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Epigrafes

“One of the principal objects of theoretical research in any department of
knowledge is to find the point of view from which the subject appears in its greatest
simplicity” J. Willard Gibbs (*1839-1903%).

Pensando no processo de pds-graduacao e pesquisa no qual esta tese se inclui,
esta epigrafe centenaria, é extremamente contrastante a conduta contemporanea;
e este contraste vale reflexao!

Parece-me, que a ciéncia aplicada assemelha-se mais com a ciéncia pura do que
a ciéncia basica o faz. Na pesquisa basica ndo se permite mais a pureza e a
simplicidade da hipbétese sobre um objeto, ha de se apresentar justificativas
grandiosas, até mesmo fantasiosas. E facilmente identificavel a devassiddo em
nome do financiamento, da aparente importancia social (aplicagdo pratica), do
reconhecimento pessoal — isto tudo € muito menos evidente na pesquisa aplicada
— dai a maior semelhanca desta com a pesquisa pura. Temo que esta sistematica
ja tenha produzido impacto negativo na formacao de pessoal, o principal produto
da pés-graduacao. A pesquisa pura de interesse académico precisa sobreviver, é
ela que podera, eventualmente, ajudar a resgatar a filosofia e o artesanato que
havia na formacgao de pessoal, fatores nao privilegiados no ambiente atual.

Outro ponto importante é relacionado as aspiracées brasileiras em ciéncia: o
“Fordismo” que ha nos processos académicos nos E.U.A., agora é evidente na
pos-graduacao brasileira. Neste modelo, é preocupante a valorizacdo da
capacidade de trabalho (fisico), talvez, em detrimento de outras habilidades.
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Resumo

A analbuminemia congénita é uma doenca autossémica recessiva
caracterizada por niveis tragos de albumina plasmatica (< 1 mg/mL) e sintomas
clinicos leves. Entre as comorbidades apresentadas pelos individuos e ratos
analbuminémicos (ratos Nagase — NAR), os disturbios no metabolismo/transporte
de lipideos plasmaticos sdo as mais marcantes. A dislipidemia associada a
analbuminemia é caracterizada por niveis aumentados de colesterol e triglicérides,
e déficit de acidos graxos livres (FFA). Nesta tese, sdo apresentados trés estudos
independentes sobre a analbuminemia, os quais objetivaram investigar: 1) os
mecanismos da hipertrigliceridemia e do déficit de FFA plasmatico do NAR; 2) o
metabolismo de carboidratos no NAR; 3) as fungbes mitocondriais no NAR.
Também é apresentado um quarto estudo (aspectos metodoldgicos) sobre o uso
do probe safranina para avaliar o potencial elétrico transmembrana mitocondrial.
Os principais resultados destes estudos foram: Estudo um: as taxas de
lipogénese (596 + 40 vs. 929 + 124 pmol ®H,O/g/h) e de secrecao de triglicérides
para o plasma (4,25 + 1,00 vs. 7,04 £ 1,68 mg/dL/min) foram mais lentas (P <
0,05) no NAR do que no rato controle Sprague-Dawley (SDR). As injeces de
heparina ou de albumina no NAR promoveram um aumento de FFA plasmatico em
fungcédo do tempo. Noventa minutos apds a injecdo de albumina, os niveis de FFA
plasmaticos nos NAR se elevaram de 0,36 + 0,05 para 1,34 £ 0,16 mEqg/L (P <
0,05), atingindo os niveis do SDR. Estes resultados indicam que a falta de
albumina plasmatica inibe a lipélise intravascular e causa o déficit de FFA

plasmatico na analbuminemia, e que a producado hepatica de triglicérides nao
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contribui para a hipertrigliceridemia no NAR. Estudo dois: a concentragdo de
glicose plasmatica foi similar entre os NAR e os SDR alimentados ou em jejum,
porém a insulinemia no estado alimentado foi maior nos NAR do que nos SDR (P
< 0,05). O NAR apresentou maior tolerancia a glicose quando comparado ao SDR
(P = 0,05). Esta maior tolerancia a glicose estd associada a maior resposta
insulinémica a administracdo de glicose. Nao houve diferengca entre os grupos
para a sensibilidade periférica a insulina. Apesar do contetdo similar de glicogénio
hepatico no estado alimentado, o NAR apresentou menor conteudo de glicogénio
(40% do SDR) apéds 6 h de jejum. A injecao de piruvato (substrato neoglicogénico)
promoveu um aumento mais rapido na glicemia do NAR em comparagédo ao SDR.
Deste modo, os resultados indicam que o NAR apresenta metabolismo de glicose
acelerado. Estudo trés: a capacidade de retencdo de Ca** pelas mitocondrias
isoladas do figado do NAR aos trés meses de idade foi ~50% daquela do SDR.
Esta variavel nao se diferiu entre os grupos quando avaliada aos 21 dias de vida
dos ratos. Foi observada uma deplecédo de ~20% no conteudo de nitrosotiol e um
aumento de ~30% na expressao de ciclofilina D nas mitocéndrias de figado do
NAR. Nenhuma das variaveis relacionadas ao estado redox mitocondrial diferiu
entre NAR e SDR, tais como: o conteudo de tidis reduzidos, de glutationa total, a
taxa de liberacao de H>O,, e o0 estado reduzido de NAD(P)H. Com isso, conclui-se
que a maior expressao de ciclofilina D, um componente importante no processo de
transicdo de permeabilidade mitocondrial, € 0 menor conteludo de nitrosotiol nas
mitocdndrias dos NAR podem explicar a sua menor capacidade de retencdo de

Ca2+



Abstract

Congenital analbuminemia is a rare autosomal recessive disorder
characterized by a trace level of albumin in blood plasma and mild clinical
symptoms. Analbuminemic patients and rats (Nagase analbuminemic rats — NAR)
present associated abnormalities, among which the disturbances in plasma lipid
metabolism and transport are hallmarks. The dyslipidemia associated with
analbuminemia comprises a unique plasma lipid profile (i.e. high cholesterol and
triglycerides, but a severe free-fatty acids deficiency). Three independent works on
analbuminemia are presented in this PhD thesis, whose aims were: 1) to
investigate the mechanisms of NAR hypertriglyceridemia and plasma free-fatty
acids deficiency; 2) to study carbohydrate metabolism in NAR; 3) to evaluate
mitochondrial (dys)function in NAR. Also, a methodological study about the use of
the dye safranine as a fluorescent probe for the assessment of mitochondrial
transmembrane electrical potential is presented in this thesis. The main results
from these studies were: Study one: lipogenesis (596 + 40 vs. 929 + 124 pmol
3H,0/g/h) and triglyceride secretion rates (4.25 + 1.00 vs. 7.04 + 1.68 mg/dL/min)
were slower (P < 0.05) in fasted NAR than in control Sprague-Dawley rats (SDR).
The injection of either heparin or albumin elicited an increase in NAR plasma FFA
levels over time. FFA levels reached control levels 90 min after the albumin
administration into NAR, increasing from 0.36 + 0.05 to 1.34 + 0.16 mEq/L (P <
0.05). These results indicate that the lack of plasma albumin inhibits intravascular
lipolysis and causes the FFA deficit observed in NAR. Moreover, hepatic

triglyceride output seems not to contribute to NAR hypertriglyceridemia. Study
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two: plasma glucose levels were similar between fed and fasted NAR and SDR,
but fed insulinemia was higher in NAR than in SDR (P < 0.05). NAR displayed
increased glucose tolerance compared to SDR (P < 0.05). This enhanced glucose
tolerance was associated with higher insulinemia after the glucose load, and with
similar insulin sensitivity between the groups. Despite similar liver glycogen content
in fully fed condition, NAR had lower glycogen content (40% of control) after 6-h
fasting. The injection of pyruvate (gluconeogenic substrate) elicited a faster rise in
glycemia of NAR than in SDR. Therefore, NAR display enhanced glucose
metabolism. Study three: the Ca?* retention capacity of the liver mitochondria
isolated from 3-month-old NAR was about 50% that of the control. Interestingly, the
assessment of this variable in 21-day-old NAR and SDR indicated that the
mitochondrial Ca®* retention capacity was preserved at this age. A 20% decrease
in mitochondrial nitrosothiol content and a 30% increase in cyclophilin D
expression were observed in NAR liver mitochondria. None of the variables related
to mitochondrial redox state differed between the controls and NAR, i.e., namely
the contents of reduced mitochondrial membrane protein thiol groups and total
glutathione, H>O; release rate, and NAD(P)H reduced state. We conclude that the
higher expression of cyclophilin D, a major component in the mitochondrial
permeability transition process, and decreased nitrosothiol content in NAR

mitochondria may underlie their lower Ca®* retention capacity.
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1. Introducao

A albumina é a proteina mais abundante do plasma sanguineo,
compreendendo aproximadamente 60% do total de proteinas [1]. Ela € secretada
pelo figado para a circulagdo sanguinea na taxa de ~200 mg/kg/dia [2], e seu
tempo de meia vida na circulagédo € de ~19 dias [1]. A albumina ndo se confina
somente ao plasma. Ha evidéncias que o total de albumina corporal é distribuido
pelos compartimentos corporais e tecidos. Quantitativamente, o plasma sanguineo
detém a maior quantidade de albumina corporal, enquanto a pele e a musculatura
esquelética contém aproximadamente 80% do conteudo de albumina
extravascular no corpo. Nos outros tecidos, somente quantidades tragos séo

observadas [1].

Inimeras fungbes sao atribuidas a albumina plasmatica, entre as mais
reconhecidas estdo: a) maior determinante da presséo coloidosmaética do plasma,
e deste modo da distribuicdo dos fluidos entre o compartimento circulatério e o
espaco intersticial; b) seu papel como carreadora de varias substancias corporeas
(acidos graxos, bilirrubina, horménios da tiredide, calcio, cobre e outras) e
xenobibticos (toxinas, drogas e seus metabdlitos) - sua afinidade de ligagédo a
varios desses ligantes € especialmente importante para o transporte de
substancias pouco solluveis em meio aquoso (ex. acidos graxos) e para reduzir a

fracdo livre e o clearance de outras substancias, inclusive as toxicas (ex.
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bilirrubina, farmacos) [1]'. Além destas funcdes, a albumina desempenha também
outros papéis menos compreendidos e divulgados, como aqueles derivados de
suas propriedades antioxidantes e citoprotetoras [3-5]. Experimentos in vitro
indicam que a albumina inibe a oxidacao de lipoproteina de baixa densidade (LDL)
[3] e que também confere citoprotecdo em condi¢gées de agressao celular [4, 6].
Também ha estudos in vivo que suportam a atribuicdo de uma funcao antioxidante
a albumina, tais estudos mostram a oxidacdo aumentada das moléculas de
alboumina em doengas crénico-degenerativas [7, 8] e o aumento de produtos de
peroxidacéo lipidica no plasma de ratos analbuminémicos [9]. Um estudo recente
realizado com hepatdcitos isolados indica um novo papel para a albumina:
transnitrosilagdo de proteinas celulares [4]. Neste estudo, foi observado que na
presenca de albumina hd aumento da nitrosilacdo de proteinas intracelulares

quando ha s-nitrosotidis no ambiente extracelular.

Ha condigdes fisiopatoldgicas onde a concentragdo de albumina plasmatica
esta alterada em relacdo a faixa de referéncia que é de 30 a 54 mg/mL.
Hiperalbuminemia geralmente reflete desidratacdo, enquanto a hipoalbuminemia
pode ser uma alteracdo comum a varias doengas (ex: nefrose, hepatopatias) [10].

E importante ressaltar que a hipoalbuminemia € um fator de risco independente

para doengas cardiovasculares e mortalidade de todas as causas [11].

Apesar da albumina exercer diferentes papéis fisiolégicos no organismo, a

vida humana e a de ratos é viavel mesmo na auséncia quase completa (< 1

! Uma revisdo completa de todos os aspectos relacionados a albumina pode ser encontrada no livro “All
about albumin” escrito por T. Peter. A CAPES disponibiliza acesso completo a este livro através da editora
Elsevier.
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mg/mL; faixa referéncia = 30-54 mg/mL) da albumina plasmatica (i.e.
analbuminemia) [12, 13]. Os primeiros casos de analbuminemia congénita ou
familiar foram descobertos em 1954 por Benhold; esta doenga é caracterizada
pela auséncia de albumina plasmatica (< 1 mg/mL) associada a nao perda de
albumina pelo intestino ou pela filtragcao renal [12, 14]. A analbuminemia deriva de
mutac¢des no gene da albumina que levam a nao sintese e secre¢cdo da mesma
para o plasma [15]. Apesar de nado haver dados absolutamente fidedignos,
acredita-se que a freqiéncia de analbuminemia congénita seja de
aproximadamente de um para um milhdo de nascimentos [14, 15]. Nos
aproximadamente 50 casos de analbuminemia congénita relatados na literatura,
diferentes mutac¢des do gene da albumina e comorbidades ja foram descritas [14,
15]. As comorbidades mais comuns sdo dislipidemia, edema de membro inferior,
fadiga, infec¢des recorrentes e lipodistrofia em mulheres [14, 16]. Em funcdo da
analbuminemia ser uma doenca rara entre os humanos, o melhor entendimento
das alterac6es secundérias se deu pelo estabelecimento de uma colbnia de ratos
mutantes analbuminémicos [13, 16]. Estes ratos Nagase analbuminémicos (NAR)
sdo derivados da linhagem de ratos Sprague-Dawley (SDR) e carregam uma
mutagc&o no gene da albumina, imitando bem a etiologia e varias comorbidades da
doenca humana [16]. A subsessdo 1.1 desta sessdo de introducao (Pag. 18)
revisa mais detalhadamente as mutacoes genéticas que causam a analbuminemia

humana e do rato.

Em geral, a analbuminemia produz sintomas clinicos leves, porém varias
alteracdes subclinicas podem ser observadas tanto no rato quanto no homem.

17



Dentre estas alteragdes, a mais marcante, em ambas as espécies, € a dislipidemia
[12, 14, 16-18]. A dislipidemia secundaria a analbuminemia caracteriza-se pelos
altos niveis plasmaticos de lipoproteinas, triglicérides, colesterol e pelo déficit de
acidos graxos livres (FFA) [14, 16, 19]. De fato, este déficit de FFA associado a

hipertrigliceridemia é um perfil lipidico bastante singular.

A dislipidemia é um fator de risco classico para doencas cardiovasculares e
também pode causar lesées em outros érgaos como rins e figado [20]. H& também
uma importante associagdo entre hipertrigliceridemia e resisténcia periférica a

insulina [21].

Os mecanismos da dislipidemia secundaria a analbuminemia,
especialmente os que delineiam o déficit de FFA plasmatico, bem como suas
provaveis repercussdes metabdlicas, ainda nao sao totalmente compreendidos. A
subsessao 1.2 desta sessédo de introducao (Pag. 20) contém uma revisdo mais

extensa da dislipidemia do NAR.

Recentemente, o grupo do professor Anibal Vercesi descreveu algumas
alteragbes mitocondriais em dois modelos de dislipidemia primaria, 0 camundongo
hipertrigliceridémico  (transgénico para ApoClll) e o camundongo
hipercolesterolémico (knockout para o receptor de LDL) [22-26]. As alteracOes de
funcdo mitocondrial foram especificas para cada modelo. No camundongo
hipertrigliceridémico, a alteracdo mais marcante foi a maior taxa de respiracao
mitocondrial de repouso promovida pela ativagdo redox do canal mitocondrial de
potassio sensivel a ATP, a qual resultou no aumento da taxa metabdlica de

repouso do animal [22-24]. Diferentemente, o camundongo hipercolesterolémico
18



apresentou maior taxa de geracdo mitocondrial de H.O. e inabilidade da
mitocondria sustentar o NADP no estado reduzido; estas duas alteracées sendo
conseqléncia da deplecdo de substrato mitocondrial associado a reducéo

enzimatica de NADP (i.e. citrato e isocitrato) [25, 26].

A disfungdo mitocondrial comum entre estes dois modelos foi a maior
susceptibilidade a transicdo de permeabilidade mitocondrial induzida por Ca®*
(MPT) [22, 25]. MPT é um processo induzido pelo actimulo mitocondrial de Ca?*
que resulta na permeabilizagcdo ndo seletiva da membrana mitocondrial interna,
permitindo a passagem de solutos com massa molecular de até 1,5 kDa [27-29].
Como consenquéncia desta permeabilizagdo, ocorre inchamento osmotico da
organela, dissipacdo do potencial elétrico transmembrana e faléncia energética,
ruptura da membrana mitocondrial externa, e liberacdo de fatores apoptogénicos
para o citoplasma da célula [29, 30]. Apesar de muitas propriedades do processo
de MPT terem sido estabelecidas somente in vitro, hoje, h4 um enorme corpo de
evidéncias de que este processo esta envolvido em varias condi¢des patoldgicas
(ex. Dano causado por isquemia-reperfusdo de tecidos) [29, 31-33]. A natureza
molecular do poro formado na membrana mitocondrial interna pelo processo de
MPT nao é conhecida, mas quanto a sua regulacdo, sabe-se que algumas
proteinas (ciclofilina D e o translocador de adenina nucleotidio - ANT), estresse
oxidativo e nitrosilacao de proteinas tem participacao central no processo de MPT
[27, 29, 34-37]. A ciclofilina D presente na matriz mitocondrial é uma proteina
chave neste processo. Sua inibicdo farmacoldgica ou delecao genética resulta em
menor susceptibilidade ao MPT induzida por Ca®* e em citoprotecdo sob
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condicOes catastréficas (ex. isquemia-reperfusao) [29, 35, 38]. O ANT, proteina
que catalisa o antiporte ATP-ADP através da membrana mitocondrial interna,
assume uma conformacao na presenca de ATP ou ADP que afeta profundamente
a susceptibilidade da mitocéndria sofrer o processo de MPT (i.e. confere inibicao
do processo) [39]. Estudos bastante recentes tem mostrado a importancia dos
nitrosotiéis mitocondriais no processo de MPT [34, 36]. O mais importante deles,
publicado este ano, indicou que a modulagao da ciclofilina D sobre o MPT se da

pela nitrosilagdo de um unico residuo de cisteina desta proteina [35].

