4 days in culture in 2.0% (full
symbols/bars) or 0.5% Glc (empty symbols/bars) was as-
sessed in WT (f) and npt1� (�) cells, using the FUN 1 probe
to measure metabolic integrity (A) or by measuring colony-
forming ability (B), as described in Materials and Methods.
*P � 0.05 vs. 2.0% Glc; #P � 0.05 vs. WT.

Figure 6. H2O2 release changes are dependent on dihydroli-
poyl dehydrogenase. H2O2 release by spheroplasts prepared
from WT or mutant strains grown under control (full bars) or
CR (empty bars) conditions were measured in parallel, in
early stationary growth phase, as described in Materials and
Methods. *P � 0.05 vs. 2.0% Glc; #P � 0.05 vs. WT; �P � 0.05
vs. npt1� or bna6�.
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inverse correlations between levels of mitochondrial
ROS release and life span and involvement of oxidative
stress in many age-associated diseases (for reviews, see
refs. 4, 12, 13, 41–43). Furthermore, CR in animals
prevents mitochondrial ROS release and oxidative
stress markers accumulated with aging (for reviews, see
ref. 4, 12, 13). Considering the complexity of the aging
process, it is not surprising that it is regulated by
multiple factors both in simpler model organisms such

as yeast and in multicellular animals. Other factors
proposed to mediate aging are metabolic rates, telo-
mere loss, loss of DNA repair and genome stability, and
aggregated protein accumulation (for review, see ref
44). Most likely, all these factors play a role in aging,
acting in concert. The genetic, metabolic, and oxidative
processes involved in S. cerevisiae aging support the use
of this model, since it bears a closer resemblance to
multifactor aging processes in animals.

We have previously demonstrated using S. cerevisiae
that the link between the beneficial effects of CR in
chronological and replicative aging is the increase in
respiratory rates that results from Glc limitation. In-
deed, artificially increasing respiration by using a pro-
ton ionophore enhances both replicative and chrono-
logical life span (27). Here, we investigate the effects of
respiratory rates on mitochondrial and cellular redox
state and uncover the mechanisms through which ROS
metabolism is altered under conditions that change
yeast longevity.

We found that respiratory rates of a variety of yeast
strains grown in distinct Glc concentrations are in-
versely correlated with the release of mitochondrial
H2O2, a relatively stable and membrane-permeable
ROS (Fig. 2). Supporting the idea that increased mito-
chondrial H2O2 release is reflective of cellular oxidative
imbalance in vivo, GSSG and total glutathione contents
increase in cell types and growth conditions in which
mitochondrial ROS release is highest (Fig. 3). These
findings are in line with measurements of protein
carbonylation in S. cerevisiae indicating that this form of
oxidative damage is prevented by CR (45). In addition,
we found that cellular oxidative stress promoted by lack
of CR and/or defects in NAD� synthesis resulted in
limited chronological longevity (Fig. 5). This result
further supports the idea that yeast chronological lon-
gevity is limited by mitochondrially generated ROS.

The strong correlation between O2 consumption and
H2O2 release measurements (Fig. 2) suggests they are
related in a cause/effect manner. Indeed, there is
ample evidence in the literature that ROS generation
in mitochondria from animals and plants is prevented
by increasing O2 consumption (for reviews, see refs. 10,
46–48). Previously, two main reasons for reduced mi-
tochondrial ROS generation promoted by enhanced
electron transport have been presented: 1) enhanced
O2 consumption creates a lower oxygen tension micro-
environment, preventing the donation of electrons
from complexes I and/or III to oxygen that leads to
superoxide radical formation; or 2) enhanced electron
transport results in lower life times of the reduced
forms of respiratory complexes that can generate su-
peroxide anions (48, 49). However, neither of these
explanations seems plausible in the case of enhanced
ROS release observed in npt1�, bna6� and pnc1� cells,
since the levels of total and reduced NAD are lower,
feeding a smaller quantity of electrons into the respi-
ratory chain (see Fig. 8). As a result, we focused our
attention on sites upstream of NAD� reduction which
could generate ROS.

Figure 7. Pyruvate and �-ketoglutarate dehydrogenases are
significant sources of mitochondrial ROS. WT (full bars) or
lpd1� (empty bars) alamethicin-permeabilized mitochondria
(50 �g/ml) were added to 30°C, pH 7.5 (KOH), reaction
media containing 0.6 M sorbitol, 32.5 mM phosphate, 10 mM
Tris, 1 mM EDTA, and 100 �M coenzyme A (CoA). H2O2
release was measured as described in Materials and Methods.
Pyruvate (Pyr), �-ketoglutarate (�-KG), succinate (Succ), and
malate (Mal) were added where indicated, at 5 mM. A depicts
typical traces, and B shows average H2O2 release rates. *P �
0.01 vs. no added substrates; #P � 0.001 vs. WT.
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Recent studies by the groups of Beal and Adam-Vizi
(14, 15) suggest that dihydrolipoyl dehydrogenase-
containing enzymes, in particular �-ketoglutarate dehy-
drogenase, are major sources of mitochondrial ROS in
mammals. Indeed, these groups found that superoxide
radical generation by these enzymes is augmented by
the lack of NAD� or by high NADH/NAD� ratios. The
product of the mammalian Dld gene, which encodes
the E3 subunit of �-ketoglutarate dehydrogenase, was
identified as the probable source of ROS generated by
this enzyme using heterozygous knockout mice. This
concept is consistent with the finding that flavoenzymes
are ROS sources (50). Within these enzymes, the ab-
sence of NAD� keeps lipoamide dehydrogenase in the
reduced state because the cellular environment is re-
ductant. Consequently, there is an increased probabil-
ity of lipoamide dehydrogenase reactions with oxygen,
generating ROS.

We found support for the idea that dihydrolipoyl
dehydrogenase generates ROS by testing strains that do
not express Lpd1p, the E3 subunit of �-ketoglutarate
and pyruvate dehydrogenase in yeast (38). LPD1 dele-
tion completely reversed the increased ROS release
levels found in npt1� and bna6� cells (Fig. 6). Further-
more, in experiments comparing ROS release rates
induced by different substrates in alamethicin-perme-
abilized mitochondria (Fig. 7), we found substantial
ROS formation promoted by pyruvate and very pro-
nounced ROS formation induced by �-ketoglutarate.
These results unequivocally indicate that dihydrolipoyl
dehydrogenase-containing enzymes pyruvate and �-ke-
toglutarate dehydrogenase are very important mito-
chondrial ROS sources. Interestingly, ROS formation
by these enzymes is strongly controlled by NADH/
NAD� levels (18, 19) and will thus decrease when
higher respiratory rates are present, such as under CR
growth conditions (25).

It is important to stress that our study does not rule

out the existence of other mitochondrial ROS sources
such as NADH dehydrogenases and respiratory com-
plex III (see Fig. 8). Indeed, succinate is capable of
generating significant amounts of ROS in permeabil-
ized mitochondria. However, ROS release levels in the
presence of �-ketoglutarate and pyruvate are, together,
larger than those induced by succinate (Fig. 7). This
finding, and evidence that ROS release by this enzyme
in npt1� and bna6� cells can limit life span, highlight the
importance of dihydrolipoyl dehydrogenase within redox
metabolism and emphasize the necessity of additional
research concerning the causes and effects of mitochon-
drial ROS generation.
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Abstract Calorie restriction is a dietary regimen capable of
extending life span in a variety of multicellular organisms.
A yeast model of calorie restriction has been developed in
which limiting the concentration of glucose in the growth
media of Saccharomyces cerevisiae leads to enhanced
replicative and chronological longevity. Since S. cerevisiae
are Crabtree-positive cells that present repression of aerobic
catabolism when grown in high glucose concentrations, we
investigated if this phenomenon participates in life span
regulation in yeast. S. cerevisiae only exhibited an increase
in chronological life span when incubated in limited
concentrations of glucose. Limitation of galactose, raffinose
or glycerol plus ethanol as substrates did not enhance life
span. Furthermore, in Kluyveromyces lactis, a Crabtree-
negative yeast, glucose limitation did not promote an
enhancement of respiratory capacity nor a decrease in
reactive oxygen species formation, as is characteristic of
conditions of caloric restriction in S. cerevisiae. In addition,

K. lactis did not present an increase in longevity when
incubated in lower glucose concentrations. Altogether, our
results indicate that release from repression of aerobic
catabolism is essential for the beneficial effects of glucose
limitation in the yeast calorie restriction model. Potential
parallels between these changes in yeast and hormonal
regulation of respiratory rates in animals are discussed.

Keywords Calorie restriction . Crabtree effect .

Free radicals . Aging . Respiration

Introduction

Calorie restriction, or the reduction of caloric intake
without lack of essential nutrients, is a dietary regimen
capable of extending life span in a variety of laboratory
animals ranging from C. elegans to mice and, probably,
primates. The effects of this diet are widespread, and
involve physiological, metabolic, hormonal, gene expres-
sion and morphological changes. It is not yet clear which of
these observed changes are directly related to decreased
incidence of age-related pathologies and increased life span
(Weindruch and Walford 1988; Partridge and Gems 2002).

Yeast models of calorie restriction have been developed
in order to study the results of this diet in a less complex
organism. In Saccharomyces cerevisiae, growth in rich
media with lower glucose concentrations significantly
increases both replicative and chronological longevity
(Jiang et al. 2000; Lin et al. 2000). Interestingly, the
beneficial effects of glucose restriction in yeast are related
to increases in respiratory rates that occur when glucose
levels in the media are lower (Lin et al. 2002; Barros et al.
2004). These enhanced respiratory rates elevate intracellular
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NAD+ levels, which may be involved in the regulation of
life span by modulating the activity of Sir2 family proteins
(Lin and Guarente 2003) and reducing mitochondrial
reactive oxygen species release (Tahara et al. 2007).

S. cerevisiae are Crabtree-positive cells, yeast in which
fermentation is the preferred metabolic pathway and
aerobic metabolism is inhibited, despite the presence of
oxygen, when glucose levels are high (De Deken 1966).
Taking this into account, we questioned whether repression
of aerobic catabolism was necessary for the efficacy of the
yeast caloric restriction model. In order to investigate this
possibility, we compared chronological life spans of S.
cerevisiae in the presence of different substrates metabo-
lized by the glycolytic pathway which lead to different
levels of respiratory repression. We also compared the
effects of glucose limitation in S. cerevisiae and glucose
limitation in Kluyveromyces lactis, a Crabtree-negative
yeast (Breunig et al. 2000).

Experimental procedures

1. S. cerevisiae and K. lactis: BY4741 S. cerevisiae
(Brachmann et al. 1998) and CBS 2359 K. lactis were
used for all experiments.

2. Culture media: Culture media used for all experiments
were liquid yeast extract (1%) and peptone (2%) plus
0.2–3.0% glucose, galactose, raffinose or glycerol plus
ethanol, as indicated.

3. Chronological life span determinations: Chronological
life span was determined by colony forming ability and
metabolic integrity, or the ability to accumulate calcein.
Colony-forming ability: 100 cells from S. cerevisae or
K. lactis in late stationary phase (96 h) cultured in
liquid media (1% yeast extract, 2% peptone and 0.2–
3.0% glucose, 0.2–3.0% galactose, 0.2–3.0% raffinose
or 0.2–3.0% glycerol plus 0.2–3.0% ethanol, as
indicated) were plated in 2% solid YPD media (1%
yeast extract, 2% peptone, 2% glucose and 2%
bacteriological agar). After ∼36 h of growth at 30 °C,
the number of colonies formed was counted (Tahara et
al. 2007). Metabolic integrity: Yeast in late stationary
phase were centrifuged at 1,000×g for 5 min at 30 °C
and washed twice using ultrapure water. Cells were
ressuspended (2×106) in 1 mL of 0.6 M sorbitol,
32.5 mM K-phosphate, 10 mM Tris–Cl and 1 mM
EDTA (pH 7.5) and were incubated with 1 μg/mL
calcein-AM for 20 min. Cytometry parameters used were:
FS=17.6 (gain=5.0); SS=243 (gain=50.0); FL1=752
(gain=2.0); discriminant value=20.0.

4. Spheroplast generation: Spheroplasts were obtained
through yeast cell wall digestion with 20 U zymolyase/g
of cells, for ∼45 min at 37 °C, under mild shaking, in

1.2 M sorbitol, 10 mM MgCl2 and 50 mM Tris, pH 7.5.
Spheroplasts were ressuspended in 75 mM K-phosphate
buffer with 1.2 M sorbitol and 1 mM EDTA, pH 7.5, to
a final concentration of 10 mg protein/mL (Tahara et al.
2007). Protein concentrations were determined using the
Lowry method.

5. Cytochrome absorption spectra: Respiratory chain
cytochrome spectra were assayed with mitochondria
prepared by the method of Faye et al. (1974), except that
zymolyase 20T instead of glusulase was used for the
conversion of cells to spheroplasts. Mitochondria were
extracted at a final protein concentration of 4 mg/mL with
1% deoxycholate to solubilize all cytochromes (Tzagoloff
et al. 1975). Difference spectra of sodium dithionite-
reduced versus potassium ferricyanide-oxidized extracts
were recorded at room temperature.

6. NADH-cytochrome c reductase activity: NADH oxida-
tion and cytochrome c reduction were estimated as
described previously (Tzagoloff et al. 1975). Briefly,
20 µg of mitochondrial proteins, previously permeabi-
lized with 0.1% of potassium deoxycholate, were
incubated in 10 mM potassium-phosphate buffer,
pH 7.5, containing 0.1 mM KCN and 0.08% cyto-
chrome c. The rate of cytochrome c reduction was
measured at 550 nm, at room temperature, after the
addition of 1 mM NADH.

7. O2 consumption: O2 consumption was monitored over
time in 800 µg/mL spheroplast suspensions in the
presence of 2% ethanol and 1 mM malate/glutamate as
substrates, using a computer-interfaced Clark-type
electrode operating with continuous stirring, at 30 °C.
Spheroplasts were permeabilized using 0.004–0.006%
digitonin, as described by Tahara et al. 2007.

8. H2O2 production: H2O2 release from mitochondria was
monitored for 10 min in 100 µg/mL spheroplast
suspensions in the presence of 50 µM Amplex Red,
0.5 U/mL horse radish peroxidase, 2% ethanol and
1 mM malate/glutamate, using a fluorescence spectro-
photometer operating at 563 nm excitation and
587 nm emission, with continuous stirring, at 30 °C.
Spheroplasts were permeabilized using 0.002–0.003%
digitonin, as described by Tahara et al. (2007).
Measurements were calibrated by adding known
quantities of H2O2, as described previously (Ferranti
et al. 2003).

Results

Decreasing the concentration of glucose in the culture
media results in an enhancement of replicative (Jiang et al.
2000; Lin et al. 2000) and chronological (Barros et al.
2004; Tahara et al. 2007; Smith et al. 2007) life span in S.
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cerevisiae. Indeed, we found that S. cerevisiae cultured until
the late stationary growth phase in media containing lower
glucose concentrations (0.2–0.5%) generated significantly
more colonies (representing more viable cells) than those
cultured in higher glucose concentrations (1–3%, Fig. 1,
upper left Panel). This higher generation of colonies in the
late stationary phase represents an extended chronological
life span (Tahara et al. 2007; Smith et al. 2007). In order to
verify if this effect was dependent on the significant
repression of aerobic catabolism promoted by growth in
high concentrations of glucose, we compared glucose
restriction to the effect of restricting galactose, raffinose,
and glycerol plus ethanol.

Galactose is metabolized by the Leloir pathway to
produce glucose 6 phosphate, which is then degraded by
the glycolytic pathway. Although metabolism of this sugar
leads to some degree of respiratory inhibition, the effect is
significantly smaller than that observed with glucose
(Gancedo 1998; Rodríguez and Gancedo 1999). Raffinose
is a trisaccharide composed of galactose, fructose, and glucose,
which also promotes less significant changes in aerobic
catabolism than glucose, due to the lower concentrations of
free glucose produced (Gancedo 1998). Interestingly, no
beneficial effect of limiting galactose or raffinose was seen
on S. cerevisiae chronological life span (Fig. 1). Furthermore,

limitation of glycerol plus ethanol, which are non-fermentable
substrates, also did not enhance chronological life span,
suggesting that repression of aerobic catabolism is essential
for the beneficial effects of the yeast caloric restriction model.
Indeed, limiting raffinose and glycerol/ethanol decreased cell
survival.

In order to ascertain that high glucose concentrations
were not exclusively decreasing replication and colony-
forming ability, we also determined chronological life span
by measuring cellular metabolic integrity, or the ability of
the cells to accumulate fluorescent calcein when incubated
with calcein-AM. Flow cytometry fluorescence histograms
(Fig. 2) demonstrate that restriction of glucose, and to a
lesser extent galactose, but not raffinose or glycerol plus
ethanol, lead to significantly improved cell integrity, as
indicated by peaks at higher fluorescence levels.

We have previously shown that a beneficial effect
associated with glucose restriction leading to extended
chronological life span is the prevention of oxidative stress.
While antioxidant levels are largely unchanged (Lin et al.
2002), glucose restriction limits mitochondrial reactive oxygen
species generation in mitochondria (Barros et al. 2004; Tahara
et al. 2007). In order to compare the redox effects of
fermentative versus respiratory substrates (promoting maximal
and minimal respiratory repression, respectively), we
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Fig. 1 Glucose, but not galactose,
raffinose or glycerol/ethanol re-
striction increases chronological
life span (colony-forming ability)
in S. cerevisiae. One hundred late
stationary cells cultured using
glucose, galactose, raffinose or
glycerol plus ethanol (as
indicated) as substrates were
plated in solid 2% YPD. Colonies
were counted after 36 h of growth
at 30 °C. *p<0.05 versus 3.0%
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measured oxygen consumption and the release of H2O2 (a
membrane-permeable reactive oxygen species) in digitonin-
permeabilized spheroplasts (Tahara et al. 2007) from S.
cerevisiae grown in 2.0% or 0.5% glucose or ethanol/glycerol

(Fig. 3). As expected, we found that yeasts grown in 2.0%
glucose present lower respiratory rates than those grown in
ethanol/glycerol. In addition, glycerol/ethanol-grown cells
presented lower levels of both absolute (H2O2) and relative
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Fig. 2 Glucose, but not galac-
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restriction increases chronologi-
cal life span (metabolic integrity)
in S. cerevisiae. Calcein retention
of late stationary cells cultured in
0.2% (black lines) or 3.0% (grey
lines) glucose, galactose, raffi-
nose or glycerol plus ethanol was
measured as described in
“Experimental procedures”

16 h 64 h 16 h 64 h
0

25

50

75

100 2.0%
0.5%

*

glucose glycerol/ethanol

* #

*
*

O
2 

(n
m

ol
s 

* 
m

g 
pr

ot
-1

 *
 m

in
-1

)

16 h 64 h 16 h 64 h
0.0

0.2

0.4

0.6

0.8

*

glucose glycerol/ethanol

#
* *

* *

H
2O

2 
(n

m
ol

s
 *

 m
g 

pr
ot

-1
 *

 m
in

-1
)

16 h 64 h 16 h 64 h
0.0

2.5

5.0

*

*

#

glucose glycerol/ethanol

*

*

H
2O

2/
O

2 
(%

)

Fig. 3 Glucose restriction or
glycerol/ethanol decrease H2O2

release in S. cerevisiae.
Spheroplasts obtained from early
and late stationary phase yeast
were incubated in 1.2 M sorbitol,
1 mM EDTA, 75 mM phosphate,
2% ethanol, 1 mM malate and
1 mM glutamate, pH 7.5 (KOH).
Plasma membrane permeabiliza-
tion was obtained using digitonin
(0.002–0.006%), and O2 con-
sumption and H2O2 release rates
were measured as described in
“Experimental procedures”.
*p<0.05 versus 2.0% glucose;
#p<0.05 versus 16 h
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(H2O2/O2) mitochondrial H2O2 production. Taken together,
the results presented to this point strongly suggest that
enhanced chronological life span and prevention of oxidative
stress in yeasts grown in limited glucose are due to the loss of
repression of aerobic catabolism promoted by high glucose
growth conditions.

