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RESUMO

O estresse oxidativo tem sido considerado parteoritapte na etiopatogenia das alteracdes
cardiovasculares e cerebrais causadas pela hipsvdsteinemia (HHcy), uma condicdo
caracterizada por elevados niveis plasmaticos detisteina (Hcy), um aminoacido derivado
da metionina. A HHcy leve ocorre quando os nivéésmpaticos de Hcy variam de 15 a 30
pumol/L e pode resultar da deficiéncia de acidoc®livitamina B e/ou vitamina B,. A HHcy
severa € caracterizada por niveis plasmaticos gestjmeriores a 100 umol/L e é encontrada na
homocistinuria (HCU) classica, um erro inato doabetismo caracterizado pela deficiéncia da
enzima cistationing-sinatse (CBS), que catalisa a via de transulfaradg Hcy. Visto que
estudos mais recentes demonstram que a HHcy tarabgnassociada a um comprometimento
da funcédo renal, a hipétese deste trabalho é gstresse oxidativo também esteja envolvido nas
alteracoes renais causadas pela Hcy. Dessa foroigetivo deste estudo foi investigar o efeito
da administracdo de Hcy sobre a formacdo de espéwativas de oxigénio (ERO),
lipoperoxidacdo, dano as proteinas e formacao o dritrico (NO), além de avaliar as defesas
antioxidantes enzimaticas e ndo enzimaticas endensitos. Visando testar a hipotese de que as
possiveis mudancas nstatus oxidativo/nitrativo nos rins de ratos hiperhomtais€micos
poderiam levar a nefropatia, também se verificgparAmetros séricos de funcéo renal, tais como
creatinina, uréia, acido urico e albumina. Ratosst®lyi foram submetidos a modelos
experimentais de HHcy leve e severa desenvolvidosi@sso grupo de pesquisa. No modelo
experimental de HHcy leve crbnica, ratos adulteslveram injecdes subcutaneas diarias de Hcy
do 30° ao 60° dia de vida. A dose utilizada foilO¢&38 uymol Hcy/g de peso corporal e induzia
concentracdes plasmaticas de Hcy de cerca @g&.3@ grupo controle recebeu salina e os
animais foram decapitados 12 horas apos a Ultilpgédn. Desenvolveu-se ainda um modelo de
HHcy leve aguda, induzida através de uma Unicgadnjesubcutanea de Hcy em ratos de 29 dias,
utilizando-se a mesma dose. Os ratos foram dedagithou 12 horas apoés a injecdo. No modelo
experimental de HHcy severa cronica, ratos neonateberam inje¢des subcutaneas diarias de
Hcy do 6 ao 28 dia de vida. As doses utilizadas foram de 0,3 a6l Hcy/g de peso corporal

e elevavam as concentracdes plasmaticas de Hcg@aade 5Q0M. O grupo controle recebeu
salina e os animais foram decapitados 1 ou 12 lagds a ultima injecdo. Os resultados obtidos
a partir do modelo de HHcy leve demonstram quenairadtracao crénica de Hcy aumentou as
atividades das enzimas antioxidantes superdxidoudase (SOD) e catalase (CAT) e a producao
de NO (medida através dos niveis de nitritos) imss assim como reduziu os niveis de albumina
no soro dos animais 12 horas ap6és a ultima injegdnducao de HHcy leve aguda aumentou 0s
niveis de diclorofluoresceina (DCF) e de nitrites Bns de ratos 1 hora ap6s a injecao. Os
resultados do modelo de HHcy severa crénica mostranaumento significativo dos niveis de
DCF e de substancia reativas ao acido tiobarb@{(fi@ARS) 1 e 12 horas ap6ds a Ultima injecao,
sugerindo que a Hcy aumentou os niveis de ERO mpopedroxidacdo em rins de ratos,
respectivamente. O aumento da atividade da SODeglicdo da atividade da CAT também
foram observados em 1 e 12 horas. Por outro ladedacdo das defesas antioxidantes néo
enzimaticas e o aumento dos niveis de nitritosriophservados somente 1 hora apés a Ultima
administracdo de Hcy. A administracdo cronica dasafloses do aminoacido ainda elevou os
niveis de uréia e reduziu os niveis de albuminddas apos a Ultima injecdo. Tais achados
demonstram uma ligacao entre a HHcy leve e severastresse oxidativo em rins, o que pode
representar, pelo menos em parte, um dos impostaméeanismos que contribuem para o risco
de dano renal durante a HHcy.