Nesta tese, sdo apresentados, na forma de artigos independentes, trés
estudos conduzidos com o rato Nagase analouminémico (NAR) que objetivaram
investigar: 1) os mecanismos da hipertrigliceridemia e do déficit de FFA
plasmatico; 2) a provavel repercussdao deste perfil lipidico raro (ie.
hipertrigliceridemia e déficit de FFA plasmatico) sobre o metabolismo de
carboidratos; 3) as (dis)fungcées mitocondriais frente a dislipidemia secundaria do

NAR.
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1.1  Revisao sobre as mutacoes genéticas que causam analbuminemia

Ha atualmente cerca de 80 mutagdes na albumina humana descritas na
literatura. A maioria destas mutagdes é benigna e compreende alteragbes pontuais
em residuos de aminoacidos. Somente 15 destas mutacbes resultam em
analbuminemia. As mutagdes que resultam em analbuminemia foram identificadas
através do sequenciamento do DNA de 40 individuos diagnosticados com a
doenca (diagndstico realizado pela analise das proteinas plasmaticas, geralmente
por eletroforese). As alteracées moleculares do gene da albumina nos individuos
analbuminémicos sao bastante heterogéneas, envolvendo defeitos na regido
codificante do gene da albumina e da jungcdo exon-intron, entre elas: mutagdes
non sense, splice-site mutation, frameshift insertion, frameshift deletions e reading
frameshift. As mutacdées em heterozigose causam um fenétipo intermediario para
a albuminemia (i.e. albumina plasmatica de 28-35 mg/mL; reféncia = 30-54 mg/mL
e valor médio = 42 mg/mL) [15, 40]. Quando em homozigose, a deficiéncia de
albumina plasmatica é tado severa que os métodos comumente empregados para
dosagem de albumina plasmatica ndo conseguem detectar os valores. O método
colorimétrico utilizado em laboratério clinico para dosagem de albumina
plasmatica ndo apresenta validade na analbuminemia (alguns interferentes
produzem valores falsamente elevados) [41]. Faz-se necesséario o uso de métodos
imunoldgicos de deteccdo da albumina plasmatica ou de eletroforese de proteinas
plasmatica para a correta avaliacao da analbuminemia [41].

As 15 diferentes mutagcdées que resultam em analbuminemia ocorreram em 7
diferentes paises, e desta forma, acredita-se que nao estejam relacionadas e
ocorreram espontaneamente [15]. E importante realcar que um grande contingente
de individuos analbuminémicos séao filhos de casamentos consangulineos, onde os
pais eram, presumivelmente, heterozigotos para mutacdes relacionadas a
analbuminemia [15].

Em relacio a mutagdo dos ratos Nagase analbuminémicos, primeiro
identificou-se que ndo havia RNA mensageiro para a albumina no figado destes
animais[42], mas 0 mecanismo que determinava a auséncia de RNA mensageiro
nao foi desvendado. Trés anos mais tarde, 0 mesmo grupo de pesquisadores
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identificou a mutacdo genética que causa a analbuminemia nestes animais: uma
delecao de sete pares de base de DNA (5’ G-T-T-T-C-C-G 3’) de uma regiao intron
do gene da albumina [43]. Esta delegdo resulta na substituicdo da sequéncia
normal de nucleotideo (5’ G-T-A-G-G-T-T-T-C-C 3’) pela sequéncia 5 G-T-A-G-C-
G-A-G-C-T 3’, e no impedimento do splicing do RNA mensageiro da albumina.
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1.2 Revisao sobre a dislipidemia do NAR

A colénia de NAR foi estabelecida através do cruzamento de ratos Sprague-
Dawley que apresentavam espontaneamente hipercolesterolemia. Na primeira
descricao desta colénia por Nagase e Shimamune [13], foi mostrado que o NAR
apresentava colesterolemia 100% maior que a do rato controle e que havia uma
alta correlagdo inversa (R = -0,92) entre os niveis de albumina plasmética e a
colesterolemia [13]. Posteriormente varios estudos deste grupo e de outros
pesquisadores caracterizaram bem o perfil lipidico do NAR [44, 45], porém o0s
mecanismos de algumas destas alteragcbes ainda ndao sao ainda completamente
entendidos. A distribuicdo de colesterol, triglicérides e de fosfolipidios através das
lipoproteinas plasméatica de diferentes densidades esta representada na Figura 1
(modificada de Van tol et al [19]). Neste estudo [19], fica evidente que o NAR
apresenta hipercolesterolemia, hipertrigliceridemia e hiperfosfolipidemia (Figura 1),
e que estes lipidios se acumulam mais na particula de LDL. Em adicdo, este
estudo mostrou a inibicio da sintese de colesterol pelo tratamento com
pravastatina parece nao ter eficacia em reduzir a hipercolesterolemia do NAR
(Figura 1A), porém tal tratamento reduziu significativamente a concentragédo
plasmatica de triglicérides no NAR (Figura 1B).

Outra alteragdo marcante do perfil lipidico plasmatico do NAR é o déficit de
FFA. Os estudos indicam redugbes de 65 a 80% na concentragcdo de FFA
plasmatico [19, 44, 45] e também uma redistribuicio dos FFA para as
lipoproteinas [19], uma vez que ndo h& o aceptor primario para o FFA (i.e.
albumina). Esta deficiéncia de FFA plasmatico parece ter repercussodes fisioldgicas
importantes para o NAR, uma vez que estes animais apresentam algumas
alteracoes relacionadas a menor disponibilidade de FFA [46], tais como o retardo
de crescimento [13], a menor adiposidade [45], a intolerancia ao exercicio [47] e a
intolerancia a privagao de carboidratos dietéticos quando expostos ao frio [48].
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Figura 1. Distribuicdo do total de lipidios nas fracbes de lipoproteinas plasmaticas em ratas
tratadas com salina ou pravastatina. As fracdes de lipoproteinas foram obtidas por gradiente de
densidade e ultracentrifugacdo do plasma. SDR, ratos controles Sprague-Dawley. NAR, ratos
Nagase analbuminémicos. Figura modificada de Van tol et al[19].

O perfil lipidico do NAR é dependente do sexo. Especificamente, as fémeas
NAR apresentam uma hipertrigliceridemia mais severa do que o NAR macho
quando comparados aos seus respectivos controles SDR [45, 49]. A figura 2,
construida a partir de dados da literatura [17, 19, 45, 49, 50], mostra a diferenca
entre os sexos para colesterol, triglicérides e FFA plasmaticos. Trabalhos do grupo
do Joles, um pesquisador muito ativo neste tema, demonstraram que o estrégeno
€ parcialmente responsavel pela hipertrigliceridemia mais severa da fémea NAR
[49, 51]. Em um dos seus trabalhos, Joles e colaboradores observaram que a
hipercolesterolemia da fémea NAR também é mais severa em relagdo a do macho

[49], porém este achado ndo se reproduziu em outro estudo [45] ou em nossas
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maos (i.e. o percentual de aumento na colesterolemia é similar entre macho e

fémea NAR quando comparado aos seus controles).

450 -
4001
350 -
3001 I \Macho
250 1 [ |Fémea

200
150 -

% do respectivo controle

Chol Tg FFA

Figura 2. Percentual da alteracdo da concentracdo de lipidios plasmatico do NAR em relacdo ao
respectivo controle do mesmo sexo. Os dados sdo médias de valores disponiveis na literatura.
Chol, colesterol. Tg, triglicérides. FFA, acidos graxos livres.

Quanto aos mecanismos que delineiam estas alteracées de triglicérides,
colesterol e FFA plasmaticos, somente a hipertrigliceridemia teve seus
mecanismos determinantes melhor abordados. Nesta sessdo, somente as
questdes pertinentes a hipercolesterolemia serdo revisadas, uma vez que a
introducdo do artigo apresentado no capitulo | desta tese contempla os
mecanismos relacionados a hipertrigliceridemia e a deficiéncia de FFA
plasmaticos. Enquanto a hipertrigliceridemia do NAR parece ser devida a menor
taxa de remocéo de triglicérides do plasma (ver discussao no capitulo |), hA menos

estudos a respeito do mecanismo da hipercolesterolemia nestes animais.

Alguns estudos mensuraram a taxa de remocao de colesterol da circulacao
do NAR através da analise da cinética do desaparecimento de lipoproteinas
radioativamente marcadas [51-53]. No entanto, ha diferencas importantes entre
estes estudos, tais como: densidade da lipoproteina analisada, fonte doadora da
lipoproteina, e molécula radioativamente marcada (i.e. proteinas ou colesterol).
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Dois deles avaliaram a remocao da particula de HDL marcada radioativamente na
proteina apoA1, e observaram que o NAR remove mais lentamente estas
particulas do plasma [51-53]. O outro estudo, observou que o NAR também
remove mais lentamente particulas de quilomicro marcadas radioativamente no
colesterol [51]. Em um estudo conduzido com duas pacientes portadoras de
analbuminemia congénita, também foi observado menor taxa de remogédo de

lipoproteinas que contém proteinas ApoB [54].

Dentre os estudos que abordaram a producédo hepética de colesterol, a
informacao mais contundente € o achado de Joles et al mostrando que a sintese
de colesterol hepatica (incorporacdo de *H,O) é similar entre 0 NAR e o seu
controle [50]. Quanto ao envolvimento da HMG-CoA redutase, enzima chave da
via de biosintese do colesterol, ha um estudo que mostrou maior atividade desta
enzima no figado do NAR [49], enquanto dois outros mostraram nao haver
diferenca entre NAR e seu controle [50, 55] e sao, desta forma, concordantes com
os resultados de Joles et al [50]. Outro fato que diminui a importancia da produgéo
hepéatica de colesterol na hipercolesterolemia do NAR €& o achado que o
tratamento do NAR com pravastatina (inibidor da HMG-CoA redutase) nao reduz a
hipercolesterolemia destes animais [19]. E importante destacar que o metabolismo
de sais biliares e o fluxo biliar ndo diferem entre NAR e o seu controle [56]. Com
base nestes estudos, parece que a hipercolesterolemia do NAR é primariamente
determinada pela menor taxa de remocéao de colesterol do plasma.
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2. Objetivos:

A apresentagdo desta tese esta organizada na forma de artigos; cada um
dos trés apresentados abaixo tem seu objetivo especifico e compreende um
capitulo desta tese. H4 também um quarto artigo, metodol6gico, sobre 0 uso do
probe safranina para se avaliar o potencial elétrico transmembrana mitocondrial,

apresentado no Apéndice |.

Capitulo | Lack of plasma albumin impairs intravascular lipolysis and explains

the associated free fatty acids deficiency and hypertriglyceridemia.

Objetivos: investigar os mecanismos da hipertrigliceridemia e do
déficit de FFA plasmatico.

Capitulo Il | Chronic low plasma free-fatty acids in congenital albumin
deficiency: enhanced insulin secretion and glucose tolerance

despite of hypertriglyceridemia.

Objetivos: investigar a provavel repercussdao do perfil lipidico,

(déficit de FFA plasmatico) sobre o metabolismo de glicose.

Capitulo Il | The higher susceptibility of congenital analbuminemic rats to Ca**-
induced mitochondrial permeability transition is associated with the
increased expression of cyclophilin D and nitrosothiol depletion.

Objetivos: estudar as fungdes mitocondriais neste modelo de
dislipidemia secundaria.

Apéndice | | Safranine as a fluorescent probe for the evaluation of mitochondrial
membrane potential in isolated organelles and permeabilized cells.

Objetivos: descrever o uso da Safranina como um indicador

fluorescente de potencial elétrico transmembrana em suspensées

de mitocondria isolada e células permeabilizadas.
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3.1 Capitulo |

Figueira TR, Vercesi AE, Oliveira HCF. Lack of plasma albumin impairs
intravascular lipolysis and explains the associated free fatty acids deficiency and
hypertriglyceridemia. Lipids in Health and Disease, 9: 146, 2010.
(DOI:10.1186/1476-511X-9-146)
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RESEARCH Open Access

Lack of plasma albumin impairs intravascular
lipolysis and explains the associated free fatty
acids deficiency and hypertriglyceridemia

Tiago R Figueira', Anibal E Vercesi', Helena CF Oliveira®

Abstract

Background: Abnormalities in lipid metabolism and transport are hallmarks in analbuminemic Nagase rats (NAR)
and humans. Triglyceridemia is nearly 3- to 5-fold higher in female NAR than in control Sprague-Dawley rats (SDR).
Also, NAR present with a severe plasma free fatty acid (FFA) deficit. There are conflicting results regarding the
mechanisms underlying NAR hypertriglyceridemia.

Objective: We aimed at investigating whether liver lipogenesis and triglyceride secretion rates into the plasma
contribute to the hypertriglyceridemia in NAR. We also studied whether heparin or albumin administration would
release the hypothesized lipolysis inhibition in NAR.

Methods: The incorporation of tritiated water into lipids and the linear accumulation rate of plasma triglycerides
after Triton WR1339 injection were the measures of liver lipogenesis and triglyceride secretion rates.

Results: Lipogenesis (596 + 40 vs. 929 + 124 umol *H,0/g/h) and triglyceride (4.25 + 1.00 vs. 7.04 + 1.68 mg/dL/
min) secretion rates were slower (P < 0.05) in fasted NAR than in control SDR. The injection of either heparin or
albumin elicited an increase in NAR plasma FFA levels over time. FFA levels reached control levels 90 min after the
albumin administration, increasing from 0.36 + 0.05 to 1.34 + 0.16 mEg/L (P < 0.05). These results indicate that the

lack of plasma albumin inhibits intravascular lipolysis and causes the FFA deficit observed in NAR.

Conclusion: NAR hepatic triglyceride synthesis and output do not contribute to NAR hypertriglyceridemia. We
propose that the lack of albumin diminishes intravascular lipolysis which reduces the plasma triglyceride remaoval
rate and explain both NAR hypertriglyceridemia and FFA deficiency.

Introduction

Albumin is the most abundant plasma protein in mam-
mals and plays an important role as a carrier for a variety
of molecules. Albumin possesses a high binding affinity
for certain divalent cations, bilirubin, free fatty acids
(FFA) and other molecules, including xenobiotics. Due to
its high abundance and low molecular weight in relation
to other major plasma proteins, albumin is responsible
for about 80% of the total plasma oncotic pressure [1].
Therefore, albumin is a key regulator of fluid distribution
between the plasma and interstitial compartments in
physiological conditions; although the absence of plasma
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albumin can be well compensated by increased liver
secretion of other proteins which help to maintain nearly
normal plasma oncotic pressure [2]. Other less under-
stood functions may also be ascribed to albumin, since its
plasma depletion and redox modification have been
demonstrated in several pathological conditions [3-5].
Both humans and rats (Nagase rats, NAR) suffering
from congenital analbuminemia present with minor
clinical symptoms despite the ascribed roles of albumin
[6-8]. Abnormalities in fat storage and in lipid metabo-
lism and/or transport are hallmarks of analbuminemic
NAR and humans [9-15]. Plasma triglyceride (TG) levels
are 3- to 5-fold higher in female NAR than in control
Sprague-Dawley rats (SDR). A more severe dyslipidemia
in female NAR seems to be partially driven by estrogen
[13]. Compared to male, female NAR also develop more

© 2010 Figueira et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative Commans
Attribution License (http://creativecommons.arg/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original werk is propery cited.



efficient adaptations to the lack of plasma albumin and
do not present a deficit in total plasma proteins [2]. In
analbuminemic plasma, very low density lipoprotein tri-
glycerides (VLDL-TG) accounts for the largest fraction
of total triglycerides [15]. Conversely, plasma FFA levels
are severely decreased in NAR compared to control
[14]. In addition, analbuminemic rats and human sub-
jects present with hypercholesterolemia [6,9,11,12]. This
lipemic phenotype predisposes the affected individuals
to a higher risk of developing cardiovascular disease,
while low levels of FFA may contribute to other meta-
bolic-related alterations, such as the fatigue experienced
by analbuminemic individuals [7,11,12,16].

Studies addressing the basis of hypertriglyceridemia in
NAR have shown conflicting results. Catanozzi et al.
[17] reported a faster triglyceride secretion rate from the
liver and a slightly faster VLDL-protein plasma clear-
ance rate. In contrast, others have demonstrated that
NAR present with a slower plasma clearance rate of
chylomicron-TG [16] or a similar clearance rate of
VLDL- and chylomicron-TG [18]. In addition, lower
post-heparin plasma lipoprotein lipase (LPL) activity has
been described in NAR [13,19]. Regarding the hepatic
production of triglycerides, Joles et al. [9] showed that
the liver lipogenesis rate is not different between NAR
and SDR. Therefore, no clear conclusions can be drawn
concerning the main metabolic processes contributing
to NAR hypertriglyceridemia. Differences in criteria for
animal group pairing (by body mass or by age), sex,
basal states (fasted vs. fed) and methodology may
account for these data discrepancies.

Despite the known roles of albumin as a FFA acceptor
and carrier [20], there are no data on the mechanism
underlining the low levels of plasma FFA found in NAR.
It is still unknown whether the FFA deficit is a conse-
quence of lipolysis inhibition, either directly by lower
LPL activity [13,19] or by a deficiency in plasma albumin,
or by both. Abnormalities, such as lower body mass and
adiposity [10] and the exercise and starvation intolerance
observed in NAR [21,22], seem consistent with a condi-
tion of lower FFA availability and flux into tissues [16,23].

In this work, we found that liver lipogenesis and hepatic
triglyceride output are decreased in fasted NAR compared
to control. We also show that the low levels of plasma FFA
are due to an inhibition of intravascular lipolysis caused by
an acceptor (albumin) deficiency in NAR. All together, our
data indicate that hepatic triglyceride production does not
contribute to NAR fasting hypertriglyceridemia.

Materials and methods

Animal housing and plasma variable assessments

NAR founders were kindly donated by Dr. Eder Quintao
from the Lipid Laboratory at the University of Sio Paulo
Medical School and were bred and maintained in the

animal facility of our department. The experiments were
approved by the Committee for Ethics in Animal Experi-
mentation at the University and are in accordance with
the Guide for the Care and Use of Laboratory Animals
published by the National Academy of Sciences. The rats
had free access to a standard laboratory rodent chow diet
(Nuvital CR1) and water. Female rats, 12-14 weeks old,
were housed at 22 + 2°C on a 12 h light-dark cycle.
Unless otherwise stated, all the measurements were car-
ried out in female NAR after a 20-h fasting, and the
blood samples were taken from the tip of the tail. Trigly-
cerides (Roche Diagnostics), total cholesterol (Roche
Diagnostics), total proteins (Bradford, Sigma) and free
fatty acids (Wako Chemicals, Japan) were determined in
the plasma using enzymatic-colorimetric methods
according to the instructions of the manufacturers.

Total liver lipogenesis

The rate of total lipid synthesis was measured in vivo.
The rats were injected intraperitoneally with 20 mCi of
tritiated water (*H,0) dissolved in an isotonic saline
solution as described previously [24]. One hour later,
blood samples were obtained from the tip of the tail
from anesthetized rats (ketamine 75 mg/kg and xylazine
10 mg/kg), and livers were excised, minced, and saponi-
fied; after which lipids were extracted with hexane [25].
Radioactivity in the lipid extract was measured in a Beta
Counter (LS6000 Beckman Instruments, California,
USA). The specific activity of *H,O was measured in
the plasma in triplicate. The rate of total lipid synthesis
was calculated as pmol of *H,O incorporated into the
lipids per gram of tissue in one hour (umol/g/h).

