g«"& UNIVERSIDADE ESTADUAL DE CAMPINAS
aY INSTITUTO DE QUIMICA
NG DEPARTAMENTO DE FISICO-QUIMICA

Tese de Doutorado

EFEITO DOS S-NITROSOTIOIS NO BLOQUEIO DA
PEROXIDACAO LIPIDICA

Autora: Fernanda Ibanez Simplicio

Orientador: Prof. Marcelo Ganzarolli de Oliveira

Novembro 2007



FICHA CATALOGRAFICA ELABORADA PELA BIBLIOTECA DO INSTITUTO DE
QUIMICA DA UNICAMP

Simplicio, Fernanda Ibanez.

Si57e Efeito dos S-nitrosotidis no bloqueio da peroxidagao
lipidica / Fernanda Ibanez Simplicio. -- Campinas, SP:
[s.n], 2007.

Orientador: Marcelo Ganzarolli de Oliveira.

Doutorado - Universidade Estadual de Campinas,
Instituto de Quimica.

1. S-nitrosotidis. 2. Oxido nitrico. 3. Peroxidacao
lipidica. I. Oliveira, Marcelo Ganzarolli. Il. Universidade
Estadual de Campinas. Instituto de Quimica. Ill. Titulo.

Titulo em inglés: S-nitrosothiols effect on the blocking of the lipid peroxidation
Palavras-chaves em inglés: S-nitrosothiols, Nitric oxide, Lipid peroxidation

Area de concentragdo: Fisico-Quimica

Titulacao: Doutor em Ciéncias

Banca examinadora: Prof. Dr. Marcelo Ganzarolli de Oliveira (orientador), Prof. Dr.
Anténio José Meirelle (FCM-UNICAMP), Prof. Dr. Licio Augusto Velloso (FCM-
UNICAMP), Prof. Dr. Renato Atilio Jorge (IQ-Unicamp), Prof. Dr. Fred Yukio Fujiwara
(IQ-Unicamp)

Data de defesa: 03/04/2007

il



AGRADECIMENTOS

Ao prof. Dr. Marcelo Ganzarolli de Oliveira pela orientacao.

A prof* Dr* Cldudia de Oliveira do Departamento de Gastroenterologia da
FCM/USP, SP — pelos trabalhos realizados em colaboracao.

Ao prof. Dr. Roberto Etchenique da Universidade de Buenos Aires (UBA)
pela oportunidade de estagiar em seu laboratério na UBA e aprender a técnica
eletroquimica de quantificacdo de 6xido nitrico por um eletrodo de NO.

Aos amigos do Laboratério I-114, Juliana, Maira, Kelly, Fernanda, Gabriela,
Vanessa, Lilian, Jack, pelas discussdes e apoio durante o doutorado, em
especial a Déia e a Maira pelo apoio final.

A minha familia: Manoel, Shirley e Priscila pelo apoio e compreensio.

Aos amigos: Fernanda, Rodrigo e Verdnica, pelo apoio € compreensao.

Ao CNPq pelo suporte financeiro (Processo n. 140702/2003-2).



Curriculum Vitae

1. DADOS PESSOAIS
Nome: Fernanda Ibanez Simplicio
Nacionalidade: Brasileira
Data de nascimento: 22/05/1976, Engenheiro Beltrdo - PR
e-mail: fibasim@yahoo.com.br

2. FORMACAO

2.1. Mestrado
Instituicdo: Universidade Estadual de Maringd (UEM) — Maringé - PR
Area: Fisico — Quimica
Suporte Financeiro: Capes
Periodo: Fevereiro de 2001 — Janeiro de 2003
Orientador: Prof. Dr. Noboru Hioka
Dissertacao de Mestrado: Estudos do Processo de auto-agregacdo de
uma benzoporfirina em misturas de dgua/solvente organico para uso em
terapia fotodinamica

2.2. Graduacao
Instituicao: Universidade Estadual de Maringd (UEM) — Maringé - PR
Cursos: Bacharel e Licenciatura em Quimica
Periodo: Fevereiro de 1997- Dezembro de 2000

3. ARTIGOS PUBLICADOS EM PERIODICOS ARBITRADOS

1) de Oliveira, C. P. M. S.; Simplicio, F. I.; de Lima, V. M. R.; Yuahasi,
K.; Lopasso, F. P.; Alves, V. A. F.; Abdalla, D. S. P.; Carrilho, F. J.;
Laurindo, F. R. M.; de Oliveira, M. G., “Oral administration of S-
nitroso-N-acetylcysteine prevents the onset of non alcoholic fatty liver
disease in Rats”, World Journal of Gastroenterology, 2006, 12
(12):1905-1911.

vii



4.

2)

3)

4)

5)

6)

de Oliveira, C. P. M. S.; Stefano, J. T.; de Lima, V. M. R.; Simplicio, F.
I.; de Mello, E. S.; de S4, S. V.; Corréa-Giannella, M. L.; Alves, V. A.
F.; Laurindo, F. R. M.; de Oliveira, M. G.; Giannela-Neto, D.; Carrilho,
F. J., "Hepatic gene expression profile associated with non-alcoholic
steatohepatitis protection by S-nitroso-N-acetylcysteine in ob/ob mice",
Journal of Hepatology, 2006, 45 (5):725-733.

Bagatin, O.; Simplicio, F. I.; Santin, S. M. O.; Santin Filho, O.,
“Rotagdo de Luz Polarizada por Moléculas Quirais”, Quimica Nova na
Escola, 2005, 21:34-38.

Simplicio, F. I.; Maionchi F.; Santin, O. F.; Hioka N., “Small
aggregates of benzoporphyrin molecules observed in water-organic
solvent mixtures”, Journal of Physical Organic Chemistry, 2004, 17
(4):325-331.

Simplicio, F. L.; Soares, R. R. S.; Maionchi F.; Santin Filho, O.; Hioka
N,. “Aggregation of a Benzoporphyrin Derivative in Water/Organic
Solvent Mixtures: A Mechanistic Proposition”, Journal of Physical
Chemistry A, 2004, 108 (43):9384-9389.

Simplicio, F. I.; Maionchi F.; Hioka N., “Terapia Fotodinamica:
Aspectos Farmacologicos, Aplicacdes e Avancos Recentes no
Desenvolvimento de medicamentos”, Quimica Nova, 2002, 25 (5):801-
807.

MANUSCRITOS SUBMETIDOS

1y

2)

3)

de Oliveira, C. P. M. S.; de Lima, V. M. R.; Simplicio, F. I.; Soriano, F.
G.; de Mello, E. S.; de Souza, H. P.; Alves, V. A. F.; Laurindo, F. R.
M.; Carrilho, F. J.; de Oliveira, M.G., “Prevention and reversion of
nonalcoholic steatohepatitis in ob/ob mice by Snitroso-N-acetylcysteine
treatment, Journal of the American College of Nutrition, submetido
2007.

Simplicio, F. I.; Seabra, A. B.; Souza, G. F. P.; de Oliveira, M. G., “In
vitro inhibition of linoleic acid peroxidation by primary S-
nitrosothiols”, Free Radical Biology and Medicine, submetido 2007.
Simplicio, F. L.; Etchenique, R.; de Oliveira, M. G., “Inhibtion of Low
Density Lipoprotein Peroxidation by Primary S-nitrosothiols”,
submetido 2007.

viii



5. PEDIDOS DE PATENTE ENCAMINHADOS AO INSTITUTO
NACIONAL DA PROPRIEDADE INDUSTRIAL (INPI)

1) Simplicio, F. I; de Oliveira, M. G.; de Oliveira, C. P. M. S., “Uso
e formulagdes de agentes nitrosantes para o tratamento da doenca
gordurosa do figado” P10602397-5, 2006.

2) Simplicio, F. I; Krieger, J. E.; Dallan, L. A. O.; de Oliveira, M.
G., “Processo de incorporacdo de s-nitrosotidis na estrutura de

adesivos cirirgicos que se baseiam na transformacdo do
fibrinogénio em fibrina”, P10404248-4, 2004.

6. CONGRESSOS INTERNACIONAIS E NACIONAIS

Namero de Resumos Publicados em Anais de Reunides Cientificas
Internacionais: 3

Numero de Resumos Publicados em Anais de Reunides Cientificas
Nacionais: 10

7. PREMIO DE MELHOR PAINEL

1) Simplicio, F. I.; Maionchi, F.; Hioka, N., “Efeito de Solventes sobre a
Agregacdo de um Derivado Benzoporfirinico” In: 25* Reunido anual da
sociedade brasileira de quimica, 2002, Po¢os de Caldas.

iX



RESUMO

Titulo: Efeito dos S-nitrosotidis no bloqueio da peroxidacao lipidica
Autora: Fernanda Ibanez Simplicio
Orientador: Marcelo Ganzarolli de Oliveira
Palavras-chaves: S-nitrosotiois, nitrosagdo, peroxidagao lipidica, 4cido linoleico, LDL

Oxido nitrico (‘'NO) produzido endogenamente em humanos é considerado um
antioxidante efetivo na inibi¢do da peroxidacgdo lipidica. Todavia, no plasma e em células
mamiferas, 'NO circula principalmente como S-nitrosotidis primarios (RSNOs). Neste
trabalho, a peroxidagdo in vitro de comicelas do dcido linoleico-SDS (AL-SDS) e da
lipoproteina de baixa densidade (LDL) catalisada por lipoxigenase de soja (SLO), fons Fe
(IT) e Cu (II), foram monitoradas na presenca e na auséncia de trés RSNOs primdrios: S-
nitrosocisteina (CISNO), S-nitroso-N-acetilcisteina (SNAC) e S-nitrosoglutationa (GSNO)
a 37°C. Medidas cinéticas e espectrofotométricas baseadas na formagdo de duplas
conjugadas, adutos fluorescentes oxidados AL-lisina e na deteccdo eletroquimica de "NO
livre, foram utilizadas para mostrar que RSNOs sdo antioxidantes mais potentes que seus
tidis livres correspondentes (RSHs) em codi¢des equimolar. Esses resultados sao
consistentes com o bloqueio da peroxidagdo do AL-SDS e LDL por RSNOs através da
inativacdo dos radicais peroxil/alcoxil (LOO/LO’) e pela transnitrosagio com
hidroperéxidos de AL pré-formado, levando a produtos nitrogenados de AL oxidado, que
foram mostrados pela liberagdo de "NO livre por reducdo com dcido ascérbico. A ac¢do
antioxidante de SNAC e GSNO contra a peroxidacdo da LDL € refletida na quantidade
reduzida de ‘NO livre detectado pela decomposi¢do de RSNOs catalisados por Cu (II) na
presenca da LDL. Esses resultados indicam que RSNOs primdrios enddgenos podem
participar no bloqueio da peroxidacdo lipidica in vivo, ndo somente através da inativacao
primaria dos radicais alcoxil/peroxil mas também através da inativa¢do dos hidroperéxidos
lipidicos pré-formados. A administra¢do oral de SNAC previniu o principio e progressao da
doenca ndo alcodlica do figado gorduroso (NAFLD) em ratos Wistar alimentados com dieta
deficiente em colina e reverteu a NAFLD em diferentes dietas com camundongos ob/ob.
Esses efeitos foram correlacionados positivamente com um decréscimo na concentracio de
hidroperoxidos lipidicos no homogenatos de figado e com habilidade dos RSNOs em

previnir a peroxidacao lipidica do acido linoleico e da LDL in vitro.
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ABSTRACT

Title: Effect of S-nitrosothiols in the blockage of lipid peroxidation
Author: Fernanda Ibanez Simplicio
Adviser: Marcelo Ganzarolli de Oliveira

Keywords: S-nitrosothiols, nitrosation, lipid peroxydation, linoleic acid, LDL

Nitric oxide (‘'NO) produced endogenously in humans is considered an effective
chain-breaking antioxidant in the inhibition of lipid peroxidation. However, in the plasma
and cells of mammals, ‘NO circulates mainly as primary S-nitrosothiols (RSNOs). In this
work, the in vitro peroxidation of linoleic acid-SDS comicelles (LA-SDS) and of low
density lipoprotein (LDL) catalyzed by soybean lipoxygenase (SLO), Fe (II) and Cu (II)
ions, were monitored in the presence and absence of three primary RSNOs: S-
nitrosocysteine (CySNO), S-nitroso-N-acetylcysteyne (SNAC) and S-nitrosoglutathione
(GSNO) at 37 °C. Kinetic and spectrophotometric measurements based on the formation of
conjugated double bonds, fluorescent oxidized LA-lysine adducts and the electrochemical
detection of free NO, were used to show that RSNOs are more potent antioxidants than
their corresponding free thiols (RSHs) in equimolar conditions. These results are consistent
with the blockage of LA-SDS and LDL peroxidation by RSNOs through the inactivation of
peroxyl/alkoxyl (LOOY/LO") radicals and through the transnitrosation with preformed LA
hydroperoxides, leading to nitrogen-containing products of oxidized LA, which were
shown to release free 'NO upon reduction with ascorbic acid. The antioxidant actions of
SNAC and GSNO against LDL peroxidation are reflected in a reduced amount of free NO
detected upon Cu (II)-catalyzed decomposition of RSNOs in the presence of LDL. These
results indicate that endogenous primary RSNOs may play a major role in blocking lipid
peroxidation in vivo, not only through the primary inactivation of alkoxyl/peroxyl radicals
but also through the inactivation of preformed lipid hydroperoxides. Oral administration of
SNAC prevented the onset and progression of nonalcoholic fatty liver disease (NAFLD) in
Wistar rats fed a choline-deficient diet and reversed NAFDL induced by different diets in
ob/ob mice. These effects were positively correlated with a decrease in the concentration of
lipid hydroperoxydes in liver homogenate and with the ability of RSNOs to prevent lipid

peroxidation of linoleic acid and LDL in vitro.
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Nota explicativa

Esta tese é composta de trés manuscritos submetidos a publicacdo e um
artigo publicado, em periddicos arbitrados de circulacdo internacional. A
Doutora Fernanda é a primeira autora em dois destes manuscritos, cujos
resultados foram obtidos pela mesma ao longo de seu projeto de doutorado.
As participacdes dos co-autores destes dois manuscritos envolveram a
realizagdo e interpretagdo de resultados complementares e as orientagdoes da
Dra. Fernanda pelos orientadores no Brasil e em seu estdgio na Universidade
de Buenos Aires. Dra. Fernanda € co-autora do terceiro manuscrito, submetido
ao Journal of the American College of Nutrition e de um artigo ja publicado
no World Journal of Gastroenterology. Estes trabalhos, que envolvem
experimentacio in vivo, contem dados in vitro obtidos pela Dra. Fernanda no
IQ-UNICAMP e resultam de colaboracoes cientificas do orientador com a
Dra. Cldudia PMS de Oliveira, do Departamento de Gastroenterologia da
FCM/USP. Deve-se salientar que a Dra. Fernanda ndo participou de nenhum
dos experimentos in vivo ou da realizacdo e interpretacdo das andlises
histoldgicas e bioquimicas contidas nestes trabalhos, cujo mérito é exclusivo
dos co-autores filiados a Universidade de Sao Paulo. A Dra. Fernanda, porém,
participou da discussdo destes dados juntamente com o orientador e a Dra.
Claudia PMS de Oliveira, para a inclusio de seus dados experimentais nestes
trabalhos. Estes manuscritos e artigos publicados estdo precedidos de uma
breve apresentacdo introdutoria. Estdo incluidos também na tese, dados e

informacoes complementares nao contemplados nos manuscritos e artigos.
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1. Informacoées Introdutorias

1.1. Estresse Oxidativo e Peroxidacdo Lipidica

O estresse oxidativo e a peroxidacdo lipidica em mamiferos podem
levar a inimeras doencgas, como por exemplo, cancer (Bartsch and Nair,
2006), doenca ndo alcodlica do figado gorduroso (de Oliveira et al., 2006 (A);
de Oliveira et al., 2006 (B)) e doenga cardiovascular (Libby, 2002; Witztum e
Steinberg, 2001). O estresse oxidativo é definido como uma condi¢do na qual
o balanco fisiolégico entre as espécies oxidantes e antioxidantes é perturbado
favorecendo as espécies oxidantes e causando danos ao organismo (Cherubini
et al., 2005). A peroxidacdo lipidica (PL) € um processo degenerativo que
afeta a membrana celular, as lipoproteinas e outras estruturas contendo
lipidios sob condi¢bes de estresse oxidativo (Girotti, 1998).

Inicialmente a PL foi estudada devido a deterioracdo oxidativa dos
alimentos (Niki et al., 2005), mas nos ultimos 20 anos a chamada ‘“hipétese
oxidativa” tem sido o foco central nas investigacdes da patogénese da
aterosclerose e de outras doencas. Esta hipdtese considera que a modificagao
oxidativa das lipoproteinas de baixa densidade (LDL) ou de outras
lipoproteinas € central, sendo obrigatdria, no processo aterogénico (Witztum e
Steinberg, 2001). Sabe-se que as particulas de LDL estdo envoltas por uma
molécula de apolipoproteina B (apo B-100) localizada em sua superficie, em
conjunto com fosfolipidios e colesterol nao esterificado, e que elas possuem
um nucleo hidrofébico de ésteres de colesterol e triglicérides que contém
acidos graxos poliinsaturados, sendo esta uma caracteristica que influencia a
suscetibilidade da LDL no processo de modificacdo oxidativa (Camejo and

Hurt-Camejo, 1999). Além disso, a LDL contém antioxidantes lipofilicos,



incluindo o-tocoferol, carotendides e ubiquinol-10 na sua superficie, que
auxiliam na protecio dos componentes lipidicos no nucleo hidrofébico
(Rubbo et al., 2002). A oxidacdao da LDL leva ao consumo dos ésteres de
acidos graxos poliinsaturados como os ésteres dos acidos araquidonico e
linoleico e a geracdo de espécies reativas do derivado lipidico que podem se
ligar covalentemente a apo B (Kawai et al., 2004).

A modificacdo oxidativa das lipoproteinas mediada por células, pode
ser prevenida por antioxidantes (Mladenov et al., 2006; de Oliveira et al.,
2000; Lisfi et al., 2000 e Rubbo e Odonnel, 2005) e € influenciada por metais
(Lynch e Frei, 1995) que podem transitar entre dois estados de oxida¢do como
Cu*/Cu® e Fe**/Fe’*. Além disso, o processo oxidativo inicia uma cadeia de
reacOes radicalares de oxidagdo dos lipidios insaturados da LDL, modificando
a apo B e produzindo mais lipoproteinas ani6nicas modificadas com maior
afinidade pelos macréfagos. O mesmo processo que altera as propriedades da
apo B, também gera produtos fluorescentes com emissdao em 430 nm quando a
excitacdo ocorre em 360 nm (Cominacini et al., 1991).

Os éacidos graxos poliinsaturados sao propicios a sofrerem oxidacao,
devido ao fato de que em sua cadeia carbOnica existem hidrogénios
metilénicos bis-alilicos que sdao mais suscetiveis a abstracdo por radicais
oxidantes do que hidrogénios metilénicos de lipidios saturados, levando essas
moléculas a possuirem uma dupla conjugacdo (apds a oxidacdo) e, portanto
uma absorcdo em 234 nm (Hogg e Kalyanaraman, 1999). Esses dcidos graxos
podem ser oxidados por metais (Qian et al., 2000; Ohyashiki et al., 2002;
Pinchuk e Lichtenberg, 2002) como Cu(Il), Fe(Il) e por lipoxigenases (LOX)
(Belitz e Grosch, 1987). As LOXs sdo encontradas em plantas e animais,
pertencem as familias das dioxigenases e sdo capazes de induzir a peroxidacao

enzimdtica em &cidos graxos que contém um sistema 1-cis,4-cis-pentadieno



(Belitz e Grosch, 1987 e Lapenna et al., 2003) catalisando a sua oxida¢ao aos
correspondentes derivados de hidroper6xidos. Em plantas, os substratos mais
comuns das LOXSs sdo os dcidos linoleico e linolénico que sdo convertidos em
uma variedade de mediadores bioativos envolvidos na defesa da planta, na
germinagdo da semente, no crescimento € no desenvolvimento da planta
(Belitz e Grosch, 1987). Em mamiferos os substratos predominantes da LOX
sdo os acidos araquidonico e linoleico que estdo envolvidos em doengas como
artrite, cancer e aterosclerose (Belitz e Grosch, 1987; Brash, 1999, Lapenna et
al., 2003). Em geral, as LOXs contém um atomo de ferro que estd presente
como Fe™ na forma de enzima inativa e a ativacdo enzimdtica de Fe®* para
Fe’* ocorre através da oxidacdo dirigida, por exemplo pelo hidroperéxido do
acido linoleico. Desta forma, um fato importante da hip6tese oxidativa € que a
inibi¢do da oxidacdo de lipidios deve reduzir a progressao da aterosclerose,
independentemente da redugdo de outros fatores de risco, como 0s niveis
elevados de LDL (Libby, 2002 e Witztum e Steinberg, 2001). A figura 1
mostra as estruturas moleculares da Lipoxigenase de Soja (SLO) e do 4cido

linoleico (AL).
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Figura 1: Estruturas da Lipoxigenase de Soja (SLO) e do 4cido linoleico

(AL).