If loss of repression of aerobic catabolism is indeed
necessary for the beneficial effects of calorie restriction in
yeast, these effects should only be observed in Crabtree-
positive yeasts. We thus investigated if a Crabtree-negative
yeast, K. lactis, responded to glucose restriction similarly to
S. cerevisiae. As expected, restriction of glucose in S.
cerevisiae cultures leads to a clear increment in respiratory
cytochromes content (Fig. 4, black lines), both in early and
late stationary growth phases. On the other hand, K. lactis
mitochondrial respiratory cytochromes did not show any

significant increment when cells were cultured under
glucose restricted conditions. Consistently, the respiratory
activity of K. lactis, reflected here as NADH-cytochrome c
reductase activity, did not change when the two growth
conditions were compared. This enzymatic activity is
strongly stimulated in S. cerevisiae mitochondria isolated
from cells cultured under glucose restriction (open bars), at
both 16 and 64 h.

We then determined the functional effects of these
respiratory capacity changes by measuring oxygen con-
sumption and release of H2O2 in digitonin-permeabilized
spheroplasts of these yeasts (Tahara et al. 2007). Figure 5
shows that S. cerevisiae grown in low glucose exhibit
significantly higher respiratory rates after 16 and 64 h in
culture, despite the fact that glucose was undetectable after
only 16 h (Tahara et al. 2007). As discussed previously,
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S. cerevisiae            K. lactis Fig. 4 Glucose limitation
increases cytochome contents and
NADH-cytochrome c reductase
activity in S. cerevisiae, but not K.
lactis. Cytochrome spectra (upper
panels) and NADH-cytochrome c
reductase activity (lower panels)
were measured as described in
“Experimental procedures” in S.
cerevisiae or K. lactis cultured for
16 or 64 h, as shown. Letters
above the spectra indicate the
absorption peaks of specific
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Fig. 5 Calorie restriction
decreases H2O2 release in S.
cerevisiae, but not K. lactis.
Spheroplasts obtained from
early and late stationary phase
yeast were incubated in 1.2 M
sorbitol, 1 mM EDTA, 75 mM
phosphate, 2% ethanol, 1 mM
malate and 1 mM glutamate,
pH 7.5 (KOH). Plasma mem-
brane permeabilization was
obtained using digitonin (0.002–
0.006%), and O2 consumption
and H2O2 release rates were
measured as described in
“Experimental procedures”.
*p<0.05 versus 2.0% glucose;
#p<0.05 versus 16 h
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higher respiratory rates in S. cerevisiae are accompanied by
a decrease in both absolute (H2O2) and relative (H2O2/O2)
mitochondrial H2O2 production, most noticeably after 64
hours in culture. However, in K. lactis the results were
strikingly different. Respiratory rates were not enhanced
by low glucose concentrations, and, instead, showed
marked inhibition after longer culture times, accompanied
by an increment in H2O2 release rates. These results
clearly indicate that the beneficial effects of caloric
restriction on S. cerevisiae redox state do not occur in
the Crabtree-negative K. lactis.

Interestingly, respiratory rates and H2O2 release pre-
sented a strong inverse correlation in both cell types,
regardless of culture phases (Fig. 5, lower panel). This
suggests that respiratory rates are a major determinant of
yeast oxidant generation. Since we have previously shown
that redox state limits chronological longevity in S.
cerevisiae (Barros et al. 2004; Tahara et al. 2007), our
results support the notion that enhancement of aerobic
metabolism is an important step in chronological life span
extension promoted by glucose limitation.

In this sense, we investigated next if K. lactis
responded to glucose restriction with enhanced chrono-
logical longevity. We found that K. lactis does not present
an increase in life span, as measured by colony-forming
ability or calcein retention (Fig. 6), when incubated in
decreasing concentrations of glucose. In K. lactis, no
colony formation and low calcein retention were observed
at the late stationary growth phase in media containing
low glucose levels, despite the finding that cell replication
occurred normally, as indicated by cell growth in the

logarithmic phase (results not shown). Thus, K. lactis
clearly does not present an increase in chronological life
span under conditions of low glucose that favor life span
extension in S. cerevisiae.

Discussion

Calorie restriction by limiting glucose concentrations in the
growth media has been widely shown to extend life span in
S. cerevisiae. Most studies in this sense have been
conducted measuring replicative life span, which consists
in determining the number of generations a mother cell
produces after removal from the growth media (Sinclair et
al. 1998). Under these conditions, a variety of differing
experiments (although not all, see Kaeberlein et al. 2005)
suggest that the beneficial effects of glucose restriction are
mediated by changes from fermentative to aerobic metab-
olism. These experiments include studies indicating that
deletion or inhibition of respiratory chain components
decreases life span and the response to glucose restriction
(Lin et al. 2002), while activation of mitochondrial
respiration by overexpressing Hap4 (Lin et al. 2002) or
treatment with mitochondrial uncoupling agents (Barros et
al. 2004) extends replicative life span.

We have previously shown that S. cerevisiae chronological
life span, or the survival of cells in stationary phase (Fabrizio
and Longo 2003), is intimately related to respiratory rates
and mitochondrial levels of reactive oxygen species (Barros
et al. 2004; Tahara et al. 2007). Interventions such as glucose
limitation and mitochondrial uncoupling, which increase
respiratory rates, decrease H2O2 release and augment
chronological life span. Altogether, these results strongly
suggest that enhanced life span in the yeast caloric restriction
model depends on a phenomenon typical of S. cerevisiae and
yeasts specifically adapted for fermentation: repression of
aerobic catabolism upon incubation in the presence of high
glucose concentrations.

This hypothesis is directly tested in this manuscript.
Initially, we verified if limiting other carbohydrates as
growth substrates promoted the same beneficial effects as
glucose in S. cerevisiae, and found, using two distinct
techniques to measure cell survival in the stationary phase,
that improved chronological longevity was exclusive to the
limitation of glucose (Figs. 1 and 2). Our results are in
agreement with those of Smith et al. (2007), who did not
see an increment in S. cerevisiae replicative capacity after
long cultures in substrates other than glucose. In addition to
life span extension, we show that S. cerevisiae cultured in
the presence of lower glucose levels present a decrease in
mitochondrial reactive oxygen species release associated
with higher respiratory rates. On the other hand, cultures
using respiratory substrates glycerol/ethanol present low
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Fig. 6 K. lactis does not display enhanced chronological life span
with glucose restriction. In the leftmost panel, colony-forming ability
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reactive oxygen release independently of the concentration
of the substrate in the culture media (Fig. 3).

We also found that a model Crabtree-negative yeast, K.
lactis, exhibited no beneficial decreases in reactive oxygen
release (Fig. 5) or increments in life span (Fig. 6) when
incubated in low glucose concentrations. Thus, our results
using either alternative substrates or Crabtree-negative
yeasts establish that repression of aerobic catabolism is
the cause of lower life spans observed in high glucose
cultures of S. cerevisiae.

It could be argued that the dependence on repression of
aerobic catabolism for the effectiveness of the calorie
restriction model in yeast underplays its importance as a
model system to study this diet, since no such phenomenon
is observed in animals. However, repression of respiration
in S. cerevisiae resembles effects found in response to
hormone signaling regulated by diet in more complex
organisms. For example, calorie restriction in rats leads to
enhanced mitochondrial respiratory rates, decreased proton-
motive force and prevention of reactive oxygen species
production, in a manner reversed by treatment with insulin
(Lambert and Merry 2004). Indeed, many animal models
including Klotho and dwarf mice (Bartke et al. 2001;
Kurosu et al. 2005) suggest a close link between reduced
insulin secretion levels, metabolic efficiency, respiratory
rates and enhanced life span. In this sense, the S. cerevisiae
model of caloric restriction holds many parallels with the
mammalian effects of this dietary regimen.
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a by-product of mitochondrial oxidative phosphorylation, derived from a small
quantity of superoxide radicals generated during electron transport. We conducted a comprehensive and
quantitative study of oxygen consumption, inner membrane potentials, and H2O2 release in mitochondria
isolated from rat brain, heart, kidney, liver, and skeletal muscle, using various respiratory substrates (α-
ketoglutarate, glutamate, succinate, glycerol phosphate, and palmitoyl carnitine). The locations and
properties of reactive oxygen species formation were determined using oxidative phosphorylation and the
respiratory chain modulators oligomycin, rotenone, myxothiazol, and antimycin A and the uncoupler CCCP.
We found that in mitochondria isolated from most tissues incubated under physiologically relevant
conditions, reactive oxygen release accounts for 0.1–0.2% of O2 consumed. Our findings support an important
participation of flavoenzymes and complex III and a substantial role for reverse electron transport to complex
I as reactive oxygen species sources. Our results also indicate that succinate is an important substrate for
isolated mitochondrial reactive oxygen production in brain, heart, kidney, and skeletal muscle, whereas fatty
acids generate significant quantities of oxidants in kidney and liver. Finally, we found that increasing
respiratory rates is an effective way to prevent mitochondrial oxidant release under many, but not all,
conditions. Altogether, our data uncover and quantify many tissue-, substrate-, and site-specific
characteristics of mitochondrial ROS release.

© 2009 Elsevier Inc. All rights reserved.
Mitochondria are the central executioners of energy metabolism,

in charge of the vast majority of ATP synthesis driven by the
catabolism of carbohydrates, proteins, and lipids. As a result, these
organelles are responsible for a large number of oxidation–reduction
reactions, carried out in a step-wise fashion to maximize energy
conservation. The final result of these reactions is the reduction of
oxygen towater in four one-electron steps. These oxidation–reduction
reactions are coupled to ATP synthesis by the mitochondrial proton
electrochemical potential gradient [1].

About 40 years ago, clear evidence was presented that a side effect
of ATP synthesis through oxidative phosphorylation in mitochondria
is the generation of reactive oxygen species (ROS). Although
hampered by less sensitive methods than those available today,
these early studies were surprisingly detailed and pertinent [2–11],
demonstrating that the primary ROS produced in mitochondria is the
superoxide radical anion (O2

⋅–), owing to the monoelectronic reduc-
A; BSA, bovine serum albumin;
electron-transferring flavopro-
itochondrial inner membrane
OS, reactive oxygen species; rot,
2
⋅–, superoxide radical anion.

ll rights reserved.
tion of O2, whereas the main ROS released from mitochondria is
membrane-permeable hydrogen peroxide (H2O2), produced by dis-
mutation catalyzed by superoxide dismutase (SOD) [2,7,9,12]. These
early studies also indicated that electron transport complexes I and III
(see Scheme 1) were important sources of mitochondrial ROS and
established that conditions associated with higher respiration, such as
enhanced oxidative phosphorylation or use of uncouplers, generally
decreased this release [4,5,8,10,11]. Finally, evidence was presented
indicating that different substrates lead to distinct rates of ROS
formation [3,4].

More recent studies added to the understanding of the character-
istics of mitochondrial ROS release by pinpointing sites and mechan-
isms within mitochondrial respiratory complexes I and III that lead to
superoxide radical formation [11,13–15]. ROS release from complex I
was shown to occur through both forward electron transfer, involving
electrons originating from NADH, and reverse electron transfer,
involving electrons derived from succinate [15,16]. Experimental
support was also presented for the involvement of other mitochon-
drial enzymes, in particular flavoenzymes such as α-ketoglutarate
dehydrogenase and glycerol phosphate dehydrogenase, as important
sources of ROS [17–21].

The importance of mitochondrial ROS is clearly illustrated by
studies indicating that mitochondrial SOD-knockout animals do not

mailto:alicia@iq.usp.br
http://dx.doi.org/10.1016/j.freeradbiomed.2009.02.008
http://www.sciencedirect.com/science/journal/08915849


Scheme 1. Mitochondrial substrate metabolism, respiratory chain organization, electron leakage sites, and effects of respiratory modulators.

Table 1
Respiratory rates and respiratory control ratios

State 3 State 4 RCR

Brain 100.2±27.6 19.2±3.9 5.06±0.41
Heart 147.8±17.0 14.7±2.7 10.49±0.57
Kidney 202.3±27.2 44.1±8.2 5.01±0.40
Liver 105.7±29.7 22.7±1.6 4.65±1.30
Muscle 108.0±17.2 24.7±7.7 5.77±1.01

Mitochondria (0.50 mg protein/ml) were incubated in experimental buffer (see
Experimental procedures) at 37°C. Succinate (1 mM) was used as respiratory substrate
for kidney and liver, 1 mM glutamate for heart and skeletal muscle, and 1 mM malate
plus 1 mM glutamate for brain. ADP (1 mM) was added to induce State 3 respiratory
rates (shown in nmol O2 mg−1 min−1). A subsequent addition of oligomycin (at
quantities indicated in Table 2) was used to determine State 4 rates. Respiratory control
ratios (RCR) were calculated by dividing State 3 by State 4.
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survive unless treated with a SOD mimetic [22]. Furthermore,
decreasing ROS generation by uncoupling mitochondria or targeting
catalase to this organelle increases longevity in healthy animals
[23,24]. Indeed, there is an inverse correlation between life span in
specific species and the rate of ROS release [25], strongly supporting a
role for mitochondrial ROS as one of the factors limiting life span
[25,26]. ROS release from these organelles is a relevant process in
many pathological situations and participates in cell damage and
death associated with conditions such as heart attack, changes in
oxygen tension, diabetes, cancer, and neurodegeneration (for a
comprehensive review, see [27]). In addition to acting as damaging
molecules, moderate amounts of mitochondrial ROS can act as
signaling intermediates activating protective pathways such as those
involved in ischemic preconditioning [28,29]. ROS formation by
mitochondria may also participate in physiological redox regulation,
by activating mild mitochondrial uncoupling pathways that, in turn,
decrease ROS release [30,31].

Despite the gain in knowledge regarding the mechanisms of
generation, functions, and consequences of mitochondrial ROS, there
is still uncertainty in the literature regarding specific characteristics of
this release. Points to be clarified or detailed include the quantity of
ROS formed, which sites of this formation are most relevant under
selected conditions, tissue-specific characteristics, and how substrates
and respiratory states affect ROS formation. In this sense, significant
differences observed in the literature may be explained by differences
in experimental conditions and organelle isolation processes [16,32–
34]. To provide a comprehensive side-by-side study of ROS formation
in different tissues, wemeasured innermembrane potentials (ΔΨ), O2

consumption, and H2O2 release in mitochondria from rat brain, heart,
kidney, liver, and skeletal muscle. ROS release was quantified in
various respiratory states, using distinct substrates and respiratory
modulators. Our findings indicate many tissue-, substrate-, and site-
specific characteristics of mitochondrial ROS formation.

Experimental procedures

Materials

Chemicals were purchased at analytical purity grade or better,
mostly from Sigma–Aldrich. Safranin O, horseradish peroxidase (type
I), and palmitoyl carnitine stock solutions were prepared in deionized
water, while Amplex Red (Invitrogen), rotenone, myxothiazol, anti-
mycin A, and CCCP stock solutions were prepared in dimethyl
sulfoxide. ADP, α-ketoglutarate, glutamate, succinate, and glycerol
phosphate solutionswere prepared in deionizedwater and buffered to
pH 7.2 using KOH. All stock solutions were kept frozen until just before
use.

Mitochondrial isolation

Experiments were approved by the local Comitê de Ética em
Cuidados e Uso Animal and follow NIH guidelines. Adult, 3-month-old,
male Sprague–Dawley rats bred and lodged at the Biotério de Produção
e Experimentação da Faculdade de Ciências Farmacêuticas e Instituto de
Químicawere used. Methodology was selected for each tissue to yield
the best purity and respiratory control ratios at 37°C (see Table 1). All
preparations were performed over ice.

Liver mitochondria
Liver mitochondria [35] were isolated from fasted rats. The organ

was minced finely and washed with 4°C isolation buffer [250 mM
sucrose, 10 mM Hepes, 1 mM EGTA (pH 7.2, KOH)] and homogenized
with a 40-ml tissue grinder. The suspension was centrifuged at 600 g



Table 2
Quantities of mitochondrial modulators used

Tissue Modulator

Oligomycin
(μg)

Rotenone
(nmol)

Myxothiazol
(nmol)

Antimycin A
(μg)

CCCP
(nmol)

Brain 6.25 1.00 1.50 0.40 0.30
Heart 5.00 4.00 2.00 0.30 0.80
Kidney 5.00 8.00 1.50 0.20 0.80
Liver 1.00 0.80 0.40 0.15 0.40
Muscle 1.00 0.50 1.00 0.75 0.50

Mitochondria (0.50 mg protein) were incubated in 1 ml of medium as described for
Table 1. Minimal quantities of respiratory modulators necessary to obtain maximal
respiratory changes per mg proteinwere measured using 1 mM succinate as a substrate
for mitochondria from heart, kidney, and liver, except for rotenone titrations, for which
1 mM malate plus 1 mM glutamate was used. Brain mitochondria were energized with
1 mM malate plus 1 mM glutamate, and skeletal muscle mitochondria were energized
with 1 mM α-ketoglutarate for all titrations. Antimycin A, myxothiazol, rotenone, and
oligomycin were added to mitochondria in the presence of 1 mM ADP to induce State 3
respiration. CCCP was added to State 4 mitochondria treated with oligomycin at the
quantity determined for each tissue.
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for 5 min. The resulting supernatant was centrifuged at 12,000 g for
10 min. The pellet was washed and the final mitochondrial pellet was
resuspended in a minimal volume of isolation buffer.

Kidney mitochondria
Kidney mitochondria were isolated using the same protocol as for

liver, from nonfasted rats, using a 15-ml tissue grinder.

Heart mitochondria
Heart mitochondria [36] were isolated in 300 mM sucrose, 10 mM

Hepes, 2 mM EGTA (pH 7.2, KOH), at 4°C. The tissue was minced in the
presence of 0.5 mg of type I protease (bovine pancreas) to release
mitochondria fromwithin muscle fibers and later washed in the same
buffer in the presence of 1 mg/ml BSA. The suspension was
homogenized in a 40-ml tissue grinder and centrifuged at 800 g for
5 min. The resulting supernatant was centrifuged at 9500 g for 10min.
The mitochondrial pellet was washed and the final pellet was
resuspended in a minimal volume of isolation buffer.

Brain mitochondria
Brain mitochondria were isolated as described by Andreyev and

Fiskum [37]. This preparation uses digitonin to release mitochondria
from synaptosomes and results in a mixture of synaptosomal and
nonsynaptosomal mitochondria, with no detectable lactate dehydro-
genase activity [37–40]. It should be noted that, because digitonin
interacts with cholesterol, which is not abundant in mitochondria, it
Table 3
Tissue and substrate-specific mitochondrial O2 consumption rates and ΔΨ

Tissue Substrate

α-Ketoglutarate Glutamate

Brain
O2 (nmol mg−1 min−1) 19.2±3.3 23.3±2.4
ΔΨ (mV) 194.7±16.1 192.5±14.3
Heart
O2 (nmol mg−1 min−1) 26.8±4.7 32.1±4.5
ΔΨ (mV) 148.2±13.4 157.4±10.8
Kidney
O2 (nmol mg−1 min−1) 29.4±3.3 23.9±2.4
ΔΨ (mV) 146.3±3.3 147.1±4.4
Liver
O2 (nmol mg−1 min−1) 22.2±2.0 28.8±2.3
ΔΨ (mV) 124.2±5.3 117.8±9.4
Muscle
O2 (nmol mg−1 min−1) 34.5±6.6 24.7±7.7
ΔΨ (mV) 171.8±4.7 166.9±4.6

O2 consumption rates and ΔΨwere measured as described under Experimental Procedures i
quantities described in Table 2, to induce State 4 respiration. Substrates used wereα-ketoglu
(50 μM), as indicated.
does not alter mitochondrial membrane integrity at the concentra-
tions used [41]. Rat brains were finely minced and washed with
125mM sucrose, 250mMmannitol, 10 mMHepes,10 mMEGTA, 0.01%
BSA (pH 7.2, KOH), at 4°C. Protease (0.5 mg) was added and the
preparation was transferred to a 15-ml tissue grinder and homo-
genized. The homogenate was centrifuged at 2000 g for 3 min. The
supernatant was transferred to a clean tube and centrifuged at
12,000 g for 8 min. The pellet was treated with 20 μl of 10% digitonin
and centrifuged at 12,000 g for 8 min. The resulting mitochondrial
pellet was resuspended in aminimal volume of isolation buffer devoid
of EGTA.