Triglyceride secretion rate

The hepatic triglyceride secretion rate to the plasma was
measured after the administration of Tyloxapol WR1339
(Sigma), as described previously by Otway & Robinson
[26]. Briefly, rats were bled to obtain baseline plasma sam-
ples and then injected intravenously (tail vein) with Tylox-
apol WR1339 at a dose of 400 mg/kg (15% v/v solution in
saline). Blood samples (50 pL) were collected at 15, 30, 60,
and 90 min after the Tyloxapol WR1339 injection. Trigly-
ceride levels were measured in the plasma samples. The
slopes from the linear regression of the triglyceride con-
centrations vs. time curves were calculated (mg/dL/min).
Experiments were performed between 10:00 and 13:00 h.
Additional groups of overnight sucrose-fed (5% in drink-
ing water) female and male NAR were also subjected to
this experiment. These rats were fed with carbohydrate
only to avoid interference of absorbed fat.

Albumin- or heparin-stimulated in vivo lipolysis
Sodium heparin (Cristalia, Brazil) and bovine serum albu-
min (globulin and fatty acid free, Sigma) were diluted in
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saline. The rats were injected with heparin (1,000 U/Kg,
intraperitoneally) or with albumin (1.3 g/kg, intrave-
nously). Blood samples were taken before (0 min) and
after the injections (30 and 90 min). After blood plasma
was separated by centrifugation (4°C, 3000 g for 10 min),
plasma FFA levels were measured. FFA levels were also
measured in an aliquot of the injected albumin solution
but were not detected. In order to control for likely
changes in plasma volume due to the intravascular albu-
min injection (0.27 mL per 100 g), additional NAR and
SDR groups were injected with saline at the same volume.
The amount of injected albumin (1.3 g/kg) was expected
to elevate plasma albumin concentrations from nearly
zero to above 17 mg/mL in NAR [17]. As conducted in
females, the lipolysis induced by intravenous albumin
injection was also studied in fasting male NAR, but plasma
free glycerol levels, instead of plasma FFA, were measured
enzymatically (Sigma).

In vitro serum lipolysis

Blood samples from resting rats were taken without
anti-clogging agents and immediately centrifuged (4°C,
3000 g for 10 min) to separate the serum. Aliquots of
the serum (120 pL) were incubated with exogenous
albumin (final concentration of 30 mg/mL) or its vehicle
(saline) at 37°C for 10 min with continuous shaking. Ali-
quots (20 pL) were withdrawn and quickly frozen in
liquid nitrogen for later FFA analysis. Lipolysis was cal-
culated as an increase in FFA concentration between the
time points (zero to 10 min).

Statistical analysis

Data are represented as mean + SD. Differences between
means were assessed by a Student’s t-test or one- or
two-way analysis of variance (ANOVA) with repeated
measures. A one-way ANOVA was run within the NAR
albumin group to test for the effects of the albumin
injection (Figure 2A) because we compared the pre-and
post-injection values within this group only. The signifi-
cance level was set at P < 0.05.

Results
The body and liver masses and the concentrations of the
plasma lipids and proteins from NAR and SDR are
shown in Table 1. As compared to SDR of the same
age, 12-14 week old female NAR exhibited lower body
and higher liver masses, a 5-fold increase in TG levels, a
2.6-fold increase in cholesterol levels, and one-third of
the FFA concentrations (P < 0.05). Enlarged NAR livers
probably reflect hypertrophy to compensate for the
albumin deficiency, leading to additional synthesis and
secretion of other plasma proteins.

The liver lipogenesis rate (596 + 40 vs. 929 + 124
umol “H,0/g/h) and the hepatic TG secretion rate into

Table 1 Body and liver masses and plasma lipid and
protein concentrations in analbuminemic (NAR) and
control (SDR) rats

SDR NAR
Body Mass 2858 + 248 2164 + 87*
(g) N=9 N=9
Liver Mass 3402 55+ 04%
(97100 g) N=9 N=9
Plasma Proteins 583 + 80 557+ 33
(g/L) N=4 N=4
Triglycerides 622 + 201 3168 + 99.8*
(mg/dL) N=10 N=10
Cholesterol 726+ 155 1892 + 228*
(mg/dL) N=10 N=10
FFA 153 £ 022 048 + 0,06*
(mEg/L) N=8 N=8

Mean + SD. *P < 0.05 vs. SDR. Female Nagase rats (NAR) and Sprague-Dawley
rats (SDR) were paired by age (12 to 14 weeks old). Liver mass expressed as
gram per 100 g of total body mass. FFA: free fatty acids.

the plasma (4.25 + 1.00 vs. 7.04 + 1.68 mg/dL/min)
were significantly (P < 0.05) reduced in the 20-h fasted
NAR compared to the SDR controls (Figure 1). In over-
night sucrose-fed female (n = 4 each group) and male
(n = 6 each group) rats, the hepatic TG secretion rates
into the plasma were not significantly different between
NAR and SDR: 5.27 + 0.73 vs 6.08 + 0.56 mg/dL/min
for females, and 2.95 + 0.77 vs 3.67 + 0.82 mg/dL/min
for males. Therefore, irrespective of feeding state and
sex, liver triglyceride output does not explain the higher
TG plasma levels in NAR.

Data from early in vitro studies with purified LPL
[20,27] showed that albumin allows lipolysis to proceed
by acting as a FFA acceptor. Here, we show that an
intravascular injection of albumin into NAR elicited an
almost linear increase in the plasma FFA levels over
time (Figure 2A). NAR plasma FFA levels increased 4-
fold from a baseline of 0.36 + 0.05 to nearly the control
levels of 1.34 + 0.16 mEq/L 90 min after the injection
(P = 0.05) (Figure 2A). SDR and NAR groups were also
injected with saline to control for possible changes in
plasma volume, which actually did not cause significant
fluctuations in plasma FFA levels (Figure 2A). A heparin
injection, which is known to increase the plasma activity
of LPL [28], promptly increased (P < 0.05) the plasma
FFA levels in NAR but had no effect on SDR (Figure
2B). The highest increase in plasma FFA levels in NAR
was observed 30 min after the heparin injection (from a
baseline of 0.52 + 0.12 to 1.40 + 0.41 mEq/L, P < 0.05)
and decreased thereafter (Figure 2B). Despite the lack of
albumin acting as a FFA acceptor in NAR, the heparin
injection was effective in acutely increasing plasma FFA
levels, probably because lipoproteins can carry an addi-
tional load of FFA [29]. The lack of an observable effect
of heparin on SDR’s plasma FFA levels is probably due
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Figure 1 Total liver lipogenesis rate and triglyceride secretion rate into the plasma. A. Mean + SD of tritiated water incorporation into
total lipids after one hour of *H,0 injection. N = 4 in each group. B. Representative curves of plasma triglyceride response to Tyloxapol WR1339

injection. After the Tyloxapol WR1339 inhibition of triglyceride lipolysis, the rate of plasma triglyceride accumulation was taken as the measure of
triglyceride secretion into the plasma. The mean + SD of the triglyceride secretion rates were 7.04 + 168 and 4.25 + 1.00 mg/dL/min (P < 0.05)

for SDR and NAR, respectively. N = 5 in each group. *P < 0.05.

to low concentrations of substrate (TG-rich lipopro-  albumin injection would stimulate plasma lipolysis in

teins) after the long fasting period. fasted male NAR. Similarly to female NAR, plasma lipo-
The effect of exogenous albumin (final concentration of  lysis was stimulated in male NAR as indicated by a

30 mg/mL) on in vitro lipolysis was also studied. The  2-fold increase (P < 0.05) in plasma free glycerol levels

addition of albumin to NAR serum promoted a nearly 3- 90 min after the intravenous injection of albumin (from

fold stimulation in the amount of released FFA (Figure a pre-injection level of 125.0 + 17.7 to 260.4 + 31.3

3). The extent of lipolysis, taken as FFA accumulation — umol/L at the 90" min after the injection).

above the initial values in NAR serum, increased (P <

0.05) from 120.3 £ 21.1 (saline control) to 310.2 + 51.5  Discussion

uEq/L in the presence of exogenous albumin. Our results indicate that hypertriglyceridemia in analbu-
Since female NAR present with more prominent minemic rats does not occur as a result of increased

abnormalities in lipid metabolism compared to male hepatic triglyceride synthesis and output (Figure 1).

NAR [12,30], we also investigated whether intravenous  Consequently, a slower removal rate of the plasma
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Figure 2 Plasma free fatty acid (FFA) response to albumin and heparin injections. Mean + SD of the plasma FFA concentrations. A. Rats
were injected (intravenous) with either albumin or saline. B. Rats were injected (intraperitoneal) with heparin. N = 4 in each group. The effects
of the albumin injection were assessed within the NAR albumin group with a one-way repeated ANOVA. A two-way repeated ANOVA was used
for the heparin study. 8P < 0.05 vs. pre-injection values within the NAR group. * P < 0.05 vs. the SDR group at the same time point.
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Immediately after these additions and after 10 min of incubation,
aliquots were taken for FFA analysis. Data are mean + SD of the
change in FFA concentration above the baseline value. N = 3 and
the samples were incubated in duplicate. * P < 005 vs. saline at the
same time point.

triglycerides seems to delineate the origin of NAR
hypertriglyceridemia. Triglyceride removal from the cir-
culation by targeted tissues occurs after their breakdown
into glycerol and FFA [31]. Most of the FFA (~80%)
that are derived from the LPL-mediated lipolysis of
plasma triglyceride-rich lipoproteins are mixed within
the pool of albumin-bound FFA before their transport
into tissues [23,32]. Our data show that plasma lipolysis
is stimulated by the exogenous administration of albu-
min in NAR, both in vivo (Figure 2A) and in vitro
(Figure 3). These data support that the lack of albumin
limits LPL activity and thus, slows down the removal
rate of plasma triglyceride-rich lipoproteins.

Regarding the contribution of hepatic triglyceride pro-
duction our findings differ from previous studies that
reported this process is enhanced in fasted female NAR
[13] and in glucose-fed male NAR [17]. However, in
sucrose-fed NAR groups, our results are in accordance
with data from Joles et al. [9] that showed similar liver
lipogenesis rates between fed NAR and controls. Some
discrepancies may be due to important differences in
study design. First, we paired the rat groups by age
(3-month old) and not by body mass as did Catanozzi et
al. [17]. It is noteworthy that NAR are lighter than SDR at
the same age. Second, the time of the day at which the
experiments were conducted must be considered, since
circadian rhythms are well known modifiers of sterol and
lipid biosynthesis. While we performed the metabolic stu-
dies in the morning from 10:00 to 13:00 h, Catanozi et al.
[17] evaluated TG secretion rates from 17:00 to 19:00 h.
Third, fasting period and/or type of diet prior to the
experiments could also interfere in the results. Thus,
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based on our findings one can conclude that, either during
fasting or fed states, hepatic triglyceride production does
not contribute to NAR hypertriglyceridemia. However,
since we measured liver lipogenesis only, we may not
exclude that extra-hepatic lipogenesis may contribute to
NAR hyperlipidemia as previously shown by Joles et al. [9].

A plasma FFA deficit (Table 1) has long been
described in NAR [14] and is also observed in analbumi-
nemic humans [7]. However, its physiological basis has
never been experimentally addressed. Our attempts to
stimulate plasma lipolysis, either by releasing the
hypothesized lipolysis inhibition (albumin injection) or
by increasing plasma LPL activity (heparin injection),
caused a significant increase in plasma FFA levels in
NAR, although only albumin induced a virtually com-
plete correction of the NAR plasma FFA deficit (Figure
2A). The fast rise in plasma FFA levels induced by the
injection of heparin in NAR (Figure 2B) reveals that the
restraint on intravascular lipolysis is not due to defective
LPL activity. Therefore, the metabolic machinery
involved in plasma triglyceride breakdown and FFA
release is not severely compromised in NAR and the
plasma FFA deficit reflects an impaired lipolysis due
mainly to a lack of plasma albumin as an acceptor.
However, since lower LPL activity was reported in NAR
parametrial adipose and heart tissues [10,19], it is possi-
ble that the lower tissue-specific LPL may constitute
another restraint for FFA flux into the NAR tissues [23].

Previous in vitro enzymatic studies using purified LPL
clearly demonstrated that albumin acts as a FFA acceptor
and allows lipolysis to proceed [20,27]. Yet, this funda-
mental role of albumin in the control of lipolysis was not
known to operate in vivo. The present results (Figure 2A)
expand these previous in vitro findings of albumin play-
ing a permissive role in intravascular lipolysis. To avoid
any misinterpretation between albumin having a FFA
sparing effect or stimulating lipolysis, we used an in vitro
setup to assess the effects of exogenous albumin on the
NAR serum lipolysis rate (Figure 3). This result clearly
indicates that albumin is affecting lipolysis, i.e. stimulat-
ing the appearance of FFA in NAR plasma.

In conclusion, although NAR present with marked
liver hypertrophy, the hepatic triglyceride synthesis and
output rates do not contribute to the analbuminemic
hypertriglyceridemia. Instead, an impaired triglyceride
removal from the circulation may cause this alteration.
It is proposed that a lack of plasma albumin to act as a
FFA acceptor inhibits the intravascular lipolysis rate,
which in turn hampers plasma triglyceride breakdown
and its plasma removal.
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Background: Congenital analbuminemic individuals and rats (NAR) present several metabolic
abnormalities, such as hypertriglyceridemia and plasma free fatty acids (FFA) deficiency.
Plasma FFA are known modulators of insulin secretion and action on target tissues, thus
affecting glucose metabolism. Objective: we aimed at studying glucose homeostasis and insulin
secretion in female NAR. Methods: plasma biochemical variables and insulin were measured in
fed and fasted NAR and controls (SDR, Sprague-Dawley rats). Pancreatic islet insulin secretion
and glucose homeostasis tests were performed in fasted rats. Results: plasma glucose levels
were similar between NAR and SDR, irrespective of feeding status. However, fed insulinemia
was higher (~37%, P < 0.05) in NAR than in SDR. NAR displayed increased glucose tolerance
compared to SDR (P < 0.05). This enhanced glucose tolerance was associated with higher
insulinemia after the glucose load, and with similar insulin sensitivity between the groups.
Compared to SDR, isolated islets from NAR secreted more insulin in response to glucose,
leucine, alpha-ketoisocaproate and KCI. Despite similar liver glycogen content in fully fed
condition, NAR had lower glycogen content (~40%, P < 0.05) than SDR after 6-h fasting. The
injection of a gluconeogenic substrate, pyruvate, elicited a faster rise in NAR glycemia than that
of SDR. Conclusions: NAR display enhanced glucose tolerance, insulin secretion, and
glyconeogenic flux. The higher glucose tolerance is attributed to enhanced islet responsiveness
to secretagogues, while peripheral insulin sensitivity seems not to be involved in such alteration.
Supposedly, the enhanced glucose metabolism is a chronic compensatory adaptation to
decreased FFA availability in NAR.

Keywords: analbuminemia, analbuminemic, glycogen depletion, carbohydrate metabolism, fuel
metabolism, gluconeogenesis

Abbreviations: SDR, Sprague-Dawley rats; NAR, Nagase analbuminemic rats; FFA, free fatty acids;
GSIS, glucose stimulated insulin secretion; GDH, glutamate dehydrogenase; KIC, a-ketoisocaproate;
GTT, glucose tolerance test; ITT, insulin tolerance test
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1. INTRODUCTION

Congenital analbuminemia is a rare
autosomal recessive disorder characterized by
very low levels of plasma albumin (< 1 mg/mL) in
the absence of renal and intestinal protein loss
(1). This abnormality results from a negligible
hepatic albumin production due to mutations in
the albumin gene (2). The first case of human
analbuminemia was reported in 1954 (3),
thereafter several other cases of human
analbuminemia have been uncovered (4). By
selective breading of spontaneously
hyperlipidemic  Sprague-Dawley rats (SDR),
Nagase and Shumiya (5) established a colony of
rats that were finally found to be in fact
analbuminemic: the Nagase analbumimemic rats
(NAR). These rats resemble well many features
of the human familial analbuminemia (6) first
reported in the 50s.

The most remarkable  metabolic
alterations in congenital analbuminemic humans
and rats are the high levels of plasma lipids and
lipoproteins (7-10), but a myriad of co-morbidities
have been described in the reported cases of
human analbuminemia and in NAR (3, 10-12).
Many endocrine-metabolic alterations have been
described in NAR, such as hypothyroidism,
hyperparathyroidism, lower adiposity and body
mass, and plasma free fatty acid deficiency (7,
13-16). However, the clinical-physiological
significance of these abnormalities may have
been overlooked because NAR live well under
standard laboratory housing conditions.

Kawaguchi et al (17) showed that NAR
are severely intolerant (i.e. die earlier) to food
deprivation at 5°C ambient temperature.
Interestingly, these authors found that the
survival time was greatly extended when NAR
were fed with carbohydrate, while fat feeding did
not extend survival. It has long been known that
NAR present a plasma FFA deficiency (16).
Recent data from our group indicate that NAR
plasma FFA deficiency arises from diminished
intravascular lipolysis due to the lack of albumin
to act as a FFA acceptor (18). Importantly, nearly
80% of lipolysis-derived FFA are mixed within the
pool of albumin-bound FFA before their uptake
into peripheral tissues (19, 20). Therefore, the
absence of plasma albumin and the FFA
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deficiency in NAR is expected to reduce FFA flux
into tissues. The lower NAR adiposity (7) and the
carbohydrate-dependent intolerance to starvation
(17) are all in accordance with a lower FFA
availability and flux into tissues (20). Taken
together, these studies suggest that NAR energy
metabolism relies more on carbohydrate than on
fat. An impaired capacity to shift from
carbohydrate to fat oxidation could also be
expected under conditions where the utilization of
endogenous carbohydrate stores is normally
spared.

Pancreatic insulin secretion and insulin
action on peripheral tissues are affected by FFA
levels in the circulation (21-23). Chronic high
levels of plasma FFA may lead to glucose
intolerance due to the impairment of glucose-
stimulated insulin secretion (GSIS) and of insulin
sensitivity in target tissues (21, 24). Conversely,
acute rising of plasma FFA levels enhances GSIS
(25, 26), whereas an impaired GSIS is observed
when plasma FFA levels are acutely lowered (25,
27). However, the effects of chronic low levels of
plasma FFA on insulin secretion or action have
never been investigated. Hypothetically, the
chronic low plasma FFA availability might
facilitate glucose metaholism in NAR tissues (21,
23). Nonetheless, the influence of chronic low

plasma FFA levels on GSIS seems less
predictable.
From this framework, our general

hypothesis was that NAR present enhanced
carbohydrate metabolism. Indeed, in the present
study, we demonstrate that NAR rely more on
liver glycogen stores upon fasting and present a
higher glucose tolerance. The higher glucose
tolerance was associated with enhanced GSIS,
while there was no difference for peripheral
insulin sensitivity between NAR and their controls
(SDR). In addition, we showed that the acute
correction of NAR plasma FFA deficiency does
not affect the glucose tolerance in NAR.

2. MATERIAL and METHODS

2.1 Materials
'®| human insulin was purchased from
Genesis (Sao Paulo, SP, Brazil). Unless



otherwise stated, all other reagents were the
highest grade from Sigma (St Louis, MO, USA).