1.1.1. Iniciacdo, Propagacao e Terminacao da Peroxidacao Lipidica

A 1niciacdo e a propagacdo da peroxidacdo lipidica (PL) s@o mediadas
pelos radicais livres, moléculas muito reativas que tém um elétron
desemparelhado (Rubbo et al, 1996). A terminacdo da PL pode ocorrer com
rearranjos de radicais formados durante as etapas de iniciagdo e propagacao e
também por antioxidantes como, por exemplo, ascorbato (AH") (Mladenov et
al., 2006), a-tocoferol (a-TOH) (de Oliveira et al, 2000 e Lisfi et al, 2000),
oxido nitrico (NO) (Rubbo et al., 2002 e Rubbo e Odonnel, 2005) e
nitrosotiéis (RSNO) (de Oliveira et al., 2006 (A); de Oliveira et al, 2006 (B)).
As etapas de iniciacdo, propagacao e termina¢cdo sem antioxidantes para um
acido graxo poliinsaturado (LH) s3o mostradas nas equacdes abaixo (Hummel

et al, 2006) (1-5):

L-H + oxidante® — L°+ oxidante-H (inicia¢do) (1)
L'+0, —» LOO’ (propagacdo) (2)
LOO"+L-H— LOOH + L° (propagacdo) (3)
L*+L® — produto ndo radicalar (terminacdo) (4)
L* + LOO® — produto nio radicalar (terminacdo) (5)

Uma das caracteristicas dos radicais livres € que reacdes de terminacdo
em que dois radicais livres reagem para formar uma espécie ndo radicalar sdo
extremamente rapidas (Rubbo et al., 1996). Abaixo seguem-se alguns

exemplos de reagdes com antioxidantes nao radicalares como AH e o-TOH



(Equagdes 6 e 7, respectivamente) e radicalar como "NO (Equagdo 8). Rubbo
e colaboradores em 2005, afirmaram que o "NO é um antioxidante mais eficaz
para o bloqueio da PL que os demais antioxidantes nao radicalares citados
acima. As constantes de velocidade (k) de segunda ordem confirmam a
afirmacao (Rubbo e Odonnel, 2005). Além disso, tem-se demonstrado in vitro
que a reacao entre acidos graxos poliinsaturados oxidados (LH) na presenca
de NO formam produtos contendo nitrogé€nio, incluindo nitritos de alquila
(LONO), nitratos de alquila (LOONO e LONO,), epoxinitrito de alquila
(L(O)NO,), nitrohidréxido de alquila (LNO,OH) e nitrolipidios (LNO,) (Lima
et al., 2002).

LOO" + AH — LOOH + A" k=7510M"s" (6

LOO® +0-TOH — LOOH + a-TO° k=2510'M"'s" (D

LOO® + *NO — LOONO k=30.10M's"  ®8)

1.2. Oxido Nitrico (NO)

A descoberta em 1986 por Ignarro e colaboradores (Ignarro et al., 1987)
de que o NO é o fator de relaxamento derivado do endotélio (EDRF),
determinou um aumento muito grande nas pesquisas das propriedades
quimicas e fisiologicas do NO, uma vez que o EDRF ou NO influencia
diretamente o relaxamento arterial. Em 1988, foi descoberto que o NO ¢
sintetizado in vivo a partir L-arginina e que ele estd envolvido em uma série de

fungdes fisioldgicas como vasodilatagdo, inibi¢do da agregacdo plaquetdria e



neurotransmissao e € também um participante ativo no sistema imune (Ignarro
et al., 1987). A figura 2 mostra a formag¢do de NO e L-citrulina através da
oxidacdo da L-arginina sendo esta reacdo catalisada por NO-sintases
(Karpuzoglu e Ahmed, 2006). Estas enzimas foram identificadas como: NOS
endotelial (eNOS) que gera NO na parede endotelial dos vasos sanguineos,
induzivel (iNOS), expressa por macréfagos como uma resposta a infeccoes
bacteriana e viral e neuronal (nNOS), que estd presente em neurdnios, onde o

NO atua como neurotransmissor (Williams, 2003 e Karpuzoglu e Ahmed,

20006).

0> NADP*
NADPH
lﬁIHz COOH \BH/‘ NH, COOH
C—NH,— (CHy),—CH 1 >NO  + C—NH,—(CHy),—CH
NH, NH, ;%%SS 0 NH,
a oxido L
L-arginina e-NOS nitrico L-citrulina

Figura 2: Sintese de 6xido nitrico (NO) pela NOS. Oxido nitrico pode ser
gerado por trés diferentes formas de 6xido nitrico sintases (NOS): induzivel
(INOS), neuronal (nNOS) e endotelial (eNOS). Essas enzimas catalisam a
conversdo da L-arginina em L-citrulina e NO na presenca de nicotinamida
adenina dinucleotideo fostato (NADPH) e tetrahidrobiopterina (BH,). Figura
modificada de Karpuzoglu e Ahmed, 2006 (Karpuzoglu e Ahmed, 2006).

Cullota e Koshland em 1992 escreveram um artigo para a revista
Science, no qual descrevem os efeitos toxicos e também os possiveis efeitos

benéficos do NO, que foi eleito por esta revista como a “Molécula do ano”:



uma molécula simples que unifica a neurociéncia, a fisiologia e a imunologia
e revoluciona o conceito dos cientistas sobre a comunicagdo e a defesa das
células (Culotta e Koshland, 1992). Os pesquisadores Louis J. Ignarro
(Ignarro, 1999), Robert F. Furchgott (Furchgott, 1999) e Ferid Murad (Murad,
1999) ganharam o Prémio Nobel em Fisiologia e Medicina em 1998, apds
terem reunido informagdes importantes sobre a participacdo do NO no sistema
fisiol6gico e imunoldgico dos mamiferos.

Atualmente, sabe-se que o NO exerce papéis reguladores fundamentais
como mensageiro intra e intercelular e € uma das principais espécies
envolvidas na resposta do sistema imune. Os efeitos biologicos do NO podem
ser agrupados em trés categorias: regulador, protetor e deletério (Giustarini et
al, 2003). A participa¢cdo do NO tem sido identificada em um grande nimero
de doencgas como aterosclerose (Patel et al., 2000), cancer (Napoli e Ignarro,
2001) e doenca ndo alcodlica do figado gorduroso (NAFLD) (de Oliveira et
al., 2006 (A); de Oliveira et al., 2006 (B)). Mais recentemente, o NO foi
também identificado como o principal fator envolvido nas propriedades
antiaterosclerdticas do endotélio (Giustarini et al, 2003). Foi demonstrado que
o NO interfere in vitro com eventos chave no desenvolvimento da
aterosclerose, tais como a adesdao de mondcitos e leucdcitos ao endotélio e as
interacdes de plaquetas com as paredes do vaso (Napoli e Ignarro, 2001 e
Cornwell et al., 1994). O NO também diminui a permeabilidade endotelial e
reduz o tonus vascular, diminuindo o fluxo de lipoproteinas para o interior da
parede vascular e inibe a proliferacdao e a migracdo das células musculares
lisas in vitro e in vivo (Sarkar et al., 1995 e Dubey et al., 1995). Resultados
expressivos da acdo protetora que o NO pode exercer na peroxidacao lipidica,
foram obtidos em estudos in vitro que demonstram que o NO inibe a

lipoperoxidacdo através do bloqueio da propagacdo das reacdes radicalares.



Demonstramos mais recentemente que a administragdo por via oral de um
doador de NO ou um S-nitrosotiol como fonte exdgena pode também reduzir
a producdo de hidroperdxidos lipidicos no tecido hepético, bloqueando o
inicio da NAFLD em modelos animais (de Oliveira et al., 2006 (A); de
Oliveira et al., 2006 (B)).

1.2.1. S-nitrosotiois (RSNOs)

Devido ao fato de que a utilizacio do NO gasoso em sistemas
experimentais € muito limitada e que no organismo existem espécies como,
por exemplo, anion superéxido (O,"), que inativa a molécula do NO livre
formando peroxinitrito (ONOO") (Eq. 9), que é um potente oxidante (Violi et
al., 1999) (Equacdo 9), tem-se desenvolvido compostos que prolongam a meia

vida (t;;) do NO no organismo, uma vez que a t, in vivo € muito curta (0,1 —

6 s) (Marcondes et al., 2002).

0-O" + 'N-O — ONOO~ 9)

Estes compostos que tem a capacidade de liberar NO t€m sido
amplamente usados como agentes terapéuticos e como ferramentas
farmacoldgicas na investigacdo do papel do NO na fisiologia e na
patofisiologia de doencas. Mais recentemente, o grande interesse na fisiologia
do NO tem levado ao desenvolvimento de uma grande variedade de novos
doadores de NO (S-nitrosotidis), que apresentam uma série de vantagens
sobre os doadores convencionais (nitroglicerina (NTG) e nitroprussiato de

s6dio (NPS)). A continua exposi¢do a NTG leva a resisténcia e tolerancia a



nitrato que é um problema clinicamente importante que requer um tratamento
descontinuo para garantir a eficdcia do tratamento. O uso prolongado de NPS
em pacientes com funcdo hepatica comprometida € associado com o acumulo
de cianeto e tiocianato que sdo toxicos ao organismo (Zhang e Hogg, 2004).

Desde 1987, a quimica dos S-nitrosotidis (RSNOs) representa uma
parte rica e complexa da quimica dos 6xidos de nitrogénio que auxilia no
entendimento da bioquimica do NO (Zhang e Hogg, 2004). Os RSNOs in vivo
sdo produtos da reacdo entre NO produzido endogenamente com os peptideos
que contem o grupo sulfidrila (R—-SH), sendo estes denominados ti6is. Esta
reacdo de nitrosacdo ocorre quando o NO estda em quantidade suficiente para
interagir com oxigénio molecular (O,) formando a espécie nitrosante (N,O3)
(Equacdao 10 e 11), na seqiiéncia N,O; reage em meio aquoso com RSH
formando RSNO (Equacao 12) (Feelisch et al., 2002 e de Oliveira et al.,
2002).

NO + 02 — N02 (10)
NO+N02—)N203 (11)
N,0; + RSH — RSNO + NO, + H' (12)

Alternativamente, RSNOs podem ser obtidos pela reacdo entre RSHs e

ONOO™ (Equagao 13), sendo ONOO ™ proveniente da reacao 9.

RSH + ONOO™ — RSNO + NO, + H" (13)

A reagdo de transnitrosacdo (Giustarini et al., 2003 e Zhang e Hogg,

2004) ocorre quando o anion tiolato ataca nucleofilicamente o dtomo de



nitrogénio de um S-nitrosothiol, resultando na transferéncia do grupo nitroso

para o tiol (Equagao 14).

RSNO +R’SH — RSH +R’SNO (14)

Um exemplo de RSNO ¢é a S-nitrosoglutationa (GSNO) e a figura 3

mostra que a formac¢do da GSNO pode ser obtida por trés vias (Zhang e Hogg,
2004):

GSNO  *NO +0,

2) .NOT 1
® GSH e *NO )
GS 2 NO, —= N,0; GSH GSNO
GSH
GSSG®

N

GssG 0% “NO - GSH
2 —> ONOO™ 22155, GSNO
Figura 3: Caminhos para a formagdo da S-nitrosoglutationa (GSNO) a partir

da glutationa (GSH), 6xido nitrico (NO) e oxigénio. Modificado segundo
Zhang e Hogg, 2004 (Zhang e Hogg, 2004).
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Uma vez formado, o RSNO pode liberar o NO livre pela quebra
homolitica da ligacdo S-N (Equacdo 15) através de uma decomposicdo
térmica. Esta reacdo pode ser catalisada por metais, principalmente ions
Cu(Il), sendo acelerada pela irradiacdo fotoquimica com luz ultravioleta ou

visivel (de Oliveira et al., 2002).

2RSNO — NO + RSSR (15)

Entre os RSNOs, encontra-se a S-nitroso-L-cisteina (CISNO), a S-
nitroso-N-acetilcisteina (SNAC), a S-nitrosoglutationa (GSNO), a S-nitroso-
N-acetilpenicilamina (SNAP), a S-nitrosopenicilamina e a S-nitrosoalbumina.
Estes diferentes doadores podem apresentar também diferentes velocidades de
liberacdo de NO em processos espontaneos ou de transferéncia de NO para
outros receptores (transnitrosacao) (de Oliveira et al., 2002). A figura 4 mostra

a estrutura molecular da GSNO, CISNO e SNAC.

NH, 0 NH, 0
HOME OH HOWH\/S N
N/ﬁ( “NO HO
N hig
0 0 0 0
S i
11]0 NO
GSNO CISNO SNAC

Figura 4: Estrutura molecular da S-nitrosoglutationa (GSNO), S-
nitrosocisteina (CISNO) e S-nitroso-N-acetilcisteina (SNAC).
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Os RSNOs sao classificados como “primarios” quando o atomo de
enxofre € ligado a um &dtomo de carbono primdrio, diferentemente, por
exemplo, da S-nitroso-N-acetilpenicilamina (SNAP), que é amplamente usada
em estudos experimentais e onde o dtomo de enxofre € ligado a um 4tomo de

carbono terciario, fazendo deste composto um RSNO “terciério”.

1.3. Importancia do 6xido nitrico e S-nitrosotiéis no combate a
peroxidacao lipidica (PL) e as doencas relacionadas ao stress

oxidativo

Reacgdes de terminacdo e supressdo da peroxidacgdo lipidica podem ser
controladas por 6xido nitrico (NO) no ambiente extracelular (Giustarini et al.,
2003). O acido linoleico (AL) possui dois hidrogénios metilénicos bis-alilicos
que sdo suscetiveis a abstracdo de hidrogénio por radicais oxidantes. Em uma
oxidac¢do apGs a abstra¢do ocorre a formacdo do radical alquila lipidico (L")
que na presenca de oxigénio (O,) forma o radical peroxila lipidico (LOO"). In
vivo 0 NO pode reagir com o L, mas o O, reage preferencialmente com esta
espécie com velocidade limitada por difusdo, por estar numa concentragdo
substancialmente maior (10 - 100 vezes) em relacdo ao NO. Sendo assim, o
NO reage com LOO® para inibir a peroxidacdo lipidica levando a formacio de
produtos de AL oxidado contendo nitrogénio (LOONO). Na auséncia de NO a
peroxidacgdo lipidica segue até a formagdao do hidroperéxido (LOOH) que é
formado através da abstracdo de dtomos de H de moléculas do AL pelos
radicais LOO®. O LOOH pode reagir com Fe** e formar o radical alcoxila

lipidico (LO") ou reagir com Fe’* e formar LOO’. Este radical LOO® pode

12



novamente abstrair um dtomo H do AL e iniciar uma nova peroxida¢do numa
reacdo em cadeia onde uma maior quantidade de LOOH ¢é formada (Patel, et

al., 2000) .

Como os LOOHs possuem uma forte banda de absor¢do em 234 nm
devido a dupla ligacdo conjugada (Hogg e Kalyanaraman, 1999), sua
formacado pode ser analisada por espectrofotometria UV/VIS. O bloqueio da
propagacdo radicalar por RSNOs pode ocorrer através da reagdo de RSNOs
com LOO® ou com LO® (Equagdes 16 e 17) através de um mecanismo
bimolecular. O destino dos radicais tiila (RS") formados nas reacdes (16) e
(17) é a dimerizacdo através da formacdao de pontes de dissulfeto (RS-SR)

(Equagdes 18 e 19).

LOO®+ RSNO —LOONO + RS’ (16)
LO® + RSNO—LONO + RS* (17)
RS® + RSNO —RS-SR + NO (18)
RS+ RS’ — RS-SR (19)

A figura 5 mostra como o S-nitrosotiol inibe a peroxidagdo lipidica a

partir do acido linoleico e SLO.
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'I \\ 02
/’VT‘
H
2+
2+ SLO--Fe
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LOONO
_Fe3* SLO--Fe>*
/SLO Fe\\ "I \\\ OOH
LA —» / —
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H H H J
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Figura 5: Reagdes de peroxidagdo do 4cido linoleico (LA) via Lipoxigenase

de Soja (SLO).
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2.

Objetivos

I- Avaliar a acdo antioxidante de S-nitrosotidis primdrios nas

peroxidacdes do écido linoleico e da lipoproteina de baixa densidade
(LDL) humana, mediadas por ions Cu (II), Fe(Il) e por lipoxigenase de
Soja (SLO) in vitro.

2- Correlacionar a capacidade antioxidante de S-nitrosotidis in vitro com a

sua a¢do bioldgica no tratamento e reversao da doencga ndo alcodlica do
figado gorduroso (NAFLD) in vivo através da administracao de RSNOs

por via oral em modelos animais.
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3.

Inibicao da peroxidacao do acido linoleico in vitro pelos S-

nitrosotiois primarios

Nesta parte do trabalho, a peroxidac¢do do dcido linoleico (AL) in vitro em
comicelas de SDS (AL-SDS) catalisada por lipoxigenase de soja (SLO) e ions
Fe(1l) e Cu(Il) foi monitorada na presencga e na auséncia de trés S-nitrosotiois
(RSNOs) primérios: S-nitrosoglutationa (GSNO), S-nitrosocisteina (CISNO) e
S-nitroso-N-acetilcisteina (SNAC), a 37°C. Medidas cinéticas e
espectrofotométricas baseadas na formacao da dupla ligagdo conjugada e da
formacdo de adutos fluorescentes através do AL oxidado com lisina,
mostraram que os RSNOs sdo antioxidantes mais potentes que seus tiois
correspondentes (RSHs), em condicdes equimolares. Os resultados obtidos
estdo de acordo com o bloqueio da peroxidagdo lipidica do AL-SDS pelos
RSNOs através da inativacdo dos radicais peroxila/alcoxila (LOO/LO),
levando a produtos nitrogenados do AL oxidado (LOONO/LONO), cuja
formacdo foi demonstrada através da liberacdo de 'NO produzido pela redugéo
destes produtos com dcido ascorbico. Também foi verificado que RSNOs
reagem diretamente com hidroperdxidos através da reagdo de transnitrosagao,
levando também a produtos nitrogenados do AL oxidado. Esses resultados
indicam que RSNOs primérios endégenos podem ter um papel importante no
bloqueio da peroxidacdo lipidica in vivo, ndo somente através da inativagao
primdria de radicais alcoxila/peroxila, mas também pela inativacdo de
hidroper6xidos formados. Estes resultados foram submetidos a publicacdo no
periddico Free radical biology and medicine e se encontram no manuscrito

abaixo.
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Inhibition of Linoleic Acid Peroxidation by S-Nitrosothiols 2

In vitro inhibition of linoleic acid peroxidation by primary S-nitrosothiols

Abstract

Nitric oxide (‘'NO) produced endogenously in humans is considered as an effective
chain-breaking antioxidant in the inhibition of lipid peroxidation. However, in vivo ‘NO
circulates mainly as primary S-nitrosothiols (RSNOs). In this work, the in vitro peroxidation
of linoleic acid-SDS comicelles (LA-SDS) catalyzed by soybean lipoxygenase (SLO), and Fe
(Il) and Cu (II) ions was monitored in the presence and absence of three primary RSNOs: S-
nitrosocysteine, S-nitroso-N-acetylcysteyne and S-nitrosoglutathione at 37°C. Kinetic and
spectrophotometric measurements based on the formation of conjugated double bond and
fluorescent oxidized LA-lysine adducts showed that RSNOs are much more potent
antioxidants than their corresponding free thiols (RSHs), in equimolar conditions. The results
obtained are consistent with the blocking of LA-SDS peroxidation by RSNOs through the
inactivation of peroxyl/alkoxyl (LOO"/LO") radicals, leading to nitrogen-containing products
of oxidized LA, which were shown to release free 'NO upon reduction with ascorbic acid. It
was also found that RSNOs react with preformed LA hydroperoxides through transnitrosation
reactions, leading also to nitrogen-containing products of LA. These results indicate that
endogenous primary RSNOs may play a major role in blocking lipid peroxidation in vivo, not
only through the primary inactivation of alkoxyl/peroxyl radicals but also through the

inactivation of preformed lipid hydroperoxides.