Skeletal muscle mitochondria
Skeletal muscle mitochondria were isolated from rat hind limbs as

described in [42], with some modifications. Hind-limb muscles were
dissected in iced 10 mM Na+–EDTA-supplemented PBS to remove
fatty and connective tissues and then washed and finely minced in
300mM sucrose, 50 mMHepes, 10 mM Tris, 1 mM EGTA, and 0.2% BSA
(pH 7.2, HCl), at 4°C. The tissue was processed for 2 s with a Polytron
homogenizer and then transferred to a mechanized potter and
homogenized. The suspension was centrifuged at 850 g for 3 min,
and the supernatant was centrifuged again at 10,000 g for 5 min. The
pellet was resuspended and centrifuged at 7000 g for 3 min. The final
mitochondrial pellet was resuspended in a minimal volume of
isolation buffer.

The quality of the preparations was assessed by conducting
measurements of respiratory control ratios (State 3/State 4, Table
1). It should be noted that State 4 respiratory rates calculated in the
presence of added ADP plus oligomycin such as those shown in Table 1
are lower than those measured in mitochondria incubated with
oligomycin alone (as in other data in this article) because ADP and ATP
synthesized by mitochondria inhibit naturally occurring mild uncou-
pling pathways such as uncoupling proteins and the ATP-sensitive K+

channel [30,31,43,44]. All preparations were kept over ice and used
within 4 h. Protein quantification was conducted using the Lowry
method [45].

Mitochondrial H2O2 release

Mitochondrial H2O2 release was measured in 0.125 or 0.25 mg
protein/ml mitochondrial suspensions in experimental buffer
[125 mM sucrose and 65 mM KCl (or 150 KCl for brain), 10 mM
Hepes, 2 mM inorganic phosphate, 2 mM MgCl2, and 0.01% bovine
serum albumin (or 0.1% for brain), adjusted to pH 7.2 with KOH], at
37°C, with continuous stirring. Amplex Red (25 μM) oxidation was
Succinate Glycerol phosphate Palmitoyl carnitine

60.7±8.3 11.1±0.1 12.4±2.8
198.5±15.7 180.1±24.1 144.1±12.0

61.3±6.6 19.0±1.5 29.9±1.4
164.3±8.7 146.3±14.3 134.2±15.6

84.8±8.9 22.6±1.6 48.0±2.0
182.5±5.9 147.1±3.1 120.9±19.6

39.9±4.4 16.4±2.6 17.6±2.4
186.8±18.5 153.1±16.2 65.4±16.3

36.4±3.4 18.5±1.3 24.0±3.9
189.1±2.4 184.8±5.2 126.9±8.9

n the medium used in experiments shown in Table 1, supplemented with oligomycin, at
tarate, glutamate, succinate, and glycerol phosphate (1 mM each) or palmitoyl carnitine
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followed in the presence of 0.5 U/ml horseradish peroxidase and
using α-ketoglutarate, glutamate, succinate, glycerol phosphate
(1 mM of each), or palmitoyl carnitine (50 μM) as substrate. In most
experiments (excluding those conducted in State 3), oligomycin was
present at the concentrations shown in Table 2. Amplex Red is
oxidized in the presence of extramitochondrial horseradish perox-
idase bound to H2O2, generating resorufin, which can be detected
fluorimetrically using a fluorescence spectrophotometer operating at
563 nm of excitation and 587 nm of emission. This technique displays
good signal/noise ratios and little artifactual interference and
has recently been widely accepted by researchers in the area
[13,19,31,46–48]. Indeed, controls conducted in the absence of
mitochondria or in the absence of peroxidase indicate that nonspecific
probe oxidation is negligible (b1% of the increment observed in the
presence of mitochondria and peroxidase). In addition, fluorescence
increments are largely suppressed (N90%) in the presence of added
catalase, indicating the response is mostly due to H2O2 formation.
Furthermore, responses were not influenced by the addition of any of
the substrates or respiratory inhibitors used in this study (results not
shown). Calibration was conducted by adding H2O2 at known
concentrations (A240=43.6 M–1 cm–1).

Mitochondrial O2 consumption

Mitochondrial O2 consumption was monitored in 0.25 or 0.5 mg
mitochondrial protein/ml suspension under the same conditions as
H2O2 release measurements using a computer-interfaced Clark-type
electrode operating with continuous stirring at 37°C.

Mitochondrial inner membrane potential measurements

Mitochondrial ΔΨ was estimated through fluorescence changes of
5 μM safranin O at excitation and emission wavelengths of 485 and
Fig. 1. Tissue- and state-dependent H2O2 release. Measurements of H2O2 release and O2 c
Experimental procedures under conditions described in Table 1, in the presence of oligomycin
#pb0.05 vs heart; +pb0.05 vs kidney, $pb0.05 vs liver.
586 nm, respectively, at 37°C and with continuous stirring, as
described in Ref. [49]. Incubation conditions were the same as for
H2O2 release measurements. Data obtained were calibrated using a
K+ gradient [49,50]. The ΔΨ value obtained for each K+ concentra-
tion was determined using the Nernst equation, assuming intrami-
tochondrial [K+] to be 150 mM [49], and plotted against measured
fluorescence values to generate a calibration curve for each tissue. It
should be noted that errors in the estimated concentrations of
intramitochondrial K+ do not substantially alter calculated ΔΨ values
[50,51].

Statistical analysis

Data are represented as averages±SEM of 3–18 repetitions using
distinct preparations. Multiple comparisons were performed using
one-way ANOVA followed by Tukey multiple comparison test against
all data sets for Figs. 1 and 2 or Dunnett's multiple comparison test
against the control column for Figs. 3–7. Pair comparisons between
H2O2/O2 release rates in control and CCCP-treated mitochondria in
Figs. 3–7 were conducted using Student's t test. All comparisons were
performed using GraphPad Prism software.

Results

Titration of electron transport chain and oxidative phosphorylation
modulators

Because our aim was to conduct a systematic analysis of
mitochondrial ROS release, special care was taken with specific
methodological aspects, to avoid results lacking technical precision.
The quality of isolated mitochondrial preparations was assessed by
conducting respiratory control ratio measurements in all tissues to
ensure that highly coupled preparations were obtained (Table 1).
onsumption were performed in succinate-energized mitochondria as described under
(in quantities determined in Table 2, State 4) or 1 mM ADP (State 3). ⁎pb0.05 vs brain;



Fig. 2. Substrate-dependent H2O2 release. Measurements of H2O2 release and O2 consumption were performed as described under Experimental procedures under conditions
described inTable 1 usingα-ketoglutarate (αKG), glutamate (glut), succinate (succ), glycerol phosphate (glyc), or palmitoyl carnitine (palm) as substrate. ⁎pb0.05 vsαKG; #pb0.05 vs
glut; $pb0.05 vs glyc; +pb0.05 vs palm.
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Furthermore, the use of appropriate concentrations of respiratory
chain modulators was considered vital, because excessive quantities
of these modulators promote nonspecific effects. Thus, we performed
electron transport chain and oxidative phosphorylation modulator
titration to use the minimal effective quantities of these compounds
during experiments (Table 2).



Fig. 3. α-Ketoglutarate-induced H2O2 release. Measurements of H2O2 release and O2 consumption were performed as described under Experimental procedures under conditions
described in Table 1, using α-ketoglutarate as a substrate in the presence of rotenone (rot), myxothiazol (myx), antimycin A (AA), or carbonyl cyanide m-chlorophenylhydrazone
(CCCP), as shown, in quantities depicted in Table 2. ⁎pb0.05 vs αKG.
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The respiratory inhibitors antimycin A, myxothiazol, and rote-
none, as well as ATP synthase inhibitor oligomycin (see Scheme 1),
were titrated to mitochondria in which respiration was stimulated
by ADP (Respiratory State 3). The uncoupler CCCP was added to
mitochondria in which ATP synthesis was inhibited by oligomycin
(Respiratory State 4). Oxygen consumption traces were followed
(results not shown), and the minimal quantity of each modulator
capable of promoting the maximal respiratory alteration was
established for each tissue (Table 2). Interestingly, quantities of
respiratory modulators necessary varied substantially between the
tissues tested. Notably, liver required smaller quantities of protein-
targeted modulators, probably because these mitochondria contain
a relatively larger proportion of proteins unrelated to electron
transport and oxidative phosphorylation [52,53], owing to intense
amino acid metabolism and carbohydrate synthesis activity in
this tissue.
O2 consumption and ΔΨ

Mitochondrial ROS release has been strongly associated with
changes in O2 consumption rates and ΔΨ [23,44,54]. Oxygen
consumption rates establish the turnover of electrons and redox
state of electron transport chain components, which determine the
ability to generate O2

⋅– at different respiratory chain sites. ΔΨ
determines the energy barrier for electron transport and is thus
also intimately related to both respiratory rates and the formation of
mitochondrial ROS. We quantified (Table 3) O2 consumption and ΔΨ
in State 4 mitochondria from brain, heart, kidney, liver, and skeletal
muscle in the presence of α-ketoglutarate, a citric acid cycle
intermediate that primarily generates NADH (leading to reduction
of mitochondrial complex I); the amino acid glutamate (which
generates NADH and α-ketoglutarate); the citric acid intermediate
succinate (which donates electrons to FAD-containing complex II of



Fig. 4. Glutamate-induced H2O2 release. Measurements of H2O2 release and O2 consumption were performed as described under Experimental procedures under conditions
described in Table 1, using glutamate as a substrate in the presence of rot, myx, AA, or CCCP, as shown, in quantities depicted in Table 2. ⁎pb0.05 vs glut.
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the electron transport chain); glycerol phosphate (which reduces
mitochondrial coenzyme Q via the flavoenzyme glycerol phosphate
dehydrogenase); and the activated fatty acid palmitoyl carnitine
(which primarily reduces coenzyme Q via the electron-transferring
flavoprotein) (see Scheme 1). In preliminary experiments, pyruvate
was also used as a NADH-linked substrate; however, respiratory rates
obtained by the use of this substrate in isolation in many tissues were
lower than necessary for adequate oxidative phosphorylation (results
not shown).

We found that the highest ΔΨ was obtained in most tissues using
succinate as a substrate, although associated O2 consumption rates
were understandably faster than those observed using the NADH-
linked substrates α-ketoglutarate and glutamate, which allow proton
pumping also at the level of complex I. Palmitoyl carnitine generated
the lowest ΔΨs, possibly because free fatty acids are effective
mitochondrial uncouplers and may be present in minimal quantities
in our substrate stock [55,56]. Indeed, care was taken in this study to
use concentrations of this substrate that supported oxygen con-
sumption and the formation of ΔΨ but did not promote overt
mitochondrial uncoupling. Brain mitochondria do not utilize fatty
acids as substrates, which may justify the poor respiratory rates
observed with palmitate in this tissue. The use of palmitoyl CoA in
the presence of added carnitine did not present any experimental
differences relative to the use of palmitoyl carnitine (results not
shown). Liver and heart mitochondria presented the lowest ΔΨ
formation with most substrates, whereas kidney mitochondria
presented the highest O2 consumption rates, as has been described
previously [43].

Altogether, O2 consumption and ΔΨ measurements determined
tissue- and substrate-specific characteristics, which correlate with
changes in mitochondrial ROS release described in the following
experiments.



Fig. 5. Succinate-induced H2O2 release. Measurements of H2O2 release and O2 consumptionwere performed as described under Experimental procedures under conditions described
in Table 1, using succinate as a substrate in the presence of rot, myx, AA, or CCCP, as shown, in quantities depicted in Table 2. ⁎pb0.05 vs succ; #pb0.05 vs +AA.
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Mitochondrial H2O2 release—effect of respiratory states

Fig. 1 compares absolute (H2O2) and relative (H2O2/O2) ROS
release from mitochondria isolated from the various tissues respiring
on succinate. The highest absolute H2O2 release rates observedwere in
the range of 1.5 nmol mg protein−1 min−1 in State 4 from brain and
heart, corresponding to almost 3% of oxygen consumption under these
conditions. These high rates of ROS release are probably, however,
rarely observed in vivo, because ROS release varies strongly with the
respiratory state. In State 3, H2O2 release was under 0.2 nmol mg
protein−1 min−1 in brain, heart, and skeletal muscle and under
0.5 nmol mg protein−1 min−1 in kidney and liver. Interestingly,
kidney and liver present both lower ROS production rates in State 4
and a smaller decrease in these rates when in State 3. H2O2/O2 ratios
in Respiratory State 3 were on the order of 0.1–0.2% for brain, heart,
kidney, and skeletal muscle and 0.5% for liver. Because even small
decreases in ΔΨ associated with oxidative phosphorylation strongly
prevent ROS release [44,54], physiological in vivo levels of oxidant
production are probably more closely related to those observed in
isolated mitochondria in State 3.

Interestingly, ROS generation rates varied very significantly with
the tissue studied. Absolute and relative H2O2 release rates in kidney
and liver are about half of those observed in brain and heart in State 4,
but are at least twice as high in these tissues in State 3. Skeletal muscle
mitochondria present low ROS release rates in both State 4 and State 3
compared to other tissues. This indicates that the dynamics of ROS
release in different tissues presents particularities that warrant
further side-by-side comparisons.



Fig. 6. Glycerol phosphate-induced H2O2 release. Measurements of H2O2 release and O2 consumptionwere performed as described under Experimental Procedures under conditions
described in Table 1, using glycerol phosphate as a substrate in the presence of rot, myx, AA, or CCCP, as shown, in quantities depicted in Table 2. ⁎pb0.05 vs glyc.
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Mitochondrial H2O2 release supported by different substrates

Fig. 2 compares the effects of the various substrates on State 4 ROS
release in the tissues assessed. Succinate was the substrate that
generally promoted the most significant ROS release rates. In brain
and heart, H2O2 release supported by succinate was between 5 and 15
times higher than that observed using other substrates. H2O2/O2

ratios in heart and brain respiring on succinate were above 2.0%,
whereas those observed in the presence of NADH-linked substratesα-
ketoglutarate and glutamate were in the range of 0.5–1.0%. In kidney,
succinate promoted high absolute H2O2 release, although H2O2/O2

was in the range of 1.0%, owing to the fast respiratory rates in this
tissue (Table 3; [43]). Interestingly, succinate did not support ROS
release rates higher than those observedwith NADH-linked substrates
in liver [57], and H2O2/O2 ratios with this substrate were lower than
with any other substrate tested, despite robust O2 consumption (Table
3; [43]). Furthermore, in liver, absolute H2O2 release rates generated
with NADH-linked substrates were higher than those observed in all
other tissues (note differences in scales). In skeletal muscle, the
absolute ROS release rates were highest with α-ketoglutarate and
succinate, although relative release was similar for most substrates.

Glycerol phosphate and palmitate are often suggested to be
important mitochondrial ROS sources [34,58,59]. Surprisingly, how-
ever, we found that these substrates did not promote substantial
absolute H2O2 release in brain, heart, or skeletal muscle, although
H2O2/O2 was high for these substrates in brain. Palmitate promoted
substantial H2O2 generation in kidney mitochondria, and both
palmitate and glycerol phosphate promoted increased H2O2 release
in liver relative to other substrates studied. These findings are in line
with proteomic studies demonstrating that liver mitochondria
present higher fatty acid oxidation capacity relative to other tissues
[52,53]. Interestingly, palmitate generated the lowest H2O2 release
rates in skeletal muscle relative to other substrates.

Because succinate, glycerol phosphate, and palmitate primarily
reduce FAD, but generate different ROS release patterns, our results, as
well as those of others conducted in mouse tissue [33], indicate that



Fig. 7. Palmitoyl carnitine-induced H2O2 release. Measurements of H2O2 release and O2 consumptionwere performed as described under Experimental Procedures under conditions
described in Table 1, using glutamate as a substrate in the presence of rot, myx, AA, or CCCP, as shown, in quantities depicted in Table 2. ⁎pb0.05 vs palm.
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the tissue-specific generation of mitochondrial oxidants has sub-
strate-specific characteristics that cannot be attributed only to the
entry point of electrons into the respiratory chain.

Effects of respiratory inhibition and ΔΨ decreases on mitochondrial
H2O2 release

Figs. 3 and 4 show the effects of the respiratory inhibitors (see
Scheme 1) rotenone (which inhibits complex I), myxothiazol (which
inhibits semiquinone formation in complex III), and antimycin A
(which promotes semiquinone accumulation in complex III), in
addition to the uncoupler CCCP, on mitochondrial ROS generation
supported by NADH-linked substrates α-ketoglutarate and glutamate
in different tissues. Both substrates promoted similar ROS release
patterns. In general, we found that this release was stimulated by the
inhibition of electron transport, which leads to more reduced states of
complexes I and III, the primary sources of electron leakage at the
respiratory chain [16,34]. The fact that inhibition of complex III led to
higher H2O2 release rates than inhibition of complex I suggests that
ROS formation supported by NADH-linked substrates occurs both
upstream and downstream of the inhibitory site of rotenone within
complex I. One important site downstream of rotenone inhibition is
the semiquinone radical formed during the Q cycle in complex III,
which is accumulated upon the addition of antimycin A (see Scheme 1;
[16,32]). This site of electron leakage is clearly important in heart,
kidney, and skeletal muscle mitochondria, as indicated by the very
strong stimulation of ROS formation promoted by antimycin A.

Respiratory enhancement and ΔΨ elimination promoted by the
uncoupler CCCP decreased H2O2/O2 ratios in all tissues tested,
supporting the notion that mitochondrial uncoupling may preclude
oxidant release [44,54,60]. However, absolute H2O2 release rates
supported by α-ketoglutarate and glutamate were decreased by CCCP
only in heart and were even slightly increased in liver. This
demonstrates that, despite the prevention of electron leakage by
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decreasing ΔΨ, at very fast respiratory rates promoted by complete
mitochondrial uncoupling, total ROS generated may remain
unchanged when NADH-linked substrates are used.

Fig. 5 shows the effects of respiratory inhibition and uncoupling on
succinate-supported H2O2 release. Superoxide radical formation
in succinate-energized mitochondria can occur through two mechan-
isms: electron leakage at complex III or at complex I due to reverse
electron transport from succinate dehydrogenase to complex I via
coenzyme Q [13,14,16]. Reverse electron transport is stimulated by
high ΔΨ and a highly reduced complex III and coenzyme Q pool
[15,16]. Rotenone, which does not inhibit succinate-supported
respiration, inhibits ROS release due to reverse electron transfer
[13,15,16]. Indeed, succinate-supported H2O2 formation in brain, heart,
and kidney was strongly prevented by rotenone, indicating this is a
major source of ROS in succinate-energized mitochondria from these
tissues. CCCP prevented H2O2 release to the same level as rotenone in
these tissues, suggesting that the presence of high ΔΨ is important for
ROS release due to reverse electron transfer. Indeed, CCCP very
significantly decreased H2O2 and H2O2/O2 in brain and heart, tissues
in which this substrate leads to high levels of ROS generation. Liver
and skeletal muscle mitochondria did not display a significant
decrease in ROS release in the presence of rotenone, suggesting
reverse electron transfer is not significant in these tissues. In fact, prior
studies have indicated that skeletal muscle mitochondria display
reverse electron transfer in a manner strongly dependent on
mitochondrial ΔpH [61], which is low under our experimental
conditions owing to the addition of physiologically relevant phos-
phate concentrations.

Myxothiazol, which averts the formation of semiquinone radicals
in complex III, also prevented succinate-supported H2O2 release in
brain, kidney, and heart, probably owing to the decrease in ΔΨ
associated with respiratory inhibition. On the other hand, antimycin A
increases semiquinone radical levels in complex III and can increase
ROS formation by this complex [11,13,33,62]. Indeed, in kidney, heart,
and skeletal muscle, antimycin A led to ROS release levels higher than
those observed with other respiratory inhibitors and that were not
significantly prevented by rotenone. In brain, antimycin A also
maintained high levels of H2O2 release, but this effect was reversed
by rotenone, indicating that this release may be attributable to reverse
electron flow. Antimycin A can increase reverse electron transfer by
fully reducing the Q pool [15].