2.2 Animal
assessments:

housing and plasma variable

Nagase analbuminemic rats (NAR)
founders were kindly donated by Dr. Eder
Quintdo from the Lipid Laboratory at the
University of S&o Paulo Medical School and were
bred and maintained in the animal facility of our
department. Control rats (SDR, Sprague-Dawley
rats) were from the breeding colony at our
university. The experiments were approved by
the Committee for Ethics in  Animal
Experimentation of the university. Female rats,
12-14 weeks old, were housed at 22 +2°Cona
12 h light-dark cycle. Body masses (mean + SD)
were 286 + 25 g and 216 + 9 g, respectively,
SDR and NAR. The rats had free access to
standard laboratory rodent chow diet (Nuvital
CR1, Parana, Brazil) and water. The
measurements of variables were carried out in
the fed state and/or after 20-h fasting. Blood
samples were taken from the tip of tail for the
determination of triglycerides (Roche diagnostics,
Mannheim, Germany), total cholesterol (Roche
diagnostics, Mannheim, Germany) and free fatty
acids (Wako chemicals, Osaka, Japan) in plasma
using colorimetric enzymatic methods according
to the instructions of the manufacturer. Plasma
insulin levels were measured by
radioimmunoassay as described elsewhere (28)
and blood glucose with a portable analyzer
(Accu-Chek Advantage, Roche Diagnostic,
Switzerland).

2.3 Glucose tolerance test (GTT):

Fasted rats were intraperitoneally injected
with glucose (2 g/kg body weight). Blood samples
were taken from the tip of the tail before (0 min)
and after (30, 60 and 120 min) the glucose
injection for the determination of blood glucose.
The glucose response to GTT was calculated as
the area under the glucose curve of each rat
(Microcal Origin 8.0, Northampton, MA, USA).
Another set of animals were used to measure
plasma insulin and glucose levels at time points
(0, 15 and 60 min) during the GTT.

2 4 Insulin tolerance test

Fasted rats were intraperitoneally injected
(1.5 Ulkg body weight) with human recombinant
insulin (Biohulin®, Biobras, Sao Paulo, Brazil).
Blood samples were taken from the tip of the tail
before (0 min) and after (4, 8, 12, 16 and 20 min)
the insulin injection for blood glucose analysis.

2.5 Islet isolation, static insulin secretion and islet
insulin content

Islets were isolated by collagenase
digestion of the pancreas. For static incubations,
four islets from each group were first incubated
for 30 min at 37 °C in Krebs-bicarbonate (KBR)
buffer with the following composition (in mM): 115
NaCl, 5 KCl, 2.56 CaCl,, 1 MgCl,, 10 NaHCO;,
15 HEPES, supplemented with 5.6 mM glucose,
3 g/L BSA, and equilibrated with a mixture of 95%
0,/5% CO, to give a pH of 7.4. This medium was
then replaced with fresh buffer and the islets
were incubated for 1 h with crescent glucose
concentrations (2.8, 5.6, 8.3, 11.1, 16.7 or 33.3
mM glucose) or with 2.8 mM glucose without or
with: 10 mM leucine, 15 mM alpha-ketoisocaproic
acid (KIC) and 30 mM KCI. At the end of the
incubation period, the insulin content of the
medium was measured by radioimmunoassay
(RIA). For islet insulin content, groups of 4 islets
were collected and transferred to tubes of 1.5 mL.
One mL of deionized water was added to these
samples, followed by sonication of the pancreatic
cells (3 times, 10 sec pulses), and the islet insulin
content was measured by RIA.

2.6 Effects of acute correction of NAR plasma
FFA deficiency on glucose tolerance:

We recently showed, in another study
conducted in parallel (18), that intravascular
albumin injection into NAR elicits an elevation in
NAR plasma FFA levels over time. A complete
abrogation of NAR plasma FFA deficiency was
observed at the 90" min after the albumin
injection. To investigate whether the acute
correction of plasma FFA deficiency rescues the
higher glucose tolerance in NAR, these rats were
injected with albumin (1.3 g/kg, intravenously)
and the intraperitoneal GTT was performed 90
min later, as described above. SDR and NAR
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control groups were injected an isovolume of
saline (2.7 mL perkg).

Table |
Plasma biochemical variables in analbuminemic
(NAR) and control (SDR) rats

SDR NAR
Glucose Fasting 70.4+3.5 69.7+23
Mgd) oy g77:25  os4:38
Insulin  Fasting 0.24 +£0.06 0.29 +0.06
(gmb)  keq 0951011 13:0.12°
TG Fasng 785+117  406.9 343"
Myd)  koy 50048 2607446
Chol  Fastng 67.5:58 2157 +220*
MId) ey sg3ies 1914118
FFA  Fastng 094:01 035003
MM red 06:004 041001

Mean + SEM. TG, triglycerides; Chol, cholesterol;
FFA, free fatty acids. *P < 0.05 vs. SDR. Female NAR
and SDR were paired by age (12 to 14 weeks old)

2.7 The response of liver glycogen content to
short-term fasting:

The livers were harvested after the
decapitation of fed and fasted rats. The fed rats
had full access to food and were sacrificed at
2:00 h. Other groups of fasted rats were
sacrificed after 6 and 14h following food
withdraw. Glycogen was measured by the
phenolsulfuric method (29) in liver samples
(pieces weighting 15-20 mg of the two major
lobules) after KOH digestion and ethanol
precipitation of glycogen. The content of liver
glycogen was calculated against a standard
curve built with D-glucose.

2.8 Glycemic response to pyruvate injection:

The increase in blood glucose after
pyruvate  injection iIs  dependent on
neoglucogenesis flux (30). Fourteen hours fasted
rats were injected intraperitoneally with pyruvate
(29 per kg of body mass). A 0.333 g/mL stock
solution of sodium pyruvate salt (Merck,

Germany) was prepared in saline just before use.
Blood glucose was measured before and after
(15, 30, 60, 90, 120 and 180 min) the injection.
The time to reach peak glycemic value after
pyruvate injection was taken as an index of
glucose augmentation rate in the blood.

2.9 Statistical Analysis:

Data are presented as means + SEM.
Differences among means were assessed by
Student t-test, on-way or two-way ANOVA
followed by the Newman-Keuls post-hoc test.
Mann-Whitney test was used for non-parametric
data. Correlation was assessed by Person
coefficient. The significance level was set at P <
0.05in all tests.

3. RESULTS

Plasma levels of lipids, glucose and insulin
from fasted and fed rats are reported in Table 1.
NAR show higher plasma levels of triglycerides
and cholesterol irrespective of feeding state (p <
0.05), while FFA levels were lower in both fed
and fasted NAR than SDR (P < 0.05). Plasma
glucose did not differ between NAR and SDR.
Insulinemia was higher in fed NAR than in fed
SDR (P < 0.09), but there was no difference
between groups in the fasted state (Table 1).

An intraperitoneal GTT revealed a higher (P <
0.05) glucose tolerance in NAR than in SDR
(Fig.1A and 1B). The insulinemic response
during GTT was also assessed at the 0, 15 and
60 min time points. NAR presented higher (P <
0.05) insulinemia at the 15" and 60™ min after the
glucose load (Fig. 1C). The peripheral insulin
sensitivity, as indicated by glycemic decay after
the intraperitoneal injection of insulin (ITT), did
not differ between NAR and SDR (Fig. 2). These
data suggest that the higher glucose tolerance in
NAR seems to be caused by enhanced GSIS.
Therefore, we measured insulin secretion rates
from pancreatic islets isolated from both groups
of rats. Figure 3A shows the pattern of static
insulin secretion in response to increasing
concentrations of glucose (2.8 — 33.3 mM). NAR
presented an increased insulin secretion in
response to all concentrations of glucose tested
(P=<0.05).
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Figure 1. Enhanced glucose tolerance and insulin
response to a glucose load in NAR. Mean + SEM.
A, blood glucose responses to intraperitoneal glucose
tolerance test (GTT). B, area under the curves (AUC)
of blood glucose during GTT. C, plasma insulin levels
during the GTT. * P < 0.05 vs. SDR.
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These in vitro data are in agreement with the
enhanced insulin response to the glucose load
observed in vivo (Fig. 1C). The total content of
insulin per islet was not different between NAR
and SDR, respectively, 47.5 +4.7 and 494 £+ 6.0
ng/islet.
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Figure 2. Blood glucose response to the insulin
tolerance test (ITT). Nearly identical decay in
glycemia after intraperitoneal injection of insulin
between SDR and NAR.

We also evaluated the effect of L-leucine on
insulin secretion (Fig. 3B). L-leucine is known to
stimulate insulin secretion by two mechanisms;
firstly, by L-leucine catabolism, and secondly by
allosteric activation of glutamate dehydrogenase
(GDH) that promotes an increase in the formation
of a-ketoglutarate from glutamate (i.e.
anaplerosis) (31, 32). We found higher insulin
secretion from NAR islets (p < 0.05) upon L-
leucine stimulation (Fig. 3B). However, KIC, a
product of L-leucine catabolism that does not
possess the GDH stimulatory action, elicited
similar stimulation of insulin secretion in NAR and
SDR islets (Fig. 3B). Thus, the higher NAR islet
responsiveness to L-leucine arises from its
stimulation of GDH activity. An enhanced insulin
secretion was also observed in NAR islet (p <
0.05) in response to direct membrane
depolarization by KCI (Fig. 3B), a stimuli that
bypass islet nutrient metabolism.
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were pooled together and analyzed with the Pearson
correlation test.

These data on islet insulin secretion seem to
explain the higher in vivo insulinemia in fed NAR
than in SDR (Table 1). It is noteworthy that the
levels of plasma insulin were inversely correlated
(r = -0.68, P < 0.05) with the plasma levels of
FFA when data from fed NAR and SDR were
analyzed together (Fig. 4). In attempt to directly
approach the influence of FFA on the glucose
homeostasis, a GTT was performed after the
correction of NAR plasma FFA deficiency by
injecting the rats with albumin (18). However, this
acute abrogation of NAR plasma FFA deficiency
did not affect the enhanced glucose tolerance in
NAR (Fig. 5).

Since NAR are more tolerant to glucose (Fig.
1) and secretes more insulin (Fig. 3), it is
expected that the metabolism of these animal
relies more on carbohydrate than on fat stores.
Thus, liver glycogen depletion in response to
short-term fasting was evaluated (Fig. 6). Liver
glycogen content does not differ between NAR
and SDR in the fully fed state. Six hours of fasting
induced a nearly 40% depletion in NAR liver
glycogen stores (p < 0.05), while the SDR liver
glycogen content was still unchanged at this time-
point. Prolongation of fasting to 14 hours led to a
marked depletion and a similar content of liver
glycogen between NAR and SDR. These data on
glycogen depletion raised the hypothesis that
gluconeogenesis may
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Figure 5. Acute correction of FFA deficiency in
NAR by intravascular albumin injection does not
restore the enhanced glucose tolerance. A, blood
glucose response to intraperitoneal glucose tolerance
test (GTT) in NAR injected with albumin (NAR
albumin) and experimental controls (SDR and NAR
injected with saline). B, area under the curves of blood
glucose during the GTT. *P < 0.05 vs. other groups.

also be enhanced in order to cope with a greater
carbohydrate utilization in NAR. Indeed, the
injection of the gluconeogenic precursor pyruvate
into fasted rats elicited a faster increase in blood
glucose over time in NAR than in SDR (Fig. 7A).
The peak glycemia was attained earlier in NAR
(30 min) than in SDR (~120 min) (Fig. 7B), thus
indicating a faster gluconeogenenic rate in the
former. The faster decay of glycemia after peak
value observed in NAR may be a consequence of
enhanced islet insulin responsiveness to high
blood glucose (Fig. 1C).
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4. DISCUSSION

In this work we showed that
analbuminemic rats (NAR) display improved
glucose tolerance as a consequence of enhanced
GSIS (Fig. 1C and 3A). The enhanced GSIS
from isolated NAR pancreatic islet was elicited by
both metabolic and depolarizing stimulus (Fig.
3C). Increased in vivo fed insulinemia inversely
correlated with FFA plasma levels (Fig. 4).
Peripheral insulin sensitivity seems not to be
altered in this condition of high plasma
triglycerides and low FFA availability (Fig. 2).

It is known that the glucose intolerance
associated with metabolic diseases can be
improved by interventions such as weight loss,
exercise or pharmacotherapy (33), but very few
conditions/interventions are associated with
improved glucose tolerance above the normal
levels. Exercise trained individuals are good
examples of enhanced glucose tolerance above
normal (34). Generally, these interventions that
improve glucose tolerance in health or in
diseases do so by mainly increasing insulin
sensitivity in target tissues, with no or mild
involvement of pancreatic insulin secretion (33).
Another point is that only rare metabolic states
present enhanced islet insulin secretion above
the peripheral tissue needs, such as the
insulinoma (35), the hypothalamic obesity
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syndrome  (36), and the congenital
hyperinsulinemia (37). These are all unhealthy
abnormal states associated with enhanced insulin
secretion in response to glucose or other stimulus
(e.g. glucagon, pyruvate) and often results in
hypoglycemic crisis (35, 37). The enhanced
insulin secretion in NAR may comprise the first
evidence of a positive compensatory adaptation
of pancreatic islet to cope with a limitation of
oxidative fuels. Lower plasma FFA availability in
NAR could shift substrates partitioning towards
carbohydrate (21).
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Figure 7. Blood glucose response to

intraperitoneal injection of the gluconeogenic
precursor pyruvate (2 g/kg). A, mean +_SEM of
glycemia expressed as percent of pre-injection value.
B, mean £ SEM of the time to achieve peak glycemia
after pyruvate injection. *P < 0.05 vs. SDR at the same
time point (panel A). Mann-Whitney test was used for
data in panel B.

Indeed, our results show greater NAR liver
glycogen depletion (Fig. 6) and enhanced
gluconeogenic flux (Fig. 7) in response to fasting,
both supporting the hypothesis that NAR energy
metabolism rely more on carbohydrate than on



FFA. In addition, a previous study showed that
carbohydrate but not fat feeding can extend the
survival of NAR maintained in cold environment
(17). Therefore, the enhanced GSIS may be
functionally important for NAR fuel metabolism.

Chronic high levels of plasma FFA may
cause insulin resistance and impair GSIS (21,
24). Acute lowering of plasma FFA is
experimentally feasible and impairs insulin
secretion (22, 25, 27), but models to study the
effects of chronic low FFA are lacking. Plasma
FFA deficiency in analbuminemia has long been
known (6, 16). However, our attempt to directly
address this question only indicates that the
acute correction of NAR plasma FFA deficiency
does not affect glucose tolerance (Fig. 5). On the
other hand, the adaptations for enhanced insulin
secretion in NAR seem not to be acutely
reversible since the isolated islets also present
enhanced secretory capacity in the in vitro milieu
(Fig. 3). Thus, the direct investigation of the role
of plasma FFA deficiency on enhanced glucose
tolerance may require a chronic correction of
NAR plasma FFA deficit. Nonetheless, an inverse
statistical correlation (Fig. 4) between plasma
FFA levels and insulinemia strengthens the
hypothesis that a decreased plasma FFA levels
may play a role in the enhanced insulin secretion
in NAR.

It is also important to consider that NAR
also display lower adiposity among their
metabolic abnormalities, so it can not be ruled out
that endocrine signals from adipocytes, such as
leptin and adiponectin, may contribute to the
enhanced insulin secretion.

Hypertriglyceridemia is generally
associated with insulin resistance and type |
diabetes (38). High plasma levels of triglycerides
increases FFA availability to tissues as a result of
their peripheral hydrolysis by lipoprotein lipase.
Overexpression of LPL leads to FFA oversupply
to tissues and cause cellular lipotoxicity and
insulin resistance (39). Shedding light on this
issue, the unique NAR lipidemic phenotype, ie.
simultaneous  hypertriglyceridemia and FFA
deficiency, indicate that hypertriglyceridemia per
se does not negatively affect glucose tolerance
nor insulin sensitivity. So, the relationship
between hypertriglyceridemia and  glucose

intolerance may arise from the fact that
hypertriglyceridemia is generally accompanied by
high levels of plasma FFA.

We conclude that analbuminemic rats
present enhanced carbohydrate metabolism,
namely higher glycogen disposal, neoglucogenic
flux and glucose tolerance. The latter is a
consequence of enhanced insulin secretion in
response to glucose and does not involve
abnormal peripheral insulin sensitivity. The
mechanisms through which analbuminemia
results in enhanced insulin secretion are not
known and deserve further research.
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ARTICLE INFO ABSTRACT

Article history: Congenital analbuminemia is a rare autosomal recessive disorder characterized by a trace level of albumin in blood
Received 9 August 2011 plasma and mild clinical symptoms. Analbuminemic patients generally present associated abnormalities, among
“;“.Z;‘; ':O'A':‘;ifgg:‘,” August 2011 which dyslipidemia is a hallmark. In this study, we show that mitochondria isolated from different tissues (liver,

heart and brain) from 3-month-old analbuminemic rats (NAR) present a higher susceptibility to Ca®* -induced mi-

Ao tochondrial permeabiliy transition (MPT), as assessed by either Ca?-induced mitochondrial swelling, dissipation

PR of membrane potential or mitochondrial Ca>* release. The Ca* retention capacity of the liver mitochondria isolated
Aaleakiedi from 3-month-old NAR was about 50% that of the control. Interestingly, the assessment of this variable in 21-day-old
Nagase rats NAR indicated that the mitochondnial Ca®* retention capacity was preserved at this age, as compared to age-
Calcium retention capacity matched controls, which indicates that a reduced capacity for mitochondrial Ca®* retention is not a constitutive fea- |
Hypoalbuminemia ture, The search for putative mediators of MPT sensitization in NAR revealed a 20% decrease in mitochondrial nitro-
Dyslipidemia sothiol content and a 30% increase in cyclophilin D expression. However, the evaluation of other variables related to

mitochondrial redox status showed similar results between the controls and NAR, ie, namely the contents of re-
duced mitochondrial membrane protein thiol groups and total glutathione, H,0, release rate, and NAD{P)H reduced
state. We conclude that the higher expression of cyclophilin D, a major component of the MPT pore, and decreased
nitrosothiol content in NAR mitochondria may underlie MPT sensitization in these animals,

© 2011 Elsevier Inc. All rights reserved.