Keywords: Nitric oxide; S-nitrosothiols; Lipid peroxidation; Linoleic acid; Lipoxygenase
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Inhibition of Linoleic Acid Peroxidation by S-Nitrosothiols 3

Introduction

An increasing amount of evidences have demonstrated that oxidative and nitrosative
stresses play a fundamental role in atherosclerosis and in other diseases associated with lipid
peroxidation (LPO) [1-4]. In these cases, it is assumed that free radicals, which normally play
an essential role in metabolic processes, are released from the active site of enzymes,
triggering a cascade of deleterious effects on cells [5]. These effects involve the interaction of
free radicals with metal or organic redox centers and the promotion of irreversible oxidation
reactions beyond the normal catalytic cycles. Once formed, free radicals are also capable of
initiating other radical reactions, which may become self-sustaining through the regeneration
of propagating radicals. It is well established that propagating radicals are involved in the
oxidation of lipids in humans and that this is a key event in the atherosclerotic process. This
conclusion is reinforced by the fact that both primary and secondary lipid oxidation products
are found in human atherosclerotic lesions [6,7].

Under normal physiological conditions, endothelium-derived nitric oxide (nitrogen
monoxide, ‘NO) has multiple physiological functions in humans, like the regulation of
vascular tone in both the systemic and renal circulation [8,9], the prevention of adherence and
aggregation of platelets and monocytes in the walls of blood vessels [10] and the regulation of
the proliferation and migration of smooth muscle cells [11]. In addition to the actions related
to the mediation of signal transduction, via stimulation of guanylate cyclase-mediated cGMP
synthesis, NO was also shown to exert several antiatherogenic properties assigned to its
ability to react directly with free radicals, blocking the propagation of radical reactions. This
protective effect has already been observed in model lipid systems [12,13], low-density

lipoproteins (LDL) [14-16] and cells [17,18], and this effect is supported by several in vitro

20



Inhibition of Linoleic Acid Peroxidation by S-Nitrosothiols 4

studies which have demonstrated the formation of nitrogen-containing products of
polyunsaturated fatty acids (PUFA), including alkylnitrites (RONO), alkylnitrates (ROONO
and RONQO,), alkylepoxynitrite (R(O)NO,), alkylnitrohydroxy (RNO,OH) and nitrolipids
(RNOy), when PUFAs are oxidized in the presence of 'NO. Such products have already been
characterized in other studies by mass spectrometry and can be taken as markers of the in vivo
pro-oxidant and/or antioxidant actions of ‘NO [12,13,19]. These results stimulate new
therapeutic approaches for treating lipid peroxidation-related diseases by enhancing ‘NO
synthesis and/or activity by administration of L-arginine and antioxidants [20]. As an
alternative strategy, compounds that act as NO donors could be administrated as exogenous
NO sources, as already demonstrated for the treatment of hepatic steatosis via oral
administration of the S-nitrosothiol (RSNO) and S-nitroso-N-acetylcysteine (SNAC) [3,4].
RSNOs are peptides or proteins carrying the S-NO moiety and were shown to occur in the
plasma and cells of mammals where they have the same physiological functions of free ‘NO
like vasodilation [21,22], inhibition of platelet activation and aggregation [23,24] and post-
translational modification of protein function [25,26]. S-nitrosoglutathione (GSNO), S-
nitrosoalbumin and S-nitrosohemoglobin, for example, have been considered to be 'NO
carriers and donors in humans and are the focus of several studies both in vivo and in vitro
[27]. Other RSNOs, like S-nitrosocysteine (CySNO) have also been described [3,28] (Fig. 1).
What classifies a RSNO as primary is the fact that the sulfur atom of its SNO moiety is bound
to a primary carbon atom, differently for example S-nitroso-N-acetylpenicillamine (SNAP),
which is widely used in experimental studies and where the sulfur atom is bound to a tertiary
carbon atom, making it a “tertiary” RSNO. Evaluating the antioxidant properties of primary
RSNOs may have an additional relevance, since the lability of ‘NO in primary and tertiary
RSNOs can be different [28-30]. In any case, one of the important characteristics of having

NO carried as RSNOs is its preservation from inactivation caused by reaction with oxygen,
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Inhibition of Linoleic Acid Peroxidation by S-Nitrosothiols 5

leading to nitrite (NO,") and further to nitrate (NO3") [31], which are two of the main end
products of 'NO metabolism. Although several exogenous ‘NO sources (which are not found
endogenously) have been used as antioxidants in LPO studies like organic nitrites [32] and
NONOates [32,33], the protective role of primary RSNOs in blocking LPO reactions remains
largely unexplored.

In this study, the in vitro peroxidation of linoleic acid - sodium dodecyl sulfate
comicelles (LA-SDS) catalyzed by soybean lipoxygenase (SLO) and by Fe (II) and Cu (II)
ions was monitored in the presence and absence of three primary RSNOs: CySNO, SNAC
and GSNO, and of their corresponding free thiols (RSHs), at 37°C. Kinetic and
spectrophotometric data showed that RSNOs can block LA peroxidation more efficiently than
RSHs, by inactivating alkoxyl/peroxyl (LO/LOO") radicals and LA hydroperoxides, (LOOH
= 13-hydroperoxy-octadecadienoic acid, 13-HPODE) through nitration and transnitrosation
reactions. These results, suggest that endogenous primary RSNOs may play a major role in

blocking lipid peroxidation in vivo.

NH, O NH, 0]
HOMIE]I OH WH\/ N
HO S N CH;
N/ﬁ( ~NO HO 3
h T
0] O 0] 0] O
d i
1110 NO
GSNO CySNO SNAC

Fig. 1. Molecular structures of S-nitroso-L-cysteine (CySNO), S-nitroso-N-acetylcysteine

(SNAC) and S-nitrosoglutathione (GSNO).
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Materials and Methods

Ascorbic acid, cysteine (CySH), copper sulfate (CuSOs), ferrous sulfate (FeSO.),
Glutathione (y-Glu-Cys-Glu, GSH), linoleic acid (LLA), L-lysine monohydrochloride (Lys),
malonaldehyde bis(dimethyl acetal) (MDA), N-acetyl-L-cysteine (NAC), phosphate buffer
saline (PBS, pH 7.4), sodium dodecyl sulfate (SDS), sodium nitrite (NaNO,), soybean
lipoxygenase (SLO), fert-butyl hydroperoxide (tBOOH) sodium hydroxide (NaOH)
hydrochoric acid (HCI), mercury chloride (HgCl,) (Sigma/Aldrich, St. Louis, MO) and
sulfanilamide (Merck, Germay) were used as received. All the experiments were carried out

using analytical grade water from a Millipore Milli-Q gradient filtration system.

Synthesis of GSNO, CySNO and SNAC in aqueous solution

Aqueous GSNO solution was prepared by the reaction of GSH with sodium nitrite in
acidic medium as described elsewhere [28,34]. GSNO was obtained as stable reddish crystals
in the pure form and was dried by freeze-drying. Solid GSNO was stored at -20°C. Freshly
prepared GSNO solutions in PBS were used in the experiments. S-nitroso-N-acetylcysteine
(SNAC) and S-nitrosocysteine (CySNO) cannot be precipitated from solution and stored as
dry solids because of their high solubility in water. Therefore, aqueous SNAC or CySNO
solutions were synthesized through the equimolar reaction of NAC or CyS, respectively, with
NaNO; in acidified aqueous solution freshly prepared. Stock acidic SNAC and CySNO

solutions, were diluted in PBS and used immediately.

23



Inhibition of Linoleic Acid Peroxidation by S-Nitrosothiols 7

Spectrophotometric characterization and monitoring of linoleic acid peroxidation

Linoleic acid (LA) oxidation was induced through the addition of SLO to aqueous LA
dispersions (final concentration 19 uM) in SDS solution (0.01 M) (LA-SDS comicelles). Each
LA dispersion was transferred to a quartz cuvette, blowed with O, for 2 min and SLO (final
concentration 56 nM) was added to the cuvette with a syringe to start the peroxidation
reaction. Peroxidation reactions were monitored in the absence or presence of RSNOs and
RSHs (final concentrations 56, 112 and 560 uM) through the increase in absorbance at 234
nm, due to conjugated diene formation. A Hewlett Packard spectrophotometer, model 8453
(Palo Alto, CA, USA) with a temperature-controlled cuvette holder was used to monitor the
spectral changes in the range 200 - 600 nm in the dark at 37°C, in time intervals of 2 s.
Spectra of the solutions were obtained in 1 cm quartz cuvette referenced against air, under
stirring (1,000 r/min). Each point in the kinetic curves of absorbance vs. time is the average of

two experiments with error bars expressed by the average deviation of the mean.

Characterization of the fluorescent MDA-lysine adduct

To characterize the emission spectrum of the fluorescent adduct formed in the reaction
of oxidized linoleic acid (0xLA) and lysine, an MDA-lysine adduct was prepared as a model
adduct by reacting MDA with L-lysine in equimolar condition (final concentration 0.25 M) in
PBS solution at room temperature and an emission spectrum was obtained in the range 375-

600 nm, with excitation wavelength of 360 nm.
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Spectrofluorimetric characterization and monitoring of oxidized LA-lysine adduct formation

LA peroxidation was induced through the addition of aqueous FeSQ, solution (final
concentration 5.0 uM) to aqueous LA (final concentration 1.2 mM) dispersions in SDS
solution (final concentration 0.01 M) in the absence or presence of GSNO (final
concentrations 5 and 500 uM) for 2 h in PBS (pH 7.4). After LA oxidation, lysine solution
(final concentration 1.0 mM) was transferred to the dispersions followed by incubation for 48
h. The kinetics of formation of fluorescent oxidized LA-lysine adduct (oxLA-Lys) in the
reaction between oxLLA and Lys during the incubation time was characterized based on the
spectral changes in the range 375 to 600 nm and on the emission intensity at 430 nm, under
excitation with 360 nm. All the spectrofluorimetric measurements were performed using a

Perkin-Elmer LS55 spectrofluorimeter with a temperature-controlled cuvette holder at 37°C.

Reaction between RSNOs and tert-butyl hydroperoxide

The formation of tert-butyl peroxynitrites (tBOONOs) in the reactions between tert-
butyl hydroperoxide (tBOOH) and RSNOs was characterized by following the decomposition
of GSNO, SNAC and CySNO (initial concentrations 1 mM) upon the addiction of tBOOH
(initial concentration 25 mM) in basic medium (pH 12). The decomposition of RSNOs in
absence or presence of tBOOH was characterized by following the spectral changes of
RSNOs solutions in the range 220-1100 nm in the dark, in a 1 cm quartz cuvette referenced
against air. Kinetic curves of GSNO, SNAC and CySNO decomposition were obtained from
the absorption changes at 336 nm in time intervals of 15 s, at 37°C for 8 min. The control

experiment was performed by incubating RSNOs with pure water at pH 12, adjusted with
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NaOH solution. Each point in the kinetic curves of concentration vs. time is the average of

two experiments with error bars expressed by the average deviation of the mean.

Detection of "NO released from nitrogen-containing products of oxidized LA

The 'NO released from nitrogen-containing products of oxLA, formed in the
peroxidation of LA in the presence of GSNO was detected using a gas-phase
chemiluminescence nitric oxide analyzer (NOA, Sievers, Bolder Co, USA). For the analysis
of nitrogen-containing products of oxidized LA, aqueous dispersions of LA were incubated in
the presence and absence of Cu (II) ions with final concentrations of LA, GSNO and Cu (II)
900 pM. Peroxidation of LA was induced in two different procedures. In the first, the LA-
SDS dispersion was previously blowed with O, for 2 min, followed by incubation with GSNO
for 30 min at room temperature. In the second, peroxidation of LA was induced by heating a
sample of pure LA at 80°C for 1 h under stirring in a glass flask with O, atmosphere, obtained
by continuously blowing O, from a cylinder into the headspace of the flask. After oxidation,
oxLA was dispersed in SDS solution (0.01 M) and incubated with GSNO, for 30 min at room
temperature. In both cases, after incubation, no reacted excess GSNO was removed from the
solution by adding HgCl, (final concentration 29.4 mM) and allowing GSNO decomposition
to GS-SG and free "NO to proceed for 15 min. In this condition, ‘NO is quantitatively released
from excess GSNO by mercuric catalysis and is rapidly and quantitatively converted to its
stable end product, nitrite (NO;"). Nitrite formed was removed by adding a 10% v/v solution

of sulfanilamide (6.0 mM in HC1 2 M), followed by incubation for 15 min. A volume of 5 mL
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of molar excess of aqueous saturated ascorbic acid solution, used as a reducing agent, was
added in the reaction vessel of the NOA. Antifoaming agent was used to prevent foaming
caused by injection of the samples. Volumes of 100 uL of the final nitrogen-containing
products of oxLLA suspension were injected into the reaction vessel containing ascorbic acid,
through an impermeable septum. Nitrogen gas (Air Liquid, Brazil) was bubbled through the
solution into the chemiluminescence meter. Free "NO formed in the reaction vessel due to the

reduction of nitrogen-containing products of oxLLA by ascorbic acid was detected.

Results

Spectrophotometric characterization and monitoring of linoleic acid peroxidation

Figure 2 shows the spectral changes in the range 220-260 nm during LA oxidation by
SLO in the absence (Fig. 2A) or presence of RSHs and RSNOs (Figs. 2B to 2J) in the first 80
s of reaction in time intervals of 2 s. The spectral changes show the increase of the absorption
band with maximum at 234 nm, assigned to the formation of conjugated double bonds in LA,
as a result of peroxidation [35]. It can be seen that the extent of spectral change is reduced in
the oxidations performed in the presence of RSHs or of their corresponding RSNOs, showing
that both RSHs and RSNOs inhibit LA peroxidation, compared to LA alone. Comparison of
the effects of RSHs and RSNOs at the same concentrations (560 uM, Figs. 2B, 2C, 2D and
2H, 21, 2J) shows that RSNOs exert a much more effective antioxidant action than RSHs in
all cases. It can also be seen that there is a concentration-response effect in the antioxidant

effects of RSNOs, when the concentration is increased from 56 uM (Figs. 2E, 2F and 2G) to

560 uM (Figs. 2H, 2I and 2J). Moreover, Figs. 2E, 2F and 2G show that RSNOs in
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concentrations ten times lower (56 uM, Figs. 2E, 2F and 2G) than their corresponding RSHs

(560 uM, Figs. B, C and D) exert similar antioxidant actions.
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Fig. 2. (A) Spectral changes in the UV/Vis range during LA (19 uM) peroxidation; (B, C, D)
LA in the presence of CyS, NAC and GSH (560 uM) respectively; (E, F, G) LA in the
presence of CySNO, SNAC and GSNO (56 uM) respectively; (H, I, J) LA in the presence of
CYSNO, SNAC and GSNO (560 uM) respectively. Absorbance changes were monitored at

37°C for 80 s. For the sake of clarity, only six representative spectra from a total 40 s are

shown. In all cases, LA peroxidation was catalyzed by SLO (56 nM).
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Figure 3 shows the kinetic curves corresponding to the spectral changes of Fig. 2,
monitored at 234 nm during the first 80 s of reaction in the presence of RSHs and RSNOs. In
this time range, the curves reach an apparent plateau after ca. 20 s in all cases. The initial
rates of reaction (I;), as well as the height of the plateaus (H), are significantly decreased in
the presence of RSHs and RSNOs (curves b, ¢ and d), compared to the peroxidation of LA
alone (curve a). It must be noted that the presence of RSHs at concentration 560 uM leads to a
decrease in the height of the plateaus of about 1/2 of their values for LA alone, while in the
presence of RSNOs at a concentration 10 times lower (56 uM), the height of the plateaus are
decreased to ca % of their values for LA alone. As the height of the plateaus can be taken as a
measurement of the extent of the peroxidation reaction in its initial phase, this result indicates
that RSNOs exert a much more extensive blockage of the peroxidation reaction than the
corresponding RSHs in this time range. However, this blockage does not increase
proportionally with the increase in RSNOs concentration from 56 to 560 uM, as can be seen
when comparing curves c and d.

The kinetic parameters I, and H were extracted from the curves of Fig. 3 at 560 uM
(where peroxidation inhibition is higher) and are shown in the bar graphs of Figs. 4A and 4B,
for comparison. It can be seen in Fig. 4A that the I, of LA peroxidation (19 uM) is decreased
to about %2 of the control value in the presence RSHs (560 uM), i.e. at a molar ratio RSH/LA
= 29.5. This result is practically the same for the three RSHs used, indicating that there is no
significant difference among the antioxidant actions of CySH, NAC and GSH when this
kinetic parameter is analyzed in this condition. In contrast, the actions of RSNOs at the same
concentration reduced I, values to ca. 1/5 of the control value, but also without significant

differences among the three RSNOs.
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Fig. 3. Kinetic curves of LA (19 uM) peroxidation catalyzed by (SLO) (56 nM). (a) in the
absence of RSH or RSNO; (b) in the presence of CySH, NAC or GSH 560 uM; (c), in the
presence of CySNO, SNAC and GSNO 56 uM and (d) in the presence of and CySNO, SNAC

and GSNO 560 pM. Absorbance changes were monitored at 234 nm at 37°C.

An apparent trend in the antioxidant actions of the three RSHs is reflected in the
comparison among the heights of the plateaus in Fig. 4 B, indicating that the antioxidant
action of RSHs follows the order GSH > NAC = CySH. Similarly, the heights of the plateaus
for the three RSNOs indicate that SNAC and GSNO are more effective as antioxidants than

CySNO.
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Fig. 4. Initial rates (I;) (A) and heights of the plateaus (H) (B) achieved after ca. 20s of LA
peroxidation, catalyzed by SLO, in the absence and presence of RSHs and their corresponding
RSNOs. [LA] = 19 uM; [SLO] = (56 nM); [RSHs] and [RSNOs] = 560 uM. The scale of Fig.
(B) was normalized considering the maximum absorbance of LA oxidation in the absence of

RSNOs = 1. Data extracted from the curves of Fig. 3.
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Fluorimetric characterization and monitoring of oxidized LA-lysine adduct formation

Figure SA shows the emission spectra obtained after LA oxidation catalyzed by Fe (I)
ions for 2 h, followed by incubation of the solution with lysine for 48 h at 37°C. The
peroxidation reactions were performed in the absence (a) and presence of GSNO 5.0 uM (b)
and 500.0 uM (c). The inset in Fig. 5SA shows the emission spectrum obtained after the
incubation of MDA with lysine in equimolar concentrations of 0.25 M, as a control
experiment. Fig. 5B shows the kinetic curves of the fluorescent oxLLA-lysine adduct formation
in the reaction between oxidized LA and lysine in conditions (a), (b) and (c) of Fig. SA. The
curves were based on the spectral changes monitored at 430 nm, during 48 h after lysine
addition. It can be observed that the formation of the oxLA-Lys adduct follows a sigmoid
pattern with an apparent induction or “lag” phase, which is evident in curves (a) and (b). In
curve (c), the reaction presents a lag phase until 48 h, although a small rate of fluorophore

formation can be detected since the beginning of the reaction.

Detection of "NO released from nitrogen-containing products of oxidized LA

Figure 6 shows the of light emission peaks obtained in the chemiluminescence
reaction of free 'NO, released from nitrogen-containing products of oxLA, formed in the
reaction between oxLA and GSNO. The two peaks shown were obtained after reduction of
nitrogen-containing products of oxLA by ascorbate, according to the procedures described
above. Peak (a) was obtained in the reduction of a sample of LA-SDS dispersion oxidized in

the presence of Cu (II) ions and GSNO.
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Fig. 5. A- Final emission spectra obtained after linoleic acid (LA) oxidation (final
concentration 1.2 mM) catalyzed by Fe* ions (FeSO,, final concentration 5.0 uM) for 2 h,
followed by incubation of the solution with lysine (Lys) (final concentration 1.0 mM) for 48 h
at 37°C in the absence (a) and presence of GSNO 5.0 uM (b) and 500.0 uM (c).
Excitation/emission wavelengths 360/430 nm. Inset: Emission spectra of MDA incubated
with Lys in equimolar concentrations of 0.25M, used as a control. B- Kinetic curves of
fluorescent oxidized LA- Lys adduct formation during the reaction between oxidized LA and
Lys in the conditions (a), (b) and (c) of Fig. SA, based on the spectral changes monitored at

430 nm during 48 h, after Lys addition.
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The same results were observed when SNAC or CySNO were used in the place of
GSNO (data not shown). Peak (b) was obtained in the reduction of a sample of LA-SDS
dispersion incubated with GSNO, where pure LA had been previously oxidized by heating
under O, at 80°C. The detection of free 'NO in these cases shows that nitrogen-containing
products of oxLA are formed both when LA is oxidized in aqueous dispersion in the presence
of GSNO and when a dispersion of oxLA-SDS is subsequently incubated with GSNO.
Control curves are for the measurements of samples of water incubated with GSNO without
LA-SDS and Cu (II) (control 1), and of water incubated with GSNO and Cu (II) without LA-
SDS (control 2), which show that GSNO was completely eliminated through decomposition
by Hg (II) ions, followed by NO,™ trapping by sulfanilamide, before injection in the ascorbic
acid solution. These results suggest that RSNOs may react with both LO" and LOO’ radicals
during radical propagation reactions and with LOOH previously formed in LA oxidation.
Formation of LOOH in the LA oxidized by heating under O, was proven by observing the
appearance of an IR absorption band with maximum around 1178 cm’', assigned to the C-O-

O vibration of hydroperoxides (LOOH) [36] (see supplementary data).