Liver mitochondria presented a very different pattern of succinate-
supported H2O2 release. In addition to presenting H2O2 release rates
similar to those observed with NADH-linked substrates, absolute H2O2

productionwas not significantly altered by any of the respiratory chain
modulators tested, although H2O2/O2 ratios were decreased by CCCP.
The lack of an effect of rotenone on ROS release in liver mitochondria
respiring on succinate indicates that reverse electron transfer is not an
important ROS source in this tissue, despite the finding that this tissue
displays similar expression of succinate dehydrogenase and complex I
[52,53].

Fig. 6 shows the effects of respiratory modulators on H2O2 release
supported by glycerol phosphate. In general, this substrate in isolation
leads to poor respiratory rates (Table 3), and absolute H2O2 release
supported by glycerol phosphate was not substantial in brain, heart,
kidney, or skeletal muscle (although H2O2/O2 ratios were relatively
high). On the other hand, glycerol phosphate led to high absolute and
very high relative H2O2 release rates in liver. ROS release supported by
glycerol phosphate was not related to reverse electron transfer from
glycerol phosphate dehydrogenase to complex I, because rotenone did
not inhibit H2O2 formation in any tissue. This may be because the
glycerol/dihydroxyacetone pair presents a higher oxidation–reduc-
tion potential than succinate/fumarate [63]. Alternatively, the
organization of respiratory complexes within the mitochondrial
inner membrane may create functionally separate pools of coenzyme
Q [64], preventing reverse electron transfer from glycerol phosphate.
At least in kidney and skeletal muscle, ROS release in the presence of
glycerol phosphate seems to involve complex III, because it is strongly
enhanced by antimycin A. In liver, decreased ΔΨ promoted by
complex III inhibitors or CCCP slightly prevented H2O2 release.
Interestingly, uncoupling did not affect H2O2/O2 ratios supported by
glycerol phosphate in any tissue except brain. This indicates that
uncoupling is not an effective mechanism to control ROS generation
supported by glycerol phosphate in most tissues [18,65].

Fig. 7 shows the effects of respiratory modulators on palmitate-
supported ROS formation. Palmitate primarily generates FADH2

through the activity of mitochondrial acyl-CoA dehydrogenase.
Electrons are then transported to the electron transferring flavopro-
tein (ETF) and reduce coenzyme Q through the activity of ETF:
ubiquinone oxidoreductase (Scheme 1). Although electrons from
palmitate enter the electron transport chain through coenzyme Q, we
found that reverse electron transfer is not an important source of
palmitate-supported ROS formation, as indicated by the lack of
inhibitory effect of rotenone in any tissue (Fig. 7). Indeed, rotenone
increased H2O2 release in heart, possibly owing to accumulation of
electrons within complex I from NAD reduced in subsequent steps of
palmitate oxidation. Complex III is an important source of ROS
formation promoted by palmitate in kidney, heart, and skeletal
muscle, as indicated by the strong enhancement of H2O2 release
promoted by antimycin A. Brain mitochondria do not oxidize fatty
acids in vivo and presented low respiratory rates and H2O2 release in
the presence of this substrate. Liver mitochondria displayed high
absolute and relative rates of H2O2 release in the presence of
palmitate, which could be decreased by uncoupling with CCCP.

Discussion

Mitochondria are the major intracellular ROS source in most cell
types. These ROS are continuously generated as a by-product of
oxidative phosphorylation and have a substantial impact on redox
balance. Indeed, enhanced levels of mitochondrial ROS release have
been observed and linked to cellular degeneration in several diseases
and pathological states and may also act as signaling molecules
[26,27]. In addition, ROS derived from mitochondria may lead to
oxidative damage of biomolecules that promote some of the
characteristics of aging [25–27]. Despite the knowledge that mito-
chondrial ROS contribute toward degenerative processes under many
pathological states, most studies have shown that antioxidant
supplementation presents poor (or no) beneficial results [66,67],
probably because removing all ROS species from different cellular
microenvironments after their formation is an uphill task. Thus, the
most effective form of preventing damage associated with mito-
chondrially generated ROS is to decrease the formation of these
species [23,66]. In this sense, a detailed understanding of the
processes determining mitochondrial ROS formation, as addressed
in this article, is necessary.

The experimental tools currently available allow formeasurements
of H2O2 release from isolated mitochondria, in parallel with other
parameters of mitochondrial functionality such oxygen consumption
and ΔΨ, as conducted in this study. Although highly useful owing to
their precision, their quantitative nature, and the ability to precisely
manipulate experimental conditions, studies using isolatedmitochon-
dria have caveats that should be taken into consideration before
considering how these reflect in vivo mitochondrial ROS release. The
first significant difference between studies using isolated mitochon-
dria and in vivo conditions is oxygen tension, which is significantly
lower in tissues than in mitochondrial suspensions [27,68,69]. A
second caveat of isolated mitochondrial experiments is the lack of
cellularly originated respiratory modulators and reactants with
mitochondrial ROS such as nitric oxide [70,71]. Finally, we must stress
that our studies measure H2O2 released by mitochondria, and not its
production. As a result, differing levels of antioxidants in the
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mitochondrial preparations [52,53,57] may influence the levels of ROS
measured.

ROS produced by mitochondria originate mostly from O2
⋅–

generated by monoelectronic reduction of O2. Cytochrome c oxidase
(complex IV), which is responsible for the four-step one-electron
reduction of O2 to H2O, is highly adapted for this function, and to date
nomeasurable O2

⋅– release has been detected from this enzyme [21,72].
Cytochrome c is also not a documented ROS source and is, in fact,
believed to be an important intracellular antioxidant capable
of oxidizing superoxide radicals back to O2, as well as removing
H2O2 [73].

Mitochondrial complex III has been extensively associated with
the formation of O2

⋅– [3,5,7,11,13,32–34,46,74,75]. The formation of
ROS by this complex is attributed to the access of molecular oxygen
to semiquinone radicals formed during redox cycling within the
enzyme. This access occurs primarily at the Qp site, which faces the
mitochondrial intermembrane space [1,16,34,46]. Myxothiazol—
which prevents the formation of semiquinone radicals—decreases
this generation, whereas antimycin A—which enhances semiqui-
none accumulation at the Qp site—increases ROS formation at the
level of complex III. This release is enhanced by antimycin A and
decreased by center P inhibitors such as myxothiazol. Alternatively,
it has been recently proposed that ROS produced by complex III are
stimulated by a partially oxidized Q pool promoted, for example,
by partially inhibiting succinate dehydrogenase activity with
malonate [13].

In our studies, we found many conditions under which H2O2

release was very substantially enhanced by antimycin A, including the
use of NADH-linked substrates in heart, kidney, liver, and skeletal
muscle (Figs. 3 and 4), glycerol phosphate in kidney and skeletal
muscle (Fig. 6), and palmitate in heart, kidney, and skeletal muscle
(Fig. 7). As a result, we confirm previous reports that complex III is an
important site for ROS formation, with a particular relevance in kidney
and skeletal muscle mitochondria. It should be noted that we also
found that myxothiazol enhanced ROS release in some circumstances.
This enhancement may be related to the maintenance of more
reduced electron transport components before complex III and
increases in NADH levels [14], as further discussed below. Alterna-
tively, it may be due to the change in redox state of the Q pool within
complex III leading to a partially reduced Q pool [13], although this is
unlikely because the dose of myxothiazol used promoted total
respiratory inhibition (results not shown).

Complex I is the other electron transport chain component most
often credited with ROS formation [1,5,10,14,15,27,33,34,52,76].
Electron leakage leading to superoxide radical anion formation at
complex I can occur through two mechanisms: forward and reverse
electron transfer. Forward transfer involves electrons originating
from NADH, which may generate O2

⋅– at different sites within
complex I. The FMN group, low-potential iron–sulfur centers, and
Q binding site are often suggested to be sites in which this electron
leakage can occur [14]. Rotenone blocks Q binding and maximizes
FMN and iron–sulfur center reduction. Indeed, rotenone increases
H2O2 release promoted by oxidation of the NADH-generating
substrates glutamate and α-ketoglutarate (Figs. 3 and 4), confirming
that sites upstream of its inhibitory action are important for ROS
formation.

Interestingly, myxothiazol also promoted increments in H2O2

release supported by NADH-linked substrates, often more substantial
than rotenone (Figs. 3 and 4). Myxothiazol is a complex III inhibitor
that at higher concentrations can also inhibit Q binding at complex I
[14]. Because we titrated the minimal doses necessary of these
modulators, myxothiazol effects are expected to be predominantly an
inhibition of complex III under our conditions, avoiding semiquinone
reduction and ROS formation at this level, although partial complex I
inhibitions cannot be excluded. The enhanced levels of ROS produc-
tion observed with this inhibitor suggest substantial electron leakage
upstream of its inhibitory site in complex III, probably at the Q binding
site in complex I, because the effects were more pronounced than
those observed with rotenone. Altogether, our results support
previous work suggesting that two distinct electron leakage sites
exist within complex I, one upstream of the rotenone inhibitory site
and another within the Q binding site, probably involving semiqui-
none radicals [14] (see Scheme 1).

Reverse electron transfer occurs when electrons derived from
succinate are transported via complex II to coenzyme Q and then to
complex I, where electron leakage generating O2

⋅– occurs. This form of
ROS formation takes place when ΔΨ is high or electron transport
upstream of complex II is blocked, thermodynamically allowing
reverse electron transfer [15,16]. We found that the use of succinate
as a substrate generated very significant amounts of H2O2 in many of
the tissues studied (Fig. 2) [57]. Indeed, H2O2 release rates supported
by succinate were more than 10 times higher in brain and close to 5
times higher in heart compared to those observed with other
substrates. Relative H2O2 release rates with succinate in State 4
mitochondria from heart and brain reached almost 2% of oxygen
consumed (Figs. 2, upper right, and5, lower right), indicating very
substantial ROS formation. Interestingly, succinate did not lead to
higher levels of H2O2 release in liver and was the substrate that led to
the lowest H2O2/O2 ratio in this tissue (Fig. 2, lower right). Indeed,
reverse electron transfer is not an important ROS source in liver, as
indicated by the lack of effect of rotenone on succinate-supported
H2O2 release (Fig. 5). This may be due to differences in liver NAD(P)
redox state and higher levels of endogenous substrates relative to
other tissues [77]. Reverse electron transfer was also not an important
ROS source in skeletal muscle, as indicated by a lack of effect of
rotenone on H2O2 release, although ROS release rates with succinate
were substantial. The lack of reverse electron transfer in muscle may
be attributed to low ΔpH due to the presence of physiologically
relevant phosphate concentrations in the experimental medium.
Reverse electron transfer in skeletal muscle is strongly stimulated by
ΔpH [61].

In heart, brain, and kidney, ROS release supported by succinate
was strongly prevented by rotenone (Fig. 5), indicating that it occurs
owing to reverse electron transfer even in the presence of millimolar
phosphate concentrations. ROS release promoted by succinate
remained high in the presence of antimycin A, but not myxothiazol
(Fig. 5). This result, in addition to the effect of rotenone, indicates
that electron leakage in the presence of succinate can be substantial
at the level of complex III when semiquinone radicals accumulate
owing to the inhibitory action of antimycin A. Indeed, antimycin A-
stimulated H2O2 release in kidney, heart, and skeletal muscle was not
prevented by rotenone, indicating it occurs primarily in complex III.
The inhibitory effect of myxothiazol on ROS release suggests that,
despite the presence of a reduced Q pool, reverse electron transfer is
strongly related to ΔΨ. Indeed, absolute and relative H2O2 release
promoted by succinate was prevented by the uncoupler CCCP.
Altogether, our results confirm prior suggestions [15,16] that reverse
electron transfer is a very important source of mitochondrial ROS in
brain and heart and demonstrate its importance in kidney. In
previous work in heart and brain, we have found that reverse
electron transfer is substantial also under conditions of “dual
electron entry,” in which both NAD- and FAD-linked substrates are
present [78] (H.T.F. Facundo and A.J. Kowaltowski, unpublished
results).

Succinate dehydrogenase itself, as a flavoenzyme [79], could be a
ROS source during succinate-supported respiration. However, our
data showing strong inhibition of H2O2 release by rotenone suggest
this enzyme is not the main ROS source under these conditions.
Indeed, succinate dehydrogenase may be structurally arranged to
avoid ROS formation by the intrinsic FAD [80]. However, other
flavoenzymes may be accountable for H2O2 release in mitochondria.
For example, dihydrolipoyl dehydrogenase within α-ketoglutarate
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dehydrogenase is a well-established ROS source [19–21] and may
account for the largely enhanced levels of H2O2 release observed
upon rotenone treatment in α-ketoglutarate- but not glutamate-
supported respiration (compare Figs. 3 and 4). Indeed, ROS release
by this enzyme is largely stimulated by NADH accumulation [19–21].
Acyl-CoA dehydrogenase or the electron transferring flavoprotein
may be responsible for the large levels of H2O2 generated by kidney
mitochondria in the presence of palmitate (Fig. 2). H2O2 release
under these conditions cannot be ascribed to reverse electron flux
or leakage within complex III because it is not decreased by
rotenone and is enhanced by both myxothiazol and antimycin A
(Fig. 7). Glycerol phosphate dehydrogenase and acyl-CoA dehydro-
genase also seem to play an important role in ROS generation in the
liver, a tissue in which substrates for these enzymes lead to
substantial formation (Fig. 2), despite low respiratory rates and ΔΨ
(Table 3). Indeed, use of glycerol phosphate as a substrate led to
high H2O2/O2 ratios in most tissues (Figs. 2 and 6). H2O2 release
promoted by glycerol phosphate may increase in other tissues, such
as brain, when higher levels of Ca2+ ions are present [81]. Other
flavoenzymes that may contribute toward mitochondrial ROS
generation are monoamine oxidases [82] and dihydroorotate
dehydrogenase [17,83].

Interestingly, our results uncover substantial differences between
tissues with respect to substrate changes in H2O2 release levels. In
particular, we would like to stress differences observed in relation to
glycerol phosphate and palmitoyl carnitine. Some prior studies
suggest that fatty acids such as palmitate generate higher amounts
of mitochondrial ROS [34,59]. However, in our studies, we found the
increment in H2O2 release promoted by palmitate versus NADH-
linked substrates to be minimal in brain and absent in heart and
skeletal muscle. On the other hand, we saw high H2O2 release
promoted by palmitate in kidney and palmitate and glycerol
phosphate in liver. We are unaware of prior studies measuring ROS
release in kidney respiring on fatty acids, although our results with
glycerol phosphate and succinate in this tissue obtained from rat agree
with previous studies conducted using isolated mouse kidney
mitochondria [33].

Because our H2O2 detection experiments were calibrated and O2

consumption was measured in parallel, we can establish quantitative
isolated mitochondrial ROS release rates. We find that the highest
H2O2 release rates are in the 1–2 nmol mg protein−1 min−1 range,
observed in State 4 mitochondria from brain and heart energized with
succinate, reaching almost 3.0% of oxygen consumption (Figs. 1, 2, and
5). A similar H2O2/O2 ratio is also observed using glycerol phosphate
or palmitate in liver (Figs. 2, 6 and 7). However, it is not realistic to
believe these rates are achieved in vivo, because some extent of
oxidative phosphorylation occurs in most cells, and ROS release rates
decrease substantially with subtle increments in respiratory rates
[44,54], as well as being influenced by lower oxygen tensions in
tissues in vivo [69]. Indeed, H2O2/O2 ratios in phosphorylating (Fig. 1)
or uncoupled (Fig. 5) mitochondria from brain, heart, kidney, or
skeletal muscle respiring on succinate are under 0.2%. Because this
substrate promotes the upper limit of ROS generation in most tissues,
our results indicate that in these tissues physiological O2

⋅– generation
probably accounts for significantly less than 0.2% of oxygen consump-
tion in vivo. Following this reasoning, we estimate physiological H2O2

release rates in vivo are in the 0.1 nmol mg mitochondrial protein−1

min−1 range, or less, in heart, brain, and skeletal muscle, whereas
kidney, which displays higher O2 consumption rates, presents rates in
the range of 0.3 nmol mg mitochondrial protein–1 min−1. Liver
mitochondria present a very different pattern, however, because H2O2

release rates are not strongly altered by oxidative phosphorylation
(Fig. 1) or uncoupling (Figs. 3–7). Thus, H2O2 release rates in this
tissue in vivo are probably in the range of 0.4 nmol mg mitochondrial
protein−1 min−1 and may account for as much as 2.0% of oxygen
consumption using fatty acids as substrates.
Conclusions

Our studies provide a side-by-side comparison of absolute and
relativemitochondrial ROS release rates in various tissues respiring on
a range of substrates. We confirmed previous findings and uncovered
many novel tissue-, substrate-, and site-specific characteristics of this
release. Altogether, the results collected indicate that:

• Complexes I and III, in addition to flavoenzymes, are important
sites of ROS formation in mitochondria.

• Reverse electron transfer from succinate dehydrogenase to com-
plex I leads to very substantial levels of ROS formation, in particular
in brain and heart.

• Use of palmitate as a substrate generates significant ROS release in
kidney and liver.

• Increased respiratory rates promoted by oxidative phosphorylation
or uncoupling significantly prevent ROS formation in brain, heart,
and, to a lesser extent, kidney and skeletal muscle.

• Absolute ROS formation in liver is not substantially prevented by
oxidative phosphorylation or uncoupling, except when supported
by fatty acids.

• ROS formation probably accounts for less than 0.2% of oxygen con-
sumption in brain, heart, kidney, and skeletal muscle mitochondria
in vivo, but could comprise up to 2.0% of liver oxygen consumption.
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Aims: In the present work we investigated the in vitro effect of cis-4-decenoic acid, the pathognomonic
metabolite of medium-chain acyl-CoA dehydrogenase deficiency, on various parameters of bioenergetic
homeostasis in rat brain mitochondria.
Main methods: Respiratory parameters determined by oxygen consumption were evaluated, as well as
membrane potential, NAD(P)H content, swelling and cytochrome c release in mitochondrial preparations
from rat brain, using glutamate plus malate or succinate as substrates. The activities of citric acid cycle
enzymes were also assessed.
Key findings: cis-4-decenoic acid markedly increased state 4 respiration, whereas state 3 respiration and the

respiratory control ratio were decreased. The ADP/O ratio, the mitochondrial membrane potential, the matrix
NAD(P)H levels and aconitase activity were also diminished by cis-4-decenoic acid. These data indicate that
this fatty acid acts as an uncoupler of oxidative phosphorylation and as a metabolic inhibitor. cis-4-decenoic
acid also provoked a marked mitochondrial swelling when either KCl or sucrose was used in the incubation
medium and also induced cytochrome c release from mitochondria, suggesting a non-selective
permeabilization of the inner mitochondrial membrane.
Significance: It is therefore presumed that impairment of mitochondrial homeostasis provoked by cis-4-
decenoic acid may be involved in the brain dysfunction observed in medium-chain acyl-CoA dehydrogenase
deficient patients.

© 2010 Elsevier Inc. All rights reserved.
Introduction

Individuals affected by medium-chain acyl-CoA dehydrogenase
(MCAD; E.C. 1.3.99.3) deficiency (MCADD), the most common
inherited defect of fatty acid oxidation, present severe episodes of
hypoketotic hypoglycemia and encephalopathy with seizures, lethar-
gy that may lead to coma and sudden death (Onkenhout et al. 1995;
Rinaldo et al. 1998; Roe and Ding 2001). During crises, which are
generally precipitated by prolonged fasting or infection, the levels of
the accumulating metabolites are dramatically increased (Derks et al.
2006; Mayell et al. 2007). cis-4-decenoic acid (cDA) accumulates in
the tissue and body fluids of patients affected by MCADD and is
considered the pathognomonic metabolite of this disease. Clinical
management relies on the administration of high glucose and L-
carnitine amounts during the acute episodes, as well as fat restriction
a, Universidade Federal do Rio
90035-003, Porto Alegre, RS,

l rights reserved.
and L-carnitine supplementation after recovery (Coates 1994; Roe
and Ding 2001).