1. Introduction Astonishingly, despite the mentioned roles of plasma albumin,
humans and rats are viable with only trace levels of plasma albumin
Due to albumin’s abundance in relation to total plasma proteins, albu- (<1 mg/mL) [7, 8]. Human congenital or familiar analbuminemia is
min exerts a major contribution to total plasma coloidosmotic pressure  a rare autosomal recessive disorder where the primary defects are
and fluid distribution across body compartments under normal physiolo-  mutations in the albumin gene [10]. These mutations result in a lack
gy [1). Many other important roles of plasma albumin are usually less  of liver albumin synthesis and, consequently, very low levels of plas-
highlighted. At nearly 42 mg/mL, plasma albumin is quantitatively the ~ ma albumin. Although congenital analbuminemia is rare among
main plasma free radical scavenger [2]. Nearly 80% of total plasma re-  humans, the understanding of some of its features was aided by the
duced thiol groups and nitrosothiols also reside in albumin molecules  establishment of a colony of mutant Nagase analbuminemic rats
[3]. Owing to its binding properties, albumin can act as a sink, whichcon- ~ (NAR), which closely resemble the human disease [11]. Similar to
fers protection against the toxicity of certain substances, including xeno-  human patients, albumin is not produced in the liver of NAR, which
biotics and also some endogenous metabolites such as bilirubin [1, 4].  ultimately results in a severe plasma albumin deficiency (values as
Prominently, a low level of plasma albumin, which is a common feature  low as 0.042 mg/mL) [9, 12]. In both species, the total plasma protein
of certain diseases, is an independent risk factor for cardiovascular disease  level is slightly below the reference range as the lack of albumin is
and all-cause mortality (5, 6). quite well-compensated by the secretion of other proteins, mainly
globulins [7, 8, 11).
— A hallmark of analbuminemia is an abnormal plasma lipid and Ii-
Abbreviations: SDR, Sprague-Dawley rats; NAR, Nagase analbuminemic rats; FFA.  poprotein profile. NAR and individuals with analbuminemia present

Hret ‘d:;,':‘:r- '“““‘:md‘“' "'"““b:""‘y’:t""“_"“(;m bacodade de itnss 120 levels of triglycerides, cholesterol and lipoproteins [13-15]. A
Corresponding author at: Departamento de Patologia , Faculda iéncias A p X & i
Médicas, Universidade Estadual de Campinas, 13083-887, Campinas, SP, Brazil, Fa. ~ UMIqUe feature of analbuminemic dyslipidemia is a plasma free fatty

+55 193521 9434, acid (FFA) deficiency [13, 14, 16]. Hyperlipidemia is a major risk fac-
E-mail address: anibal@unicamp.br (A.E. Vercesi). tor for many diseases that generally involve lipotoxicity and cellular

1096-7192/3 - see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.ymgme.2011.08.031
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stress [17]. Our group has recently reported on abnormal mitochon-
drial functions in primary hypertriglyceridemic (ApoClll transgenic
mice) and hypercholesterolemic (LDL receptor knockout mice) mice
[18-22]. A common alteration between these two hyperlipidemic
mouse models previously studied by our group is a higher suscepti-
bility to Ca®*-induced inner mitochondrial membrane permeability
transition (MPT) [18, 21]. MPT is a process that can lead to cell
death as it is followed by mitochondrial energy failure and the release
of pro-apoptotic factors from this organelle [23]. MPT is involved in
many pathological processes, which encompass cellular Ca®* over-
load and oxidative stress (e.g., ischemia-reperfusion) [23]. In Ca®*-
loaded mitochondria, the occurrence of MPT is favored by oxidative
stress [24-30], and more recently nitric oxide and nitrosothiols have
emerged as important players in MPT regulation as well [31-33].

In this paper, we aimed at studying mitochondrial (dys)function
in dyslipidemic analbuminemic rats.

2. Material and methods
2.1. Chemicals and reagents

Unless otherwise stated, all utilized chemicals were of the high-
est grade and purchased from Sigma (St. Louis, MO, USA).
Chemical abbreviations: DTNB, 5,5’-dithiobis(2-nitrobenzoic acid).
EDTA, 2,2',2"2"-(ethane-1,2-diyldinitrilo)tetraacetic acid. EGTA,
glycol-bis(2-aminoethylether)-N,N,N',N'-tetraacetic acid. FCCP, car-
bonyl cyanide 4-(trifluoromethoxy) phenylhydrazone. HEPES, 2-[4-
(2-hydroxyethyl) piperazin-1-yl] ethanesulfonic acid. SDS, sodium
dodecy! sulfate. t-BOOH, tert-butyl hydroperoxide.

2.2. Animal housing and plasma variable assessments

NAR founders were kindly donated by Dr. Eder Quintdo (University of
Sdo Paulo Medical School) and were bred and maintained in the animal
facility of our department. Control rats (SDR, Sprague-Dawley rats)
were from the breeding colony at our university. The experiments were
approved by the Committee for Ethics in Animal Experimentation at the
university and are in accordance with the Guide for the Care and Use of
Laboratory Animals published by the National Academy of Sciences.
Rats were housed at 22 + 2 °C on a 12-h light-dark cycle with free access
to a standard laboratory rodent chow diet (Nuvital CR1, Nuvital, Curitiba,
PR, Brazil) and water. Groups of 3-month-old male rats were used for the
measurements described below.

Plasma variable measurements were carried out after 20 h of fasting,
and blood samples were taken from the tip of the tail. Triglycerides
(Roche Diagnostics, Mannheim, Germany), total cholesterol (Roche Diag-
nostics, Mannheim, Germany), total proteins (Bradford reagent, St. Louis,
MO, USA) and free fatty acids (Wako Chemicals, Osaka, Japan) were de-
termined in the plasma using enzymatic-colorimetric methods according
to the manufacturer's instructions. For the remaining experiments with
isolated mitochondria, organs were harvested from fed rats after their
sacrifice by decapitation in the morning (9-10 AM). Livers were also har-
vested from 21-day-old male NAR and SDR rats for mitochondrial isola-
tion after sacrifice by cervical dislocation.

2.3. Mitochondrial isolation, incubation conditions and respirometry

Mitochondria from liver, heart, and brain were isolated by con-
ventional differential centrifugation, as detailed and described else-
where [34-36]. The protein concentration of final mitochondrial
suspensions was determined using a modified Biuret assay. Unless
otherwise stated, all the experiments with isolated mitochondria
were performed at 28 °C in a standard reaction medium (125 mM
sucrose, 65 mM KCl, 2 mM K;HPO,4, 1 mM MgCl,, 10 mM HEPES buff-
er (pH 7.2)) containing a cocktail of NADH-linked substrate (3.4 mM
malate, 1.86 mM «-ketoglutarate, 2.1 mM pyruvate, 2.1 mM
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glutamate). Oxygen consumption was measured using a Clark-type
electrode (Yellow Springs Instruments, Yellow Springs, OH, USA) in
a 1.3-mL glass chamber equipped with a magnetic stirrer and filled
with standard reaction medium supplemented with EGTA
(200 uM). Stimulated respiration by oxidative phosphorylation
(State 3 respiration) was elicited by the addition of ADP to a final
concentration of 300 uM. Phosphorylation efficiency (ADP/O) was
calculated as the molar ratio between the amount of added ADP
and the oxygen consumed during State 3. For all experiments with
functioning mitochondria, the equipments employed had magnetic
stirrers and a temperature-controlled water bath. The final concen-
tration of mitochondrial proteins was 0.5 mg/mL in the respiratory
and MPT assays.

2.4, Assessment of Ca®*-induced Mitochondrial Permeability
Transition (MPT)

In suspensions of isolated mitochondria, cyclosporin A-sensitive
Ca’"-induced MPT results in osmotic swelling, disruption of trans-
membrane electrical potential, and Ca®* release to the medium; all
of which can be spectrophotofluorometrically followed over time.

Mitochondrial swelling was accessed by incubating organelles in
2 mL of standard reaction medium, and the decrease in the absor-
bance of the mitochondrial suspension (measured at 540 nm in a
Hitachi U-3000 spectrophotometer, Tokyo, Japan) was taken as mi-
tochondrial swelling. Specifically for brain mitochondria, the light
scattering (excitation and emission wavelength set at 540 nm) of
the suspension was measured on a Hitachi 4010 spectrofluorometer
(Hitachi, Tokyo, Japan) instead of taking absorbance measurements.

Disruption of the transmembrane electrical potential (Ays) was
evaluated by incubating mitochendria in 2 mL of standard reaction
medium supplemented with safranine (5 uM), and Ayr was assessed
by following safranine O fluorescence changes on a spectrofluorom-
eter (Shimadzu RF-5301 PC, Kyoto, Japan) operated at excitation and
emission wavelengths of 495 and 586 nm, respectively, and slit
widths of 3 nm [37].

Ca** retention capacity was determined in mitochondria incu-
bated in 2 mL of standard reaction medium supplemented with
0.2 uM Calcium Green-5N (Molecular Probes, Invitrogen, Carlsbad,
CA). Levels of external free Ca** were measured by recording the
fluorescence of Calcium Green-5N on a spectrofluorometer (Shi-
madzu RF-5301 PC, Kyoto, Japan) operated at excitation and emis-
sion wavelengths of 506 and 532 nm, respectively, and slit widths
of 5 nm. Three min after the addition of mitochondria (0.5 mg/mL)
to the cuvette, boluses of 5 nmol of CaCl, were sequentially added
every third min until the mitochondria began to release Ca*" into
the medium. The amount of CaCl, added prior to mitochondrial Ca**
release was taken as the mitochondrial Ca® " retention capacity, a quan-
titative approach to compare MPT between groups [38].

2.5, Mitochondrial releasable endogenous Ca®*

Isolated mitochondria were suspended to a final concentration of
1.0 mg/mL in 2 mL of standard reaction buffer supplemented with
2 uM ruthenium red (an inhibitor of the calcium uniporter and mito-
chondrial Ca>" uptake) and 40 uM arsenazo Il (an indicator of exter-
nal free Ca®"). The differential absorbance of arsenazo Il (685-
665 nm) was measured on a dual wavelength spectrophotometer
(DW 2000 Aminco, SLM Instruments, Urbana, IL, USA). After record-
ing the initial differential absorbance of energized mitochondria, mi-
tochondria were deenergized by FCCP to promote the release of
endogenous Ca®* into the medium. The amount of released Ca**
was estimated by EGTA titration considering a 1:1 stoichiometry
under this condition [39, 40].



2.6. Citrate synthase (CS) activity

The conversion of oxaloacetate and acetyl-CoA to citrate and SH-CoA
catalyzed by citrate synthase was monitored by measuring the colorimet-
ric product thionitrobenzoic acid [41]. Liver homogenates (16-20 pg/mL)
were incubated at 30 °C in a buffer containing 50 mM Tris-HCl (pH 8.0),
0.1% Triton X-100, 250 UM oxaloacetate, 50 M acetyl-CoA, and 100 UM
5,5'-dithiobis(2-nitrobenzoic acid). The increase in absorbance at
412 nm was monitored for 6 min using a microplate reader (PowerWave
XS 2, BioTek Instruments, Winooski, VT, USA).

2.7. Mitochondrial hydrogen peroxide release (H>0-)

Mitochondrial suspensions (0.5 mg/mL) were incubated in standard
reaction medium plus Amplex red (10 uM; Molecular Probes, Invitrogen,
Carlsbad, CA) and horseradish peroxidase 1 U/mL. The fluorescence was
monitored over time on a spectrofluorometer (Shimadzu RF-5301 PC,
Kyoto, Japan) operated at excitation and emission wavelengths of 563
and 587 nm, respectively, and slit widths of 5 nm. The slope of the linear
increase in fluorescence over time represents the rate of H,0, released
from isolated mitochondria. A standard curve was built with known con-
centrations of hydrogen peroxide.

2.8. Redox state of mitochondrial pyridine nucleotides

The autofluorescence of reduced pyridine nucleotides (NAD(P)H)
in mitochondrial suspensions (1 mg/mL) was followed on a spectro-
fluorometer (Hitachi F-4500, Tokyo, Japan) operated at excitation
and emission wavelengths of 366 and 450 nm, respectively, and slit
widths of 5 nm. For this assay, rotenone (2 pM) was added to the in-
cubation medium, and 5 mM of succinate was used as an energizing
substrate instead of complex I-linked substrates [22]. As experimental
controls, the prooxidant tert-butyl hydroperoxide (20 pM) was added
to promote the oxidation of NADPH, and the substrate isocitrate
(1 mM) was added at the end of each trace to feed isocitrate dehydro-
genase and re-reduce NAD(P)™ if oxidation had occurred. Known
amounts of NADPH were added as a reference [22].

2.9. Glutathione levels

Glutathione (GSH) and oxidized glutathione (GSSG) were mea-
sured in isolated mitochondria by following the enzymatic recycling
method described by Teare et al. [42]. Briefly, 250 pg of mitochondrial
proteins were suspended to a final volume of 25 pL in water, and then
a solution (1:1 ratio) of sulfosalicilic acid (11%) and Triton X-100
(0.11%) was added to these samples. After a brief incubation for
5min at 4 °C under continuous shaking, the samples were centri-
fuged at 10,000 g for 10 min (4 °C), and the supernatant was saved
for subsequent analyses of glutathione levels. To measure only oxi-
dized glutathione, 10 uiL of this supernatant were added to 110 uL of
a reduced glutathione masking buffer (phosphate buffer (100 mM),
EDTA (1 mM), 2-vinylpyridine (1.1%), pH 7.4) and incubated for 1h
at room temperature. The samples prepared for GSH and GSSG were
then subjected to enzymatic recycling analyses in a recycling buffer
system containing NADPH (300 uM), DTNB (225 uM), glutathione re-
ductase (1.6 U/mL) and EDTA (1 mM) in 100 mM phosphate buffer
(pH 7.4). The linear increase in absorbance at 412 nm over time was
monitored using a microplate reader (PowerWave XS 2, BioTek In-
struments, Winooski, VT, USA). A standard curve was built with
known amounts of GSH and GSSG.

2.10. Reduced thiols of mitochondrial membrane proteins
The content of reduced thiols of mitochondrial membrane pro-

teins was measured using the DTNB method, as detailed and de-
scribed elsewhere [43, 44].
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Table 1
General characteristics of SDR and NAR
SDR NAR

Body mass (g) 437 +47 357+50"
Liver mass (g/100 g) 36+04 45+£06
Plasma protein (g/L) 60.7+3.9 453+65"
Triglycerides (mg/dL) 708+30.2 1121+333"
Cholesterol (mg/dL) 76.7 £240 161.1 = 30.9f
FFA (mEq/L) 1.09+031 030005

Mean + SD. Liver mass was normalized by total body mass (g/100 g). Triglycerides and
cholesterol levels were measured in blood plasma. FFA: plasma free fatty acid (mEg/L).
N=10to 20.

* P<0.05.

2.11. S-nitrosothiols (S-NO)

The content of mitochondrial S-NO was determined using a mod-
ified Saville assay, as detailed by Park and Kostka [45] and Leite et al.
[32].

2.12. Cyclophilin D expression

The abundance of cyclophilin D in mitochondrial suspensions was
analyzed by western blotting. Ten micrograms of sample proteins
were electrophoretically resolved in 12% acrylamide SDS-PAGE gel
(150 V for 70 min), The proteins were then cold electrotransferred
to nitrocellulose membranes (100V for 90 min). Thereafter, we
strictly followed the western blot protocol provided for the primary
cyclophilin-D monoclonal antibody (MitoScience, Eugene, OR, USA).
Briefly, the membrane was incubated with the primary antibody
(1:1000 dilution in Tris-base saline plus 1% defatted milk) for 2 h at
room temperature, The membrane was developed by a colorimetric
method (amplified alkaline phosphatase immunoblot kit, Bio-Rad,
Hercules, CA, USA) after incubation with the secondary biotinylated
anti-mouse antibody (1:1000 dilution; ab6788, Abcam, Cambridge,
MA, USA). The relative optical densities of bands were analyzed
using the gel tool of the software Image J (N.LH., USA). As a loading
control, the samples were electrophoresed, and the gel was silver
stained (Pierce Silver Stain Kit, Thermo Scientific, Rockford, IL, USA)
for total proteins.

2.13. Statistical analyses

Data are expressed as mean4 SD. The normality of data was
assessed using Shapiro-Wilk's test, and the differences between the
groups were analyzed using Student's t-test. The significance level
was set at P<0.05. All tests were performed using the software Sig-
mastat 3.1 (Systat, San Jose, CA, USA).

3. Results
Some characteristics of NAR and SDR are shown in Table 1, NAR

presented a lower body mass, total plasma proteins and plasma FFA
levels while liver masses, plasma cholesterol and triglycerides were

Table 2
Liver mitochondrial respiration and phosphorylation efficiency.
SDR NAR
V4 (nmol O/mg/min) 98436 89432
V3 (nmol O/mg/min) 62.1+26.3 6744273
RCR 69+23 77421
ADP/O 2.52+038 2.56+0.38

Mean =+ SD. The maximal respiration rate (V3) was elicited by ADP 300 uM. The resting
respiration rate (V4) was considered the state after all of the added ADP had been
phosphorylated. RCR, ratio between V3 and V4. Phosphorylation efficiency (ADP/O) is
the ratio between the amount of added ADP and the amount of oxygen consumed to
phosphorylate all the added ADP. N=14.
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Fig. 1. Representative traces of Ca® ' -induced swelling in isolated mitochondria from liver and brain. SDR, Sprague-Dawley control rats. NAR, Nagase analbuminemic rats. A, calcium-induced
swelling in liver mitochondria, N =13. B, calcium-induced swelling in brain mitochondria, N=5. Where indicated, EGTA (200 uM) or cyclosporin A (1 pM) was present as an experimental

control. In A and B, the lower the ordinate value is, the higher the mitochondrial volume is.

increased. These characteristics are typical for the NAR phenotype
and have also been reported by others [11, 46]. Table 2 depicts resting
(V4) and ADP-stimulated (V3) liver mitochondrial respiration, the re-
spiratory control ratio (RCR), and the phosphorylation efficiency
(ADP/O ratio). None of these mitochondrial respiratory variables sig-
nificantly differed between the NAR and SDR. Citrate synthase activity
was assayed in liver homogenates as a marker of mitochondrial den-
sity in the tissue. Nearly identical values for citrate synthase activity
were observed between the SDR and NAR, respectively, 131.24-8.84
and 123.0 4+ 9.0 mU/mg.

Figs. 1 and 2 show representative experiments conducted to as-
sess MPT in mitochondria isolated from liver, brain and heart. In
Fig. 1A and B, the swelling assay for MPT revealed that NAR liver
and brain mitochondria undergo more extensive swelling than organ-
elles from SDR when incubated in the presence of micromolar Ca*
concentrations. Under similar incubation conditions, the safranine
fluorescence assay for mitochondrial transmembrane electrical po-
tential depicts an earlier disruption of transmembrane electrical po-
tential for NAR heart mitochondria compared to SDR heart
mitochondria (Fig. 2). The MPT inhibitor cyclosporin A (CsA) and
the Ca** chelator EGTA were used as experimental controls, and
these conditions are shown in the figures. Full inhibition of MPT in
brain mitochondria requires the use of cyclosporin A plus ADP [38].
Under our experimental conditions, MPT results in minor changes in
absorbance or light scattering of heart mitochondrial suspensions,

Heart
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Fig. 2. Representative traces of Ca* " -induced dissipation of heart mitochondrial trans-
membrane potential (AW), N=4, Where indicated, EGTA (200 pM) or cyclosporin A
(1pM) was present as an experimental control. In this assay, the lower the safranine
fluorescence signal was, the higher the mitochondrial AW was, The uncoupler FCCP
was added at the end to dissipate the mitochondrial AW.