Reaction between RSNOs and tert-butyl hydroperoxide

Figure 7 shows the kinetic curves corresponding to the spectral changes due the

disappearance of the RSNOs CySNO, SNAC and GSNO during their reaction with ferz-butyl

hydroperoxide (tBOOH) with formation of fert-butyl peroxynitrites (tBOONOs).
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Fig. 6. Light emission peaks obtained in the chemiluminescence reaction of free NO, released
from nitrogen-containing products of oxLA formed in the peroxidation reaction of LA in the
presence of GSNO, with ozone. The two peaks shown were obtained after reduction of
nitrogen-containing products of oxLA by ascorbate. For details see experimental part. Peak
(a) was obtained in the incubation of LA with Cu (II) ions in the presence of GSNO. Peak (b)
was obtained after the incubation of LA with GSNO without the addition of Cu (II) ions.

Final concentrations of LA, GSNO and Cu (II) were 900 uM.

Control curves correspond to the monitoring of RSNOs solutions at the same
temperature and pH conditions, but in the absence of tBOOH. It can be seen that the RSNOs
solutions are quite stable in the absence of tBOOH and that their thermal decompositions are
negligible in this time range. On the other hand, the presence of tBOOH leads to the fast
disappearance of the absorption bands of the three RSNOs, indicating that they react with
tBOOH. The rates of reaction of SNAC and GSNO are very similar and follow pseudo-first

order kinetics. However, CySNO shows a different kinetic pattern, with an apparent bimodal

35



Inhibition of Linoleic Acid Peroxidation by S-Nitrosothiols 19

behavior. In this case, the rate of reaction is lower and approximately constant up to ca. 3 min
and increases after this time and become similar to the rates observed in the last 4 min for

SNAC and GSNO.

RSNO concentration/mM

Time/min

Fig. 7. Kinetic curves corresponding to the spectral changes of CySNO, SNAC and GSNO
(initial concentration 1 mM) solutions in the presence and absence of tBOOH (final
concentration 25 mM), monitored at 336 nm for 8 min, at 37°C. Control curves correspond to
the thermal decomposition of RSNOs solutions in the same temperature and pH conditions

but in the absence of tBOOH.
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Discussion

In the lipid pool of plasma and cells, polyunsaturated fatty acids (PUFAs) have higher
propensity to oxidation due to the fact that bis-allylic methylene hydrogens are more
susceptible to hydrogen abstraction by oxidizing radicals than are the methylene hydrogens
from fully saturated lipids [35]. After such initiation process, the rapid reaction between the
formed carbon-centered radical and dioxygen (O,) forms a lipid peroxyl radical (LOO").
Propagation occurs via the reaction between LOO" and intact fatty acid (LH) molecules
forming lipid hydroperoxides (LOOH), leading to the formation of more LOO" species
through the decomposition of LOOH catalyzed by Cu (II) or Fe (III) ions either free or in the
form of heme proteins [37-39].

Linoleic acid (LA), one of the components of LDL particles, is a major unsatured fatty
acid in the American diet and is considered to be atherogenic because of its pro-oxidative and
pro-inflammatory response by activation of endothelial cells [40,41]. An increase in LA levels
has been reported in the phospholipid fractions of human coronary arteries in cases of sudden
cardiac death due to ischemic heart disease [42]. Additionally, concentrations of LA in
adipose tissue were positively correlated with the degree of coronary disease [43]. Linoleic
acid has the double bond configuration with bis-allylic methylene hydrogens. For this reason,
and for the reasons mentioned above, LA is an appropriate model compound for LPO studies.
The monitoring of conjugated double bond formation in LA-SDS comicelles catalyzed by
SLO (Fig. 2) shows that LA is effectively oxidized in aqueous dispersion by dissolved O,. It
must be considered that, in this particular condition, SLO is also an appropriate catalyzer as a
member of a well known group of enzymes able to induce enzymatic peroxidation of

polyunsaturated fatty acids in biological membranes and lipoproteins [44,45]. In general, such
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enzymes contain an essential iron atom, which is present as Fe** in the inactive enzyme form;
enzymatic activation occurs through hydroperoxide-driven oxidation of Fe** to Fe’*. From the
analysis of the LPO model used in the present work, the antioxidant actions of the RSHs and
primary RSNOs used emerge clearly from the summary of kinetic parameters shown in Fig. 4.
The RSNOs used here cannot be considered classical antioxidants like o-tocopherol (o-TOH)
or ascorbic acid. To understand the main difference between RSNOs and classical
antioxidants, it must be remembered that o-TOH react with LOO" forming a tocopheroxyl
radical (o-TO") and also that o-TO" can scavenge another LOO’, allowing two LOO" to be
scavenged by one o-TOH. The primary product of this reaction is LOOH, accumulation of
which exposes lipids to subsequent oxidation mediated by metal ions [39]. A similar process
can be described for other classical antioxidants found in cells like ascorbic acid and
glutathione (GSH). Both are highly susceptible to hydrogen abstraction, generating other
radicals (ascorbyl and thyil) and both lead to LOOH formation in their primary reactions. In
the case of GSH, the fate of the glutathionyl radical (GS’) formed is dimerization, forming
oxidized glutathione (GS-SG), the ration GSH/GS-SG being a well-known marker of
oxidative stress [46]. The situation becomes different when RSNOs are the antioxidant
species. As ‘NO donors, their actions are primarily linked to the well-known antioxidant
action of ‘NO as a radical-chain terminator, which arises from the fact that "NO is itself a free
radical. Like its reaction with superoxide (O,") generating peroxynitrite (OONO', k = 6.7 x
10° M's™") [47] free "NO may reacts extremely rapid with LOO® (k = 2 x 10° M''s™) [48],
removing this chain carrying radical from the reaction scene. The radical chain terminating
products of this reaction may include nitrogen-containing products of oxLLA such as LONO
and LOONO which can rearrange to form L(O)NO, species [47]. Although formation of
OONQO ' is usually associated with a pro-oxidant response reflected in the nitration of tyrosine

residues [48,39], the deleterious actions of OONO™ have been shown to depend strongly on
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the balance between 'NO and O, [39]. More generally, the balance between oxidant species
and ‘NO seems to be fundamental in allowing a protective action of ‘NO against LPO.
Hummel et al. [18] for example, have shown that quite low levels of 'NO (> 50 nM) are
enough to suppress Fe**-0, lipid oxidation (Fe** =20 UM) in in vitro cell models. However,
either in the extracellular environment or inside the cell membranes, O, is found in much
higher concentration (10 — 100 X more) than ‘NO [39] and in aqueous media the reaction

between 'NO and O, leads to NO,™:

4NO + O; + 2H,0 — 4H" + 4NOy Q8

which cannot be considered an efficient radical scavenger at physiological pH. It is thus
unlikely that free ‘NO can efficiently compete with O, for the reaction with alkyl radicals (R")

to avoid the formation of peroxyl radicals (LOO"):

L' +0,— LOO 2)

Similarly, it is unlikely that free ‘NO is the only 'NO species which reacts directly with LOO’

radicals in vivo, leading to their inactivation as LOONO:

‘NO + LOO° — LOONO 3)

Although reaction 3 cannot be ruled out and is probably operative to some extent in
vivo, RSNOs are more likely to be involved in the antioxidant actions of endogenous ‘NO,
through their direct reaction with LOO”/LO" species leading to the same nitrated products (Eq.

4), than free "NO.

2RSNO + LO/LOO" — LONO/LOONO + RS’ 4)
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The fate of the thiyl radicals (RS") formed in reaction 4 is dimerization through the
formation of a thermodynamically stable disulphide (S-S) bond. This bimolecular
dimerization reaction can arise from the encounter between two thiyl radicals or between one

thiyl radical and an intact RSNO molecule [28,49] (Egs. 5 and 6).

RS + RS"— RS-SR 5)

RS + RSNO — RS-SR +'NO (6)

Although in vitro aqueous RSNOs solutions may spontaneous release free ‘'NO through the
homolytic cleavage of the S-N bond, the chemical stability of RSNOs solutions at low
concentrations is high enough to allow these compounds to react directly with other substrates
in a bimolecular mechanism. One of the most important reactions of this type is the
transnitrosation reaction with the thiol group of proteins, leading to post-tranlational

modification of protein function [50]:

R-SNO + R-SH — R’-SNO + RSH (7)

Similarly, RSNOs may react directly with alkoxyl (LO") and peroxyl (LOO") radicals
formed after H abstraction in LPO reactions. In the case of LA peroxidation, the primary
reaction of RSNOs with LO" or LOO’ species will lead to the formation of LOONO or LONO
species and not to LOOH or LOH species, as in the case of hydrogen abstraction from
classical antioxidants. Although LOONO species may be able to further release ‘NO, they are
not susceptible to subsequent oxidations regenerating LOO™ or LO", which propagate LPO
highlighting the particular radical propagating blockage obtained with RSNOs.

As a complementary analysis of the protective action of RSNOs in LPO, one may also

consider that linoleate hydroperoxide (LOOH) formed as a primary oxidation product of LA
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is expected to undergo [B-scission generating free aldehydes. It is generally assumed that
adducts formed in the conjugation of free aldehydes generated during peroxidation of PUFAs
with amino groups on LDL particles are proteins with Schiff bases (containing the -C=N-
group). Formation of such adducts is central in the atherosclerotic process once it neutralizes
the cluster of positive charges on the surface of LDL particles, conferring to them a higher
anionic electrophoretic mobility and a reduced recognition by the LDL receptor on
fibroblasts, while increasing their recognition by macrophages [51]. As Schiff bases have
fluorescence properties [52,53], it was assumed in this work that such adducts could be used
to characterize the formation of aldehydes from hydroperoxides in the peroxidation of LA. It
was found here that the fluorescence emission spectra obtained after LA oxidation catalyzed
by Fe®* ions followed by incubation of the solution with Lys has exactly the same shape and
position as the spectrum obtained in the incubation of MDA with Lys. This result shows that
products of LA peroxidation are also reactive toward lysine, forming the same fluorescent
Schiff base adduct formed in oxidized LDL (like the MDA-lysine adduct). The fluorescent
adduct identified in this work was assigned to the reaction between the aldehydes formed
from the reduction and B-scission of LOOH, with lysine (Scheme 1). More specifically, the
reaction involves the nucleophilic addition between the amino group of lysine and the
carbonyl group of the aldehydes, forming hemiaminals, followed by dehydration to generate
stable imines. In Scheme 1, these reactions are represented for the two possible aldehydic
fragments of LOOH [-scission: 12-oxododecanoic acid and hexanal. Of course, in different
oxidative situations several other aldehydic products may form after LA peroxidation, which
may also generate fluorescent adducts with lysine. In addition to the aldehyde-type lysine
adducts, amide-type-lysine adducts have also been described by Kawai et al. [54,55] as a new

class of protein adducts derived from lipid peroxidation.
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The kinetic curves of Fig. 5 B show that when the peroxidation reactions are
performed in presence of GSNO 5.0 uM (b) and 500.0 uM (c) the rate of formation of the
aldehyde-type lysine adducts is greatly reduced, with a substantial increase in the observed
apparent lag phase of this reaction. This result is in accordance with a reduced amount of
aldehydes formed in the presence of GSNO, confirming the concentration-dependent
protective action of GSNO on LA peroxidation, described above.

The formation of nitrogen-containing products of oxLLA during the peroxidation of LA
in the presence of RSNOs was demonstrated in the present work by reducing these products
to free 'NO and hydroperoxides with ascorbic acid, according to procedures already described

in other works [12]. The reaction involved can be written as:

2LOONO/LONO + AscH + H* — 2LOOH/LOH + DHA + 2'NO ®)

where AscH' is the ascorbate anion and DHA is dehydroascorbic acid formed in the oxidation
(hydrogen abstraction) of AscH'. Free 'NO released in this reaction was unequivocally
detected by chemiluminescence, after its removal from the solution by bubbling with N, and
its reaction with ozone (Os). It must be emphasized here that to avoid any possible
interference of "NO released from excess GSNO, instead of 'NO released from nitrated LA,
excess GSNO (that did not reacted with LOO") was completely eliminated from the solution
by addition of Hg (II) ions and sulfanilamide. It is know that ‘NO is quantitatively liberated
from GSNO’ by mercuric catalysis, and it is rapidly and quantitatively converted to its stable
solution end-product, nitrite (NO;) in aerated medium. By adding sulfanilamide to the
solution, NO, formed is completely removed, and therefore the "NO signal detected in this
analysis can be attributed solely to "NO released from nitrogen-containing products of oxLA.

This conclusion is supported by the control experiments, which confirmed that GSNO is
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completely eliminated by the mercuric catalysis/sulfanilamide procedure. In addition, it was
observed that RSNOs react with LA previously oxidized through heating, once incubation of
0oxLA-SDC comicelles with GSNOs, led also to the formation of nitrogen-containing products
of oxLA, detected by their reduction to 'NO with ascorbate. This result points to the ability of
RSNOs to inactivate preformed LA hydroperoxides (LOOH). In this case, the bimolecular
reaction is expected to proceed via a transnitrosation mechanism similar to reaction 7, and can

be written as:

LOOH + RSNO — LOONO + RSH )

Additional evidence for the occurrence of this kind of reaction was obtained in the
incubation of CySNO, SNAC and GSNO with tBOOH, used here as a model hydroperoxide.
This reaction, which must lead to the formation of alkyl-peroxynitrite, can be written for terz-

butyl-peroxinitrite (tBOONO) as:

tBOOH + RSNO — tBOONO + RSH (10)

The fast reaction of these three primary RSNOs with tBOOH (Fig. 7) along with the
detection of free ‘NO released in the reduction of oxLA incubated with RSNOs, shows that

RSNOs can also effectively inactivate preformed alkyl hydroperoxides.

This ability of primary RSNOs to block the propagation of lipid peroxidation reaction
not only by inactivating LO" or LOO" radicals but also by inactivating preformed LOOH,
reinforces the potential role of endogenous RSNOs as modulators of peroxidation reactions in
vivo. The relevance of this evidence can be better appreciated by considering that the
reduction of LOOH to LO" radical by metal ions as Fe (II) or Cu (I) represents an important

via for the propagation of radical reactions in the lipid peroxidation process. Thus, if the role
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of endogenous 'NO as an antioxidant species is linked, in vivo, to its presence in primary
RSNOs, this role must be extended beyond its classical radical chain termination action, to
encompass the inactivation of deleterious hydroperoxides also present in the cellular milieu.
These multiple protective actions of RSNOs are summarized in Scheme 2 for the case of LA
peroxidation and can be generalized for other lipids. These results raise the possibility that
primary RSNOs are involved in the formation of nitrogen-containing lipids (and perhaps of
nitroalkanes), which may all be natural membrane components and may have biological

activities intimately linked with the biological activities of RSNOs.

RN M ~ .
— ¢ LysNib R Schiff Base
o — >

R N MOOH Fe (1) 12-oxododecanoic acid

R B-scission
Hydroperoxide(LOOH)

o Schiff Base
L . L SNH2

Hexanal

Scheme 1. Formation of lipid fluorescent oxidized LA-lysine adducts.
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Scheme 2. Key sites of primary S-nitrosothiols action on pathways of linoleic acid

peroxidation.
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List of Abbreviations
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monophosphate (cGMP), dehydroascorbic acid (DHA), glutathione (GSH), hydrochloric acid
(HCI), LA hydroperoxides (LOOH), 13-hydroperoxy-octadecadienoic acid (13-HPODE),
linoleic acid (LA), linoleic acid-SDS comicelles (LA-SDS), lipid peroxidation (LPO), L-
lysine monohydrochloride (Lys), malonaldehyde bis(dimethyl acetal) (MDA), N-acetyl-L-
cysteine (NAC), nitrate lipids (LOONO/LONO), nitrite (NO;’), oxidized linoleic acid
(oxLA), oxidized linoleic acid-SDS comicelles (0xLA-SDC), oxidized LA- lysine adduct
(oxLA-Lys), peroxyl radical (LOO’), phosphate buffer saline (PBS), polyunsaturated fatty
acids (PUFAs), S-nitrosocysteine (CySNO), S-nitroso-N-acetylcysteine (SNAC), S-
nitrosoglutathione (GSNO), S-nitrosothiols (RSNOs), sodium dodecil sulfate (SDS), soybean
lipoxygenase (SLO), superoxide (O,"), peroxynitrite (OONQO), tert-butyl hydroperoxide

(tBOOH), tert-butyl peroxynitrites (tBOONOs), thiyl radicals (RS"), thiol (RSH).
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Supplementary Material

Experimental Procedure

Infrared characterization of linoleic acid peroxidation

Linoleic acid peroxidation was induced by heating a sample of pure LA at 80°C for 4 h
under stirring in a glass flask with O, atmosphere, obtained by continuously blowing O, from
a cylinder into the headspace of the flask. Aliquots of LA were removed from the reaction
flask 2 and 4 h after the beginning of the peroxidation reaction. Capillary films of non-
oxidized and peroxidized LA were obtained between two calcium fluoride (CaF,) windows,
which were mounted in sample holder. IR spectra were obtained in the range 4000 — 1000 cm’
" using an FTIR Bomem MB-series, model B-100. An IR spectrum of non-oxidized LA was

obtained as a control.

Results and discussion

Figure 1 shows the spectral change associated with the heating of pure LA at 80°C
under O, atmosphere. The appearance of the absorption band with maximum at ca. 1180 cm™
can be assigned to the C-O-O vibration of hydroperoxides (LOOH) [36]. This result
reinforces the proposal that oxidized LA reacts with RSNOs through the transnitrosation
between -COOH and —SNO moieties, leading to the formation of LOONO products, and that
these are the products that are reduced to free NO (detected by chemiluminescence) with

ascorbic acid.
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Fig 1. Spectral changes obtained in the infrared spectrum of linoleic acid after its oxidation at

80°C under O, atmosphere for 2 and 4 h.
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3.2. Material suplementar

Nos resultados suplementares abaixo sdo mostradas as variagdes
espectrais (Fig. 1A) e as curvas cinéticas correspondentes (Fig. 1B),
representativas, para a oxidacdo do acido linoleico (AL) catalisada por ions
Cu(Il). Para obter estes dados a oxidacdo do AL foi induzida através da
adicao de CuSO,. As dispersdes aquosas de AL (concentragao final 75 uM)
foram preparadas em solucdo de SDS (0,01 M), sendo que a dispersdao foi
transferida para uma cubeta de quartzo submetida a um fluxo com O, por 2
min e a solucdo de CuSO, (concentragdo final 15 uM) foi adicionada a cubeta
com uma seringa para comecar a reagdo de peroxidacdo. Um
espectrofotometro Hewlett Packard, modelo 8453 (Palo Alto, CA, USA) foi
utilizado para monitorar a variacdo espectral na faixa de 200-600 nm no
escuro a 37°C, em intervalos de tempo de 3 s. Os espectros das solu¢des foram
obtidos em cubeta de quartzo de 1 cm contra o ar, sob agitacao de 1000r/min.
Cada ponto nas curvas cinéticas de absorbancia vs. Tempo € a média de dois
experimentos com barras de erros expressadas pelos seus erros padroes da
média (SEM).

Pode-se observar nestes resultados que a peroxidagdo do AL pode ser
catalisada também por fons Cu(Il), levando a formacdo de hidroperéxidos
(LOOH) que sao caracterizados pela absor¢do em 234 nm, conforme discutido
no manuscrito submetido ao periddico Free radical biology and medicine. O
esquema 2 deste manuscrito mostra a formagdo dos hidroperéxidos em

questao.
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Fig. 1. (A) Variacao espectral no UV/Vis durante a oxidagdo de comicelas de
LA em SDS (LA, concentracao final 75 uM: SDS, concentracdo final 0,01 M)
catalisada por ions Cu(Il) (CuSQO,, concentracdo final 15 uM). (B) Curva

cinética referente a absorcdo em 234 nm pela Fig. 1A.
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Os resultados suplementares mostrados nas Figs. 2 e 3 mostram as
variacoes espectrais referentes a Fig. 5A do manuscrito submetido ao
periddico Free radical biology and medicine. Nesta figura, consta somente o
espectro final de cada experimento, razdo pela qual ndo serd descrita
detalhadamente a parte experimental deste material suplementar.