In spite of the high prevalence of this disorder in the general
population, which is as frequent as phenylketonuria, little is known
about the pathomechanisms responsible for the neurologic symptoms
in MCADD. Hypoglycemia may acutely affect the central nervous
system. However, the encephalopathic crises often occur in the
absence of low blood glucose levels, implying that the accumulating
compounds are potentially neurotoxic. In this context, there are a few
studies describing deleterious effects of cDA, as well as of octanoic
acid (OA) and decanoic acid (DA), which also accumulate in this
disorder. Thus, it was previously demonstrated that OA, DA and cDA
impair energy metabolism by inhibiting the activities of the
respiratory chain, mitochondrial creatine kinase and Na+,K+-ATPase
in cerebral cortex of rats in vitro (de Assis et al. 2003, 2006; Reis de
Assis et al. 2004; Schuck et al. 2009a), with cDA eliciting the most
pronounced effects. In addition, cDA was recently shown to provoke
lipid and protein oxidative damages, as well as to reduce the
antioxidant defenses at micromolar doses in brain of young rats in
vitro (Schuck et al. 2007). Considering that trans,trans-2,4-decadienal,

http://dx.doi.org/10.1016/j.lfs.2010.05.019
mailto:mwajner@ufrgs.br
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a compound structurally similar to cDA, markedly impairs mitochon-
drial energy homeostasis promoting non-selective inner mitochon-
drial membrane permeabilization (Sigolo et al. 2008), in the present
work we investigated the in vitro effects of cDA on various
mitochondrial respiratory parameters determined by oxygen con-
sumption, including states 3 and 4 of mitochondrial respiration, the
respiratory control ratio (RCR) and the ADP/O ratio in rat brain
mitochondrial preparations. Citric acid cycle enzyme activities,
mitochondrial membrane potential (ΔΨm), NAD(P)H content, mito-
chondrial swelling and cytochrome c release were also measured in
the presence of cDA.

Material and methods

Materials

Chemicals were purchased from Sigma (St. Louis, MO, USA), except
for cis-4-decenoic acid (cDA) which was prepared by Dr. Ernesto
Brunet, Madrid, Spain with 99% purity. cDA was prepared on the day
of the experiments in the incubation medium used for each technique
and the pH was adjusted to 7.4. cDA was first dissolved in methanol,
then diluted in 0.9% NaCl and finally supplemented to the incubation
medium containing specific buffers for each technique. The concen-
trations of methanol in the incubation medium were always less than
1% and those of cDA ranged from 0.1 to 1.0 mM. Concentrations of
methanol up to 1% did not interfere with the assays.

Animals

A total of 28 thirty-day-oldWistar rats obtained from our breeding
colony were used. The animals were housed five to a cage with food
and water available ad libitum and were maintained on a normal 12 h
light/dark cycle (lights on at 7:00 AM). This study was performed in
accordance with the “Principles of Laboratory Animal Care” (NIH
publication no. 80–23, revised 1996) and the “Guidelines for the Use
of Animals in Neuroscience Research” by the Society for Neuroscience,
and also with the approval of the Ethics Committees for Animal
Research of the Universidade Federal do Rio Grande do Sul and of the
Universidade de São Paulo.

Preparation of mitochondrial fractions

Mitochondria were isolated from the forebrain of 30-day-old rats
as described by Rosenthal et al. (1987). Animals were sacrificed by
decapitation; brain was rapidly removed and put into ice-cold 10 mM
HEPES buffer, pH 7.2, containing 225 mM mannitol, 75 mM sucrose,
1 mM EGTA and 1 mg mL−1 bovine serum albumin (BSA; free fatty
acid). The cerebellum, pons, medulla and olfactory bulbs were
removed and the remaining material was used as the forebrain. The
forebrain was cut into small pieces using surgical scissors, extensively
washed and then manually homogenized in a Dounce homogenizer
using both a loose-fitting and a tight-fitting pestle. The homogenate
was centrifuged for 3 min at 2000×g. After centrifugation, the
supernatant was again centrifuged for 8 min at 12,000×g. The pellet
was resuspended in 20 mL of isolation buffer containing 10 μL of 10%
digitonin and recentrifuged for 8 min at 12,000×g. The supernatant
was discarded and the final pellet was gently washed and resus-
pended in isolation buffer devoid of EGTA, at an approximate protein
concentration of 25–35 mg mL−1. This preparation contains amixture
of synaptosomal and non-synaptosomal mitochondria similar to the
general brain composition. All experiments were performed in freshly
prepared mitochondria.

We always carried out parallel experiments with various blanks
(controls) in the presence or absence of cDA and also with or without
brain preparations in the reaction medium in order to detect any
interference (artifacts) of this fatty acid on the techniques utilized to
measure the mitochondrial parameters.

Respiratory parameters determined through mitochondrial
oxygen consumption

Oxygen consumption rate was measured polarographically using a
Clark-type electrode in a thermostatically controlled (37 °C) and
magnetically stirred incubation chamber using glutamate plus malate
(2.5 mM each) or succinate (5 mM) plus rotenone (2 μg/mL) as
substrates. cDA (0.1–1.0 mM) was added to the reaction medium at
the beginning of the assay. Purified mitochondrial preparations
(0.50 mg protein mL−1) incubated in a buffer containing 0.3 M
sucrose, 5 mM MOPS, 5 mM potassium phosphate, 1 mM EGTA and
1 mg mL−1 BSA were used in the assays. State 3 mitochondrial
respiration was measured after addition of 1 mM ADP to the
incubation medium. State 4 mitochondrial respiration was measured
after the addition of 1 μg mL−1 oligomycin A to the medium. The
respiratory control ratio (RCR; state 3/state 4) was then calculated.
States 3 and 4 were expressed as nmol O2 consumed min−1 mg of
protein−1. The ADP/O ratio was estimated according to Estabrook
(1967), using 100 μM ADP in the incubation medium. Only mito-
chondrial preparations with RCR higher than 4 were used in the
experiments.

Spectrophotometric analyses of the activities of citric acid cycle enzymes

The activities of the citric acid cycle (CAC) enzymes were
determined using enriched mitochondrial fractions from the cere-
brum. cis-4-decenoic acid was supplemented to the medium contain-
ing mitochondria and submitted to a pre-incubation at 37 °C for
30 min after which the enzyme activities were measured. Citrate
synthase activity was measured according to Srere (1969), by
determining DTNB reduction at λ=412 nm. The activity of aconitase
was measured according to Morrison (1954), following the reduction
of NADP+. The activities of isocitrate dehydrogenase (Plaut 1969), the
α-ketoglutarate dehydrogenase complex (Lai and Cooper 1986;
Tretter and Adam-Vizi 2004) and malate dehydrogenase (Kitto
1969) were determined by NAD+ reduction. The activity of succinate
dehydrogenase was determined as described by Fischer et al. (1985)
by assessing 2,6-dichlorophenolindophenol reduction. Fumarase
activity was measured according to O'Hare and Doonan (1985), by
determining the increase of absorbance of fumarate at λ=250 nm.
NADP+ and NAD+ reductions were determined at wavelengths of
excitation and emission of 340 and 466 nm, respectively. The activities
of the citric acid cycle enzymes were calculated as nmol min−1 mg
protein−1, mmol min−1 mg protein−1 or μmol min−1 mg protein−1.

Determination of mitochondrial inner membrane potentials (ΔΨm)

Mitochondrial inner membrane potentials (ΔΨm) were measured
according to Akerman and Wikström (1976) and Kowaltowski et al.
(2002) using mitochondria (0.50 mg protein mL−1) supported by
2.5 mM glutamate plus 2.5 mM malate or 5 mM succinate as
substrates, in an incubation medium containing 125 mM KCl, 5 mM
MgCl2, 0.1 mM EGTA, 0.1 mg mL−1 BSA, 5 mM HEPES, 2 mM KH2PO4,
1 μg mL−1 oligomycin A, pH 7.3. The fluorescence of 5 μM cationic dye
safranin O at an excitation wavelength of 495 nm and emission
wavelength of 586 nm on a Hitachi F-4500 spectrofluorometer was
followed during 5 min. Data were expressed as fluorescence arbitrary
units (FAU).

Determination of NAD(P)H

Matrix mitochondrial NAD(P)H autofluorescence was measured at
37 °C using 366 nm excitation and 450 nm emission wavelengths on a
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Hitachi F-4500 spectrofluorometer using mitochondrial preparations
(0.5 mg protein mL−1) in an incubation medium containing 125 mM
KCl, 5 mM MgCl2, 0.1 mM EGTA, 0.1 mg. mL−1 BSA, 5 mM HEPES,
2 mM KH2PO4, pH 7.3, using 2.5 mMmalate plus 2.5 mM glutamate as
substrates. Data were expressed as nmol NAD(P)H mg of protein−1.

Determination of mitochondrial swelling

Mitochondrial swelling was assessed following light scattering
changes on a temperature-controlled Hitachi F-4500 spectrofluorom-
eter with magnetic stirring operating at excitation and emission of
520 nm using mitochondrial preparations (0.50 mg protein mL−1) in
an incubation medium containing 125 mM KCl, 5 mM MgCl2, 0.1 mM
EGTA, 0.1 mg mL−1 BSA, 5 mM HEPES, 2 mM KH2PO4, pH 7.3 and
using 5 mM succinate as substrate. Some experiments were carried
out in the presence of 250 mM sucrose in the incubation medium.
Data were expressed as fluorescence arbitrary units (FAU).

Cytochrome c immunocontent measurement

After the mitochondrial swelling experiments, the medium was
centrifuged at 12,000×g for 10 min in order to sediment the
mitochondria. Thirty micrograms of mitochondrial protein was
Fig. 1. Effect of cDA on oxygen consumption in ADP-stimulated (state 3) and non-ADP-stim
respiratory control ratio (RCR) (C) and on ADP/O ratio (D). After the addition of mitochond
were supplemented to the incubation medium. Values are means±standard deviation for
expressed as nmol O2 min−1 mg of protein−1. *Pb0.05, **Pb0.01, ***Pb0.001 compared to
subjected to sodium dodecyl sulfate-polyacrylamide gel electropho-
resis and transferred to nitrocellulose membranes for determination
of cytochrome c release. After blocking with 5% non-fat dry milk to
prevent non-specific binding to the membrane of the detecting
system, membranes were incubated with mouse monoclonal anti-
cytochrome c antibody (1:1,000) (BD Biosciences, CA, USA), followed
by horseradish peroxidase-conjugated secondary antibody (1:10,000)
(Dakocytomation, USA). Bands were visualized by chemilumines-
cence using the ECL kit from NEN (Boston, MA, USA). Quantification
was performed with ImageJ 1.36b (National Institute of Health, USA)
software.

Protein determination

Protein was measured by the method of Lowry et al. (1951) using
bovine serum albumin as standard.

Statistical analysis

Results are presented as mean±standard deviation. Assays were
performed in duplicate and the mean was used for statistical analysis.
Data were analyzed using one-way analysis of variance (ANOVA)
followed by the post-hoc Duncan multiple range test when F was
ulated (state 4) mitochondria supported by glutamate/malate (A) or succinate (B), on
rial preparation (0.5 mg protein mL−1), different concentrations of cDA (0.1–1.0 mM)
four to five independent experiments. States 3 and 4 of mitochondrial respiration are
controls (Duncan multiple range test).
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significant. Only significant F values are shown in the text. Differences
between groups were rated significant at Pb0.05. All analyses were
carried out using the Statistical Package for the Social Sciences (SPSS)
software in a PC compatible computer.

Results

cis-4-decenoic acid alters mitochondrial respiration in the presence or
absence of exogenously added ADP

We first verified that rat brain mitochondria incubated under our
conditions were well functioning, as indicated by the higher
respiratory rates observed in the presence of ADP (state 3) relatively
to those obtained after the addition of the ADP synthase inhibitor
oligomycin A (state 4) (Figs. 1 and 2). We can also see in the figure
that cDA significantly increased oxygen consumption rate in state 4
respiration (up to 419%) regardless of the substrate used [glutamate/
malate: F(3,15)=25.2; Pb0.001; succinate: F(3,15)=8.69; Pb0.01]
Fig. 2. Representative traces showing the effects of cDA on oxygen consumption in
mitochondria supported by glutamate/malate (A) or succinate (B). Mitochondrial
preparation (0.5 mg protein mL−1) and different concentrations of cDA (0.1–1.0 mM)
were supplemented to the incubation medium at the beginning of the assay. 1 mM ADP
and 1 μg mL−1 oligomycin A were added as indicated. Vertical lines represent oxygen
consumption. Traces are representative of four to five independent experiments and are
expressed as nmol O2 min−1 mg of protein−1.
and reduced state 3 respiration (up to 68%) only when succinate was
used as substrate [F(3,15)=7.80; Pb0.01]. Interestingly, 1 mM cDA
reduced oxygen consumption in state 4 respiring mitochondria with
succinate as substrate as compared to 0.5 mM cDA. It was also
observed that cDA significantly reduced the ADP/O ratio [glutamate/
malate: F(3,15)=18.8; Pb0.001; succinate: F(3,15)=30.1; Pb0.001]
and the respiratory control ratio (RCR) [glutamate/malate: F(3,15)=
19.5; Pb0.001; succinate: F(3,15)=45.1; Pb0.001] regardless of the
substrate, suggesting that this compoundmay behave as an uncoupler
of the oxidative phosphorylation.

We further evaluated the effect of cDA on citric acid cycle enzyme
activities in mitochondrial preparations and observed that this fatty
acid significantly inhibited aconitase activity (up to 50%) (control:
698±111 μM NADPH min−1 mg protein−1; 1 mM cDA: 379±
143 μM NADPHmin−1 mg protein−1; t(3)=9.64; Pb0.01]), without
affecting the other enzyme activities (data not shown).

Reduction of mitochondrial membrane potential by cis-4-decenoic acid

In order to better characterize the uncoupling effect of cDA on
oxidative phosphorylation, mitochondrial membrane potentials
(ΔΨm) were measured using the fluorescent probe safranin O
(Fig. 3). We observed that cDA markedly decreased ΔΨm with
glutamate plusmalate (Panel A) or succinate (Panel B) as substrates in
Fig. 3. Effect of cDA on mitochondrial membrane potential using glutamate/malate (A)
or succinate (B) as substrates. cDA (1.0 mM) was added to the medium containing the
mitochondrial preparation (0.5 mg protein mL−1) at the beginning of the assay and
CCCP (1 μM) was added at the end of the measurements. Traces are representative of
four independent experiments and were expressed as fluorescence arbitrary units
(FAU).
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a dose-response manner. Furthermore, the addition of the classical
protonophore CCCP was unable to change the ΔΨm decrease induced
by 1 mM cDA, suggesting that maximal uncoupling was already
achieved. These data indicate a relevant uncoupling effect of this
compound.
The adenine nucleotide translocator is not involved in cis-4-decenoic
acid-uncoupler effect

We then assessed oxygen consumption in the presence of 1 μM
atractyloside (ATC), an inhibitor of adenine nucleotide translocator
(ANT), in order to search for the mechanism through which cDA
uncouples mitochondria. We observed that cDA-induced increase of
oxygen consumption was not prevented by ATC [F(3,15)=27.3;
Pb0.001] (Fig. 4), ruling out a selective mitochondrial membrane
permeabilization via ANT in the cDA-elicited uncoupling effect.
NAD(P)H pool is reduced by cis-4-decenoic acid

We then assayed the mitochondrial NAD(P)H content, since
uncouplers of the oxidative phosphorylation generally reduce the
mitochondrial matrix NAD(P)H pool. cDA provoked a marked
decrease in NAD(P)H fluorescence (Fig. 5) with glutamate plus
malate (Panel A) or succinate (Panel B) as substrates. Similar results
were obtained when CCCPwas added to the incubationmedium (data
not shown). Furthermore, the supplementation of rotenone to the
medium, only partially reestablished the reduced equivalent pool in
the presence of cDA, indicating that NAD(P)H pool was partially lost
from the matrix when cDA was present in the incubation medium.
Fig. 5. Effect of cDA on mitochondrial NAD(P)H content using glutamate/malate (A) or
succinate (B) as substrates. cDA (1.0 mM) was added to the medium containing the
mitochondrial preparation (0.5 mg protein mL−1) at the beginning of the assay.
Rotenone (4 μM) was added at the end of the measurements. Traces are representative
of four independent experiments and data were expressed as nmol NAD(P)H mg of
protein−1.
cis-4-decenoic acid causes mitochondrial swelling

Mitochondrial swelling was also evaluated in the presence of cDA.
We verified that cDA provoked a marked mitochondrial swelling
(Fig. 6A). Similar results were obtained when mitochondria were
incubated in sucrose-based medium, instead of KCl (Fig. 6B).
Furthermore, the addition of cyclosporin A did not prevent the cDA-
elicited mitochondrial swelling (data not shown), excluding a role for
the classical mitochondrial permeability transition (MPTP) in this
effect.
Fig. 4. Effect of cDA on oxygen consumption in glutamate/malate-supported
mitochondria respiring in state 4. cDA (1.0 mM) was added to the medium containing
the mitochondrial preparation (0.5 mg protein mL−1) in the presence or absence of
1 μM atractyloside (ATC) at the beginning of the assay. Values are means±standard
deviation for four independent experiments and state 4 of mitochondrial respiration is
expressed as nmol O2 min−1 mg of protein−1. ***Pb0.001 compared to controls
(Duncan multiple range test).
cis-4-decenoic acid induces mitochondrial cytochrome c release

Considering that permeabilization of mitochondrial membrane
could result in cytochrome c release from the mitochondria, we
determined the cytochrome c immunocontent inside the mitochon-
dria in the presence of 1.0 mM cDA. We observed that cDA decreased
(up to 20%) the mitochondrial cytochrome c content [F(2,6)=196.5;
Pb0.001] (Fig. 7), implying an augmented cytochrome c release from
the mitochondria.

Discussion

Patients affected by MCADD present encephalopathic crises
accompanied by cerebral abnormalities (Smith and Davis 1993;
Ruitenbeek et al. 1995; Mayatepek et al. 1997; Wilson et al. 1999;
Mayell et al. 2007), whose pathogenesis is not yet defined. Lethargy
that may progress to coma and death during episodes of metabolic
decompensation was recently suggested to be due to the accumula-
tion of toxic medium-chain fatty acids (MCFA) and their by-products
(Gregersen et al. 2008).

Previous findings have shown that cis-4-decenoate (cDA), the
pathognomonic compound accumulating in MCADD, impairs brain
mitochondrial bioenergetics and causes oxidative damage to a higher



Fig. 6. Effect of cDA onmitochondrial swelling. cDA (1.0 mM)was added to themedium
containing the mitochondrial preparation (0.5 mg protein mL−1) and light scattering
changes were assessed in the presence of KCl (A) or sucrose (B). Traces are
representative of three to four independent experiments and were expressed as
fluorescence arbitrary units (FAU).

Fig. 7. Effect of cDA onmitochondrial cytochrome c immunocontent. cDA (1.0 mM)was
added to themedium containing themitochondrial preparation (0.5 mg proteinmL−1).
Triton-X 100 was used as a positive control. A representative immunoblot of
cytochrome c is also displayed. ANT was used as loading control. Values are means±
standard deviation for three independent experiments and the results were expressed
as arbitrary units (AU). **Pb0.01, ***Pb0.001 compared to controls (Duncan multiple
range test).
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extend and at lower doses than the effects elicited by octanoate (OA)
and decanoate (DA), indicating that cDA is the most toxic accumu-
lating compound in MCADD (Reis de Assis et al. 2004; Schuck et al.
2007, 2009a). cDA is structurally similar to trans,trans-2,4-decadienal,
a promoter of non-selective inner mitochondrial membrane permea-
bilization (Sigolo et al. 2008). Therefore, in the present work we
evaluated the effects of cDA on a wide spectrum of mitochondrial
bioenergetic parameters determined by the rate of oxygen consump-
tion, as well as citric acid cycle enzyme activities, mitochondrial
membrane potential (ΔΨm), NAD(P)H content, mitochondrial swell-
ing and cytochrome c release using rat brain mitochondrial
preparations.