Ca”" concentration was 60 uM.
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Ca®* concentration was 20 UM in both assays

so the safranine fluorescence assay for mitochondrial transmembrane
electrical potential was conducted instead. Thus, these assays indicate
that NAR mitochondria from different tissues were more susceptible
to Ca**-induced MPT.

After the initial screening for MPT susceptibility across tissues,
more in depth studies on the mechanisms of MPT sensitization in
NAR were conducted with isolated liver mitochondria. The mitochon-
drial Ca®* retention capacities are shown in Fig. 3. A representative
raw experiment is depicted in Fig. 3A. A nearly 40% lower Ca®™ reten-
tion capacity was observed for NAR liver mitochondria compared to
SDR (Fig. 3B). Under basal incubation conditions, the amount of re-
leasable endogenous Ca" upon mitochondrial deenergization by
FCCP did not significantly differ between the NAR and SDR liver mito-
chondria (2.64 4+ 0.67 and 3.24 + 0.69 nmol/mg, respectively), which
indicated that the difference in the Ca®* retention capacity between
the groups upon exogenous Ca®" challenging is not associated with
different levels of preloaded Ca®" into the organelles. To address
the question of whether a plasma albumin-bound substance could
leak into NAR cells and promote mitochondrial toxicity, experiments
were also conducted in the presence of exogenous albumin. Under
these experimental conditions, the NAR mitochondria still displayed
a lower Ca®™ retention capacity (Fig. 3C). To investigate the hypoth-
esis that the lower Ca®* retention capacity was not a constitutive al-
teration present in NAR, we assessed this variable in 21-day-old rats
(Fig. 3D), and no significant difference was observed at this age
when compared to age-matched SDR.

Because young NAR (21-day-old) did not present MPT sensitiza-
tion and oxidative stress is strictly involved in the MPT process [25-
30], we evaluated whether MPT sensitization in NAR could result
from a more oxidizing mitochondrial environment. Fig. 4A shows rep-
resentative traces of mitochondrial NAD(P)H autofluorescence over
time. Neither mitochondria from NAR nor SDR displayed spontaneous
NAD(P)H oxidation over time, and a similar recovery of NAD(P)H
fluorescence was also observed when mitochondria were challenged
with tert-butyl hydroperoxide, which is metabolized by the glutathi-
one peroxidase/reductase system at the expense of NADPH [47]. The
rate of H,0, release from mitochondria did not differ between organ-
elles isolated from NAR and SDR (Fig. 4B). Also, the content of mito-
chondrial membrane-protein reduced thiols and total mitochondrial
glutathione were not different between the NAR and SDR, Figs. 4C and
D, respectively. Fig. 4E depicts the significantly lower content of nitro-
sothiols in NAR mitochondria compared to the control (~20%, P<0.05).

Last, we assessed mitochondrial cyclophilin D (CyD) protein ex-
pression, a major protein involved in the MPT process [48, 49]. West-
ern blot analyses, which are shown in Fig. 5, revealed that CyD
expression was approximately 30% greater (P<0.05) in NAR mito-
chondria compared to SDR.
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Fig. 5. Mitochondrial cyclophilin D (CyD) protein expression. Protein (10 ug) from
isolated liver mitochondria was electrophoresed in SDS-PAGE gel and subsequently
western blotted for CyD. A, means+SD of relative optical densities of CyD bands,
N=4. B, as sample loading controls, samples were electrophoresed in SDS-PAGE
gel. The gel was subsequently silver stained for total proteins (means + SD of relative
densities of the silver stained lanes were 100 = 13 and 92 + 21% for the SDR and NAR,
respectively).

4, Discussion

In this work, we show that mitochondria from analbuminemic rats
present a higher susceptibility to Ca**-induced permeability transi-
tion, which was associated with a nearly 20% depletion of nitro-
sothiols and overexpression of mitochondrial CyD in liver
mitochondria (Figs. 4E and 5). A higher propensity for MPT opening
was also observed in mitochondria isolated from NAR brain and
heart (Figs. 1 and 2). Although MPT is a well-characterized process
in in vitro systems (e.g., isolated mitochondria and cells), its relevance
in physiology and diseases has gained experimental support only in
the last few years [49]. There is a growing body of evidence that
MPT opening contributes to tissue degeneration/dysfunction in a va-
riety of diseases [49-51]. However, little is known about the molecu-
lar events through which some physiological and pathological
conditions (e.g., heart failure or physical exercise) affect the Ca®*
threshold for MPT opening [52-55], which make mitochondria more
or less susceptible to Ca®*-induced MPT. CyD is a well- established
component of MPT, and its genetic ablation or pharmacological inhi-
bition (eg., cyclosporin A or analogs) greatly increases the Ca**
threshold for MPT pore opening [48, 49]. Similar to our results, a
higher CyD expression in experimental models for alcoholism [56],
aromatase deficiency [55], heart failure [54] and in subpopulations
of neuronal mitochondria [57, 58] correlates with a higher suscepti-
bility to Ca®*-induced MPT. Moreover, the depletion of the nitro-
sothiol content in NAR liver mitochondria (Fig. 4E) may also
contribute to a higher susceptibility to Ca®"-induced MPT in NAR.
The status of mitochondrial nitrosothiols has been recently demon-
strated to play a role in the MPT process and in mitochondrial and tis-
sue integrity under challenging conditions [32, 59]. Indeed, a recent
report indicates that S-nitrosylation of CyD on cysteine 203 partially
inhibits MPT opening in H,0,-treated cells [33]. Therefore, an alter-
ation of these two variables, known to be critical for MPT regulation,
might explain mitochondrial dysfunction in NAR.

It is insightful that a lack of plasma albumin, an abnormality pri-
marily confined to the extracellular compartment, affects mitochon-
dria. This may comprise a novel finding in the sense that a benign
extracellular disturbance (ie., elicits only mild clinical symptoms)
can over time impair mitochondrial function. To note, 21-day-old
weaning NAR do not present an increased susceptibility to MPT com-
pared to their age-matched controls (Fig. 3D). In the case of NAR, it is
known that several alterations occur secondarily to analbuminemia,

as aforementioned. These alterations along with the primary defect
(i.e., lack of plasma albumin) may interact to predispose NAR tissues
to degeneration, as evidenced by plasma oxidative stress [60], in-
creased plasma liver enzymatic activities [4], and by microscopic
liver pigmentation and glomerulosclerosis with aging [61]. It is im-
portant to highlight that albumin has antioxidant and cytoprotective
properties [62, 63], and a lack of albumin by itself may comprise an
important loss for redox homeostasis not only in plasma. Recent find-
ings indicate that albumin plays a key role as a nitrosothiol trafficking
protein, aiding in the transnitrosation of cellular proteins [64, 65] and
conferring cytoprotection [64, 65]. Because albumin molecules com-
prise ~80% of the total pool of thiols in blood plasma [2], this finding
may have important implications for NAR because these animals also
present very low levels of plasma nitrosothiols [66]. Thus, the deple-
tion of nitrosothiols in NAR mitochondria may be related to the likely
compromised nitrosothiol trafficking in these animals.

The redox regulation of MPT sensitivity to Ca®* load has long been
studied by our group [26-30, 67] (for a comprehensive overview see
Kowaltowski et al. [25]). The oxidation of membrane protein thiols by
mitochondrial reactive oxygen species promotes disulfide bonds and
protein aggregation in the inner mitochondrial membrane, which re-
sults in the assembling of the MPT pore [24, 25, 28, 29, 67]. The redox
state of pyridine nucleotides is especially critical because they pro-
vide the reducing power for H;0; detoxification in mitochondria
[26, 27, 30, 47]. Therefore, we evaluated these and other important
variables related to the mitochondrial redox state, but none of them
differed between NAR and SDR (Fig. 4). The redox profile of NAR mi-
tochondria greatly differs from that of hypercholesterolemic mice
(LDL receptor knockout) mitochondria, which have been previously
studied by our group [21, 22]. The mitochondria from the hypercho-
lesterolemic mice present an inability to sustain a reduced state of
mitochondrial NADPH, and consequently a higher generation rate of
mitochondrial H,0; and susceptibility to Ca®*-induced MPT [21, 22].

With respect to hypertriglycerolemia in NAR, we previously showed
that ApoClIIl transgenic hypertriglyceridemic mice display an increased
resting mitochondrial respiration (i.e., State 4 respiration) and whole
body metabolic rate due to mild mitochondrial uncoupling mediated
by redox activation of mitochondrial ATP-sensitive K™ channels [20].
Despite the hypertriglyceridemia of NAR (Table 1), we did not find sig-
nificant differences for mitochondrial respiratory variables between the
NAR and SDR (Table 2). Similar results were also observed for female
NAR, which have nearly 5-fold higher plasma triglycerides levels than
controls (data not shown). In this context, the main difference between
NAR and ApoClll transgenic hypertriglyceridemic mice is that the latter
also present high levels of circulating FFA [ 18] while NAR instead dis-
play a FFA deficiency (Table I). It is important to note that triglycerides
are not a substrate readily available for peripheral tissues, and their
breakdown to glycerol and FFA is a critical step for the tissue uptake
of plasma triglyceride-derived FFA [68]. Thus, rather than hypertrigly-
ceridemia per se, plasma FFA seem to be the real cause of cellular lipo-
toxicity. In addition, we recently found that intravascular lipolysis is
hampered in NAR [16], which presumably further limits FFA flux into
peripheral tissues.

Overall, our data indicate that the higher susceptibility of NAR
liver mitochondria to Ca**-induced MPT is associated with an in-
creased expression of CyD and lower content of mitochondrial nitro-
sothiols. These alterations sum to the already described subclinical
comorbidities in NAR. The association between the overexpression
of cyclophilin-D and MPT opening propensity is an emerging para-
digm in some diseases and deserves further investigation,
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4. Discussao Geral

Com base nas principais fungdes fisiolégicas descritas para a albumina [1, 3, 5,
6, 57], a auséncia desta no plasma sanguineo imporia varias consequéncias
biol6gicas que poderiam ser agrupadas em trés categorias distintas: i) as
relacionas a alteracdo de pressdo coloidosmoética do plasma e distribuicdo de
fluidos entre o compartimento circulatério e o extravascular; ii) das alteracdes
metabdlicas primariamente relacionadas ao metabolismo de gordura e,
provavelmente, repercussdes sobre o metabolismo de carboidratos, e também
algumas alteracdées enddcrinas; iii) e as relacionadas a integridade celular e
tecidual, uma vez que a albumina tem propriedades antioxidantes e é também
sequestradoras de substancias enddgenas (ex. bilirubina) e exdégenas que séo
potencialmente téxicas [1, 58]. De fato, ha vérias altera¢des organicas descritas na
analbuminemia humana e do rato [12, 14, 16, 18, 59, 60], sendo que muitas delas

se enquadram nestas categorias acima

Os resultados apresentados nesta tese avangam o conhecimento a respeito
das alteracdes secundarias a analbuminemia que se enquadram nas duas ultimas
categorias descritas acima. Primeiro demonstramos no capitulo | que a producao
hepatica de triglicérides € menor no NAR (Fig. 1, pag. 31); isto indica que a
hipertrigliceridemia é provavelmente causada pela menor taxa de remocdo de
triglicérides do plasma. Também obtivemos evidéncias que a auséncia de
albumina no plasma inibe a atividade lipolitica neste compartimento (Fig. 2, pag.
31; Fig. 3, pag. 32). Tal inibicao explica tanto o déficit de FFA plasmatico quanto a

hipertrigliceridemia, uma vez que a remogédo de triglicérides plasmaticos pelos
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tecidos periféricos é dependente da hidrélise dos triglicérides e da posterior

mistura do FFA liberados ao pool de FFA ligados a albumina.

No capitulo Il também mostramos importantes repercussdées metabodlicas da
analbuminemia sobre o metabolismo de carboidratos. E sabido ha bastante tempo
que a disponibilidade de FFA regula a particdo dos lipidios e carboidratos como
substrato energético [61]. FFA plasmatico cronicamente elevado promove
resisténcia periférica a insulina e reducao da utilizacdo de glicose pelos tecidos
periféricos [61, 62]. Os efeitos do FFA plasmatico cronicamente ou agudamente
elevado e do FFA plasmatico agudamente diminuido sobre a secre¢cédo pancreatica
de insulina também s&o descritos na literatura. A secrecao pancreatica de insulina
é prejudicada quando da diminuigdo aguda [63, 64] ou do aumento cronico de FFA
plasmatico [62]. Na condicdo de aumento agudo de FFA plasmatico, se observa
maior secrec¢ao pancreatica de insulina [63, 65]. Uma das alteragbes secundarias
a analbuminemia é o déficit crénico de FFA plasmatico [18, 44]. No entanto, ndo
ha estudos que investigaram os efeitos do FFA cronicamente diminuidos sobre a
secrecao pancreatica de insulina ou sobre o metabolismo de carboidratos,
provavelmente pela auséncia de um modelo experimental adequado. Assim, a
repercussao desta menor disponibilidade de FFA plasméatico sobre o metabolismo
da glicose na analbuminemia era pouco previsivel. Conjuntamente, os resultados
mostrados no capitulo Il indicam que o NAR apresenta metabolismo acelerado de
carboidratos. A resposta do contelido de glicogénio hepatico ao jejum (Fig. 6, pag.
42) e o maior fluxo neoglicogénico (Fig. 7, pag. 42) demonstram que o NAR é
mais dependente de carboidrato como substrato energético do que seu controle.
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Apesar de ndao podermos atribuir estas alteragcdes exclusivamente ao déficit de
FFA plasmatico, o NAR apresentou maior secre¢cdo de insulina em resposta a
glicose (Fig. 1C, pag. 39; Fig. 3, pag. 40) e conseqiientemente maior tolerancia a
glicose (Fig. 1A, pag. 39). Esta hipersecrecdo de insulina em relagdo ao rato
controle SDR € um achado importante, pois somente outras poucas condi¢des
fisiopatolégicas como o insulinoma, a sindrome da obesidade hipotalamica e a
sindrome hipoglicémica estdo associadas a hipersecrecdo de insulina pelo
pancreas [66-68]. No caso da analbuminemia, o provavel significado fisioldégico
destas alteracbes no metabolismo de carboidrato € a compensagdo da menor

disponibilidade dos lipidios (FFA) como substrato energético.

Outra alteracao secundaria encontrada no NAR ¢é a disfungao mitocondrial, que
foi caracteriza no capitulo lll. A maior susceptibilidade a transicdo de
permeabilidade mitocondrial induzida por Ca®* (Fig. 1 e 2, pag. 50) soma-se as
inumeras comorbidades apresentadas pelo NAR e por individuos
analbuminémicos [9, 12, 14, 16, 18, 59, 60, 69-71]. O fato de a analbuminemia
afetar negativamente o compartimento intracelular (i.e. mitocéndrias) é intrigante.
Este achado e outros recentemente publicados na literatura [22, 72-76]
compreendem um novo paradigma sobre fatores que podem afetar a
susceptibilidade a transi¢do de permeabilidade mitocondrial induzida por Ca?*. No
caso do NAR, ha muitas outras alteracbes associadas que nao permitem
interpretarmos que tal disfungéo resulta diretamente da auséncia de albumina
plasmatica. Porém, pelo menos no que diz respeito a deplecao de nitrosotiol nas
mitocéndrias do NAR, a auséncia de albumina plasmatica pode ter um papel mais
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direto [5]. E sabido que aproximadamente 80% do pool de tidis plasmaticos
residem nas moléculas de albumina [7, 8]. O NAR, como nao possui albumina
plasmatica, apresenta também um déficit bastante severo de nitrosotiois
plasmatico [57]. Em fungéo da deficiéncia de albumina e de nitrosotidis no plasma,
é possivel que a deplegao de nitrosotiol mitocondrial esteja relacionada a isto, uma
vez que a albumina parece ter papel importante na transnitrosacdo de proteinas
intracelulares por nitrosotidis extracelulares [4, 5]. A outra provavel explicacao
para a maior susceptibilidade a transicdo de permeabilidade mitocondrial
observada no NAR, & a maior expressdo de ciclofilina D, proteina chave no
processo de transi¢cdo de permeabilidade mitocondrial [29, 38, 77]. O mecanismo
pelo qual a expressédo de ciclofilina D & afetada nesta condicao fisiopatoldgica é
totalmente desconhecido. No entanto, uma maior susceptibilidade a transicao de
permeabilidade mitocondrial também esta associada a maior expressdao de
ciclofilina D em algumas outras altera¢des organicas [29, 73, 74, 76, 78, 79]. Esta
associacdo entre expressdao de ciclofiina D e transicdo de permeabilidade
mitocondrial observada em algumas doencgas € algo novo na literatura e merece

atencao.
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5. Conclusoes

As conclusbes apresentadas abaixo sdo, respectivamente, pertinentes aos

objetivos especificos dos estudos apresentados nos capitulos |, Il e lll.

A taxa de produgéao hepética de lipidios e de liberacao de triglicérides para a
circulagdo n&o contribui para a hipertrigliceridemia do NAR. Contrariamente,
uma menor remogao de triglicérides da circulagdo provavelmente contribui
para tal alteracdo. Propomos que a falta da albumina para agir como um
aceptor de FFA inibe a lipdlise intravascular, que por sua vez prejudica a
hidrélise de triglicérides e sua remogao do plasma.

O NAR apresenta maior toleréncia a glicose e dependéncia nos estoques
hepaticos de glicogénio. Esta maior tolerancia a glicose é atribuida a
hipersecrecdo de insulina quando a ilhota é estimulada pela glicose,
enquanto que a sensibilidade periférica a insulina parece ser similar entre
NAR e seu controle. Pode ser que o metabolismo de carboidrato acelerado
no NAR represente uma adaptacdo compensatéria a menor disponibilidade
de FFA.

O NAR apresenta maior susceptibilidade a transicdo de permeabilidade
mitocondrial induzida por Ca®* que est4 associada & maior expressdo de
ciclofilina D e a deplecao de nitrosotidis mitocondrial. Nao encontramos
evidéncias de outras alteracées mitocondriais, sejam bioenergéticas ou do

estado redox.
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Chapter 7

Safranine as a Fluorescent Probe for the Evaluation
of Mitochondrial Membrane Potential in Isolated
Organelles and Permeabilized Cells

Tiago R. Figueira, Daniela R. Melo, Anibal E. Vercesi,
and Roger F. Castilho

Abstract

The mitochondrial electrical membrane potential (Awy) is the main component of the proton motive force
(Ap) generated across the inner mitochondrial membrane during electron flow through the respiratory
chain. Among the techniques available to assess Ay, methods that rely on the spectrophotofluorometric
responses ot dves are widely emploved tor whole suspensions of isolated mitochondria or permeabilized
cells. Safranine is one of the dves currently used most often for this purpose. Safranine is a lipophilic cat-
ionic dye that undergoes optical shifts upon its potential-dependent distribution between the external
medium and the intramitochondrial compartment and on its stacking to inner mitochondrial membrane
anionic sites. The association between the optical changes of satranine and the membrane potential allows
unknown Awy values to be estimated from an equation describing their relationship. Here, we describe the
use of safranine as a fluorescent indicator of Ay in isolated mitochondria and digitonin-permeabilized cells.
We present suitable conditions to employ safranine as a Ay indicator.