A variacdo espectral na peroxidacdo do AL catalisada por ions Fe(Il)
por 2h, seguida pela incubacdo com solugdo de lisina por 48 h a 37°C, na
auséncia da solu¢do de S-nitrosoglutationa (GSNO) € mostrada na Fig. 2.
Além disso, sdo mostradas as variagdes espectrais da peroxidacdo do AL na
presenca de GSNO 5,0 uM (Fig. 3A) e na presenca de GSNO 500,0 uM (Fig.
3B).

A discussdo destes resultados se encontra no manuscrito submetido ao

periddico Free radical biology and medicine.
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Intensidade Fluorimétrica

Comprinento de onda/nm

Fig. 2. Espectros de emissao obtidos depois da oxida¢do do AL catalisado por
ions Fe (II) (FeSO,, concentracdo final 5,0 uM) por 2h, seguida pela
incubacdo com solugdo de lisina (concentragdo final 1.0 mM) por 48h a 37°C.

Comprimentos de onda de excitagdo/emissdao 360/430 nm.
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Fig. 3. Espectros de emissdo obtidos apds a oxidacdo do 4cido linoleico (AL)
catalisada por fons Fé (II) (FeSO,, concentracdo final 5,0 uM) por 2h, seguida
pela incubagdo com solugdo de lisina (concentracdo final 1,0 mM) por 48 h a
37°C. (A) oxidagdo na presenca de GSNO 5,0 uM. (B) oxidacdo na presenca
de GSNO 500,0 uM. Comprimentos de onda de excitagao/emissdao 360/430

nm.
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Os resultados suplementares mostrados nas Figs. 4A e 4B mostram
resultados semelhantes aos da Fig. 6 do manuscrito submetido ao periddico
Free radical biology and medicine. A figura do maunuscrito se refere a
utilizacdo da S-nitrosoglutationa (GSNO) como antioxidante. As Figs. 4A e
4B mostram resultados semelhantes obtidos com a S-nitrosocisteina (CISNO)
e a S-nitrosoacetilcisteina (SNAC) no lugar da GSNO, respectivamente. A
parte experimental destes experimentos € andloga a descrita no manuscrito.

Pode-se observar nestes resultados que CISNO e SNAC também levam
a formacdo de produtos nitrogenados do 4cido linoleico (AL) oxidado. A

discussao detalhada destes dados se encontra no manuscrito acima.

61



120

NO released A
100
80 NO released
Z 60
E
.8b 401
n
201
R A ol b ottt
0 control 1/ ™ control 2
0 50 100 150 200 250 300
Time/s
35 - NO released B
NO released
30 4
>
E 25
=
=)
.20
i 20
i el control 1
"Wp control 2
154
T T T T
0 120 240 360
Time/s

Fig. 4. Picos de emissao de luz obtidos na rea¢do quimiluminescente de NO
livre, liberado pelos produtos nitrogenados do dcido linoleico (AL) oxidado na
presenca de CISNO (A) e SNAC (B), com ozodnio. Os dois picos mostrados
em cada figura foram obtidos depois da reducdo de produtos nitrogenados do
AL oxidado pelo ascorbato. Sinais de NO obtidos na incubacdo de AL com

ions Cu(II) na presenca de CISNO (A) e SNAC (B).
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4. Inibicio da peroxidacao da lipoproteina de baixa densidade

(LDL) in vitro pelos S-nitrosotidis primarios

Durante o periodo de doutorado foi realizado um estagio por dois meses
na Faculdade de Ciéncias Exatas e Naturais pela Universidade de Buenos
Aires (UBA) sob coordenacdo do Professor Roberto Etchenique. Neste
periodo foram realizados experimentos para detec¢do eletroquimica de 6xido
nitrico (NO) liberado depois da peroxidacdo da lipoproteina de baixa
densidade (LDL) utilizando o sensor amiNO-700 para a deteccdo e S-
nitrosoglutationa (GSNO) e S-nitroso-N-acetilcisteina (SNAC) para a inibi¢ao
da peroxidacgdo lipidica. Estes dados foram importantes para compreender o
mecanismo de inibicdo da peroxidagdo da LDL. No manuscrito que estd em
fase de finalizacdo para ser submetido ao perioddico “Chemistry and Physics of
Lipids” descreve detalhadamente os experimentos e a discussdo sobre a
peroxidagdo da LDL catalisada por ions Cu (II) e a inibi¢do da mesma por S-

nitrosotiois primarios.
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Simplicio, F. I.; Etchenique, R.; de Oliveira, M. G. In vitro inhibition of low
density lipoprotein peroxidation by primary S-nitrosothiols. Manuscrito

em preparagdo para ser enviado para Chemistry and Physics of Lipids.
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Abstract

S-nitrosothiols (RSNOs) can act as nitric oxide (NO) donors exerting effective
action as chain-breaking antioxidants in free radical-mediated lipid peroxidation. The
aim of this work was to evaluate the consumption of NO from the primary RSNOs S-
nitroso-N-acetylcysteine (SNAC) and S-nitrosoglutathione (GSNO) during the
peroxidation of low density lipoprotein (LDL) in vitro. Lipid peroxidation of LDL
emulsions was induced by cooper (II) ions in the absence and presence of SNAC and
GSNO in solution. The amount of free NO released in the Cu(Il)-mediated RSNOs
decomposition was used as a measure of the RSNOs consumed in the peroxidation
reaction. Free NO was quantified by using a selective NO electrode immersed in the
reaction medium. It was observed that the amount of free NO released from GSNO and
SNAC is reduced to c.a. 0.6 and 0.25, respectively, in the presence of LDL with two
different conditions, compared to the NO release under the same conditions in the
absence of LDL. These results indicate that RSNOs are consumed by free radicals
generated in LDL peroxidation. Thus, primary RSNOs might act directly as

antioxidants protecting LDL from oxidative damage in vitro.

Key Words: Nitric oxide S-nitrosothiols, LDL, lipid peroxidation, atherosclerosis
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Introduction

Atherosclerosis may be viewed as an inflammatory disease linked to an
abnormality in oxidant-mediated signals in the vasculature (Kunsch and Medford,
1999) and oxidation of low-density lipoprotein (LDL) has been implicated in the early
stages of atherosclerotic lesion formation (Hogg, 1993). The LDL particle is
surrounded by a molecule of apolipoprotein B (apo B-100) with a monolayer of
phospholipids and unesterified cholesterol. The hydrophobic core of the particle
contains cholesteryl esters and triglycerides with polyunsaturated fatty acids, a feature
that influences the susceptibility of LDL to oxidative modification processes. In
addiction, LDL contains lipophilic antioxidants, including o-tocopherol and ubiquinol-
10 that help in the protection of the lipids contained in the hydrophobic core (Rubbo et
al, 2005 and Rubbo et al, 2002, Esterbauer et al, 1992). Oxidation of LDL leads to the
consumption of polyunsaturated fatty acid esters such as arachidonic acid and linoleic
acid esters, and to the generation of lipid-derived reactive species that can covalently
bind to apolipoprotein B (apo B) altering its properties what includes hydrolysis of
phosphatidylcholine and loss of esterified cholesterol (Kawai et al, 2004).
Hydroperoxides and aldehydes such as malondialdehyde (MDA) and 4-hydroxy-2-
nonenal (HNE) have been extensively investigated as lipid peroxidation end-products.
These species are highly reactive electrophiles which form protein adducts with free
amino groups of the lysine residues neutralizing the cluster of positive charges that are
recognized by ionic interaction by the classical LDL receptor . The loss of these
positive charges confers to the LDL particle a higher anionic electrophoretic mobility
and a reduced recognition by the LDL receptor on fibroblasts, while increasing its
recognition by macrophages, contributing to the atherosclerotic process (Esterbauer et

al, 1992).
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Lipid peroxyl or alkoxyl radicals (LOO’/LO%) can be formed through the
decomposition of LOOH catalyzed by Cu®*/Cu* or Fe**/Fe** ions, either free or in the
form of heme proteins (Ohyashiki et al., 2002, Pinchuk and Lichtenberg, 2002).
Inhibition of lipid peroxidation through the inactivation of these radicals can be
performed by classical antioxidants like ascorbic acid and alfa-tocopherol. Nitric oxide
endogenously produced can also be envolved in this action as shown in Egs. 1 to 3

(Rubbo et al., 2005, Cominacini et al, 1991).

LOO® + AH — LOOH + A" (1)
LOO®* + o-TOH — LOOH + o-TO- )
LOO® + 'NO — LOONO 3)

In addition to regulating the vascular tone in both the systemic and renal
circulation in humans (Broere et al, 1998 and Haynes et al, 1997), under normal
physiological conditions, endothelium-derived NO exerts other actions which are
considered antiatherogenic. These include the prevention of adherence and aggregation
of platelets and monocytes on the wall of vases (Napoli and Ignarro, 2001) and the
regulation of cell shape, adhesion and migration of smooth muscle cells (Hassid et al,
1999). On the bases of these actions, different experimental and clinical studies have
related the reduction in NO synthesis and/or activity with the contribution to the
initiation and progression of atherosclerosis in humans (Drexler et al, 1999). Therefore,
novel therapeutic strategies have been oriented to enhance NO synthesis and/or activity
by administration of L-arginine and antioxidants. Recently, it has been reported

recently that S-nitroso-N-acetylcysteine (SNAC) attenuates plaque development by 55%
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in LDLr -/- mice fed a hypercholesterolemic diet for 15 days, but does not prevent
endothelial-dependent vascular alterations (Krieger et al, 2006). The mechanism
underlying these effects may involve direct donation of NO and/or decrease in
superoxide levels due to NO scavenging action. This result suggests that administration
of primary RSNOs may be a novel therapeutic strategy for treating cardiovascular
diseases and other diseases associated with lipid peroxidation like NAFLD (de Oliveira
et al, 2006 and de Oliveira et al, 2006).

In this work, the in vitro peroxidation of LDL catalyzed by Cu (II) ions was
monitored in the presence and absence of two primary RSNOs: SNAC and GSNO at
37°C. Electrochemical data showed that the amount of free NO released from GSNO
and SNAC is reduced to c.a. 0.6 and 0.25, respectively, in the presence of LDL at two
different conditions, compared to the NO release under the same conditions in the
absence of LDL. These results indicate that RSNOs are consumed by free radicals
generated in LDL peroxidation. Thus primary RSNOs may act directly as antioxidants

and protect LDL from oxidative damage in vivo.

Materials and Methods

Materials

Low density lipoprotein (LDL), glutathione (y-Glu-Cys-Glu, GSH), N-acethyl-
L-cysteine (NAC), potassium iodide (KI), sulfuric acid (H,SOs4), cooper sulfate
(CuSOQ,), sodium nitrite (NaNO;) and phosphate buffer saline (PBS, pH 7.4),

(Sigma/Aldrich, St. Louis, MO) were used as received. All the experiments were
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carried out using analytical grade water from a Millipore Milli-Q Gradient filtration

system.

Methods

Synthesis of GSNO and SNAC in aqueous solution

Aqueous GSNO solution was prepared by the reaction of GSH with sodium
nitrite in acidic medium as described elsewhere [28,34]. GSNO was obtained as stable
reddish crystals in the pure form and was dried by freeze-drying. Solid GSNO was
stored at -20°C. Freshly prepared GSNO solutions in PBS were used in the
experiments. S-nitroso-N-acetylcysteine (SNAC) cannot be precipitated from solution
and stored as dry solids because of their high solubility in water. Therefore, aqueous
SNAC solutions were synthesized through the equimolar reaction of NAC or CyS, with
NaNO; in acidified aqueous solution. Freshly prepared, stock acidic SNAC solutions,

were diluted in PBS and used immediately.

Calibration of the NO electrode

The electrochemical detection of NO was performed using an amperometric

amiNO-700 electrode (Innovative Instruments Inc., FL, USA). This sensor measures
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NO concentration in aqueous solutions by oxidizing NO at the working electrode. NO
diffuses through the gas permeable membrane of the sensor and is oxidized in the
platinum electrode, resulting in an electrical current. The redox current is proportional
to the NO concentration outside the membrane which is continuously monitored. For
calibration, different volumes of a sodium nitrite (NaNQO,) standard solution 25 UM
were used to generate free NO. A chemical titration calibration was performed by using
an acidic reducing solution (0.1 M KI, 0.1 M H,SOy) to which increasing volumes of
the NaNO, solution were added in bolus under constant stirring at 37°C. NO is formed
stoichometrically and is constantly measured by the electrode immersed in the solution.
The production of free NO through the reduction of NaNO; is represented in the

following equation (Hummel et al., 2006 and Zhang, 2004):

2NaN02+ 2KI + 2H2$O4 — 2NO + 12 + 2H20 + NaZSO4 + KQSO4 (1)

The measurements of the currents generated after each additions of NaNO;
solution are shown in Fig. 1A. The relationship between the NO concentration and the
output current of the amiNO-700 electrode was always linear. The detection limit of the
electrode is 2 nM in aqueous solutions. This limit allowed adding volumes of 0.1mL of
25 uM NaNO, which were diluted in the 10 mL reaction flask, resulting in
concentrations ranging from 0 — 1000 nM (Fig. 1B). The reducing solution was always
replaced by a fresh one before starting the experiments with LDL and RSNOs. The
data recording system was set for measurements at 0.2 s intervals. Only the peak
currents were used to quantify the NO released after each addition. Data from these
instruments were imported into a PC using a software developed using Quick Basic 4.5.

The reaction flask was thermostatized at 37°C.
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Fig. 1: (A) Representative recording of a calibration of the amiNO-700 sensor with
increasing additions of 0.1mL of 25 uM NaNO; to a 10 mL reaction flask containing a
reducing acidic KI solution with constant stirring at 37°C. (B) Representative
calibration curve obtained from data of Fig 1 (A). Linear regression showing a well-

correlated straight line.
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Electrochemical Detection of NO released from GSNO and SNAC

For the evaluation of the protective action of RSNOs against LDL peroxidation,
NO released from the Cu(Il) catalyzed RSNOs decompositions was electrochemically
measured in the presence and absence of LDL emulsion. Cu(Il) ions catalyze not only
the RSNOs decomposition but also the LDL oxidation in aerated medium. These two
reaction were promoted simultaneously in order to measure the consumption of free
NO and/or RSNOs by free radicals generated during LDL peroxidation.

In each experiment, the NO sensor was immersed vertically in LDL suspension
(final concentration ranging from 0.48 - 0.50 pg/mL) in the absence and presence of
GSNO or SNAC (final concentrations 3.10 and 3.30 uM, respectively) in the reaction
flask at 37°C. After the homogenization of the LDL emulsions in the absence or
presence of GSNO or SNAC, appropriate volumes of CuSO, solution were added in
bolus, in order to obtain two different final concentrations in the reaction flask: 0.10
and 0.48 uM. GSNO and SNAC decompose to free NO and disulfide by-products

according to the following general equation for RSNOs:

RSNO + RSNO — RS-SR + 2NO 2)

NO released in solution was continuously and quantitatively detected by the NO

electrode.
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RESULTS AND DISCUSSION

Calibration of the NO electrode

Fig 1A shows that the currents generated by NO production due to the additions
of NaNO, solution reach a maximum 30 s after each addition which is in accordance
with the fast answer previously reported for this kind of electrode (Berkels et al, 2001).
Figure 1B shows the linear response of the electrode from 100 to 1000 nM of which the
slope of the line provides the current-to-concentration ratio for the electrode. In this
range, the linear response of the electrode usually provided a correlation coefficient R
of 0.99. The concentration and the amount of NO released from the NaNO, in the
calibration procedure can be calculated by an equation similar to the equation in the
inset of Fig. 1B. It must be remembered that KI and H,SO, are present in excess
concentration, thus the limiting reagent in the calibration is NaNO,. Equation 1 shows
that molar ratio between NaNO, e NO is 1:1. Therefore, the amount of NO released can

be calculated from the amount of NaNO, added.

Electrochemical Detection of NO released from GSNO and SNAC

Figure 2 shows the recordings of the amiNO-700 electrode obtained in aqueous
LDL suspensions oxidized by Cu®* ions in the presence of LDL (curves a and c) and

absence of GSNO (curves b and d).
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Fig. 2: Representative recordings of the amiNO-700 sensor obtained in aqueous LDL
suspensions oxidized by Cu”* ions in the presence of GSNO. (a) [LDL] = 0.50 pg/mL;
[GSNO] = 3.3 uM; [CuSO4] = 0.10 uM, b) [GSNO] = 3.3 uM; [CuSO4] = 0.10 pM,

(c) [LDL] = 0.48 pg/mL; [GSNO] = 3.10 pM; [CuSO4] = 0.48 M, and (d) [GSNO] =

3.1 uM; [CuSO4] = 0.48 M.

The data indicate that the addition of Cu** jons catalyzes GSNO decomposition with
NO released in all cases. However, in the presence of LDL emulsion, the amount of NO
released is significantly decreased, indicating that part of NO released by the catalytic
action of Cu®* ions was consumed in the peroxidation of LDL which is simultaneously
taking place. A similar result was obtained for SNAC in the place of GSNO (data not
shown). These results are summarized in the bar graph of Fig. 3, which show that the
amount of free NO released from GSNO and SNAC is reduced to c.a. 0.6 and 0.25,
respectively, in the presence of LDL under two different conditions ([CuSO4] = 0.1 and
0.48 uM), compared with the NO release under the same conditions in the absence of
LDL. These results can be interpreted by considering that NO is consumed in the
reaction with peroxyl or oxyl (LO/LOQ") radicals generated in the oxidation of LDL in

aerated medium.
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Two kinds of reaction can be considered to explain the reduced amouts for free
NO in the presence of LDL. RSNOs can react primarily with LO/LOO" radicals, before

their decomposition to free NO according to the equation:

2RSNO + LO/LOO" — LONO/LOONO + RS’ 3)

Where LONO/LOONO are possible nitrogen-containing products of oxidized LDL. At
the same time, RSNOs previously decomposed by Cu(Il) ions can have their free NO

trapped by the same LO'/LOOQ’ radicals formed in LDL oxidation according to:

2NO + LO/LOO" — LONO/LOONO “4)

In both cases, the final result will be a lower amount of free NO detected by the
electrode. Although further studies must be performed to elucidate the specific
reactions involved and also to identify the nitrogen-containing products of LDL
oxidation, these results show a potential protective effect of primary RSNOs against the
peroxidation of LDL suggesting that primary RSNOs may act directly as antioxidants

protecting LDL from oxidative damage in vivo.
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Fig. 3: Concentration of NO released in GSNO and SNAC (final concentrations, 3.3
UM and 3.10 pM) solutions by the action of Cu(II) ions (final concentrations, 0.10 uM

and 0.48 uM), in the absence and in the presence of LDL suspension.
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5. Participacao em outros trabalhos de colaboracao

Ao longo do curso de doutorado foram realizados trabalhos em
colaboracdo com a Profa. Cldudia PMS de Oliveira do Departamento de
Gastroenterologia da FCM/USP, SP. Esta colaboragdo foi importante para
correlacionar os dados in vitro de inibi¢do da peroxidagdo lipidica pela S-
nitroso-N-acetilcisteina (SNAC) com a capacidade desta droga em inibir o
desenvolvimento da doenc¢a nao alcodlica do figado gordo (NAFLD) por
administracdo via oral da SNAC em 2 modelo animais com 3 diferentes
dietas. Os resultados desta colaboragdo se encontram em manuscritos
mostrados a seguir.

NAFLD inclui esteatose ndo alcodlica, esteatohepatites (NASH) e
eventualmente cirroses. Fatores como obesidade e diabetes tem sido relatada
para NAFLD e uma das hipéteses para a NASH estd associada ao estresse
oxidativo e peroxidacao lipidica.

Os modelos animais foram ratos Wistar e camundongos ob/ob tratados
com diferentes dietas na presenca e na auséncia de S-nitrosocisteina (SNAC).
Estes resultados estdo presentes nos trés manuscritos a seguir € a conclusao
exposta resumidamente é que a administracdo oral de SNAC previne o
principio da NAFLD e que este efeito estd correlacionado com a habilidade da
SNAC bloquear a propagacdo da peroxidacdo lipidica in vitro e in vivo.
Previne também porque hd uma anulacdo dos efeitos citotoxicos de espécies
de oxigénio reativo e peroxidacao lipidica. Além disso, administrando SNAC
via oral em camundongos ob/ob a SNAC mostrou um 6timo resultado frente a

NASH.
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Abstract

AIM: Oxidative stress is implicated in the pathogenesis of Nonalcoholic Fatty Liver Disease
(NAFLD). The aims of this work were to evaluate the potential of S-nitroso-N-acetylcysteine
(SNAC) in the inhibition of lipid peroxidation and the effect of oral SNAC administration in
the prevention of NAFLD in an animal model.