We first found that cDA significantly increased oxygen consump-
tion in state 4 respiring mitochondria and reduced the ratios ADP/O
and RCR with both substrates. The data is indicative that cDA behaves
as an uncoupler of oxidative phosphorylation. In addition, state 3
respiration was markedly diminished by cDA with succinate as
substrate. Interestingly, when succinate was used as substrate, the
rate of oxygen consumption in state 4 respiring mitochondria
markedly dropped at the highest cDA dose (1.0 mM) employed, as
compared to 0.5 mM. This may have occurred due to an inhibition of
complex II activity, limiting the flux of electrons from succinate
through the respiratory chain, as previously demonstrated (Reis de
Assis et al. 2004). Alternatively, a competition between cDA and
succinate for mitochondrial dicarboxylate transport could possibly
explain the results obtained with cDA at the highest concentration on
states 3 and 4, but this is unlikely since cDA is a monocarboxylic acid
and uses other mitochondrial carrier.

cDA also decreased ΔΨm in state 4-respiring mitochondria to a
similar extent as that of the classical uncoupler CCCP, supporting a
strong uncoupling role for this organic acid. Another evidence that
cDA acts as uncoupler of oxidative phosphorylation was the reduction
of matrix NAD(P)H levels altering the mitochondrial redox state, a
finding commonly provoked by uncoupling agents by stimulating
NADH oxidation. Moreover, the complex I inhibitor rotenone, which
prevents NADH oxidation, only partially reestablished the reduced
equivalent pool in the presence of cDA, suggesting that the reduced
equivalents may have been partially lost from the mitochondrial
matrix. On the other hand, considering that the phosphorylation state
of the cytosolic ATP pool is very sensitive to small changes in the
mitochondrial membrane potential (Nicholls 2004), the marked
depolarization of the mitochondrial membrane potential evoked by
cDA might have severe consequences for long-term energy homeo-
stasis in MCAD-deficient patients.

We also observed that the adenine nucleotide translocator (ANT)
inhibitor atractyloside (ATC) did not prevent the increase in the rate
of oxygen consumption in state 4-respiring mitochondria elicited by
cDA, implying that the involvement of ANT in cDA-uncoupling effect,
as previously shown for other fatty acids (Brustovetskyl et al. 1990;
Skulachev 1998; Samartsev et al. 2000), is unlikely. In this context,
interaction with other anion transporters, with mitochondrial
membrane phospholipids, or a distortion of the packing of the lipids
in the inner mitochondrial membrane leading to alterations in fluidity
and ion permeability (Kimmelberg and Pahadjopoulos 1974; Lee
1976; Abeywardena et al. 1983; Schonfeld and Struy 1999; Skulachev
1999; Mokhova and Khailova 2005) may possibly underlie the
uncoupling effect promoted by this compound. Our findings showing
that cDA provoked a significant mitochondrial swelling reinforce the
presumption that this compound increases mitochondrial membrane
permeability. Furthermore, the observations that this effect was not
blocked by cyclosporin A (CsA) rule out the participation of the
mitochondrial permeability transition pore (MPTP). It is therefore
presumed that the increased permeabilization of the inner mitochon-
drial membrane provoked by cDA possibly explains the partial loss of
the reduced equivalents from the mitochondrial matrix through other
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mechanisms than CsA-sensitive MPTP opening. In this scenario, since
mitochondrial swelling elicited by cDA occurred with either KCl or
sucrose in the incubation medium, a cDA-induced non-selective
permeabilization of inner mitochondrial membrane may possibly
explain our data.

We also found that cDA reducedmitochondrial matrix cytochrome
c immunocontent, a finding that may be related to the increase of
mitochondrial membrane permeability caused by this fatty acid.
However, considering that cytochrome c release is part of the intrinsic
apoptotic pathway (Li et al. 1997; Perkins et al. 2009), we cannot rule
out that cDA induces apoptosis, but this should be investigated in
further studies.

Although the pathophysiological relevance of our data is at present
unknown since brain cDA concentrations in MCADD are not yet
established, it should be stressed that cDA provoked an impairment of
mitochondrial homeostasis at concentrations of 100 μM and higher. In
this scenario, previous works reported that the average plasma cDA
levels in MCADD patients may achieve 200 μM (controls: b0.4 μM)
and that these concentrations significantly increase during crises of
metabolic decompensation (Duran et al. 1988; Onkenhout et al. 1995;
Martinez et al. 1997). Moreover, considering that the enzymes of fatty
acid oxidation are expressed in the neural cells (Tyni et al. 2004) and
that the tissue concentrations of the accumulating metabolites
dramatically increase in these patients during metabolic crises due
to accelerated lipolysis and the blockage of the enzymatic step
catalyzed by MCAD (Martinez et al. 1997; Roe and Ding 2001), it is
presumed that higher concentrations of this fatty acid occur in
metabolic stress situations. It should be also emphasized that
impairment of the transchoroidal clearance of fatty acids accumulat-
ing in MCADD and similar compounds from the brain occurs after in
vivo administration of octanoic acid (Kim et al. 1983) and that the
concentrations of organic acids in neural cells overcome those of
plasma or CSF in various disorders of organic acid metabolism
(Hoffmann et al. 1993). All these mechanisms may act synergistically
contributing to the accumulation of MCFA in the brain and cerebral
spinal fluid of patients affected by MCADD.

We have previously demonstrated that OA and DA, which also
accumulate in MCADD, disturb energy production and oxidative
phosphorylation. OA and DA at 1 mM or higher concentrations were
demonstrated to inhibit the citric acid cycle and respiratory chain
complexes activities, as well as to alter respiratory parameters and
mitochondrial membrane potential (Reis de Assis et al. 2004; Schuck
et al. 2009b). It should be emphasized that cDA effects on these
parameters were more severe and occurred at much lower concen-
trations (0.1 mM and higher). Therefore, based on these findings
showing that more pronounced effects were achieved with lower
concentrations of cDA, as compared to OA and DA, and also
considering the concentrations of these fatty acids in MCADD, we
hypothesized that cDA is probably the most toxic metabolite in this
disorder.
Conclusion

In conclusion, this is the first report showing that cDA acts as an
uncoupler of oxidative phosphorylation. Based on the present
observations that cDA at 1 mM significantly decreases state 3
respiration, causes a rapid drop in oxygen consumption in state 4
respiration with succinate and markedly inhibits aconitase activity, as
well as CO2 production and respiratory chain complexes activities
(Reis de Assis et al. 2004), it is feasible that cDA also behaves as a
metabolic inhibitor, therefore compromising mitochondrial energy
homeostasis. Therefore, it is tempting to speculate that our present
and previous findings indicate that impairment of brain bioenergetics
may be involved in the neuropathology of MCAD-deficient patients
(Egidio et al. 1989; Maegawa et al. 2008).
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Introduction

Coenzyme Q (ubiquinone) is an essential electron car-

rier of the mitochondrial respiratory chain whose main

function is to transfer electrons from the NADH-

coenzyme Q and succinate-coenzyme Q reductases to

the coenzyme QH2–cytochrome c reductase (bc1) com-

plex [1]. Electron transfer in the bc1 complex occurs

through the Q-cycle [2–4], in which electrons from

reduced coenzyme Q (QH2) follow a branched path to

the iron–sulfur protein and to cytochrome bL [4].

Biosynthesis of coenzyme Q in eukaryotes occurs

in mitochondria. In Saccharomyces cerevisiae, the ben-

zene ring of coenzyme Q6 (Q6) has a polyprenyl side

chain with six isoprenoid units [5]. The size of the iso-

prenoid chain varies among species, and affects coen-

zyme Q diffusion through cell membranes [6]. On the

other hand, at least nine yeast nuclear genes [7–9] have

been shown to be involved in the synthesis of Q6.

COQ10 is not involved in the synthesis of Q6 but,

interestingly, the respective mutants have Q6 respira-

tory deficiencies [10–12]. All products of COQ genes,

including Coq10p, are located in the mitochondrial

inner membrane [1]. There is genetic and physical evi-

dence that enzymes of Q6 biosynthesis, but not

Coq10p, form part of a multisubunit complex [13–15].
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Deletion of COQ10 in Saccharomyces cerevisiae elicits a respiratory defect

characterized by the absence of cytochrome c reduction, which is correct-

able by the addition of exogenous diffusible coenzyme Q2. Unlike other

coq mutants with hampered coenzyme Q6 (Q6) synthesis, coq10 mutants

have near wild-type concentrations of Q6. In the present study, we used

Q-cycle inhibitors of the coenzyme QH2–cytochrome c reductase complex

to assess the electron transfer properties of coq10 cells. Our results show

that coq10 mutants respond to antimycin A, indicating an active Q-cycle in

these mutants, even though they are unable to transport electrons through

cytochrome c and are not responsive to myxothiazol. EPR spectroscopic

analysis also suggests that wild-type and coq10 mitochondria accumulate

similar amounts of Q6 semiquinone, despite a lower steady-state level

of coenzyme QH2–cytochrome c reductase complex in the coq10 cells.

Confirming the reduced respiratory chain state in coq10 cells, we found

that the expression of the Aspergillus fumigatus alternative oxidase in these

cells leads to a decrease in antimycin-dependent H2O2 release and improves

their respiratory growth.

Abbreviations

AOX, alternative oxidase; bc1, coenzyme QH2–cytochrome c reductase; BN, blue native; GSH, reduced glutathione; GSSG, oxidized

glutathione; Q6, coenzyme Q6; QH2, reduced coenzyme Q; ROS, reactive oxygen species.
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Coq10p is a member of the START domain super-

family [10,12]. Members of this family were shown to

bind lipophilic compounds such as cholesterol [16].

When overexpressed in yeast, purified Coq10p contains

bound Q6 [10,11]. The inability of Q6 in coq10 mutants

to promote electron transfer to the bc1 complex sug-

gests that Coq10p might function in the delivery of Q6

to its proper site in the respiratory chain. A direct role

of Coq10p in electron transfer is not completely

excluded, although it appears to be unlikely, because

of stoichiometric considerations [10]. The present stud-

ies were undertaken to assess the respiratory function-

ality of Q6 in coq10 mutants that are defective in the

reduction of cytochrome c. Using bc1 complex inhibi-

tors, we observed that coq10 mitochondria were

responsive to antimycin A but not to myxothiazol,

indicating an active Q-cycle and defective transfer of

QH2 to the bc1 Rieske protein. EPR spectroscopic

analysis also suggests that wild-type and coq10 mito-

chondria have similar amounts of Q6 semiquinone,

even with a lower steady-state level of bc1 complex.

On the other hand, the expression of Aspergillus fumig-

atus alternative oxidase (AOX) [17], which transports

electrons directly from QH2 to oxygen, reduced H2O2

release in coq10 cells and improved their respiratory

growth.

Results

Effect of antimycin A and myxothiazol on

semiquinone formation in the coq10 mutant

Antimycin A and myxothiazol are well-known inhibi-

tors of the bc1 complex, acting, respectively, at the

N-site and P-site of the Q-cycle [18–21]. Both inhibi-

tors enhance the formation of oxygen radicals from

the P-site [20,21]. Antimycin A binds to the N-site and

blocks oxidation of cytochrome bH, resulting in a

reverse flow of electrons from cytochrome bL to

coenzyme Q to form the semiquinone (Fig. 1).

Myxothiazol, on the other hand, binds to the P-site

and prevents the reduction of cytochrome bL, but

allows slow reduction of the Rieske iron–sulfur protein

[4,20]. An increase in the amount of myxothiazol-

dependent semiquinone is thought to occur at the

P-site, owing to incomplete inhibition of ubiquinone

oxidation [20–22]. However, the existence of semiqui-

nones at the P-site is still controversial [20,23].

The functionality of the P-site in a coq10 mutant

was studied by examining antimycin A-dependent or

myxothiazol-dependent production of reactive oxygen

species (ROS) by assaying for H2O2 [21,22]. Yeast

strains with different respiratory capacities were also

used as controls. Therefore, the effects of the two

inhibitors were also tested in the parental wild-type

strain, in a coq2 mutant lacking Q6 as a result of a

deletion in the gene for p-hydroxybenzoate:polyprenyl

transferase (which catalyzes the second step of coen-

zyme Q biosynthesis [24]), in a bcs1 mutant arrested in

assembly of the bc1 complex [25], and in wild-type and

coq10 cells harboring the pYES2–AfAOX plasmid,

expressing A. fumigatus AOX under the control of the

GAL10 promoter [17]. A. fumigatus AOX transfers

electrons directly from QH2 to oxygen [17].

Antimycin A increased H2O2 release in wild-type

and coq10 mitochondria. However, a clear my-

xothiazol-dependent increase occurred only in the wild

type (Fig. 2A). On the other hand, the spontaneously

high H2O2 release seen in the coq2 and bcs1 mutants

suggests greater accumulation of flavin free radicals at

the NADH and ⁄or succinate dehydrogenase sites.

Under conditions of Q6 deficiency, when the oxidation

of reduced Q6 is blocked as a result of a defective bc1

complex or respiratory inhibitor, keeping the FMN

flavin reduced, NADH-coenzyme Q reductase (com-

plex I) of mammalian and other mitochondria, includ-

ing those of most yeast, has been shown to produce

Fig. 1. Protonmotive Q-cycle of electron transfer and proton trans-

location in the bc1 complex. The Q-cycle depicted schematically is

based on Trumpower et al. and Snyder et al. [4,32], showing the

pathway of electron transfer from reduced QH2 to cytochrome c.

At the P-site, two electrons are transferred in a concerted manner

from QH2 to the iron–sulfur protein and to cytochrome bL. My-

xothiazol (Myx) binds to the P-site and prevents electron transfer to

the Rieske protein. At the N-site, coenzyme Q (Q) is reduced by

cytochrome bH, first to the semiquinone and then to QH2. This step

is inhibited by antimycin (Ant), which binds to the N-site. The stip-

pled arrows show the pathway of reduction of coenzyme Q to the

semiquinone at the P-site in the presence of antimycin A or my-

xothiazol. The semiquinone formed in the presence of myxothiazol

is the result of a slow leak of electrons to the iron–sulfur protein

[21].
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ROS [26]. NADH-coenzyme Q reductase of S. cerevisiae

also contains FMN but is evolutionarily distinct from

complex I. Even so, conditions that prevent reduction

of Q6 in S. cerevisiae may be expected to also favor

increased production of H2O2 through accumulation

of flavin semiquinones.

We reasoned that the presence of a bypass for

reduced coenzyme Q might alleviate the production of

ROS in the coq10 mitochondria, and, indeed, we did

observe less H2O2 in the mutant expressing the AOX

of A. fumigatus.

Indeed, ROS production in the coq10 mutant was

enhanced by a factor of 4–6 (Fig. 2A), whereas in the

coq10 ⁄AOX transformant, H2O2 release was only two

times that observed in the wild-type cells. There was

also a decrease in antimycin A-dependent release in

the mutant strain expressing AOX. Antimycin A stim-

ulation in the coq10 mutant, however, was qualitatively

different from that seen in the coq2 or bcs1 mutants.

Antimycin A elicited a three-fold increase in ROS

formation in the coq10 mutant when normalized to

the rate measured in the absence of inhibitor. In

agreement with a previous report [21], antimycin A

increased the rate of H2O2 release in wild-type and

AOX transformants, but had no effect in the coq2 and

bcs1 mutants over and above the rate seen without the

inhibitor (Fig. 2B). The ability of antimycin A to stim-

ulate ROS formation in the coq10 mutant suggests that

electron transfer from the low-potential cytochrome bL
to Q6 at the P-site does not depend on Coq10p.

Myxothiazol also increased H2O2 production in wild-

type mitochondria, although the increase over the

basal rate was less pronounced (three-fold). However,

in the coq10 mutant and in the coq10 ⁄AOX transfor-

mant, there were no significant effects on H2O2 release

attributable to the addition of myxothiazol. Overex-

pression of COQ8 partially suppresses the coq10

mutant respiratory defect [10]. Accordingly, we found

that the presence of extra COQ8 in these experiments

decreased the rate of H2O2 release, whereas antimy-

cin A treatment promoted H2O2 levels similar to those

in the wild-type strains and coq10 ⁄AOX transformant.

On the other hand, we also observed that the COQ8-

overexpressing strain showed a slight, but statistically

significant, increase in H2O2 release when in the

presence of myxothiazol.

The expression of the GAL10–AfAOX fusion in

coq10 cells also improved their respiratory growth

when they were preincubated in media containing

galactose (Fig. 2B). However, the specific enzymatic

activity of NADH-cytochrome c reductase of coq10 ⁄
AOX transformants did not change significantly

(Fig. 2C). Curiously, wild-type cells harboring the

A

B

C

Fig. 2. Antimycin-dependent and myxothiazol-dependent production

of H2O2. Mitochondria were isolated from the following strains:

wild-type W303-1A; the coq mutants aW303DCOQ2 (coq2) and

aW303DCOQ10 (coq10); the bc1-deficient mutant aW303DBCS1

(bcs1); and wild-type cells and coq10 mutants transformed with

pYES2–AfAOX (wt + AOX and coq10 + AOX) and YEp352–COQ8

[10] (coq10 + COQ8). (A) Mitochondria (100 lg of protein) were

assayed as described in Experimental procedures for H2O2 release

before and after the addition of 0.5 lgÆmL)1 antimycin A or myxo-

thiazol at a final concentration of 0.5 lM. Both inhibitors increase

the basal rate of single-electron reduction of oxygen, which gener-

ates the superoxide radical O2
) [21], which then dismutates to

H2O2 [30]. The vertical bars indicate ranges of four independent

experiments. *P < 0.01 versus absence of inhibitor; statistical analy-

sis and comparisons were performed with an unpaired Student’s

t-test, conducted by GRAPHPAD PRISM software. (B) Respiratory

growth properties of wild-type cells, coq10 mutants, and respective

transformants with pYES2–AfAOX (wt + AOX, coq10 + AOX) after

pregrowth on glucose medium (YPD) or galactose medium (YPGal).

(C) Measurements of NADH-cytochrome c reductase activity in isolated

mitochondria from wild-type cells and coq10 mutants and respective

transformants with pYES2–AfAOX (wt + AOX, coq10 + AOX), with

or without the addition of 1 lM of synthetic coenzyme Q2 (Q2). The

vertical bars indicate ranges of four independent experiments.
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AOX plasmid had less NADH-cytochrome c reductase

activity than untransformed cells, but the addition of

synthetic Q2 to wild-type ⁄AOX mitochondria re-estab-

lished the enzymatic activity to wild-type levels, indi-

cating that the AOX electronic bypass is responsible

for this decrease.

Detection of semiquinones by EPR spectroscopy

and the steady-state level of bc1 complex in the

coq10 mutant

The presence of Q6 semiquinones in coq10 mutants

was checked by low-temperature EPR spectroscopy of

wild-type, coq10 and coq1 mitochondria. The mito-

chondria of coq1 mutants are completely devoid of Q6,

whereas coq10 organelles have near wild-type levels of

Q6 [10]. Spectra were obtained from mitochondria with

membrane potentials maintained at 65 mV by the

addition of extramitochondrial KCl [27] and with suc-

cinate as a respiratory substrate, to minimize the con-

tribution of flavins to the semiquinone signal at

g � 2.005 [28,29]. Under these conditions, the magni-

tude of the g � 2.005 signal was comparable in wild-

type and coq10 mitochondria, but was significantly

lower in the coq1 mutant (Fig. 3). Because of the

absence of Q6 in the coq1 mutant, this signal is most

likely derived from flavin semiquinones (Fig. 3A).

Semiquinone concentrations in these samples were

estimated by double integration of the EPR spectrum

and comparison with the standard 4-hydroxy-2,2,6,6-

tetramethyl-1-piperidinyloxy solution scanned under

the same conditions. The calculated value for the wild-

type mitochondria was 1.3 nmolÆmg protein)1, whereas

that for the coq10 mutant was 1.7 nmolÆmg protein)1.