Key words: Bioenergetics, Digitonin, Energy metabolism, Membrane potential, Mitochondria,
Oxidative phosphorylation, Safranine

1. Introduction

The protonmotive force (Ap) across the inner mitochondrial mem-
brane is the energy transduction link between substrate oxidation
and mitochondrial ADP phosphorylation (1). FAD and NAD
coenzymes are reduced during the degradation of glucose and fatty
acids through the glycolytic and B-oxidation pathways, respectively.
These pathways also feed acetyl coenzyme A to the Krebs Cycle,

Carlos Palmeira and Anténio Moreno (eds.), Mitochondrial Bioenergetics: Methods and Protocols, Methods in Molecular Biology,
vol. 810, DOI 10.1007/978-1-61779-382-0_7, © Springer Science+Business Media, LLC 2012
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which accomplishes the remaining degradation of the substrates
and yields further amounts ot reduced FAD and NAD (2). Amino
acids are also broken down and fed into the Krebs cycle. The
reduced coenzymes, NADH and FADH_, deliver electrons to
respiratory chain complexes I and II, resf;cctivcly. Electrons are
then carried from these entry complexes down to complex IV,
where molecular oxygen accepts electrons and is reduced to water.
Respiratory complexes 1, 111, and IV couple the electron transport
to the pumping of H* ions from the matrix to the intermembrane
space (3). This electron transport through the respiratory chain
builds up a resting Ap of approximately —220 mV, which is com-
posed of two thermodynamic potentials: an electrical gradient (Awy)
and a pH gradient (ApH) across the inner mitochondrial
membrane (4). The energy stored as Ap drives the re-entry of
protons through the ATP synthase complex with concomitant
ADP phosphorylation to ATP (5).

In energized nonphosphorylating mitochondria, a Ay of nearly
—-170 mV is by far the largest component of the entire Ap; hence,
the contribution of the ApH component is minor. In an experi-
mental setup with isolated mitochondria, the ApH component of
Ap can be further decreased by adding permeant anions, it desired,
forcing the Ay to increase its own contribution to the Ap (6). Due
to the ease of measurement and the representativeness of Ay to the
entire Ap, Ay is often the only component measured in cellular and
mitochondrial studies that approach questions related to the Ap.

The assessment of Ay will depend on the biological sample
(i.e., 1solated mitochondria, permeabilized cells, and intact cells)
and the instrument employed, such as cation selective electrode,
spectrophotometer, spectrofluorometer, microscope, and flow
cytometer. For the evaluation of Ay in intact cells, the influence of
the plasma membrane potential on the measurements should also
be taken into account (7). When evaluating whole suspensions of
1solated mitochondria or permeabilized cells, the estimation of Ay
usually relies on the distribution of membrane permeant cations
measured by selective electrodes (8, 9) or the spectrophotofluoro-
metric responses of dyes (10). The dyes currently used most often
for this purpose are rhodamine 123 (11) and safranine (12). In our
laboratory, over the last two decades, we have employed safranine
to estimate Ay in mitochondria isolated from plants (13, 14) and
several animal tissues (15-19), and in a variety of permeabilized
cells (20-22).

Safranine is a lipophilic cationic dye that undergoes optical
shitts upon its potential-dependent distribution between the exter-
nal medium and the intramitochondrial compartment and on its
stacking to inner mitochondrial membrane anionic sites (23). The
spectral shifts of satranine elicited by the energized states of mito-
chondria were first described in mitochondrial suspensions by
Colonna et al. (24). The linear association between safranine
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absorbance changes and the membrane potential (as titrated by
increasing extramitochondrial K concentrations in the presence of
valinomycin) allowed unknown Ay values to be estimated by an
equation describing their relationship (12). Later, the fluorescence
quenching of safranine upon Ay generation was investigated in
vesicles and reconstituted proteoliposomes (25, 26). Monitoring
Ay through the fluorescence of safranine allows the use ot a lower
concentration of the dye, and this may represent the main advan-
tage of fluorescence over absorbance measurements (see Notes 1
and 2). In additon, measurement of the safranine absorbance
requires special spectrophotometers that are able to perform dual
wavelength measurements simultaneously (12). Here, we describe
the features of safranine as a fluorescent indicator of Ay in isolated
mitochondria and digitonin-permeabilized cells.

2. Materials

2.1. Isolated Rat Liver
Mitochondria

2.2. PG12 Cell Culture

1. Female Wistar Unib Hannover rats were housed at 23°C on a
12-h light—dark cycle with free access to a standard chow diet
and water.

2. The following potassium-free isolation buffers were prepared
on the day before mitochondrial isolation and stored at 4°C:
Isolation buffer I (250 mM sucrose, 1 mM ethylene glycol-
bis(2-amino-ethylether)- N, N, N', N'-tetra-acetic acid (EGTA),
and 100 mM  4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) butter, pH 7.2); isolation bufter IT (250 mM
sucrose, 0.2 mM EGTA, and 10 mM HEPES bufter, pH 7.2);
and isolation buffer I1T (250 mM sucrose and 10 mM HEPES
buffer, pH 7.2).

1. PC12, a cell line derived from a rat adrenal pheochromocy-
toma, was obtained from ATCC (Rockville, MD, USA).

2. Dulbecco’s modified Eagle’s medium (DMEM) containing
4.5 g/L glucose, with or without phenol red. This medium
was supplemented with 10% horse serum, 5% fetal bovine
serum, 100 U/mL penicillin, and 100 pg,/mL streptomycin.

98]

. Trypsin solution (0.25%) containing 1 mM ethylenediamine
tetra-acetic acid (EDTA), osmolarity 295+5 mOsm /L, and
pH 7.0+£0.2.

4. Phosphate-buftered saline (PBS), pH 7.2, was prepared weekly
and stored at 4°C.

5. A stock solution of digitonin (3.25 mM) was prepared in dim-
ethyl sultoxide (DMSO) and stored at -20°C.

6. The cell cultures were maintained in CO2 incubator.
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2.3. Determination

of the Mitochondrial
Membrane Potential
in Isolated Organelles
or Digitonin-
Permeabilized Cells

1. Standard reaction medium: 250 mM sucrose, 10 mM HEPES
buffer, 200 uM EGTA, 2 mM H,PO,, I mM MgCl , and com-
plex I-linked substrate pool (3.4 mM malate, 1.86 mM a-keto-
glutarate, 2.1 mM pyruvate, 2.1 mM glutamate), pH 7.2, at
28°C. For the experiments with PC12 permeabilized cells, this
medium was supplemented with 0.1% bovine serum albumin.

2. Hyposmotic reaction medium: the same composition was used
as for the standard reaction medium described above, except
that 50 mM sucrose was used instead of 250 mM sucrose.
These reaction mediums were prepared on the day before use
and frozen until use.

~

. Stock solutions: 2.5 mM safranine in water (see Note 3);
40 pg,/mL valinomycin in DMSO; 1 M KCl in water; 50 mM
ADP in water (the pH was corrected with NaOH to 7.2);
2 mg/mL oligomycin in ethanol; 1 mM carboxyatractyloside
(CAT) in water; 1 pM carbonyl cyanide p-trifluorophenylhy-
drazone (FCCP) in ethanol; and-5 mg/mL alamethicin in
ethanol. All of these reagents were stored at -20°C for up to 6
months.

(9]

4. A spectrofluorometer equipped with magnetic stirring and a
temperature-controlled water bath was used. The following
settings were used: high sensitivity, 2 Hz acquisition rate, exci-
tation wavelength 495 nm, emission wavelength 586 nm, and
both slits were set to 5 nm (see Note 4). The temperature was
set at 28°C in all experiments.

u

. A 3-mL cuvette was equipped with a magnetic stirring bar. All
of the experiments were carried out with continuous stirring,.

3. Methods

The cationic dye safranine is distributed across the inner mitochon-
drial membrane (negative inside) according to the Ay. The decay
in intensity of the satranine fluorescence upon mitochondrial ener-
gization arises from the electrophoretic transportation of this dye
from the extramitochondrial to the intramitochondrial compart-
ment. The intramitochondrial accumulation of satranine in the
millimolar range and its stacking to the inner mitochondrial mem-
brane anionic sites are accompanied by spectral changes and fluo-
rescence self-quenching due to the aggregation of safranine into
dimers and polymers (23, 27). Therefore, the dye sample (protein)
ratio may greatly aftect the fluorescence response (26, 28). The
purpose of the experiments shown below was to describe the
response of the safranine fluorescence to ditferent experimental
conditions, as the safranine and mitochondrial concentrations were
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3.1. Determination

of the Mitochondrial
Membrane Potential
in Isolated Organelles

varied in the suspension. In addition, the response of the satranine
fluorescence to different densities of permeabilized cells was
studied. In this way, suitable conditions to employ safranine as a
Ay indicator were determined.

1. Mitochondrial Isolation: Mitochondria were isolated by
differental centrifugation as described by Kaplan and Pedersen
(29). All of the procedures after excision of the liver were
performed either on ice or at 4°C. Briefly, 2-month-old fed
rats were decapitated, and the livers were immediately removed
and stored in 1solation buffer I. After two washes with isolation
bufter I, the liver was finely diced with scissors. Approximately
10 g of tissue was then transferred to the homogenizing potter
(#23, Kontes Glass Co. Vineland, NJ), which was filled to
40 ml with isolation buffer 1. The tissue was thoroughly
homogenized (usually within about ten strokes) while the
homogenizing potter was kept on ice. This-homogenate was
transferred to 40-mL-lidded tubes and centrifuged at 800 x 4
for 10 min. The supernatant thus obtained was then trans-
ferred to a clean tube while avoiding contamination with the
loose pellet. This tube was filled completely with isolation buft-
fer I and centrituged at 7,750 x4 for 10 min. After this, the
supernatant was discarded and the pellet was suspended in
isolation bufter II by gentle mixing with a small paintbrush
and transferred to a clean tube. This tube was filled with isola-
tion buffer IT and centrifuged again at 7,750 x4 for 10 min.
The supernatant was discarded and the pellet was washed by
rinsing once with 400 pl. of isolation bufter ITI. This pellet was
then caretully resuspended in 400 pL of isolation bufter III by
gently mixing with a small paintbrush. Finally, this suspension
was transterred to a clean glass tube and kept on ice until use.
The protein concentration of this suspension was determined
using a modified Biuret assay.

2. Membrane Potential Experiments: The fluorescence reading
(in the time course mode) was started with standard reaction
bufter (2 mL) supplemented with 5 pM safranine in the cuvette
(see Note 5). After a short base line reading was recorded,
mitochondria were added to the cuvette to a final concentration
of 0.5 mg,/mL (Fig. 1a). After the initial fast fluorescence decay
and the establishment of a steady-state signal, the potassium
ionophore valinomycin (40 ng/mL) was added. Thereafter,
KCl was consecutively added to clamp the Ay at decreasing
values. The first three KCI additions were 0.375 mM each, the
next three were 0.5 mM each, and the following four were
0.75 mM each. Between the KCl additions, a steady-state of the
fluorescence was waited to re-establish. After the last KCI addi-
tion, the protonophore FCCP was added to dissipate the Ay.
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3.

The sums of added potassium at each step (0.375,0.750, 1.125,
1.625, 2.125, 2.625, 3.375, 4.125, 4.875, and 5.625 mM)
were used to calculate the Ay according to the Nernst equation:
Ay =60xlog(K /K, ), where K is the intramitochondrial
potassium concentration and K " is the sum of added potas-
sium at each step. K~ was assumed to be 120 mM (see Notes 6
and 7). Although a calibration curve can be built with the absolute
fluorescence intensity of each step and its respective calculated
Ay, comparisons among ditferent conditions (as detailed below)
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Fig. 1. Estimation of the mitochondrial transmembrane electrical potential and the effects of varying the safranine or mitochon-
drial protein concentration on the safranine fluorescence responses. (a) A representative trace of the changes in safranine
fluorescence in response to titration of the electrical potential with KCl additions in the presence of 40 ng/mL valinomycin (V).
The effect of 1.25, 2.5, 5, and 10 uM safranine on the fluorescence response was studied at different concentrations of
mitochondrial protein (Mito; 0.125, 0.5, and 1.0 mg/mL, presented in panels b, ¢, and d, respectively). Calibration curves
were plotted as “AF/F" as a function of the calculated values of Ay, where “F” is the fluorescence after FCCP addition
and “"AF” is “F” minus the steady-state fluorescence after each KCI addition. The data was fitted to a second-order
polynomial equation (solid line), and “X” represents the estimated resting membrane potential. The data shown in the
figure is representative of three independent experiments. a.u. arbitrary units.
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3.2. Effects of Varying
the Concentrations of
Mitochondrial Protein
and Safranine on the
Fluorescence
Response

3.3. Effects

of Mitochondrial
Volume on Membrane
Potential
Measurements

require that the absolute fluorescence be normalized with respect
to the amplitude of fluorescence response under each of these
conditions. To do so, we calculated AE/F, where Fis the fluo-
rescence intensity after the addition of FCCP and AFis F minus
any given fluorescence intensity. Following this, AF/Fwas plot-
ted as a function of the calculated Ay and fitted to a second-
order polynomial equation (Microcal Origin 8.0) (Fig. 1c, filled
circle line).

The membrane potential calibration experiment was carried out
exactly as described above, using varying concentrations of mito-
hondria (0.125, 0.5, and 1.0 mg/mL) and safranine (1.12, 2.5,
,and 10 pM) in the suspension. The calibration curves obtained
at each mitochondria and safranine concentration combination are
plotted in Fig. 1b—d. The results indicate that the sample protein
to safranine concentration ratio can greatly affect the safranine flu-
orescence response. For example, the fluorescence when using too
little safranine (1.12 pM) was not responsive to changes in Ay
when the concentration of mitochondrial protein is high (1.0 mg,/mL),
but it may respond to changes in Ay in the high range (-120 to
—170 mV) if the concentration of mitochondrial protein is decreased
to 0.12 mg/mL. The fluorescence response appears most reliable
over the three mitochondrial protein concentrations studied (0.12,
0.5, and 1.0 mg/ml.) at a safranine concentration at 5.0 pM,
although 2.5 pM safranine may present reliable responses if the
mitochondrial protein is £0.5 mg,/mL. Using 5.0 pM safranine,
the estimarted resting Awys are very close to each other, at -161, -163,
and -159 mV, for mitochondrial protein concentrations at 0.12,
0.5, and 1.0 mg,/mL, respectively.

c
5

The commonly used technique of tetraphenylphosphonium (TPP*)
distribution across the inner mitochondrial membrane to follow
the Ay relies on the assumption ot a given mtramitochondrial vol-
ume (30). The volume is necessary to calculate the intramitochon-
drial TPP* concentration. However, under certain circumstances,
mitochondria can undergo extensive changes in volume (31, 32).
This issue regarding the mitochondrial volume precludes the use
ot'the TPP* technique in some experimental setups. Itis also known
that changes in the mitochondrial volume affect light scattering
(33), hence, the fluorescence intensity of the entire suspension
might also be affected.

To investigate whether changes in mitochondrial volume affect
the fluorescence of safranine, the following experiments were
performed:

1. The extent of mitochondrial swelling induced by a hyposmotic
medium (20% of the standard medium osmolarity) was assessed
by light scattering (excitation wavelength 540 nm, emission
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Fig. 2. The effects of mitochondrial volume on safranine fluorescence. (a) Mitochondria were added to hyposmotic or to
isosmotic standard reaction mediums and the mitochondrial volume was estimated by light scattering. Alamethicin (Alam)
was added where indicated to elicit maximal mitochondrial swelling. (b) Mitochondria were added to hyposmotic or to
isosmotic standard reaction mediums supplemented with 5 uM safranine while the safranine fluorescence was monitored.
ADP, oligomycin (Qligo), and FCCP were added where indicated to alter the mitochondrial energy state. The data shown in
the figure is representative of three independent experiments. a.u. arbitrary units.

wavelength 540 nm, excitation slit 1.5 nm, and emission slit
3.0 nm; low sensitivity was used). After the mitochondria were
added (0.5 mg,/mL final concentration) and the light scatter-
ing leveling oft, 10 pg/mL alamethicin was added to elicit
maximal mitochondrial swelling (Fig. 2a).

2. The - mitochondria were incubated in standard and hyposmotic
reaction mediums supplemented with 5 pM safranine (Fig. 2b). After
the mitochondria were added (0.5 mg/mL final concentration) and
anew steady-state in fluorescence intensity had been established,
the phosphorylation state was induced by adding ADP (300 uM)
and later inhibited using oligomycin (2 pg/mL). FCCP (100 nM)
was added at the end of the experiment to dissipate the Ay.

3. After the addition of FCCP, it is observed slightly higher safranine
fluorescence values under isosmotic conditions than in an hypos-
motic medium. To induce similar mitochondrial volumes under
these experimental conditions, 10 pg/ml alamethicin was added
to the suspensions incubated under both conditions. The data pre-
sented in Fig. 2 shows that the extensive mitochondrial swelling
that occurs in response to the hyposmotic medium (Fig. 2a) only
decreases by less than 10% the total amplitude of the safranine
fluorescence response, i.e., the difference between the fluorescence
measured before and after FCCP addition (Fig. 2b). After alame-
thicin was added to induce maximal mitochondrial swelling, the
slight difference in safranine fluorescence between hyposmotic
and isosmotic conditions was minimized (Fig. 2b).
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7 Safranine as a Fluorescent Probe for the Evaluation of Mitochondrial Membrane...

3.4. Determination
of the Mitochondrial
Membrane Potential
in Digitonin-
Permeabilized Cells

1.

PC12 cell culture: Cultured PCI12 cells were maintained at
37°C and 5% CO, in DMEM containing phenol red and
supplemented with 10% horse serum, 5% fetal bovine serum,
100 U/mL penicillin, and 100 pug,/mlL streptomycin. Because
PC12 cells present a doubling time ot 48-72 h, the cells were
passaged every 2 days and plated in 150-cm? tissue culture
flasks at an initial density of 0.5 x 10° cells/cm?.

. PC12 cell suspensions: After 2 days in culture, PC12 cells from

one flask were washed once in PBS and then incubated with
4 mL of trypsin-EDTA solution at 37°C for approximately
2 min. Supplemented DMEM (10 mL) was added and the
cells were resuspended by pipetting them slowly up and down.
The cell suspension was centrifuged at 2,800 x4 for 3 min in a
15-mL conical tube at room temperature. The supernatant
was discarded and the cell pellet was resuspended in 5 mL of
supplemented DMEM without phenol red, but containing
20 mM HEPES (pH 7.2). The cell number was estimated
using a Nenbawner chamber (see Note 8). Thereafter, the cell
suspension was centrifugedar 2,800 x4 for 3 min; the resulting
pellet was resuspended to a final density of 40 x 10°cells/mL
and aliquoted into 200 pL portions (8 x 10° cells each). These
aliquots were maintained in 0.6 mL microcentrifuge tubes at
room temperature for a maximum of 1.5 h.