METHODS: NAFLD was induced in Wistar male rats by choline-deficient diet for 4 wk.
SNAC treated animals (n = 6) (1.4 mg/kg/day of SNAC, orally) were compared to 2 control
groups: one (n = 6), which received PBS solution and another, (n = 6) which received NAC
solution (7 mg/kg/day). Histological variables were semiquantitated with respect to: macro
and microvacuolar fat changes, its zonal distribution, foci of necrosis, portal and perivenular
fibrosis and inflammatory infiltrate with zonal distribution. LOOHs from samples of liver
homogenates were quantified by HPLC. Nitrate levels in plasma of portal vein were assessed
by chemiluminescence. Aqueous LDL suspensions (200 pg protein/mL) were incubated with
CuCl; (300 pmol/L) in the absence and presence of SNAC (300 wmol/L) for 15 h at 37 °C.
Extent of low-density lipoprotein (LDL) oxidation was assessed by fluorimetry. Linoleic acid
(LA)(18.8 umol/L) oxidation was induced by soybean lipoxygenase (SLO) (0.056 umol/L) at
37 °C in the presence and absence of N-acetylcysteine (NAC) and SNAC (56 and 560
pumol/L) and monitored at 234 nm.

RESULTS: Animals in the control group developed moderate macro and microvesicular fatty
changes in periportal area. SNAC-treated animals displayed only discrete histological
alterations with absence of fatty changes and did not develop liver steatosis. The absence of
NAFLD in the SNAC-treated group was positively correlated with a decrease in the
concentration of LOOH in liver homogenate, compared to the control group (0.7£0.2 vs
3.240.4 nmol/mg protein, respectively, P<0.05), while serum levels of aminotransferases
were unaltered. The ability of SNAC in preventing lipid peroxidation was confirmed in the in
vitro experiments, using LA and LDL as model substrates.

CONCLUSION: Oral administration of SNAC prevents the onset of NAFLD in choline-
deficient fed Wistar rats. This effect is correlated with the ability of SNAC in blocking the

propagation of lipid peroxidation in vitro, and in vivo.

Key words: Nitric Oxide, S-nitroso-N-acetylcysteine, oxidative stress, nonalcoholic fatty

liver disease
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INTRODUCTION

Nonalcoholic steatohepatitis (NASH) is considered a particular type of a large spectrum of
nonalcoholic fatty liver disease (NAFLD), which includes fat alone and fat with nonspecific

(2, Although several predisposing factors have been related to NAFLD, such as

inflammation
obesity and diabetes, the pathogenesis of NAFLD and its progression to fibrosis and chronic
liver disease are still unclear>**!. One of the main hypotheses is that the mechanism of
hepatocyte injury in NASH is associated with oxidative stress and lipid peroxidation resulting
from the imbalance between pro-oxidant and antioxidant chemical speciesm. Such imbalance
is associated with increased [B-oxidation of fatty acids by means of by mitochondria,
peroxisomes, and cytochrome P450 2E1 (CYP2EI1) pathways. These oxidative processes
produce free electrons, H,O,, and reactive oxygen species (ROS) while depleting the potent
antioxidants glutathione, and vitamin E'"). The increased levels of free fatty acids present in
the fatty liver provide a perpetuating and propagating mechanism for oxidative stress via lipid
peroxidation, with secondary damage to cellular membranes and key organelles such as the
mitochondria'®. Lipid peroxidation usually leads to the formation of peroxyl radicals, which
are central species in the peroxidation chain reaction. Enzymatic lipid peroxidizing systems
include lipoxygenases (LOXs), which are a family of nonheme iron-containing dioxygenases,
able to induce enzymatic peroxidation of polyunsaturated fatty acids using atmospheric
oxygen (O,) as a second substrate. In contrast to lipid monooxigenases like cytochrome P-
450, whose main catalytic activity is the hydroxylation of substrates, LOXs are able to
introduce peroxides in lipid substrates, forming reactive fatty acid hydroperoxides (LOOH).
In general, LOXs contain an essential iron atom, which is present as Fe’* in the inactive
enzyme form. Enzymatic activation occurs through hydroperoxide-driven oxidation of Fe®* to

Fe*. Among LOXs of particular interest is 15-LOX, which can also oxidize esterified fatty
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acids in biological membranes and lipoproteins and has been implicated in the pathogenesis
of atherosclerosis'”*"!. Site-specific oxidation of lipidic substrates can also be performed in
model systems when metal ions (Cu(I)/Cu(Il)) or Fe(Il)/Fe(IIl)) are used to generate radicals

in the absence of chelant species o1

Nitric oxide can act as a potent inhibitor of the lipid peroxidation chain reaction by
scavenging propagatory lipid peroxyl radicals, and by inhibiting many potential initiators of
lipid peroxidation, such as peroxidase enzymes[“]. However, in the presence of superoxide
(0,™), NO forms peroxynitrite (OONQO"), a powerful oxidant, which is able to initiate lipid
peroxidationm]. An excess of NO is expected to exert a protective effect against lipid
peroxidation, while an excess of 0,", or equimolar concentrations of NO and 0," are
expected to induce lipid peroxidation'. Thus, the balance between NO and O," may have
important implications in NAFLD, where oxidative stress seems to have a pivotal role in the

12131 'NO is believed to coexist in cells with S-

onset and/or progression of the disease
nitrosothiols (RSNOs) which are considered to be endogenous NO carriers and donors in
mammals''*. NO covalently bound to the sulfur atom in RSNOs resists oxidant inactivation
by oxyhemoglobin and has the same physiological properties of free NO, including its
protective action in oxidative stress''”!. RSNOs have been considered potential therapeutic

161 and S-nitroso-N-

agents in a variety of pathologies in which NO may be involved!
acetylcysteine (SNAC) is a relatively stable RSNO and a potent vasodilator''”. SNAC is
among the RSNOs, which can be synthesized through the S-nitrosation of the corresponding
free thiol, (in this case, N-acetylcysteine, NAC). Free thiols (R-SH) play also an important
role in vivo as antioxidants. Hydrogen abstraction from thiol group is particularly fast
compared to hydrogen abstraction from carbon atoms or alkoxyl radicals [18.19:2021] = A ¢

physiological pH values, thiyl radicals (R-S") formed, can react with excess thiol anions (R-S’

) to give disulphide radical anions (R-SS-R™), or can dimerize, giving rise to inter or
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intramolecular RS-SR cross-links in a termination process. Compared to free thiols, RSNOs
can be more powerful terminators of radical chain-propagation reactions, by reacting directly
with ROO® radicals, yielding nitro derivatives (ROONO) as end products, as well as dimmers
RS-SR.

The aim of this study was to evaluate the role of SNAC as an NO donor, in the
prevention of NAFLD in an animal model where NAFLD was induced by a choline deficient
diet. Our results show, for the first time, that SNAC is able to block the onset of NAFLD in
this animal model. This result was correlated with in vitro experiments which have confirmed
the ability of SNAC in preventing the oxidation of low-density lipoprotein (LDL) and linoleic

acid (LA), as model substrates, by Cu(Il) ions and soybean lipoxygenase (SLO), respectively.

MATERIALS AND METHODS

Materials

N-acetyl-L-cysteine (NAC), linoleic acid, sodium nitrite, hydrochloric acid, human
lyophilized low-density lipoprotein (LDL), soybean lipoxygenase, sodium dodecil sulfate
(SDS), phosphate buffer saline (PBS, pH 7.4) and copper (II) chloride (Sigma, St. Louis, MO)
were used as received. All the experiments were carried out using analytical grade water from

a Millipore Milli-Q Gradient filtration system.

SNAC Synthesis
SNAC was synthesized through the S-nitrosation of N-acetyl-L-cysteine (Sigma Chemical, St.

U7 Stock SNAC solutions were further

Louis, MO) in an acidified sodium nitrite solution
diluted in PBS. Solutions were diluted to 2.4 x 10* mol/L in PBS (pH 7.4) before

administration.
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Nitrate quantification

Nitrate (NOs5’, a stable metabolite of NO) levels in plasma of portal vein of the animals were
assessed by chemiluminescence using a Sievers Nitric Oxide Analyzer (NOA-280, Boulder,
CO) according to a method described elsewhere! >, Higher nitrate concentrations were found
in the plasma of animals that received SNAC orally (10.8 umol/L) than intraperitoneally (4.2
pmol/L). This result was used as criteria to chose oral administration as a protocol to achieve

greater SNAC absorption.

Effect of NAC and SNAC on the in vitro LDL oxidation

Oxidation of LDL was induced through the addition of CuCl, (300 umol/L) to oxygenated
aqueous LDL suspensions (200 pg/mL) in the absence and presence of SNAC (300 umol/L).
Aqueous LDL suspensions were prepared by diluting solid LDL to 200 pg protein/mL with
EDTA-free PBS and incubated with CuCl, (300 pwmol/L) for 15 h at 37 °C. The extent of LDL
oxidation was assessed by measuring the fluorescence intensity of LDL suspensions.
Oxidation of LDL results in derivatization of lysine residues of apolipoprotein B by lipid
peroxide decomposition products, leading to fluorescent free and protein-bound Schiff base

#3241 1n all cases, fluorescence spectra of such conjugates were firstly recorded in

conjugates'
the range 430 to 600 nm, in order to characterize the shape and position of the emission peak.
All the spectrofluorimetric measurements were performed using a Perkin-Elmer LS-55
luminescence spectrometer with a temperature-controlled cuvette holder thermostatized at 37
°C. Spectra of the solutions were obtained in 1 cm quartz cuvette. The excitation and emission

wavelengths were 360 and 433 nm, respectively. Native LDL (200 pg/mL) served as the

control.
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Effect of NAC and SNAC on the in vitro LA oxidation

Oxidation of LA was induced through the addition of SLO to aqueous LA dispersions. LA
was dispersed in SDS solution (0.01 mol/L). The final LA concentration was 18.8 umol/L.
LA was aliquoted into a quartz cuvette, flushed with O, for 1 min and SLO (0.056 pmol/L),
was added with a syringe to start the oxidation. The oxidation reactions were monitored in the
absence or presence of NAC and SNAC (56 and 560 pumol/L) at 37 °C through the increase in
absorbance at 234 nm, due to conjugated diene formation. A Hewlett Packard
spectrophotometer, model 8453 (Palo Alto, CA, USA) with a temperature-controlled cuvette
holder was used to monitor the spectral changes in the range 200 - 600 nm in the dark and at
37 °C. Spectra of the solutions were obtained in 1 cm quartz cuvette referenced against air,
under stirring (1 000 r/min). Each point in the kinetic curves of absorbance vs. time is the

average of two experiments with the error bars expressed by their standard deviations (SD).

Animals

Male Wistar rats, weighing 300 to 350 g, were housed in cages with controlled light/dark
cycle, receiving free water. Fatty liver was induced in the animals by choline deficient diet for
four weeks. The animals were randomly divided into three groups: 1 - Control group (n = 6)
fed with choline deficient diet plus oral administration of vehicle (0.5 mL of PBS); 2 - SNAC
group (n = 6) fed with choline-deficient diet plus oral administration of SNAC solution (0.5
mL of SNAC solution, to reach 1.4 mg/kg/day); 3 — NAC group (n = 6) fed with choline-
deficient diet plus oral administration of NAC solution (0.5 mL of NAC solution, to reach 7
mg/kg/day). After four weeks of treatment, plasma samples were collected, animals were
sacrificed, and their livers were collected for histological examination and lipid peroxidation

analysis. All procedures for animal experimentation were in accordance to the Helsinki
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Declaration of 1975, and the Guidelines of Animal Experimentation from the School of

Medicine of the University of Sdo Paulo.

Biochemical analysis
Serum alanine amininotransferase (AST), aspartate aminotransferase (ALT), cholesterol and

triglycerides were analyzed by standard methods®,

Histological analysis

Fragments of liver tissues previously fixed by immersion in formaldehyde saline (10%)
solution were processed and submitted to hematoxylin-eosin (HE) and Masson Trichrome
stains for histological analysis. Scharlach red (O-tolylazo-o-tolylazo-B-naphthol) fat stain'*®!
was used for more accurate evaluation of fatty change. Histological variables were blindly
semiquantitated from O to 4+ with respect to: both macro and microvacuolar fatty change, its

zonal distribution, foci of necrosis, portal and perivenular fibrosis as well as the inflammatory

infiltrate with zonal distribution.

Lipid peroxidation

Samples of liver homogenates were extracted with a mixture of acetonitrile:hexane (4:10,
v/v). The contents were vortexed for 2 min and centrifuged at 2 500 r/min for 10 min for
phase separation. The hexane phase, containing cholesteryl ester derived hydroperoxides
(LOOH), was collected and evaporated under nitrogen. The residue was dissolved in
methanol:butanol (2:1, v/v), filtered through a 22 um Millex filter (Millipore, Sdo Paulo,
Brazil) and analyzed by HPLC (Perkin-Elmer series 200, Beaconsfield, Buckinghamshire,
England) using a LC18DB column (Supelco, Bellefonte, PA, USA). LOOHs were eluted in

methanol:butanol 2:1 (v/v) at a flow rate of 1.0 mL/min through a pump (Perkin-Elmer series
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200) and a LC-240 fluorescence detector (Perkin-Elmer) with the excitation source switched
off. A solution of 100 mM borate buffer pH 10/methanol 3:7 (v/v) containing
microperoxidase (25 mg/L) was used as the reaction solution for the postcolunm reaction'*”!.
Peaks were identified using external standards prepared from their respective oxidation
products as previously described” and quantified using the package Turbochrom Navigator

software (Perkin-Elmer). Results are expressed as nmol of lipid hydroperoxides/mg of

protein.

Statistical analysis

All data are expressed as mean + SE or mean £ SD. Statistical significance was evaluated
using the one-way ANOVA test for comparisons among three groups (Control X NAC X
SNAC — LOOH quantification) and t-test for the comparison between two means (Control X

SNAC - biochemical analysis). A value of P<0.05 was considered statistically significant.

RESULTS

Figure 1 shows the micrographs of liver tissues extracted from animals treated with choline-
deficient diet, which received vehicle or SNAC solutions during four weeks. A moderate
macro and microvacuolar steatosis in periportal zone can be seen in the control group (Figure
1A) while in the SNAC-treated group the animals did not develop liver steatosis (Figure 1B).
Scharlach staining has shown a fatty change (positive staining) in the control group (Figure
1C), whereas in the SNAC-treated group no fat change was detected (negative staining)
(Figure 1D). In both animal groups, necroinflammatory activity was minimal and no fibrosis
was detected. In the NAC-treated group there was macro and microvacuolar steatosis in

periportal zone (data not shown).
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Fig. 1. Histological features of liver tissues of rats fed with choline-deficient diet. (A)
Control, showing moderate macro and microvacuolar steatosis in periportal zone; (B) SNAC-
treated animals showing normal liver in periportal zone (hematoxylin-eosin stain-HE); (C)
Control group showing positive Scharlach stain; (D) SNAC-treated animals showing negative

Scharlach stain.

Figure 2 shows that SNAC prevented the rise of LOOH concentration in the liver of
the SNAC-treated group, compared to the control group (0.3 £ 0.1 vs 3.2 £ 0.4 nmol/mg
protein, respectively). The protective effect of NAC is also expressed in a reduction of
hydroperoxides formation that can be seen in the ca. 4.6-fold reduction in LOOH formation

(0.7 £0.2 vs 3.2 £ 0.4 nmol/mg protein, respectively).
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Fig. 2. Concentration of hydroperoxides (LOOH) in the liver homogenates of the control

group (Control), NAC and SNAC-treated animals.

On the other hand, table 1 shows that the levels of AST and triglycerides were
increased to a similar extent in the control and SNAC-treated groups and that SNAC
treatment in the choline-deficient fed rats did not lead to changes in ALT and cholesterol

levels.

Table 1 Levels of alanine amininotransferase (AST), aspartate aminotransferase (ALT), cholesterol and

triglycerides in the serum of rats fed with choline-deficient diet.

Group Number of AST ALT Cholesterol Triglyceride
animals (U/L) (U/L) (U/L) (U/L)

Control ' 6 10843 40+£1 36+1 88+3

SNAC* 6 9544 3748 35+1 70+1

Date expressed as mean + SD
Normal values in U/L for AST:10-34; ALT:10-44; mg/dl: cholesterol and triglyceride: 45-89
! Control - animals fed with choline-deficient diet

2SNAC — animals fed with choline-deficient diet and treated daily with oral SNAC administration

Figure 3 shows the emission spectra of human LDL suspension (200 pg/mL) in PBS.

The two emission peaks at ca. 410 and 440 nm (Figure 3A) can be assigned to the partial
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oxidation of the freshly prepared LDL suspension. It can be seen that these two peaks increase
after the incubation of LDL with CuCl, (300 umol/L) (Figure 3B) reflecting the oxidation of
LDL catalyzed by Cu (II) ions. However, incubation of LDL with CuCl, in the same
condition, but in the presence of SNAC (300 umol/L) completely blocked the growth of the

410 and 440 nm peaks (Figure 3C). In fact, the peak at 440 nm was extinguished in this case.
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Fig 3. Emission spectra of human LDL (200 pg/mL) suspended in aerated PBS. (a) Freshly
prepared suspension; (b) after incubation with CuCl, (300 umol/L) for 15 h; (c) after co-
incubation with CuCl, (300 umol/L) and SNAC (300 umol/L). The excitation and emission

wavelengths were 360 and 433 nm, respectively.

Figure 4 shows the effect of SNAC on the kinetics of LA oxidation by SLO. This
effect can be evaluated through the analysis of two kinetic parameters: initial rate and extent
of the peroxidation reaction until the achievement of the chemical equilibrium. Kinetic curves
were obtained from the corresponding spectral changes in the UV, monitored through the

band with maximum at 234 nm. This band is characteristic of conjugated dienes and can thus
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be taken as a marker of LA peroxidation. While initial rates of reaction correspond to the
inclination of the initial sections of the curves (ca. 10 s), extents of the reactions correspond to
the absorbance values at the plateaus. It can be seen that both parameters are maximum when
LA (18.76 umol/L) is incubated with SLO (0.056 umol/L) (Figure 4A). Co-incubation with
NAC (560 umol/L) reduced the extent and rate of oxidation (Figure 4B), but this reduction is
much more pronounced in the co-incubation with SNAC at a concentration ten times lower
than NAC (56 umol/L) (Figure 4C). The reduction is further increased in the presence of
SNAC (560 umol/L) (Figure 4D). These effects can also be evaluated in the bar graph of Fig.
5, where the initial rates of reaction and the extents of reaction were extracted from the kinetic
curves of Fig. 4. It can be seen in Fig. 5 that both the rates and the extents of reaction in the
presence of SNAC were reduced to about half of those obtained in the presence of NAC at a

concentration ten times higher.
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Fig. 4. Kinetic curves of linoleic acid (18.76 wmol/L) peroxidation catalyzed by (a) soybean
lipoxygenase (SLO) (0.056 pmol/L); (b) SLO co-incubated with NAC (560 umol/L); (c)
SLO co-incubated with SNAC (56 umol/L) and (d) SLO co-incubated with SNAC (560

umol/L). Absorbance changes monitored at 234 nm at 37 °C.
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Fig. 5. Barr graph showing the extent (Ext) and initial rates (Vy), of the peroxidation reaction

of linoleic acid (LA) by SLO. Data extracted form the curves of Fig. 4.

DISCUSSION

Choline-deficient diet is a classical general model of NAFLD, where Cyp2El1 is up regulated
and the animals develop steatosis, steatohepatitis and hepatic fibrosis™®®!. The results obtained
in this animal model show a strong inhibitory effect of SNAC on fatty change, which is the
initial step of NAFLD. The protective effect of SNAC observed here can be analyzed
according to the suggested role of oxidative stress in the pathology of NAFLD#*-031,
Although the exact role of antioxidants in the prevention of NAFLD is not well established
yet, a number of studies have shown that markers of oxidative stress are increased, while
levels of endogenous antioxidants (e.g. vitamin E and glutathione, GSH) are decreased in
NAFLD"*% The microsomal enzymes CYPs 2E1 and 4A are believed to be involved in the
fatty acid oxidation in the liver of humans with NASH, contributing to the pathogenesis of
this disease'®"). In the present case, formation of lipid hydroperoxides (LOOH), which are one
of the main products of the lipid peroxidation process, was observed to be expressively

reduced in the liver tissue of the SNAC-treated animals, indicating that SNAC acted as a

potent inhibitor of lipid/lipoproteins oxidation. This result is in accordance with the reactivity
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of NO from SNAC and the ability of NO in blocking the propagation of radical chain

reactions by forming nitrated lipid derivatives as end products”*™’ -34.35.36]

SNAC-induced inhibition of LDL oxidation by Cu(Il) as a model system, was
confirmed in the in vitro experiments as can be seen in Fig. 3. The emission peaks at 410 and
440 nm in the fluorescence spectra of LDL suspensions are assigned to adduct formation
(Schiff bases) between oxidation products of the lipid content of LDL particles (mainly
malondialdehyde, MDA) and amino groups of the apolipoprotein (mainly Apo-B-100) and are

37381 The inhibition of their formation in the co-

well known markers of LDL oxidation'
incubation of LDL with Cu (II) and SNAC, shows that SNAC blocks LDL oxidation in this
condition. The protective effect of SNAC was also confirmed in vitro using LA as a second
model compound in which peroxidation was catalyzed by SLO (Figs. 4 and 5). The co-
incubation of LA with SNAC (56 umol/L) and with its correspondent reduced thiol, NAC
(560 umol/L) highlights the much more potent effect of SNAC in the inhibition of LA
peroxidation, once SNAC at a concentration ten times lower than NAC exerted a much more
important antioxidant effect. The fact that an increase in SNAC concentration to 560 pmol/L
did not lead to a proportional reduction in the kinetic parameters associated with LA
peroxidation, is probably due to the relatively fast initial steps of LA peroxidation.