A

C

B

Fig. 3. Detection of semiquinone by EPR spectroscopy and bc1 steady-state level. (A) Representative low-temperature EPR spectra of mito-

chondria isolated from W303 wild-type cells (wt) and coq10 and coq1 mutants maintained at 65 mV by the addition of KCl and succinate.

The experimental conditions were as described in Experimental procedures. Spectra were obtained with a microwave power of 10 mW, a

modulation amplitude of 5 G, a time constant of 81.920 ms, and a scan rate of 5.96 GÆs)1. The receiver gain was 1.12 · 105. Arrows corre-

spond to the expected signal peaks for semiquinones (g � 2.004) and iron–sulfur centers (g � 1.94). (B) Western blot of bc1 complex

subunit polypeptides. Mitochondrial proteins from wild-type cells (wt) and coq10 mutants (5, 15 and 30 lg) were separated on a 12%

polyacrylamide gel as indicated. The proteins were transferred to nitrocellulose, and separately probed with antiserum against Rieske iron–

sulfur protein, core 1, cytochrome c1, and cytochrome b. (C) Mitochondria from wild-type cells (wt) and coq10 and coq2 mutants were

isolated with 2% digitonin, and samples representing 250 mg of starting mitochondrial protein were analyzed by BN-PAGE, the immunoblot

of which was probed with antiserum against cytochrome b. Estimated molecular masses are indicated, and were based on the migration of

Fo ⁄ F1-ATPase dimmers and monomers [42].
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The semiquinone concentration in the coq1 mutant

was not calculated, because the spectrum obtained for

this mutant contained a depression close to the semi-

quinone signal, precluding quantification by double

integration. The signals detected at g � 1.94, corre-

sponding to the iron–sulfur centers, were similar in the

two mutants. Approximately half of the coq10 q+ cells

and one-fifth of the coq1 q+ cells were converted to q)

and q0 after cell growth for mitochondrial preparation.

There are a number of cellular events that lead to

mitochondrial DNA instability in yeast [30]. We can

speculate that changes in the mitochondrial redox state

may trigger the observed instability in these coq

mutants. Nevertheless, this fact could also explain their

lower iron–sulfur signal as compared with wild-type

mitochondria. In order to evaluate the presence of the

bc1 complex in the coq10 mutant mitochondria, the

steady-state concentrations of some bc1 subunits were

checked and compared with those of wild-type mito-

chondria, using different amounts of mitochondrial

proteins for quantitative evaluation (Fig. 3B). Western

blot analyses with subunit-specific antibodies revealed

six-fold less cytochrome b, and half to two orders of

magnitude decreases in the amounts of cytochrome c1,

Rieske iron–sulfur and core 1 proteins in the coq10

mitochondria, probably as a consequence of the coq10

mitochondrial DNA instability. On the other hand, in

a coq2 mutant, the steady-state levels of these bc1 com-

plex proteins were one-quarter lower than that of the

wild type (not shown). Accordingly, the addition of

diffusible Q2 to the coq10 mitochondria restored less

than half of the NADH-cytochrome c reductase activ-

ity of the wild type (Fig. 2C), which is also observed in

other coq mutants [9,14,24]. In agreement with this

lower concentration of bc1 complex subunits in the

coq10 mutant, Fig. 3C shows one-dimensional blue

native (BN)-PAGE of wild-type, coq10 and coq2 mito-

chondrial digitonin extracts, immunodetected with

apocytochrome b. The predominant signal indicates

the presence of high molecular mass complexes in the

wild-type and in the coq10 mitochondrial digitonin

extracts, but with altered size in the coq2 extract, as

detected previously in a coq4 point mutant [31]. These

high molecular mass complexes correspond to respira-

tory supercomplexes, which in yeast should involve the

association of cytochrome c oxidase and bc1 complex

dimer [32]. Immunodetection with antibodies against

Cox4p also revealed the same high molecular mass

complexes at the same size and intensity (not shown).

It is noteworthy that coq10 mitochondrial extracts

revealed complexes of apparently the same size as

those of the wild type, but much less abundant. Alto-

gether, the EPR spectra and bc1 complex steady-state

levels suggest that even with less active bc1 complex in

the coq10 mitochondria, they accumulate semiquinone

concentrations similar to those of the wild type.

Superoxide anion formation and redox state of

coq mutants

Leakage of electrons emanating from NADH and suc-

cinate reduce oxygen to the superoxide anion, which is

dismutated to H2O2 [33]. As already noted, the H2O2

assays indicated substantially higher rates of superox-

ide production in the coq10 mutant and in the coq2

mutant (lacking Q6) (Fig. 3B). Measurements of cellu-

lar glutathione, a natural ROS scavenger, were used to

further assess the redox state of mutants blocked in

electron transfer at the level of the bc1 complex. The

increased oxidant production in coq10 and coq2

mutants was supported by their significantly greater

content of oxidized glutathione (GSSG) than of

reduced glutatione (GSH) and total glutathione

(Fig. 4).

Discussion

The yeast COQ10 gene codes for a mitochondrial inner

membrane protein that binds Q6 and is essential for

respiration [10–12]. Unlike coq1–9 mutants, which fail

to synthesize Q6 [7–9], yeast coq10 mutants have nor-

mal amounts of Q6, but respiration is completely

restored by the addition of the more diffusible Q2

[10,12].

The ability of Coq10p to bind Q6 suggested that one

of its functions might be the delivery ⁄ exchange of Q6

Fig. 4. Whole-cell glutathione in wild-type cells and coq10 mutants.

(A) GSSG and total glutathione were assayed in whole cells as pre-

viously described [33]. Briefly, total glutathione was determined

with 76 lM 5,5¢-dithiobis(2-nitrobenzoic acid) in the presence of

0.27 mM NADPH and 0.12 UÆmL)1 glutathione reductase. The

GSSG level was estimated by incubation of cells for 1 h in the pres-

ence of 5 mM N-ethylmaleimide at pH 7. The concentration of GSH

was calculated from the difference between total glutathione and

GSSG, and used to express the GSSG ⁄ GSH ratio. The values

reported are averages of three independent measurements with

the ranges indicated by the vertical bars.

Coq10p function in coenzyme Q delivery C. Busso et al.

4534 FEBS Journal 277 (2010) 4530–4538 ª 2010 The Authors Journal compilation ª 2010 FEBS



between the bc1 complex and the large pool of free Q6

during electron transport [10]. This idea was supported

by the homology of Coq10p to the reading frame

CC1736 of Caulobacter crescentus, which codes for a

member of the START superfamily [10,12] that is

implicated in the delivery of polycyclic compounds

such as cholesterol. These compounds bind to a hydro-

phobic tunnel that is a structural hallmark of this pro-

tein family. Another possible function of Coq10p was

proposed to be in the transport of Q6 from its site of

synthesis to its active sites in the bc1 complex, which

would also require Coq10p binding to Q6.

To better understand the function of Coq10p, we

tested the reducibility of Q6 in a coq10 null mutant in

the presence of inhibitors that block Q6 binding to the

P (o)-site and N (i)-site of the bc1 complex. Reduction

of Q6 was also examined by comparing the EPR sig-

nals associated with semiquinone radicals in wild-type

and mutant mitochondria, and by measuring their con-

centrations of GSSG and GSH. As glutathione is an

effective scavenger of ROS, the ratio of GSSG to GSH

serves as an index of redox state.

Inhibition of respiration in mammalian and yeast

mitochondria with antimycin A has previously been

shown to increase the rate of coenzyme Q reduction to

form oxygen radicals [20,21]. In agreement with these

data, addition of antimycin A and myxothiazol to

respiratory-competent yeast mitochondria was found

to stimulate oxygen radical formation by six-fold and

three-fold, respectively, as inferred by the rate of H2O2

released. A significant (three-fold) antimycin A-depen-

dent increase in ROS production was also observed in

the coq10 mutant. The stimulation by antimycin A was

not observed in a bc1 mutant or in mutants lacking

Q6, and was much lower in the coq10 mutant when

myxothiazol was used. The increase in ROS produc-

tion in the presence of antimycin A indicates that the

mutant is capable of transferring an electron from

cytochrome bL to Q6 at the P-site. Coq10p is therefore

not required for the accessibility of Q6 to the cyto-

chrome bL center at the P-site. Moreover, the presence

of the A. fumigatus AOX [17] as a bypass for reduced

coenzyme Q alleviates H2O2 release from the coq10

mutant, and even improves respiratory growth. These

results are also supported by EPR spectroscopy of

mitochondria. The signal at g � 2.005 corresponds to

semiquinones, and had a lower magnitude in coq1

mitochondria. As this mutant lacks Q6, the residual

signal at g � 2.005 is most likely contributed by flavin

semiquinone. Because of the lower steady-state level of

bc1 complex in the coq10 mitochondria, the real mag-

nitude of the EPR signal should be larger in the

mutant than in wild-type cells.

The possible myxothiazol-dependent reduction of Q6

to the semiquinone at the P-site has been proposed to

result from incomplete inhibition of electron transfer

to the iron–sulfur protein [19,20,34]. In the strains

tested, the presence of myxothiazol elevated H2O2

release only in the wild-type cells and in the coq10

mutant overexpressing COQ8.

The Q6-deficient mitochondria of the coq2 mutant

had a higher basal rate of ROS production than the

wild type. The sources of the extra ROS are probably

NADH and succinate dehydrogenase-associated flav-

ins. Similar results were reported for a Q6-deficient

coq7 mutant, but only when the mitochondria were

assayed at 42 �C [35]. As the assays in the present

study were performed at 30 �C, the difference in ROS

production may stem from the genetic background of

the W303 strain used in the present study, which

could engender a feebler oxidative stress response

[36]. Our experiments do not distinguish between fla-

vin and Q6 as the source of the increased free radicals

in the bcs1 mutant. It is worth emphasizing that even

though the coq2 and bcs1 mutants both displayed

higher basal rates of ROS production, these were

not further enhanced by the addition of antimycin A,

as was the case with wild-type and coq10 mutant

mitochondria.

Experimental procedures

Yeast strains and growth media

The genotypes and sources of the yeast strains used in this

study are listed in Table 1. The compositions of YPD,

YPEG and minimal glucose medium have been described

elsewhere [10].

Oxygen consumption

Mitochondrial and spheroplast oxygen consumption was

monitored on a computer-interfaced Clark-type electrode at

30 �C with 1 mm malate ⁄ glutamate, 2% ethanol or 1 lmol

of NADH as substrate in the presence of mitochondria at

400 lgÆmL protein)1, or spheroplasts at 600 lgÆmL)1 total

cell protein. All measurements were carried out in the pres-

ence of 0.002% digitonin. In order to block cytochrome c

oxidase respiration, 1 mm KCN was added at the end of

the trace.

H2O2 production

H2O2 formation in mitochondria was monitored for 10 min

at 30 �C in a buffer containing 50 lm Amplex Red

(Invitrogen, Carlsbad, CA, USA), 0.5 UÆmL)1 horseradish
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peroxidase (Sigma, St. Louis, MO, USA), 2% ethanol, 1 mm

malate, 6 mm glutamate and 100 lgÆmL)1 mitochondrial

protein. Resorufin production was recorded with a fluores-

cence spectrophotometer at 563 nm excitation and 587 nm

emission. A calibration curve of known amounts of H2O2

was used to convert fluorescence to concentration of H2O2.

Antimycin A and myxothiazol were added to final concentra-

tions of 0.5 lgÆmL)1 and 0.5 lm, respectively.

Glutathione assays

GSSG, GSH and total glutathione were determined in late

stationary phase with the 5,5¢-dithiobis(2-nitrobenzoic acid)

colorimetric assay [37].

EPR spectroscopy

EPR spectra were recorded at 77 K with a Bruker EMX

spectrometer equipped with an ER4122 SHQ 9807 high-

sensitivity cavity. For these experiments, 8 mg of mitochon-

drial protein suspended in 0.6 m sorbitol, 10 mm Tris ⁄HCl

(pH 7.5) and 1 mm EDTA were maintained at 65 mV by

incubation for 2 min with KCl (12.4 mm), valinomycin

(0.1 lgÆmL)1) and succinate (1 mm final) [27]. The samples

were immediately transferred to a 1 mL disposable syringe,

frozen, and stored in liquid nitrogen until analysis. Spectra

were acquired by extrusion of the samples from the syringe

into a finger-tip Dewar flask containing liquid nitrogen,

and were examined at 77 K in the region of g � 2.000 [38].

The spectra shown here were corrected by baseline subtrac-

tions. The spectrum of 1,1-diphenyl-2-picrylhydrazyl (g =

2.004), and those of known concentrations of 4-hydroxy-

2,2,6,6-tetramethyl-1-piperidinyloxy, acquired under the

same conditions, were used as standards for determining

the g-values and semiquinone concentrations, respectively.

Miscellaneous procedures

Measurements of respiratory enzymes were performed as

described previously [39]. Mitochondria were prepared from

yeast grown in rich media containing galactose as a carbon

source [40]. Western blot quantifications were performed

with 1dscan ex software (Scanalytics, Fairfax, VA, USA)

For BN-PAGE, mitochondrial proteins were extracted with

a 2% final concentration of digitonin, and separated on a

4–13% linear polyacrylamide gel [41]. Proteins were trans-

ferred to a poly(vinylidene difluoride) membrane and

probed with rabbit polyclonal antibodies against yeast cyto-

chrome b. The antibody–antigen complexes were visualized

with the SuperSignal chemiluminescent substrate kit (Pierce

Thermo Scientific, Rockford, IL, USA).
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Abstract We studied the importance of respiratory fitness
in S. cerevisiae lifespan, response to caloric restriction (CR)
and mtDNA stability. Mutants harboring mtDNA instability
and electron transport defects do not respond to CR, while
tricarboxylic acid cycle mutants presented extended life-
spans due to CR. Interestingly, mtDNA is unstable in cells
lacking dihydrolipoyl dehydrogenase under CR conditions,
and cells lacking aconitase under standard conditions (both
enzymes are components of the TCA and mitochondrial
nucleoid). Altogether, our data indicate that respiratory
integrity is required for lifespan extension by CR and that
mtDNA stability is regulated by nucleoid proteins in a
glucose-sensitive manner.

Keywords Aging . Calorie restriction .Mitochondria .

Respiration . Yeast . Krebs cycle

Abbreviations
CR calorie restriction
CLS chronological lifespan
ETC mitochondrial electron transport chain
mtDNA mitochondrial DNA
TCA tricarboxilic acid
YPD yeast extract, peptone and glucose (dextrose) media
YPEG yeast extract, peptone, ethanol and glycerol media

Introduction

Aging is a complex, multifactorial, process in which
biological systems undergo progressive changes in their
metabolic functions, efficiency and behavior over time,
generally associated with a decline in stress responses,
fertility and, ultimately, increased age-dependent mortality
(Kenyon 2001; Jazwinski 2002a, b). The use of simpler
systems such as the budding yeast Saccharomyces cerevi-
siae has vastly added to the understanding of the more
relevant hallmarks and molecular mechanisms involved in
the aging process (Sinclair et al. 1998; Jazwinski 2000a, b;
Bitterman et al. 2003; Fabrizio et al. 2005; Piper 2006;
Barros et al. 2010).

S. cerevisiae has proven to be a convenient model
organism for aging studies, and attracted intense interest
after Jiang et al. (2000) and Lin et al. (2000) independently
demonstrated that this yeast was responsive to calorie
restriction (CR), a dietary intervention capable of increasing
the lifespan of a large number of organisms (Fontana et al.
2010). The replicative lifespan of S. cerevisiae—i.e., the
number of daughter cells generated by a single mother cell—
was shown to be significantly enhanced by decreasing the
initial glucose content in YPD media from the usual 2.0% to
0.5% (Jiang et al. 2000; Lin et al. 2000; Barros et al. 2010).
Subsequent work indicated that this protocol was also
capable of increasing chronological lifespan (CLS) in this
yeast (Reverter-Branchat et al. 2004; Barros et al. 2004;
Smith et al. 2007), or the period of time that a single S.
cerevisiae cell remains metabolically active when in the
stationary growth phase (Müller et al. 1980; MacLean et al.
2001; Fabrizio and Longo 2003).

S. cerevisiae is a Crabtree-positive yeast, capable of
simultaneously fermenting and respiring under conditions
of high glucose concentration (Gancedo 1998; Klein et al.
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1998; Gombert et al. 2001). Interestingly, Oliveira et al.
(2008) verified that Kluyveromyces lactis, a Crabtree-
negative yeast in which respiratory carbon metabolism
occurs independently of glucose availability (Schaffrath and
Breunig 2000) is not responsive to CR. This gives rise to
the idea that the effects of CR may be related to a
phenotype promoted by the mitigation of glucose signaling
in S. cerevisiae (Oliveira et al. 2008).

A characteristic of batch cultures—in which aging studies
using yeast are carried out—is the limited availability of
substrates. Interestingly, in both standard and CR media,
glucose is expected to be exhausted within the first culture day
(Goldberg et al. 2009), while S. cerevisiae cells remain viable
for several weeks (Sinclair et al. 1998; Reverter-Branchat et
al. 2004; Fabrizio and Longo 2003). After glucose exhaus-
tion, the remaining substrates present in the initial media,
such as aminoacids, and those formed during the metabolism
of glucose, such as ethanol, acetic acid and glycerol, can be
metabolized only through aerobic pathways (MacLean et al.
2001; Frick and Wittmann 2005). Therefore, respiratory
fitness is an expected requirement for S. cerevisiae
survival during the stationary growth phase (MacLean et
al. 2001; Fabrizio and Longo 2003; Samokhvalov et al.
2004). Currently, however, there is little information about
the importance of specific aerobic bioenergetic pathways
in the chronological aging of S. cerevisae, as well in its
responsiveness to CR.

Here we describe the impact of tricarboxylic acid (TCA)
cycle and mitochondrial electron transport chain (ETC)
components in CLS and the responsiveness to CR in S.
cerevisiae, since both are determinant for the aerobic
utilization of glucose as an energetic substrate. We further
verified the role of mitochondrial DNA (mtDNA) stability in
these responses because, in this yeast, seven proteins
encoded by this genome are involved in mitochondrial
electron transport, proton pumping and oxidative phosphor-
ylation (Foury et al. 1998). Our results demonstrate the
importance of mtDNA integrity and functionality, as well
long-term respiratory ability in S. cerevisiae responsiveness
to CR. Finally, we uncover a concentration-dependent role of
glucose in regulating proteins responsible for maintaining
mtDNA integrity in this yeast.

Materials and methods

S. cerevisiae

S. cerevisiae parental cells (WT), aco1Δ (Gangloff et al.
1990), icl1Δ (Fernández et al. 1992), kgd1Δ (Repetto and
Tzagoloff 1989), lpd1Δ (Dickinson et al. 1986), sdh1Δ
(Chapman et al. 1992), mdh1Δ (McAlister-Henn and
Thompson 1987), cyt1Δ (Sadler et al. 1984), atp2Δ

(Saltzgaber-Muller et al. 1983), abf2Δ (Diffley and
Stillman 1992; Newman et al. 1996) and ρ0 mutants used
in this study were BY4741 strains (MATa; his3Δ1; leu2Δ0;
met15Δ0; ura3Δ0; Brachmann et al. 1998).

Media and cell culture

Media used for this study were liquid YPD (1.0% yeast
extract, 2.0% peptone and 2.0% for standard or 0.5%
glucose for CR) or solid YPD (standard liquid YPD
supplemented with 2.0% bacteriological agar) and solid
YPEG (1.0% yeast extract, 2.0% peptone, 2.0% ethanol,
2.0% glycerol and 2.0% bacteriological agar), sterilized
for 20 min at 121 °C. Cell cultures (50–80 mL) were
carried out in aseptic cotton-stopped 250 mL Erlenmeyer
flasks with continuous orbital shaking at 200 rpm, at
30 °C. The number of pre-growth cells inoculated per
mL of fresh media to initiate the cultures was set at 1 .

105 for all strains tested. Differences in colony counts at
16 h and later (as described below) therefore reflect
changes in survival. Plates containing solid media were
also incubated at 30 °C.