. PC12 cell permeabilization: For the experiments, each cell ali-

quot was centrifuged at 1,500 x g for 3 min at room temperature
using a microcentrifuge, the supernatant was discarded and the
pellet was washed once in standard reaction medium. The cell
pellet was resuspended in 1 mL of standard reaction medium
containing 40 pM digitonin, and incubated for 5 min at 28°C
(see Norte 9). Digitonin was used to selectively permeabilize the
plasma membrane (34). Subsequently, the cell suspension was
centrifuged at 1,500 x g for 3 min and resuspended in standard
reaction medium to a final volume of 50 pL (see Note 10).

. Mitochondrial membrane potential measurements in permea-

bilized PC12 cells: The fluorescence reading (in time course
mode) was started with standard reaction medium containing
0.1% BSA, 40 uM digitonin, and 5 uM safranine (see Note 5).
After a short base line reading was recorded (Fig. 3a), 50 uLL of
the cell suspension (PC12) was added to the cuvette to obtain
4% 10° cells/ml in a final volume of 2 mL. After the fast fluo-
rescence decay and the establishment of a steady-state signal,
40 ng/mL valinomycin was added. Thereafter, KCI was added
consecutively. The first three KCI additions were 0.375 mM
cach, the next four were 0.5 mM each, and the final seven were
0.75 mM each. After the last KCI addition, the protonophore
FCCP was added to dissipate the Awy.

. Calibration curve: The sums of the added potassium at each

step (0.375, 0.750, 1.125, 1.625, 2.125, 2.625, 3.125, 3.875,
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Fig. 3. Evaluation of the mitochendrial membrane potential in permeabilized PC12 cells using safranine: The effect of
different cell densities. (a) A representative trace of the changes in safranine fluorescence in response to titration of the
electrical potential with KCI additions in the presence of 40 ng/mL valinomycin. (b) Evaluation of the resulting changes in
membrane potential due to oxidative phosphorylation. (¢) The effects of different cell densities (0.5, 1, 4, or 12 x 108/mL)
on the calibration curve. The data in panel ¢ was fitted to a second- or third-order polynomial equation (solid lines), and
“X" represents the estimated resting membrane potential. The data shown is representative of four independent
experiments. For panels a and b, the cell density was 4 x 10¢/mL. a.u. arbitrary units.

4.625,5.375,6.125,6.875, 7.625, and 8.375 mM) were used
to calculate the Ay according to the Nernst equation, assum-
ing K * to be 120 mM ((32), also see Notes 6 and 7). As
described for isolated mitochondria (see Subheading 3.1, step 3),
a calibration curve was built by plotting the AF/F as a func-
tion of the calculated Ay. Then, the curve was fitted to a poly-
nomial equation (Fig. 3c, filled triangle line).
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3.5. Effects of Varying
the Concentrations

of Permeabilized PC12
Cells on the
Fluorescence
Response

6. To evaluate the oxidative phosphorylation capability of

permeabilized PC12 cells and the reliability of the methodology
in detecting the expected changes in mitochondrial membrane
potential, the experiment shown in Fig. 3b was conducted.
Atfter the cell suspension was added (to a final density of'4 x 106
cells/mL) and a new steady-state in fluorescence intensity had
been established, the phosphorylation state was induced by
adding 400 pM ADP and later inhibited using 10 pM CAT.
FCCP (1 pM) was added at the end of the experiment to
dissipate the Ay. The decrease in Ay elicited by ADP (shown
in Fig. 3b) is valuable as a measure of both: (1) proper cell per-
meabilization, as ADP is not permeable through the cell
membrane; and (2) the ability of the cell mitochondria to
phosphorylate ADP to ATP and therefore their functionality.

. The membrane potential calibration experiment was carried

out using 0.5x10%, 1 x10°,4x10° or 12x 10% PC12 cells/mL.
To obrtain these cell densities, different volumes of permeabi-
lized cell suspension (6.2, 12.5,50, and 150 pl.) were added to
the standard reaction medium containing 0.1% BSA, 40 pM
digitonin, and 5 pM safranine, to a final volume of 2 mL.

. Membrane potential calibration experiments were carried out

as described above (see Subheading 3.4, step 5) using consecu-
tive additions of KCIL. The calibration curves obtained at each
density of permeabilized PC12 cells are plotted in Fig. 3c. The
best fitting curve between second- or third-order polynomial
equatons was considered (Microcal Origin 8.0). The data pre-
sented in Fig. 3¢ shows that the pattern of safranine fluorescence
responses to changes in Ay is dependent on the density of cells in
the suspension. Apart from the likely influence of mitochondrial
coneentration, as shown in Fig. 1b—d, the effects of cell density
on the turbidity of the whole suspension may also contribute to
the observed responses in permeabilized cells. The estimated
resting Ay was —157, -159, —-158, and -158 mV at 0.5x10°,
1.0x10°% 4x10° and 12x10° cells/mL, respectively. Despite a
very similar resting Ay estimated among the conditions, the
densities of 1x10° and 4x10° cells/mL presented better
responses to changes in Ay over the entire range evaluated.

4. Notes

. Our group previously showed that safranine affects mitochon-

drial responses to Ca?*-induced mitochondrial permeability
transition and to oxidative stress (15, 16). These effects
are concentration-dependent and clearly evident when the
concentration of safranine is >5 uM. Figure 4 presents data
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Fig. 4. The effects of safranine on Fe?*-citrate-induced mitochondrial lipid peroxidation
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derived from our previous studies showing the stimulatory
effects of safranine on Ca?* plus phosphate-induced mitochon-
drial permeability transition — as monitored by the swelling
rate (15). Conversely, satranine inhibits Fe?*-citrate-induced
mitochondrial lipid peroxidation (16).

. Satranine at high concentrations (=40 nM) was shown to inhibit

rat liver mitochondrial respiration and energy transter. ADP- and
FCCP-stimulated respiration rates were progressively inhibited
by safranine above 40 pM, whereas state IV respiration was
slightly stimulated by safranine at concentrations higher than
70 uM (23). Safranine (=10 pM) may also slow down the heart
mitochondrial Ca?* uptake rate to a small extent (35).

. Satranine stock solutions should be protected from light. We

usually store satranine stock solutions at —20°C tfor up to 6
months.

. The use of a microplate reader to measure safranine fluores-

cence in the suspension could be considered. However, the
need for efficient stirring of the suspension may preclude the
use of this instrument.

. Small variations in the fluorescence baseline, as are usually

observed when safranine is added to the cuvette separately for
each experiment, can be avoided by instead incorporating safra-
nine into the stock reaction medium used for all the experiments.
The reaction medium containing safranine should be protected
from light. No change in safranine fluorescence was noted when
the reaction medium was maintained at 28-37°C for up to 6 h.
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6.

10.

The mitochondrial membrane potential is calculated according
to the Nernst equation: Ay =60 xlog(K, */K . *), where K *
is the intramitochondrial potassium concentration and K * is
equal to the added potassium. K * is usually assumed to be
120 mM (e.g., Figs. 1 and 3 and ref. 20). The advantage of this
method is that an error in the estimate of K- would cause
only a small error in the estimated membrane potential. If the
K" were in fact 100 mM, Ay would be overestimated by only
5mV (12). K * can also be measured by accessible techniques
it desired (32).

. During the safranine-Awy calibration experiment, some degree

of mitochondrial swelling may occur due to K+ uptake.
Nevertheless, this is not expected to result in an important
variation in the intramitochondrial K concentration because
one compensates for the other. Even though it might comprise
a source of error in the estimation of Ay, the calibration
protocol is rather valuable in assuring that the safranine fluo-
rescence is responding properly to the changes in Ay.

. If cell aggregation is observed, 0.01% DNAse may be added

during the cell trypsinization and washing steps. Cell aggre-
gation can result from the presence of dead cells in the
Suspensions.

. The permeabilization protocol can ditfer among cell types.

Different cells-may require different concentrations of digi-
tonin. Digitonin, when used below the optimal concentrations,
may lead to an undersized initial safranine response due to
incomplete cell membrane permeabilization. Cell staining with
trypan blue may be useful in evaluating the extent of membrane
permeabilization by digitonin. Digitonin should be avoided in
excess as it may lead to a loss of Ay over time due to some
degree of mitochondrial membrane permeabilization (36).

For calibration purposes, the cells must be washed to remove
the cytosolic K after digitonin permeabilization. In our expe-
rience, the higher the cell density, the greater the degree of
unwashed cytosolic K* remaining in the suspensions.
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Figura 1. Massa corporal total e consumo de racao por ratos SDR e NAR machos. A, massa
corporal aos 21, 90 e 180 dias de idade. A massa corporal do NAR foi significativamente
menor que a do SDR em todas as idades, porém o déficit maior foi observado aos 21 dias
de vida. B, consumo de ragao (g) diario relativo a massa corporal do rato. O consumo foi
mensurado durante o periodo de 40-70 dias de vida e ndo foi estatisticamente diferente

entre 0s grupos.
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Figura 3. Teste de tolerancia a gordura. Ratas fémeas em jejum foram gavadas para a
administracdo de 6leo milho (10 mL/kg). Antes e apds a gavagem, amostras de sangue
foram coletadas da ponta da cauda para posterior dosagem de ftriglicérides plasmaticos. A
area sob a curva de triglicérides foi significativamente (~37%, P< 0,05) maior nos NAR do

que no SDR, N =5 em cada grupo.
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Tabela I. Variaveis bioenergéticas mitocondriais

Macho Fémea
SDR NAR SDR NAR

V4 9,8+3,6 8,9+3,2 14,5+4,9 12,8+3,1
(nmol O/mg/min)

V3 62,1+26,3 67,4+27,3 91,7+30,4 100,1+31,6
(nmol O/mg/min)

RCR 6,9+2,3 7,7+2,1 6,5+1,31 7,8+1,12
ADP/O 2,52+0,38 2,56+0,38  2,48+0,39 2,74+0,41

Média + SD das variaveis bioenergéticas obtidas em mitocondrias isoladas de figado de ratos aos 3

meses de idade. O experimento foi conduzido como descrito no capitulo 1ll. V4, respiragao basal.
V3, respiracao estimulada por 300 pM de ADP. RCR, razao V3:V4. ADP/O, razdo entre quantidade
de ADP adicionado e quantidade de oxigénio consumido durante o estado V3. N = 7-14. Nenhuma
variavel se diferiu entre os grupos.
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Tabela Il. indice de oxidacédo de acidos graxos pela mitocondria isolada

SDR NAR
V_Palmitoil-carnitina 26,0+2,01 26,7 £3,36
(nmol Oz/mg/min)
V_Piruvato 456 +7,75 50,5+6,08
(nmol Oo/mg/min)
Razéo 58,1 £9,03 53,4+9,33

V_Palmitoil-carnitina: V_Piruvato

Média + SD da respiragdo estimulada por 300 uM de ADP e suportada pelos substratos
palmitoil carnitina (10 pM) ou Piruvato (5 mM) na presenga de 2 mM de malato. O
experimento foi conduzido com mitocéndrias isoladas de figado de ratas fémeas aos 3

meses de idade, essencialmente como descrito no Capitulo Ill. N = 4 em cada grupo.
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Anexo |

¥ i g
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CEEA/Unicamp
e e

Comissio de Etica na Experimentagdo Animal
CEEA/Unicamp

CERTIFICADO

Certificamos que o Protocolo n® 1407-1, sobre "Fungéo mitocondrial e estresse

oxidativo em modelo de hiperlipidemia por aumento de pipogénese hepatica

em ratos analbuminémicos", sob a responsabilidade de Prof. Dr. Anibal

Eugénio Vercesi / Tiago R. Figueira, esta de acordo com os Principios Eticos na

Experimentagdo Animal adotados pelo Colégio Brasileiro de Experimentacgéo

Animal (COBEA), tendo sido aprovado pela Comissio de Etica na
Experimentagao Animal — CEEA/Unicamp em 29 de novembro de 2007.

CERTIFICATE

We certify that the protocol n® 1407-1, entitled "Mitochondrial function and

oxidative stress in_an analbuminemic rat model of hyperlipidemia_due to

increase liver lipogenesis", is in agreement with the Ethical Principles for Animal

Research established by the Brazilian College for Animal Experimentation
(COBEA). This project was approved by the institutional Committee for Ethics in
Animal Research (State University of Campinas - Unicamp) on November 29,
2007.

Cam Tr;as, 29 de novembro de 2007.

: /74“‘“—% A. W \
(Ba‘ofa. Dra. Ana MALia/A. Géaraldo FétiM onso /

Presidente Secretaria Executiva

CEEAVIB - Unicamp Telefone: (19) 3521-6359
Caixa Postal 6109 E-mail: comisib@unicamp.br
13083-970 Campinas, SP - Brasil http:/iwww.ib.unicamp.br/ceea
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Anexo Il

Servigo Publico Federal

)

Oficio n°437/2004 - CORAD/CNEN Rio de Janeiro, 23 de margo de 2004
Sisdoc-2155/04

Assunto: Registro para aplicagéo em pesquisa
Prezada(a) Senhor(a),

Vimos pela presente informar que foi concedido a V.Sa., um registro para uso de
pequenas quantidades de radioisotopos na area de aplicagdo em pesquisa, registro:
AP-0786, por terem sido cumpridos os requisitos contidos na Norma CNEN-NN-6.01
publicada no D.O.U de 16 de outubro de 1997.

Este registro é vélido por 05 (cinco) anos, a partir da presente data, devendo a
revalidagdo ser requerida com 01 (um) més de antecedéncia, mediante formulario
proprio, disponivel em nosso site www.cnen.gov.br.

Outrossim, esclarecemos que o registro para uso né@o implica necessariamente
na autorizagéo para aquisicéo de radioisétopos, conforme previsto na Norma CNEN-NE-
6.02, sendo apenas um dos pré-requisitos exigidos.

Outros pré-requisitos detalhados nas Normas especificas também devem ser
atendidos de forma a permitir que a CNEN autorize a aquisi¢éo diretamente a entidade
juridica a qual V.S.a. encontra-se vinculado.

Atenciosamente

Maria Helena Maréchal
Coordenadora
Coordenacéo de Instalagbes Radiativas

limo(a). Sr.(a).

" Rua Hélio Leonardi, 127
Cidade Universitaria
Campinas — SP
CEP: 13083-670
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Artigo apresentado no Capitulo I: ndo é necessdria autorizacao pois o
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Artigo apresentado no Capitulo Il: ndo se aplica, pois ainda esta em fase

de analise para a publicagéo

Artigo apresentado no Capitulo lll: segundo informacdes abaixo da editora

Elsevier, (disponivel

http://www.elsevier.com/wps/find/authorsview.authors/rights), o autor tem

direito de incluir o artigo em dissertacdo ou tese.

Our objective

We aim to manage digital rights and brands amidst the structural changes that the
“information society” represents, while at the same time recognizing the shared goals we have
with our customers and authors. These include providing the widest possible distribution of
scientific and medical content and services in a financially sustainable business model.
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What rights do I retain as a journal author*?

o the right to make copies (print or electronic) of the journal article for your own personal
use, including for your own classroom teaching use;

e the right to make copies and distribute copies of the journal article (including via

e-mail) to research colleagues, for personal use by such colleagues for scholarly
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the right to post a pre-print version of the journal article on Internet websites including

electronic pre-print servers, and to retain indefinitely such version on such servers or

sites for scholarly purposes* (with some exceptions such as The Lancet and Cell Press.

See also our information on E#electronic preprints for a more detailed discussion on

these points)*;

the right to post a revised personal version of the text of the final journal article (to

reflect changes made in the peer review process) on your personal or institutional

website or server for scholarly purposes®, incorporating the complete citation and with

a link to the Digital Object Identifier (DOI) of the article (but not in subject-oriented or

centralized repositories or institutional repositories with mandates for systematic

postings unless there is a specific agreement with the publisher. @Click here for further
information);

the right to present the journal article at a meeting or conference and to distribute

copies of such paper or article to the delegates attending the meeting;

o for your employer, if the journal article is a ‘work for hire’, made within the scope of the
author's employment, the right to use all or part of the information in (any version of)
the journal article for other intra-company use (e.g. training);

o patent and trademark rights and rights to any process or procedure described in the

journal article;

the right to include the journal article, in full or in part, in a thesis or dissertation;)

the right to use the journal article or any part thereof in a printed compilation of your

works, such as collected writings or lecture notes (subsequent to publication of the

article in the journal); and

the right to prepare other derivative works, to extend the journal article into

hook-length form, or to otherwise re-use portions or excerpts in other works, with full

acknowledgement of its original publication in the journal.

89


http://www.elsevier.com/wps/find/authorsview.authors/rights

4. Artigo apresentado no Apéndice |: a editora Springer concedeu sob

requisicdo a licenca de o autor incluir o artigo em tese ou dissertacgao.

Abaixo consta a pagina principal do termo de licenga.

SPRINGER LICENSE
TERMS AND CONDITIONS
Nowv 09, 2011

This is a License Agreement between Tiago R Figueira ("You") and Springer ("Springer")
provided by Copyright Clearance Center ("CCC"). The license consists of your order details.
the terms and conditions provided by Springer. and the payment terms and conditions.

All payments must be made in full to CCC. For payment instructions, please see
information listed at the bottom of this form.

License Number 2784910971509
License date Nov 09, 2011
Licensed content publisher Springer

Licensed content publication Springer eBook

Licensed content title Safranine as a Fluorescent Probe for the Evaluation of Mitochondrial
Membrane Potential in Isolated Organelles and Permeabilized Cells

Licensed content author Tiago R. Figueira

Licensed content date Nov 5, 2011

Type of Use Thesis/Dissertation

Portion Full text

Mumber of copies 1

Author of this Springer Yes and you are a contributor of the new work
article

Order reference number

Title of your thesis / Alteracdes Metabdlicas e Mitocondriais na Analbuminemia

dissertation Congénita: estudos em ratos Nagase analbuminémicos-
dislipidémicos

Expected completion date MNowv 2011

Estimated size(pages) 85

Total 0.00 UsD

Terms and Conditions

Introduction

The publisher for this copyrighted material is Springer Science + Business Media. By clicking
"accept" in connection with completing this licensing transaction. you agree that the
following terms and conditions apply to this transaction (along with the Billing and Payment
terms and conditions established by Copyright Clearance Center, Inc. ("CCC"), at the time
that you opened your Rightslink account and that are available at any time at
http://myaccount.copyright.com).

Limited License

With reference to your request to reprint in your thesis material on which Springer Science
and Business Media control the copyright. permission is granted. fiee of charge. for the use
indicated in your enquiry. Licenses are for one-time use only with a maximum distribution

equal to the number that vou identified in the licensing process.

This License includes use in an electronic form. provided it is password protected or on the
university's intranet, destined to microfilming by UMI and University repository. For any

90