As SNAC does not react directly with aldehydes or ketones, the protective effect observed
here must be associated with the termination of lipid radical chain propagation reactions,
through the inactivation of alkoxyl (LO®) and peroxyl (LOO®) intermediates, which were

32,33,34,35,36]

already demonstrated to be converted into inactive ROONO products by NO! . in

vivo. A general equation for these reactions can be written as:

2RS-NO + LO*/LOO° - LONO/LOONO + RS-SR (1)
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where RSNO can be any primary S-nitrosothiol and RS-SR is the corresponding oxidized
thiol, yielded as a dimmer. The same RS-SR dimmers are formed if the RSNOs release NO

primarily according tol*”:

2 RSNO — RS-SR + 2NO (2)

Free NO released in Eq. 2 is also capable of reacting with LO*/LOO" species™, leading to the

same termination products of Eq. 1.

Although NAC (the precursor of SNAC) has also an important antioxidant action due
to the easy of hydrogen abstraction from its thiol group (data not shown) the protective action
of SNAC cannot be assigned to its conversion into NAC. Such reaction doesn’t take place in
an oxidative environment. In such conditions, the anti-oxidant effect of SNAC can be
assigned mainly to the lability and reactivity of NO, according to Eqgs. 1 and 2. This statement
is supported not only by the greater antioxidant action of SNAC, compared to NAC, in the in
vitro experiments with LDL and LA, but also by the in vivo results showing that the daily oral
administration of NAC at a concentration five times higher than SNAC, did not prevent the
development of liver steatosis in the present animal model, and led to a lower reduction in the
LOOH level in the liver tissue. The protective action of NAC in this animal model is not
entirely dissimilar than those obtained with other more classical anti-oxidants. However,
ascorbic acid, which reduces liver steatosis in rats under choline-deficient diet, is not able to
inhibit the onset of this pathology, and o-tocopherol (vitamin E), does not even reduce fat
accumulation in the hepatic tissue in the same animal model*.

The important protective action of an NO donor in this model allow to suggest that

NAFLD can be associated with an impairment of endogenous NO production in the liver.

Since the production of endothelium-derived NO was already demonstrated to be impaired in
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other diseases related to oxidative stress, like atherosclerosis™*?! the effects of NO in
NAFLSD can involve other mechanisms in addition to those associated solely to oxidative
stress. NO is also known to be a signal transduction mediator and accumulating data suggests
that S-nitrosation and nitrosilation reactions performed by NO may be a ubiquitous
posttranslational modification involved in signal transduction regulation[m. The absence of
correlation between the reduction of LOOH concentration and the occurrence of macro and
microvacuolar steatosis in the NAC-treated group, is an evidence that protective mechanisms,
other than the inhibition of lipid peroxidation, are operative when SNAC is administered to
choline deficient animals. Such mechanisms are probably associated to the
biochemical/signaling actions of NO and can be specifically linked to the biochemistry of
RSNO:s. In contrast to other NO donors which are already in widespread clinical use, like
organic nitrates and nitrites and sodium nitroprusside, few clinical studies have been reported
for RSNOs. Therefore, the use of RSNOs as exogenous NO sources in the treatment of
NAFLD can bring new perspectives for understanding the pathogenesis of this disease.

In conclusion, our results show that oral administration of SNAC as an exogenous NO
source, can block the onset of NAFLD and that the reduction of LOOH production in liver
tissue as a result of this treatment can be associated to the ability of SNAC in blocking the
lipid peroxidation. These results can have clinical implications, regarding novel therapeutic

strategies for the treatment of NAFLD.
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ABSTRACT

Objective: To evaluate the role oral administration of S-nitroso-N-acetylcysteine (SNAC), a
NO donor drug, in the prevention and reversion of NASH in two different animal models.
Methods: NASH was induced in male ob/ob mice by methionine-choline deficient (MCD)
and high-fat (H) diets. Two animal groups received or not SNAC orally for four weeks since
the beginning of the treatment. Two other groups were submitted to MCD and H diets for 60
days receiving SNAC only from the 31% to the 60™ day.

Results: SNAC administration inhibited the development of NASH in all groups, leading to a
marked decrease in macro and microvacuolar steatosis and in hepatic lipid peroxidation in the
MCD group. SNAC treatment reversed the development of NASH in animals treated for 60
days with MCD or H diets, which received SNAC only from the 31" to the 60" day.
Conclusions: Oral administration of SNAC markedly inhibited and reversed NASH induced

by MCD and H diets in ob/ob mice.

Key words: NASH, Oxidative stress, S-nitroso-N-acetylcysteine, Nitric oxide
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INTRODUCTION

Nonalcoholic Fatty Liver Disease (NAFLD) includes the whole spectrum of fatty
liver, including nonalcoholic steatosis, steatohepatitis (NASH) and eventually cirrhosis [1].
Although several predisposing factors have been related to NAFLD, such as obesity and
diabetes, the pathogenesis of liver cell injury, inflammation and the progression to hepatic
fibrosis are still unclear [2,3]. One of the main hypotheses is that the mechanism of
hepatocyte injury in NASH is associated to oxidative stress and lipid peroxidation, resulting
from the imbalance between prooxidant and antioxidant chemical species. Such imbalance is
associated with increased P-oxidation of fatty acids by mitochondria, peroxisomes,
cytochrome P450, CYP2EI, and the CYP4A system. These oxidative processes produce free
electrons, H,O,, and reactive oxygen species (ROS), while depleting the potent antioxidants
glutathione, and vitamin E [4-6]. The increased levels of free fatty acids present in the fatty
liver provide a perpetuating and propagating mechanism for oxidative stress via lipid
peroxidation, with secondary damage to cellular membranes and key organelles such as the
mitochondria [6]. Nitric oxide (NO) was already shown to act as a potent inhibitor of lipid
peroxidation chain reactions by scavenging propagatory lipid peroxyl radicals and by
inhibiting many potential initiators of lipid peroxidation, such as peroxidase enzymes [7-9].
On the other hand, in an oxidative stress setting with the formation of superoxide anion (O;"
), NO forms peroxynitrite (OONQ"), a strong oxidant agent which is able to promote tyrosine
nitration forming nitrotyrosine (NTY) [10,11]. An abnormal intrahepatic accumulation of
NTY in chronic virus hepatitis has already been reported [12] suggesting that the balance
between NO and O," may have important implications in NASH, in which oxidative stress
seems to have a pivotal role in the onset and/or progression of the disease [8,9]. In addition to

its role in the balance between pro and anti oxidant species in the cellular milieu, NO may
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affect lipid synthesis in the liver through the inactivation of coenzymeA, which is central to
the pathway of fatty acid and cholesterol synthesis [13,14].

NO is believed to coexist in cells with S-nitrosothiols (RSNOs) which are considered
to be endogenous NO carriers and donors in mammals [15]. NO covalently bound to the
sulfur atom in RSNOs resists oxidant inactivation by oxyhemoglobin and has the same
physiological properties of free NO, including its protective action in oxidative stress [16].
RSNOs are compounds, which spontaneously release NO at different rates [17] and can be
considered as potential therapeutic agents in a variety of pathologies in which NO may be
involved [18]. S-nitroso-N-acetylcysteine (SNAC) is a relatively stable RSNO and a potent
vasodilator [19]. RSNOs can be powerful terminators of radical chain-propagation reactions,
by reacting directly with ROO® radicals, yielding nitro derivatives (ROONO) as end products,
as well as dimmers RS-SR [7,8].

The aim of this study was to evaluate the role of SNAC as a NO donor, in the
prevention and treatment of NASH in ob/ob mice fed with methionine-choline deficient or
high-fat diets. It was shown for the first time that SNAC can inhibit and revert NASH in these
animal models. These data suggest a novel therapeutic potential for the treatment of NASH

with NO donors.

MATERIALS AND METHODS

Materials

N-acetyl-L-cysteine (NAC), phosphate buffer saline (PBS, pH 7.4), Low Density
Lipoprotein (LDL) from human plasma, copper sulfate and sodium nitrite (Sigma, St. Louis,
MO, USA), were used as received. All experiments were carried out using analytical grade

water from a Millipore Milli-Q Gradient filtration system.
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SNAC Synthesis
SNAC was synthesized from the S-nitrosation of NAC as described elsewhere
[17,19]. Fresh stock solutions of SNAC were diluted to 2.4 x 10* mol/L in phosphate buffer

(pH 7.4), before oral administration.

Animals

Male ob/ob mice (Jackson Laboratories, Bar Harbor, Maine, USA), weighing 20-30 g,
were housed in temperature and humidity controlled rooms, under 12-h light/dark cycles and
were allowed food and water ad libidum. All procedures for animal experimentation were in
accordance to the Helsinki Declaration of 1975, (NIH Publication No. 85-23, revised 1996)
and the Guidelines of Animal Experimentation from the University of Sdo Paulo, School of
Medicine. NASH was induced in male ob/ob mice by a methionine-choline deficient (MCD)
diet or by a high-fat (H) diet. Animals were divided into five groups that received SNAC
solution or vehicle by gavage daily for four weeks: 1- MCD group (n = 6): MCD diet plus
vehicle; 2 - H group (n = 6): H diet plus vehicle; 3 - MCD/SNAC group (n = 6): MCD diet
plus SNAC solution (1.4 mg/kg/day); 4 - H/SNAC group (n=6): H diet plus SNAC solution
(1.4 mg/kg/day); 5 - C group (n = 6): Control animals fed a standard diet. Two additional
animal groups were submitted to a MCD or H diet for 60 days and started receiving SNAC
from the 31% to the 60" day: 6 - MCD/SNAC 31 group (n = 6): MCD diet plus SNAC
solution (1.4 mg/kg/day); 7 - H/SNAC 31 group (n = 6): H diet plus SNAC solution (1.4
mg/kg/day). After the treatments, the animals were sacrificed and samples of plasma and

liver tissue were collected for biochemical and histological examination.
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Laboratory evaluation
Laboratory analysis included the measurements of levels of alanine
amininotransferase (ALT), aspartate aminotransferase (AST), cholesterol and triglycerides in

the serums of the animals.

Histological analysis

Fragments of liver tissues previously fixed by immersion in formaldehyde saline
(10%) solution, were processed and submitted to hematoxylin-eosin (HE) and Masson
Trichrome stains for histological analysis. Histological variables were blindly
semiquantitated from O to 4+, by an experienced pathologist, with respect to: macro and
microvacuolar fatty change, zonal distribution, foci of necrosis, pericellular and perivenular

fibrosis as well as inflammatory infiltrate.

Oxidative Stress Analysis

Malondialdehyde (MDA) formation, measured as thiobarbituric acid-reactive
material, was used to quantify lipid peroxidation in tissues. Tissues (100 mg/mL) were
homogenized in 1.15% KCIl buffer, and centrifuged at 14,000 x g for 20 min. The
supernatant was stored at —70 °C until the assay. An aliquot of supernatant was added to a
reaction mixture of 1.5mL of thiobarbituric acid (0.8% vol/vol), 200 uL of SDS (8.1%
vol/vol), 1.5 mL of acetic acid (20% vol/vol, pH 3.5), and 600 uL of distilled water and
heated to 90 °C for 45 min. After cooling to room temperature, the samples were cleared by
centrifugation (10,000 x g for 10 min), and their absorbances were measured at 532 nm using
1,1,3,3-tetramethoxypropane as an external standard. The quantity of lipid peroxides was

expressed as nanomols of MDA per milligram of protein.
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Glutathione (GSH) assay

Tissue samples (100mg/mL) were homogenized in sulfosalacylic acid (5% vol/vol).
The homogenates were centrifuged at 10,000 x g for 20 min, and an aliquot of the clear
supernatant (20 mL) was combined with 160 mL of Na,HPO,4 0.3 mol/L and 20 mL of 5-5-9-
dithiobis-(2-nitrobenzoic acid) (0.04%) in sodium citrate (1%). After 10 min incubation at
room temperature, absorbance was read at 405 nm in a Spectramax microplate reader.
Concentrations of GSH were calculated from a standard curve obtained with known

concentrations of reduced GSH and expressed as Lg GSH per mg protein.

Effect of SNAC on the in vitro LDL oxidation

Oxidation of LDL was induced through the addition of CuSOs (5 umol/L) to
oxygenated aqueous LDL suspensions (200 pg/mL) in the absence and presence of SNAC (5
and 500 pumol/L). Aqueous LDL suspensions were prepared by diluting LDL 6.3 mg
protein/mL to 200 pg protein/mL with EDTA-free PBS and incubated with CuSOs (5
pmol/L) for 22 h at 37 °C. Oxidation of LDL results in derivatization of lysine residues of
apolipoprotein B by lipid peroxide decomposition products, leading to fluorescent free and
protein-bound Schiff base conjugates [21,22]. In all cases, fluorescence spectra of such
conjugates were firstly recorded in the range 430 to 600 nm in order to characterize the shape
and position of the emission peak. All the spectrofluorimetric measurements were performed
using a Perkin-Elmer LS-55 luminescence spectrometer with a temperature-controlled
cuvette holder thermostatized at 37 °C. Spectra of the solutions were obtained in 1 cm quartz
cuvette. The excitation and emission wavelengths were 360 and 433 nm, respectively. Native
LDL (200 pg/mL) served as the control. Fluorescence intensities were used to evaluate the

extent of LDL oxidation.
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Statistical analysis
Data were expressed as means * standard deviation (SD). Groups were compared

using univariate analysis (ANOVA); p values under 0.05 were considered significant.

RESULTS

Biochemical and histological analysis

Figure 1 shows the histological features of ob/ob livers of mice fed with MCD and H
diets, which received or not SNAC by gavage for four weeks. It can be seen that the MCD
group developed diffuse moderate macro and microvacuolar steatosis, hepatocellular
ballooning and inflammatory infiltrate (Figure 1a). In the H group, diffuse microvacuolar
steatosis was observed, hepatocellular ballooning was not seen and inflammatory infiltrate
was smaller than in the MCD group (Figure 1b). SNAC administration led to a marked
decrease in histological alterations in both groups. These results show that SNAC treatment
can abolish the development of NASH in these animal models (Figures lc and 1d).
Moreover, mice fed with MCD or H diets for 30 days, which started to receive SNAC only
from the 31 day and continued receiving SNAC up to the 60" day, did not show histological
alterations after the 60" day of treatment (Figures le and 1f). These results show that SNAC
treatment, started after the onset of the disease, was able to completely reverse NASH both in

the MCD and H groups.
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Figure 1. Histological features of ob/ob livers of mice fed with methionine-choline deficient
diet (MCD group) showing diffuse moderate macro and microvacuolar steatosis,
hepatocellular ballooning and inflammatory infiltrate (a). Histological features of livers of
mice fed with high-fat diet (H group) showing diffuse microvacuolar steatosis and slight
inflammatory infiltrate (b). Histological features of livers of mice fed with MCD or H diets,
which received SNAC orally (MCD/SNAC group (¢) and H/SNAC group (d), respectively)
showing no histological alterations in both cases. Histological features of livers of mice fed
with MCD or H diets for 30 days which received SNAC from the 31" to the 60™ days
(MCD/SNAC 31 group (¢) and H/SNAC 31 group (d), respectively), showing no histological
alterations in both cases. Magnifications: (a) and (b) left and (c), (d), (e) and (f) = 100X; (a)

and (b) right = 400X.

Serum AST and ALT levels were highly elevated in the MCD and H groups (specially
in the H group). Cholesterol level was slightly above the normal value in both groups.
Triglycerides levels were unaltered in both groups. SNAC treatment led to a marked decrease
in the levels of ALT and AST and to a small decrease in the levels of cholesterol in the two
groups. The triglycerides level was also decreased in the MCD/SNAC group relative to the

MCD group but increased in the H/SNAC group, relative to the H group (Table 1).

Lipid peroxidation

Figure 2 shows the MDA levels in liver samples of animals fed with C, MCD and H
diets, which received or not SNAC by gavage for four weeks. It can be seen that basal hepatic
lipoperoxide concentrations were significantly increased in the MCD and H groups, relative

to the C group. The MDA level was significantly reduced in the MCD/SNAC group relative
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to the MCD group. However there was no significant change in the MDA level when

comparing H and H/SNAC groups.

Table 1. Levels of alanine amininotransferase (ALT), aspartate aminotransferase (AST),
cholesterol and triglycerides in the serum of ob/ob mice fed with methionine-choline
deficient diet (MCD) or high-fat diet (H), which received or not SNAC by gavage for four

weeks (MCD/SNAC and H/SNAC, respectively).

Group N AST ALT Cholesterol ~ Triglycerides
(U/L) (U/L) (U/L) (U/L)
MCD 6 623+6 230+1 105+1 9343
MCD/SNAC 6 192+6* 21+6* 89+1 62+1
H 6 340545 52746 1232 4643
H/SNAC 6 146+3* 24+48* 89+1 7543

Normal values in U/L for: AST = 10-34 mg/dl; ALT = 10-44 mg/dl: cholesterol and
triglycerides = 45-89.

*p<0.05; MCD x MCD/SNAC; H x H/SNAC
Data expressed as mean + SD.

Figure 3 shows the reduced glutathione levels in liver samples of animals fed with C,
MCD and H diets, which received or not SNAC by gavage for four weeks. It can be seen that
basal hepatic reduced glutathione levels were significantly lowered in the MCD and H groups
relative to the C group. In the MCD/SNAC group the GSH level was significantly increased,
however there was no significant change in the reduced glutathione levels when comparing H

and H/SNAC groups.
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Figure 2. Malondialdehyde (MDA) level in liver samples of animals fed with control (C),
methionine-choline deficient (MCD) and high-fat (H) diets, which received or not SNAC by

gavage for four weeks. Data expressed as mean + SD; "p< 0.05 MCD x MCD/SNAC.
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Figure 3. Glutathione (GSH) level in liver samples of animals fed with control (C),
methionine-choline deficient (MCD) and high-fat (H) diets, which received or not SNAC by

gavage for four weeks. Data expressed mean + SD; *p< 0.05 MCD x MCD/SNAC.
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% of Mass Change

Figure 4 shows the percentages of mass change of the animals fed with C, MCD and
H diets, which received or not SNAC by gavage for four weeks. Control animals showed an
increase of ca. 13% in body mass after four weeks. While animals fed with MCD diet showed
a slight increase in body mass, animals fed with H diet had an average increase of ca 28% in
their body mass. Treatment with SNAC practically abrogated mass increase in the MCD

group and led to a significant reduction in the mass increase of the H group.