ρ0 mutant identification, isolation and characterization

S. cerevisiae ρ0 mutants were obtained spontaneously after
growth of WT cells cultured for 20 h in 2.0% liquid YPD.
100 cells were plated onto solid YPD and after 72 h, this
plate was replicated onto YPEG, a respiratory-selective
medium. After 48 h of incubation, respiratory incompetent
colonies were identified and isolated from the YPD plate.
The ρ0 phenotype of selected colonies was confirmed by
mating them with S. cerevisiae mit- strains containing point
mutations in the mitochondrial genes cox1, cob1 and atp6
(Slonimski and Tzagoloff 1976). After diploid selection
based on heterozygous auxotrophy complementations, no
reversion of respiratory incompetence was observed after
mitotic segregation of the resultant diploids, confirming the
ρ0 phenotype. We then selected one isolated colony and
further characterized it by following its growth curve
(which did not exhibit pos-diauxic biomass formation)
and by monitoring the exhaustion of aerobic metabolites
from culture media. The elected ρ0 mutant was not able to
consume glucose-derived aerobic metabolites such as
ethanol, acetic acid and glycerol and presented a decreased
rate of growth when compared to WT cells (data not
shown).

CLS determination

CLS was accessed through colony-forming ability over
time. After 16 h and 7, 14, 21 and 28 days of growth, we
transferred a 2 mL aliquot from each culture to a sterile
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centrifuge conic tube and added 3 mL of sterile ultra-
purified distilled water. The suspension was centrifuged for
1 min at 1000 × g, 25 °C, and the supernatant was
discarded. The washing procedure was repeated. The cells
were resuspended in 2 mL of sterile ultra-purified distilled
water and the absorbance at 600 nm (Abs600) was
determined. Serial dilutions to a final Abs600 of 0.2, 0.02,
0.002 and 0.0002 were conducted and 50 μL of the last
dilution (containing 100 cells) were added to YPD plates
and incubated for 72 h to promote cellular growth, after
which the number of colonies was counted (Tahara et al.
2007). Results are indicated as the absolute number of
colonies counted, and were not corrected for survival
percentages at 16 h, in order to reflect the true differences
in behavior of each strain studied.

Long-term respiratory growth capacity

Long-term respiratory growth capacity was determined
after 7 days of growth over solid media. S. cerevisiae were
cultured for 16 h in standard YPD media and the same
procedures described above were repeated, substituting a
series of final dilutions described above with Abs600 of 1.0,
0.1, 0.01, 0.001 and 0.0001. 5 μL of each dilution were
added to YPD and YPEG plates.

mtDNA stability

The loss of S. cerevisiae mtDNA leads to a lack of respiratory
ability (Tzagoloff et al. 1975) and can be accessed through
respiratory competence. To do so, YPD plates obtained from
CLS determinations were replicated onto YPEG solid media
in the manner described above, and the percentage of
respiratory-competent or -incompetent colonies (ρ+ and ρ0,
respectively) was determined. This determination provides a
snapshot of the presence of ρ0 over time in culture, although
it does not determine the cumulative numbers of ρ0 cells
formed during chronological aging. However, it should be
noted that ρ0 cells are capable of surviving extended periods
in the absence of added glucose, as demonstrated in Fig. 1,
Panel c. Since lpd1Δ mutants exhibit marked respiratory
incompetence due to the absence of pyruvate and α-
ketoglutarate dehydrogenase activities, the YPEG plates
where these mutants were replicated contained a layer of
the ρ0 tester strain αKL14ρ0 cells (Foury and Tzagoloff
1976) previously grown in YPD liquid media for 16 h, in
order to provide short-term respiratory ability to the resulting
diploids and allow for colony counts after 48 h.

Graph generation and statistical analysis

Graphs were generated and statistical analysis was per-
formed using GraphPad Prism 5.00 software. The results

are expressed as means ± standard errors. Student’s t-test
(for paired comparisons) or Two-Way ANOVA (for multiple
comparisons) were used.

Results

TCA cycle enzymes are not essential for CR effects
and long-term respiratory growth capacity in S. cerevisiae

During the diauxic shift, S. cerevisiae drastically change the
expression of TCA cycle enzymes and components of the
mitochondrial electron transport chain (DeRisi et al. 1997).
Genes related to aerobic metabolism become derepressed as
glucose is consumed, and aerobic metabolism prevails
during the stationary phase (MacLean et al. 2001; Fabrizio
and Longo 2003; Samokhvalov et al. 2004). In order to
evaluate the importance of TCA cycle activity in both CLS
and the response to CR, as well in long-term respiratory
growth capacity, we selected S. cerevisiae mutants harbor-
ing inactivations in aconitase (aco1Δ), dihydrolipoyl
dehydrogenase (lpd1Δ)—a subunit of α-ketoglutarate
dehydrogenase complex—and the flavoprotein subunit of
succinate dehydrogenase (sdh1Δ; see Scheme 1).

Interestingly, although lpd1Δ and sdh1Δ mutants pre-
sented decreased CLS compared to the WTstrain, neither of
these mutants had their response to CR affected (Fig. 1,
Panels a, c and d). Moreover, aco1Δ cell CLS was similar
to WT, and also responded to CR (Panel B). In addition,
kgd1Δ and mdh1Δ mutants—lacking α-ketoglutarate and
malate dehydrogenase activities—presented statistically
significant increases in CLS when cultured under CR
conditions (results not shown). S. cerevisiae TCA mutants
usually show impaired growth in media containing only
non-fermentable carbon sources (Tzagoloff and Dieckmann
1990). Probably due to small amounts of TCA intermediates
in rich media, NADH and FADH2 can be slowly generated in
the TCA cycle reactions up or downstream of the disruptions,
or even during glycolysis and conversion of pyruvate into
acetyl-CoA, and oxidized by the intact ETC. Therefore, in
long-term incubations, TCA cycle mutants were capable of
growing on solid YPEG media, even though they exhibited a
lower growth capacity than WT cells (Fig. 2).

Loss of mtDNA suppresses CR-mediated CLS extension
and long-term respiratory growth capacity in S. cerevisiae

Next, we used ρ0 and abf2Δ mutants to investigate if
electron transport chain and ATP synthase integrity were
essential toward CR effects. Since seven proteins encoded
by S. cerevisiae mtDNA are components of the oxidative
phosphorylation system, namely cytochrome c subunits I, II
and III, ATP synthase subunits 7, 8 and 9, and apocyto-
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Fig. 1 TCA cycle-deleted, but
not respiratory-deficient S. cer-
evisiae, present increased CLS
when grown under CR condi-
tions. The colony-forming abili-
ty of WT (a), aco1Δ (b), lpd1Δ
(c), sdh1Δ (d), ρ0 (e), abf2Δ (f),
cyt1Δ (g) and atp2Δ (h)
mutants was assessed after 16 h
and 7, 14, 21 and 28 days of
culture either under standard
(filled squares) or CR conditions
(open squares). The number of
colonies formed from 100 cells
plated onto solid media over
time was assessed as CLS, as
described in “Materials and
Methods”. Panel a: *p<0.05 vs.
2.0% WT; Panel b: *p<0.05 vs.
2.0% aco1Δ; Panel c: *p<0.05
vs. 2.0% lpd1Δ; Panel h: *p<
0.05 vs. 2.0% atp2Δ
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chrome b (Foury et al. 1998), mutants lacking mtDNA
per se or harboring a defect in mtDNA maintenance exhibit
substantial impairments in aerobic metabolism. abf2Δ cells
(defective in the ars binding protein, a member of
mitochondrial high mobility group of proteins important
for mtDNA replication, recombination and stability; Diffley
and Stillman 1991, 1992) do not grow in respiratory-
selective medium when previously cultured in glucose
(Zelenaya-Troitskaya et al. 1995).

We observed that loss of mitochondrial DNA, either in
ρ0 mutants or due to the abf2Δ mutation, which results in
the respiration-deficient petite phenotype (Kao et al. 1993),
completely suppressed the response to CR (Fig. 1, Panels e
and f), as well long-term respiratory growth capacity
(Fig. 2). These observations directly demonstrate that
disruption of mitochondrial electron flow, and the con-
sequences thereof, such as loss of oxidative phosphoryla-
tion, mitochondrial membrane potential and protein import
impairment (Baker and Schatz 1991; Stuart et al. 1994),

totally abrogate CR-mediated CLS extension in S. cerevi-
siae. In addition, the inability of ρ0 and abf2Δ mutants to
maintain long-term respiratory growth under the experi-
mental conditions used here clearly associates mtDNA
integrity and maintenance as key features for S. cerevisiae
aerobic growth in rich media (Fig. 2).

Nuclearly-encoded respiratory chain components
are necessary for CR effects and long-term respiratory
growth capacity

Mitochondrial functionality requires a concerted interaction
between both nuclear and mitochondrial genomes (Linnane
et al. 1972; Falkenberg et al. 2007). Since the absence of
mtDNA abolishes CR-mediated CLS extension (Fig. 1,
Panels e and f) and aerobic growth in respiratory selective
media (Fig. 2), we decided to investigate whether the lack
of a specific subunit of the ETC encoded by nuclear DNA
could promote the same phenotypes. CLS under control and

Scheme 1 Aerobic metabolic pathways in S. cerevisiae mitochondria.
ETC, TCA and glyoxylate cycle components are depicted in grey.
Electron transfers are represented in red. Mutants used in this study

are highlighted in blue. C cytochrome c; DH dehydrogenase; G3P
glycerol 3 phosphate; Q coenzyme Q; Suc succinate

J Bioenerg Biomembr (2011) 43:483–491 487



CR conditions, and long-term respiratory growth capacity
were measured in cyt1Δ mutants, which lack cytochrome
c1, a component of the multicomplex ubiquinol-cytochrome
c reductase, the first proton pump in the S. cerevisiae ETC
(Sidhu and Beattie 1983). We verified that cyt1Δ cells do
not respond to CR with CLS extension (Fig. 1, Panel g) nor
present long-term respiratory growth capacity (Fig. 2).
These findings further support the idea that respiratory
integrity is essential for CR-mediated lifespan extension,
and are in line with our previous results obtained in ρ0 and
abf2Δ mutants (Fig. 1).

ATP synthase defects partially abolish the response to CR
and long-term respiratory growth ability in S. cerevisiae

Our results so far indicate that integrity of the ETC is
required for CR effects in CLS extension (Fig. 1, Panels
e, f and g; Fig. 2). However, ρ0 cells also present defects in
the ATP synthase (Foury et al. 1998). Thus, we tested
whether atp2Δ mutants, which lack the β-subunit of F1 in
F1FO ATP synthase (Saltzgaber-Muller et al. 1983),
respond to CR in a similar fashion. We observed that CR
significantly increased cellular viability only up to the 7th

day of culture in these mutants. From the 14th day on, CLS
did not vary significantly between control and CR cells
(Fig. 1, Panel h). Furthermore, atp2Δ mutants also
presented the lowest long-term respiratory growth capacity
between all mutants that exhibited positive growth in
YPEG (Fig. 2).

mtDNA stability is dependent on initial glucose
concentrations

While conducting CLS experiments using the mutants
described above, we noticed that these strains presented
different tendencies to form spontaneous petite colonies,
almost exclusively related to mtDNA instability (Linnane et
al. 1989; Ferguson and von Borstel 1992). We thus further
determined the percentage of respiratory-competent (ρ+)
colonies in aco1Δ and lpd1Δ mutants cultured in standard
and CR conditions over time, since both aconitase and
dihydrolipoyl dehydrogenase have dual roles as TCA cycle
enzymes and structural components of mitochondrial nucle-
iods in S. cerevisiae (Chen et al. 2005). These nucleoproteic
structures, formed by the interaction between double-
stranded DNA and packaging proteins (Rickwood et al.
1981), promote physical stability and functionality to the
mitochondrial genome (Rickwood et al. 1981; Miyakawa
et al. 1984; Newman et al. 1996; Brewer et al. 2003; Chen
et al. 2005). The number of ρ+ colonies was assessed by
replicating the YPD solid plates from CLS determinations
onto YPEG, as described in “Materials and Methods”.

Although there is no significant difference in the
percentage of ρ+ colonies between standard and CR
conditions in WT cells and in aco1Δ mutants, we observed
an increased percentage of ρ+ colonies as the culture time
advances (Fig. 3, Panels a and b). This is probably due to
the loss of ρ0 cells replicating in the absence of fermenta-
tive substrates; since ρ0 cells do not exhibit significantly

Fig. 2 Long-term respiratory
growth capacity in S. cerevisiae
mutants. The respiratory capaci-
ty of WT and mutant cells was
assessed performing serial dilu-
tions. Growth was recorded after
7 days in culture at 30 °C over
solid YPD and YPEG media, as
described in “Materials and
Methods”. The figure is a rep-
resentative image of at least 4
equal repetitions
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different mortality rates from WT cells until the 14th day of
culture (Fig. 1), and WT cells present ethanol-supported
growth but ρ0 mutants do not, we infer that the number of
these mutants in batch cultures becomes proportionally
reduced as culture times advance.

Interestingly, culture condition was a determinant factor
for mtDNA stability in lpd1Δ mutants, which exhibited a
higher percentage of ρ+ colonies during the early culture
days, when in standard media (Fig. 3, Panel c). lpd1Δ
mutants cultured under CR conditions also showed a
significant decrease in mtDNA stability when compared to
WTcells during the early culture days. Finally, aco1Δ cells
cultured under standard conditions present lower ρ+ counts
relative to WT at the 1st day of culture (Fig. 3, Panel b).

Taken together, these results indicate that, under standard
culture conditions, aconitase is a determinant player in S.
cerevisiae mtDNA stability when glucose is still present in
the media [glucose from both standard and CR culture
media is exhausted within the first day (Goldberg et al.
2009)]. On the other hand, dihydrolipoyl dehydrogenase,
under CR, is necessary to promote this same phenotype
both before and after glucose exhaustion.

Discussion

Although respiratory metabolism plays a central role in S.
cerevisiae lifespan and is involved in the beneficial effects of
CR (MacLean et al. 2001; Fabrizio and Longo 2003;
Samokhvalov et al. 2004), little is known about the role in
aging of specific oxidative metabolism components. As a
result, we evaluated the separate roles of the TCA cycle,
electron transport chain and the ATP synthase in CLS and its
response to CR.

We measured CLS in a series of TCA and ETC mutants,
and verified if there is a correlation between long-term
respiratory fitness and CLS extension due to CR. As
expected, most of these metabolic mutants have lower

CLS than WTcells (Fig. 1). We observed distinct responses
relative to respiratory deficiency phenotypes: TCA cycle
mutants (aco1Δ, lpd1Δ and sdh1Δ) were capable of
growing in respiratory selective-media, while cells lacking
mtDNA (ρ0) or exhibiting marked mitochondrial genome
instability (abf2Δ) were not (Fig. 2). In fact, mtDNA
encodes several proteins required for respiratory fitness in
S. cerevisiae, and its functional impairment completely
abolishes respiratory growth (Tzagoloff et al. 1975). On the
other hand, TCA cycle components are not crucial for
growth in YPEG (Fig. 2), since this medium contains TCA
intermediates, and reduced NAD and FAD can be reoxi-
dized by the ETC in their absence. Interestingly, all TCA
cycle mutants studied here also responded to CR with CLS
extension (Fig 1), an effect not observed in ρ0, abf2Δ
mutants or cyt1Δ cells (Fig 1). Furthermore, although
enzymes from the glyoxylate cycle are activated during
CLS (Samokhvalov et al. 2004), this pathway is not
required for a response to CR, as indicated by experiments
using icl1Δ cells (deficient in isocitrate lyase), which also
present enhanced CLS when cultured under CR conditions
(results not shown). Another mutant in which these
respiratory activity and CLS correlate is atp2Δ, which
grows very poorly in respiratory media and responds
marginally to CR. The lack of ATP synthase activity does
not energetically impair cells in the logarithmic growth
phase, when S. cerevisiae rely on glycolysis to generate the
bulk of their ATP, but may be important for mitochondrial
protein import and ATP generation in the stationary phase
(Baker and Schatz 1991; Stuart et al. 1994). Thus, a strong
correlation between CR responsiveness in CLS and ability
to exhibit long-term respiratory growth is evident.

Interestingly, although our results indicate that the ability
to metabolize respiratory substrates through a functional
electron transport chain is required for the beneficial effects
of CR in CLS, previous results show that respiratory
mutants may exhibit enhanced replicative life span when
cultured under CR conditions (Kaeberlein et al. 2005; Lin
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Fig. 3 mtDNA stability is modulated by aconitase and dihydrolipoyl
dehydrogenase in a glucose-sensitive manner. The percentage of ρ+

colonies from WT, aco1Δ and lpd1Δ cells was assessed over time, as

described in “Materials and Methods”. #p<0.05 vs. 16 h 0.5%; +p<
0.05 vs. 16 h 2.0%; *p<0.05 vs. time-matched 2.0%; $p<0.05 vs. WT,
&p<0.05 vs. 7 days
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and Guarente 2006). This demonstrates that despite many
similar properties of RLS and CLS, some conditions affect
each aspect of yeast lifespan differently (Barea and Bonatto
2009; Barros et al. 2010). ETC integrity is strongly
dependent on the stability of mtDNA, since it encodes for
key components of the respiratory chain (Foury et al.
1998). mtDNA differs from nuclear DNA, as it (i) lacks
protective histones, (ii) has different repair mechanisms
(Lipinski et al. 2010) and (iii) presents mutagenesis rates of
10−1 to 10−3, against 10−7 to 10−8, for nuclear DNA
mutation rates (Linnane et al. 1989; Ferguson and von
Borstel 1992). Interestingly, mtDNA is physically associat-
ed with mitochondrial proteins, most of which have
primary metabolic functions, forming a nucleoproteic
complex known as nucleoid (Rickwood et al. 1981; Chen
et al. 2005). Recent studies have focused on specific
nucleoid proteins such as aconitase, suggesting these may
participate in the maintenance of mtDNA stability, in
addition to their well-established metabolic roles (Chen et
al. 2005). Here, we further dissect the role of nucleoid
proteins in mtDNA stability in S. cerevisiae by showing
that the lack of aconitase and dihydrolipoyl dehydrogenase
affect mtDNA stability differently depending on culture
conditions (Fig. 3). In the early stages of the cultures, when
glucose is still present, aco1Δ cells present fewer ρ+

colonies, indicating that aconitase is important to maintain
mtDNA stability in the presence of glucose. On the other
hand, lpd1Δ cells cultured under CR conditions present
high mtDNA instability, indicating that dihydrolipoyl
dehydrogenase is important for mtDNA maintenance under
low glucose culture conditions. Dihydrolipoyl dehydroge-
nase is also important for mtDNA stability in the early
stages of the aging process, as indicated by low quantities
of ρ+ lpd1Δ cells at 7 days of culture under CR. Overall,
we provide support for the finding that the metabolic state
of S. cerevisiae may remodel the nucleoid, thus changing
mtDNA stability (Kucej et al. 2008).

Although results using S. cerevisiae as a model organism
cannot be immediately extended to more complex life
forms, some parallels with aging studies in animals have
already been demonstrated. For example, CR has been
shown to increase maximal respiratory capacity in rodents
by promoting mitochondrial biogenesis (Nisoli et al. 2005;
López-Lluch et al. 2006; Cerqueira et al. 2011), an effect
also observed in other animal models with enhanced
lifespans such as fat-specific insulin knockout mice (Katic
et al. 2007). Furthermore, the accumulation of lesions to
mtDNA leads to premature aging (Trifunovic et al. 2004).

Overall, we demonstrate using S. cerevisiae as a model
system that mtDNA and electron transport integrity are
essential for CR-mediated CLS extension while, surprisingly,
TCA and glyoxylate cycle activity are not. Interestingly, CR
itself impacts mtDNA maintenance, since the levels of

glucose in the media differentially affect the roles of two
nucleoid proteins, aconitase and dihydrolipoyl dehydrogenase,
in maintaining mtDNA stability. These results strengthen the
idea that CR, respiratory activity and mtDNA integrity are
key players in the aging process.
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