Mass change (%)

MCD H H/SNAC

=51 MCD/SNAC

Figure 4. Percentage of mass change in animals fed with control (C), methionine-choline
deficient (MCD) and high-fat (H) diets which received or not SNAC by gavage for four

weeks. Data expressed as mean £ SD
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Effect of SNAC on the LDL oxidation

Figure 5 shows the emission intensity changes in the in vitro oxidation of LDL (200
pg/mL) by CuSO4 (5 umol/L) in the absence (a) and presence of the SNAC (5 and 500
pmol/L) (b and c, respectively) based on the emission peak with maximum at 433 nm (inset).
It can be seen that incubation of LDL with Cu (II) ions in the presence of SNAC 5 umol/L
led to a decrease in the extent of LDL oxidation, reflected in the lower emission intensity

obtained. Incubation with SNAC 500 pmol/L completely inhibited LDL oxidation.
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Figure 5. Emission intensity changes in the oxidation of low density lipoprotein (LDL) (200
pg/mL) by CuSOy (5 pmol/L) in the absence (a) and presence of SNAC (5 and 500 umol/L)
(b and c respectively), measured at 433nm with excitation at 360 nm. Inset: Emission spectra
of LDL (200 pg/mL) incubated with CuSO4 (5 wmol/L) in the absence (a) and presence of

SNAC (5 and 500 pmol/L) (b and c respectively).
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DISCUSSION

Nonalcoholic steatohepatitis is ascribed to an imbalance between the excessive uptake
of free fatty acids by the liver with subsequent increase in triglycerides (TG) synthesis, and
the reduction of fatty acid oxidation and TG secretion (VLDLs) in the liver. Several
predisposing factors have been related to NASH especially obesity, insulin resistance and
diabetes mellitus, along with other components of the metabolic syndrome (arterial
hypertension, hypertriglyceridemia and visceral distribution of adipose tissue). Leptin-
deficient ob/ob mice show many characteristics of obesity, including excess peripheral
adiposity as well as severe hepatic steatosis, at least in part, due to increased hepatic
lipogenesis [23]. Lipogenesis in hepatocytes depends upon diet, substrate availability and
hormone status and is stimulated by carbohydrate diet and an overeating diet with reasonable
high fat content (35%) enriched with saturated fatty acid [23,24]. Methionine and choline
deficient diet is a classical model of NAFLD, where Cyp2El is up regulated and the animals
develop steatosis, steatohepatitis and hepatic fibrosis [25]. Although, ob/ob mice develop
liver steatosis sponteanously these animals do not develop NASH spontaneously, requiring a
second hit with MCD or H diets. In the present study, ob/ob mice received high-fat diet
enriched with lard and egg yolk (saturated fatty acid) or MCD diet and developed, in both
diet models, classical patterns of NASH. The main differences between the two diet models
were reflected in the histological patterns: It was observed that the MCD diet caused
predominantly macrovacuolar steatosis, and more inflammation and ballooning than the H
diet, which caused predominantly microvacuolar liver steatosis, without hepatocellular
ballooning and slight inflammation. Thus, these two models can be used to study

nonalcoholic steatohepatitis.
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It was shown in this work that SNAC exerts a strong inhibitory effect in NASH
induced in ob/ob mice by both diets. Also, NASH was reversed by SNAC after 30 days of
treatment of these animals with MCD or H diets, even with the continuity of these diets until
the 60" day. The observation that SNAC inhibits LDL oxidation in vitro in a dose-dependent
manner, reinforce the proposal that SNAC acts in vivo by blocking lipid peroxidation and
that this is an important mechanism in the onset and progression of NASH. This result is
correlated with the detection of a decrease in the MDA level (and an increase in the GSH
level) of the MCD-deficient animals, which received SNAC by gavage, once MDA and GSH
are two well-known markers of oxidative stress. Several works have already shown that
markers of oxidative stress are increased, while levels of endogenous antioxidants (eg.
vitamin E, GSH) are decreased in NAFLD [26-28]. In such situations the microsomal
enzymes CYPs 2E1 and 4A are believed to be involved in the fatty acid oxidation in the liver
of humans contributing to the pathogenesis of this disease [6]. The observed reduction in the
MDA concentration, concomitantly with the increase in GSH concentration in the liver tissue
of the SNAC-treated animals, indicates that SNAC acted as an inhibitor of lipid/lipoproteins
oxidation in the present models. This result is in accordance with the known fact that NO can
play a potent oxidant-protective role in vivo by inhibiting oxygenase-dependent lipid and
lipoprotein oxidation [8] and suggests that NASH may be associated with an impairment of
the endogenous NO production in the liver.

The protective action of SNAC is in accordance with the study reported by Laurent et
al [31] where these authors observed that the concentrations of nitrite and nitrate were
increased, while the nitrosothiol concentration was decreased in ob/ob mice. This result
indicates that in these animals, the oxidative stress situation led to a consumption of the
endogenous nitrosothiol pool. As a result the nitrite and nitrate concentration is expected to

increase as observed. Conversely, the observed increase in nitrosothiol concentration,
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simultaneously with the decrease in nitrite and nitrate concentrations with the administration
of NAC, in this work, can be understood as a preservation of the nitrosothiol pool, due to the
antioxidant action of NAC. Although NAC can also act as an antioxidant in vivo it is not
expected that NAC will be formed as a result of the antioxidant action of SNAC. Treatment
of ob/ob mice submitted to MCD diet, with NAC in the place of SNAC, in the same
conditions described in the experimental part, did not inhibit NASH (data not shown). On the
other hand, accumulation of oxidized lipid/lipoproteins in the liver may not be the primary
cause of NAFLD. It has been demonstrated that endogenously produced NO may affect lipid
synthesis in the liver by reacting with the active cysteine thiol group of coenzimeA to form
inactive S-nitrosoCoA [13]. This S-nitrosation reaction may be the fundamental mechanism
underlying the experimental fact that endogenous NO impairs protein synthesis and that
exogenous NO donors such as S-nitrosoglutathione (GSNO) can modulate lipogenesis and
ketogenesis in isolated cultures of hepatocytes [14]. More recently it has been demonstrated
that oral administration of SNAC can prevents the onset of NAFLD in Wistar rats fed with
choline-deficient diet [29] and in ob/ob mice fed with MCD diet [30]. In the last case, SNAC
treatment led to the downregulation of several genes belonging to oxidative phosphorylation,
fatty acid biosynthesis, fatty acid metabolism and glutathione metabolism pathways.
Therefore, the protective action of SNAC may involve both gene regulation and post-

translational enzyme modification.

CONCLUSIONS

Our results suggest that NASH may be associated with an impaired NO production in

hepatocytes and that the oral treatment with SNAC as an exogenous NO source may block
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and reverse the development of NASH. These results can have clinical implications,

regarding novel therapeutic strategies for NASH.
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5.3. Material suplementar

Nos resultados suplementares abaixo sdo mostrados os espectros de
emissdo apods a oxidacdo da lipoproteina de baixa densidade (LDL) catalisada
por ions Cu(Il) na auséncia (Fig. 1) e na presenca de S-nitrosoacetilcisteina
(SNAC) (Fig. 2). Pode-se observar nestes resultados, que a presenca de
SNAC em maior concentracdo (500 uM) leva a uma inibicdo completa da
peroxidacdo lipidica. A parte experimental, assim como a discussdo detalhada
destes experimentos se encontram no manuscrito submetido ao Journal of the

American College of Nutrition.
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Fig. 1. Espectros de fluorescéncia apds a oxidacdo da lipoproteina de baixa

densidade (LDL) (concentracdo final 200 pg/mL) catalisada por ions Cu(Il)
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(concentracdo final 5 uM) a T = 37°C. Comprimentos de onda ex/em =

360/430 nm.
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Fig. 2. Espectros de emissdo apds a oxidacdo da lipoproteina de baixa
densidade (LDL) (concentracdo final 200 pug/mL) catalisada por ions Cu (II)
(concentracdo final 5 uM) na presenca de S-nitrosoacetilcisteina (SNAC)
(concentragdes finais de 5 e 500 uM). T = 37°C; Comprimentos de onda
ex/em = 360/430 nm.

Deve-se observar que, tanto na Fig. 1 como na Fig. 2, a LDL ja
apresenta uma banda de emissdo associada com a presenca de hidroper6xidos,
antes mesmo da peroxidacdo catalizada pela adicao de ions Cu(Il). Isto é,

trata-se de LDL ja parcialmente oxidada.
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6. Conclusoes

Os S-nitrosotiéis primdrios (RSNOs) utilizados neste trabalho, S-nitroso-N-
acetilcisteina (SNAC), S-nitrosoglutationa (GSNO) e S-nitrosocisteina (CISNO)
exercem acoOes antioxidantes que podem ser associadas com o bloqueio da
peroxidagdo do dcido linoleico (AL) e da lipoproteina de baixa densidade (LDL)
invitro. Estas acOes antioxidantes sdo significativamente maiores que as obtidas

pelos seus tidis correspondentes em condi¢des equimolares.

As reagdes entre os RSNOs e radicais peroxila (LOO®)/alcoxila (LO®) ou
hidroper6xido (LOOH) bloqueiam a propagacdo da peroxidacao lipidica levando a
formacdo de produtos nitrogenados do AL oxidado, detectados pela reducgdo
posterior destes produtos a NO livre e de produtos nitrogenados do LDL oxidado,

evidenciados pelo consumo de NO livre detectado eletroquimicamente.

A formacao posterior de adutos de lisina com produtos da oxidagcdo do AL in

vitro pode ser usada para a avaliacdo da extensdo das reacdes de peroxidagdo

lipidica do LA.

A administracdo por via oral de RSNOs oferece perspectivas para o

tratamento da esteatose hepdtica nao alcodlica.

131



7. Bibliografia

Bartsch, H.; Nair, J., Chronic inflammation and oxidative stress in the genesis
and perpetuation of cancer: role of lipid peroxidation, DNA damage, and

repair, Langenbecks Archives of Surgery, 2006, 391(5): 499-510.

Belitz, H. D.; Grosch, W., Food Chemistry. Springer Verlag, Berlim, 2° ed.
1987,168-170.

Brash, A. R., Lipoxygenases, occurrence, functions, catalysis and acquisition

of substrate, The Journal of Biological Chemistry, 1999, 274:23679-23682

Camejo, G.; Hurt-Camejo, E., Hiperlipemias — Clinica e tratamento, Carmena,
R.; Ordovéas, J. M., eds.; Ediciones Doyma: Barcelona, Espanha, 1999,

capitulo 1.

Cherubini, A.; Ruggiero, C.; Polidori, C.; Mecocci, P., Potential markers of
oxidative stress in stroke, Free Radical Biology and Medicine; 2005;
39(7):841-852.

Cominacini, L.; Garbin, U.; Davoli, A.; Micciolo, R.; Bosello, O.; Gaviraghi,
G.; Scuro, L. A.; Pastorino, A. M., A simple test for predisposition to LDL
oxidation based on the fluorescence development during copper-catalyzed

oxidative modification, Journal of Lipid Research, 1991, 32:349-358.

Cornwell, T. L.; Arnold, E.; Boerth, N. J.; Lincoln, T. M., Inhibition of
smooth muscle cell growth by nitric oxide and activation of cAMP-dependent

protein kinase by cGMP. American Journal of Physiology-Cell Physiology,
1994, 267(5):C1405-C1413.

132



Culotta, E.; Koshland, D. E., NO news is good news, Science, 1992,
258(5090):1861-1865.

de Oliveira, C. P. M. S.; Simplicio, F. I.; de Lima, V. M. R.; Yuahasi, K.;
Lopasso, F. P.; Alves, V. A. F.; Abdalla, D. S. P.; Carrilho, F. J.; Laurindo, F.
R. M.; de Oliveira, M. G., Oral administration of S-nitroso-N-acetylcysteine

prevents the onset of non alcoholic fatty liver disease in Rats, World Journal

of Gastroenterology, 2006,12(12):1905-1911 (A).

de Oliveira, C. P. M. S.; Stefano, J. T.; de Lima, V. M. R.; Simplicio, F. L.; de
Mello, E. S.; de Sa, S. V.; Corréa-Giannella, M. L.; Alves, V. A. F.; Laurindo,
F. R. M.; de Oliveira, M. G.; Giannela-Neto, D.; Carrilho, F. J., "Hepatic gene
expression profile associated with non-alcoholic steatohepatitis protection by
S-nitroso-N-acetylcysteine in ob/ob mice", Journal of Hepatology, 2006, 45:
725-733 (B).

de Oliveira, F. G.; Rossi, C. L.; de Oliveira, M. G.; Saad, M. J. A.; Vellloso,
L. A., Effect of vitamin E supplementation on antibody levels against

modified LDL in hyperlipidemic hamsters, Cardiovascular Research, 2000,
47:567-573.

de Oliveira, M. G.; Shishido, S. M.; Seabra, A. B.; Morgon, N. H., Thermal
stability of primary S-nitrosothiols: Roles of autocatalysis and Structural effects

on the rate of nitric oxide release, Journal of Physical Chemistry A., 2002,
106(38):8963-8970.

Dubey, R. K; Jackson, E. K.; Luscher, T. F., Nitric oxide inhibits angiotensin
[I-induced migration of rat smooth muscle cell, Journal of Clinical

Investigation, 1995, 96:141-149.

133



Feelisch, M.; Rassaf, T.; Mnaimneh, S.; Singh, N.; Bryan, N. S.; Jourd'Heuil,
D.; Kelm, M., Concomitant S-, N-, and heme-nitros(yl)ation in biological

tissues and fluids: implications for the fate of NO in vivo, FASEB Journal,

2002, 16 (13): 1775-1785.

Furchgott, R. F., Endothelium-Derived Relaxing Factor: Discovery, Early
Studies, and Identifcation as Nitric Oxide, Angewandte Chemie-International

Edition, 1999, 38 (13-14):1870-1880.

Giustarini, D.; Milzani, A.; Colombo, R.; Dalle-Donne, I.; Rossi, R., Nitric
Oxide and S-nitrosothiols in human blood, Clinica Chimica Acta, 2003;
330(1-2):85-98.

Girotti, A. W., Lipid hydroperoxide generation, turnover, and effector action

in biological systems, J. Lipid Res;. 1998, 39:1529-1542.

Hogg, N.; Kalyanaraman, B., Nitric Oxide and Lipid Peroxidation,
Biochimica et Biophysica Acta, 1999; 1411:378-384.

Hummel, S. G.; Fischer, A. J.; Martin, S. M.; Schafer, F. Q.; Buettner, G. R.,
Nitric Oxide as a Cellular Antioxidant: A Little Goes a Long Way, Free
Radical Biology and Medicine, 2006, 40 (3):501-506.

Ignarro, L. J.; Buga, G. M.; Wood, K. S.; Byrns, R. E.; Chaudhuri, G.;
Endothelium-Derived Relaxing Factor Produced And Released From Artery

and Vein is Nitric-Oxide, Proceedings of the National Academy of Sciences of

the United States of America, 1987, 84 (24):9265-9269.

134



Ignarro, L. J., Nitric oxide: A unique endogenous signaling molecule in
vascular biology, Angewandte Chemie-International Edition, 1999, 38 (13-
14):1882-1892.

Karpuzoglu, E.; Ahmed, S. A., Estrogen Regulation of Nitric Oxide and
Inducible Nitric Oxide Synthase (iNOS) in Immune Cells: Implications for
Immunity, Autoimmune Diseases, and Apoptosis, Nitric Oxide-Biology And

Chemistry, 2006, 15(3):177-186.

Kawai, Y.; Fujii, H.; Kato, Y.; Kodama, M.; Naito, M.; Uchida, K.; Osawa,
T., Esterified lipid hydroperoxide-derived modification of protein: formation
of a carboxyalkylamide-type lysine adduct in human atherosclerotic lesions,

Biochemical and Biophysical Research Communications, 2004, 313:271-276.

Knott, H. M.; Baoutina, A.; Davies, M. J.; Dean, R. T., Comparative time-
courses of copper-ion-mediated protein and lipid oxidation in low-density

lipoprotein, Archives of Biochemistry and Biophysics, 2002, 400 (2): 223-232.

Lapenna, D.; Ciofani, G.; Pierdomenico, S. D.; Giamberardino, M. A.;
Cuccurullo, F., Dihydrolipoic Acid Inhibits 15-lipoxygenase-dependent Lipid
Peroxidation, Free Radical Biology and Medicine, 2003, 35:1203-1209.

Libby, P., Atherosclerosis: The new view, Scientific American, 2002, 47-55.

Lima, E. S.; Di Mascio, P.; Rubbo, H.; Drexler, Abdalla, D. S. P.
Characterization of linoleic acid nitration in human blood plasma by mass

spectrometry. Biochemistry, 2002, 41: 10717-10722.

Lisfi D, Bonnefont-Rousselot D, Fernet M, Jore D, Delattre J, Gardes-Albert

M, Protection of endogenous vitamin E and beta-carotene by aminoguanidine

135



upon oxidation of human low-density lipoproteins by (OH)-O-center dot/O-
2(center dot-), Radiation Research, 2000, 153 (5): 497-507 Part 1.

Lynch, S. M.; Frei, B., Reduction of Copper, but Not Iron, by Human Low
Density Lipoprotein (LDL), The Journal of Biological Chemistry, 1995,
270:5158-5163.

Marcondes, F. G.; Ferro A. A.; Souza-Torsoni, A.; Sumitani, M.; Clarke, M.
J.; Franco, D. W.; Tfouni, E.; Krieger, M. H., In Vivo Effects of The

Controlled NO Donor/Scavenger Ruthenium Cyclam Complexes on Blood

Pressure, Life Sciences, 2002, 70(23):2735-2752.

Mladenov, M.; Gjorgoski, I.; Stafilov, T.; Duridanova, D., Effect of vitamin C
on lipid hydroperoxides and carbonyl groups content of rat plasma depending

on age and acute heat exposure, Journal of Thermal Biology, 2006, 31

(8):588-593.

Murad, F., Discovery of Some of the Biological Effects of Nitric Oxide and its
Role in Cell Signaling, Angewandte Chemie-International Edition, 1999, 38
(13-14):1857-1868.

Napoli, C.; Ignarro, L. J., Nitric oxide and atherosclerosis,

Nitric Oxide, 2001, 5 (2): 88-97.

Niki, E.; Yoshida, Y.; Saito, Y.; Noguchi, N., Lipid peroxidation:
Mechanisms, inhibition, and biological effects, Biochemical and Biophysical

Research Communications, 2005, 338 (1): 668-676.

136



Ohyashiki, T.; Kadoya, A.; Kushida, K. The role of Fe’* on Fe**-Dependent
Lipid Peroxidation in Phospholipid Liposomes. Chem. Pharm. Bull. 50:203-
207; 2002.

Patel, R. P., Levonen, A. L., Crawford, J. H., Darley-Usmar, V. M.,
Mechanisms of the pro- and anti-oxidant Actions of Nitric Oxide in

Atherosclerosis, Cardiovascular Research, 2000, 47(3):465-474.

Pinchuk, I.; Lichtenberg, D., The mechanism of action of antioxidants against
lipoprotein peroxidation, evaluation based on kinetic experiments, Progress in

Lipid Research, 2002, 41(4):279-314.

Qian, S. Y.; Wang, H. P.; Schafer, F. Q.; Buetiner, G. R., EPR detection of
lipid-derived free radicals from PUFA, LDL, and cell oxidations, Free
Radical Biology and Medicine, 2000, 29: 568-579.

Rubbo, H.; Trostchansky, A.; Botti, H.; Batthyany, C., Interactions of Nitric
Oxide and Peroxynitrite with Low-Density Lipoprotein, Biological Chemistry,
2002, 383:547-552.

Rubbo, H.; ODonnel, V., Nitric oxide, peroxynitrite and lipoxygenase in

atherogenesis: mechanistic insights, Toxicology, 2005, 208:305-317.

Rubbo, H.; DarleyUsmar, V.; Freeman, B. A., Nitric oxide regulation of tissue

free radical injury, Chemical Research in Toxicology, 1996, 9 (5):809-820.

Sarkar, R.; Webb, R. C.; Stanley, J. C., Nitric oxide inhibition of endothelial
cell mitogenesis and proliferation, Surgery 1995, 118:274-279.

137



Violi, F.; Marino, R.; Milite, M. T.; Loffredo, L., Nitric Oxide and its Role in
Lipid Peroxidation, Diabetes/Metabolism Research and Reviews, 1999,
15(4):283-288.

Williams, D. L. H., A chemist's view of the nitric oxide story, Organic and
Biomolecular Chemistry, 2003, 1(3):441-449.

Witztum, J. L.; Steinberg, D., The oxidative modifications hypothesis of
atherosclerosis: Does it hold for humans? Trends in Cardiovascular Medicine,

2001, 11:93-102.

Zhang, Y. H.; Hogg, N., S-nitrosohemoglobin: A biochemical perspective,
Free Radical Biologya and Medicine, 2004, 36(8):947-958.

138



	arquivo_1
	Simplicio, Fernanda Ibanez 21-03-07.pdf
	FICHA CATALOGRÁFICA ELABORADA PELA BIBLIOTECA DO INSTITUTO DE 
	QUÍMICA DA UNICAMP
	             Simplicio, Fernanda Ibanez.  
	S57e               Efeito dos S-nitrosotióis no bloqueio da peroxidação  lipídica / Fernanda Ibanez Simplicio. -- Campinas, SP: [s.n], 2007. 
	  
	                         Orientador: Marcelo Ganzarolli de Oliveira.
	         
	                 Doutorado - Universidade Estadual de Campinas,
	                    Instituto de Química.
	 
	        1. S-nitrosotióis. 2. Oxido nítrico. 3. Peroxidação lipídica. I. Oliveira, Marcelo Ganzarolli. II. Universidade Estadual de Campinas. Instituto de Química. III. Título.




	indice_2a_parte