ABSTRACT

Oxidative stress has been considered an importehirpthe etiopathogenesis of cardiovascular
and brain changes caused by hyperhomocysteinemi&cyl a condition characterized by
elevated plasma levels of homocysteine (Hcy), amaracid derived from methionine. Mild
HHcy occurs when Hcy plasma levels range from 153@pumol/L and may result from
deficiency of folic acid, vitamin Band/or vitamin B,. Severe HHcy is characterized by plasma
Hcy levels above 100 pmol/L and is found in claasiomocystinuria (HCU), an inborn error of
metabolism characterized by a deficiency of theyere cystathioning-sinatse (CBS), which
catalyzes the Hcy transsulfuration pathway. Sirezeemt studies demonstrate that HHcy is also
associated with impaired renal function, the hypsit of this study is that oxidative stress is also
involved in the renal changes caused by Hcy. Tthesaim of this study was to investigate the
effect of Hcy administration on the formation ofactive oxygen species (ROS), lipid
peroxidation, protein damage and formation of aitkide (NO), in addition to evaluating the
enzymatic and nonenzymatic antioxidant defensematirkidneys. To test the hypothesis that
possible changes in oxidative/nitrative statusidm&ys of hyperhomocysteinemic rats could lead
to renal failure, serum parameters of renal fumc{ereatinine, urea, uric acid and albumin) were
also tested. Rats were subjected to experimentdelmaf mild and severe HHcy developed in
our research group. In the experimental model obrukb mild HHcy, adult rats received daily
subcutaneous injection of Hey from the™ the 68' day-of-age. The dose was 0.03 pmol
Hcy/g body weight and induced plasma Hcy levelalodut 3QM. The control group received
saline and the animals were decapitated 12 hotes tak last injection. An experimental model
of acute mild HHcy was also performed and was iedugy a single subcutaneous injection of
Hcy in rats of 29 days, using the same dose. Tite ware decapitated 1 or 12 hours after
injection. In the experimental model of chronic e HHcy, neonatal rats received daily
subcutaneous injection of Hey from th® ® the 28 day-of-age. The doses used were 0.3 to 0.6
pnmol Hcy/g body weight and elevated plasma cone&otrs of Hcy to about 5. The
control group received saline and the animals whreapitated 1 or 12 hours after the last
injection. The results obtained from the model afdmHHcy demonstrate that chronic Hcy
administration increased superoxide dismutase (S@2) catalase (CAT) activities and NO
production (measured as nitrite levels) in kidnesywell as reduced serum albumin levels at 12
hours after the last injection. Induction of acotiéd HHcy increased dichlorofluorescein (DCF)
and nitrite levels in rat kidneys at 1 hour aftejection. The results of the model of chronic
severe HHcy show a significant increase in DCF #mdbarbituric acid reactive substances
(TBARS) levels at 1 and 12 hours after the lastahpn, suggesting that Hcy increased ROS
levels and lipid peroxidation in rat kidneys, respeely. The increase in SOD activity and the
reduction in CAT activity were also observed aintl 42 hours. Moreover, the reduction of non-
enzymatic antioxidant defenses and increase iitenlgvels were only observed at 1 hour after
the last administration of Hcy. The chronic adntimaison of high doses of the amino acid still
increased urea levels and decreased albumin lewel®? hours after the last injection. These
findings demonstrate a link between severe and hilidy and oxidative stress in the kidneys,
which may represent, at least in part, one of tygortant mechanisms that contribute to the risk
of kidney damage during HHcy.
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l. INTRODUCAO

1. Estresse oxidativo

1.1. Conceito

Um radical livre é qualquer espécie de existénui@pendente que contenha um ou mais
elétrons desemparelhados (Halliwell, 1987), enquguoé as espécies reativas de oxigénio (ERO)
sdo atomos, ions ou moléculas que contém oxig@&mouwm elétron ndo pareado em sua Orbita
externa, sendo caracterizadas por grande instadddide elevada reatividade (Halliwell e
Gutteridge, 2007). As ERO compreendem todos osaeddo oxigénio, como o anion radical
superoxido (@), radical hidroxila (OB, radical alquila ([), alcoxila (LO) e peroxila (LOO.

O peréxido de hidrogénio ¢8,), o oxigénio singlete’Q,) e o0 o0zbnio (G ndo sdo radicais
livres, mas podem induzir reacbes radicalares rgarmsmo, sendo também considerados
especies reativas (Porter, 1984; Benzie, 1996/, A£1@9).

As ERO séo produzidas normalmente por células aa®bcomo um produto da
respiracdo mitocondrial, porém existe na célulabatanco com as defesas antioxidantes. Uma
condicdo de estresse oxidativo ocorre quando esiseidn € rompido devido a deplecédo de
antioxidantes, um excesso de acumulo de ERO ousanilab estresse ocorre quando condi¢des
ambientais ou fisiologicas severamente adversaisnepr os sistemas bioldgicos. Assim, um
rapido e claro indicador de estresse oxidativar@lacdo de defesas antioxidantes e/ou aumento
dos niveis de ERO, as quais podem causar danokaresluseveros, levando a disfuncéo

fisiologica e morte celular (Dalton et al., 1999).



1.2. Implicac¢des biolégicas

Os efeitos lesivos causados pelas ERO incluem daasembranas ou outras estruturas
lipidicas celulares, modificacdo nas proteinas modzo DNA (Halliwell e Gutteridge, 2007),
sendo que os danos oxidativos induzidos nas cétulesidos tém sido relacionados com a
etiologia de vérias doencas, incluindo cardiopatiéerosclerose, problemas pulmonares, cancer,
doencas hepaticas e envelhecimento (Ames et &3; Mitzum, 1994; Roy e Kulkarni, 1996;
Stahl e Sies, 1997; Esterbauer et al., 1992; Ghetcal., 1993; Moriel et al., 1999; Chisolm e
Steinberg, 2000).

A peroxidacao lipidica ou lipoperoxidacdo € um pssD caracterizado pelo ataque de
ERO aos lipideos presentes nas membranas celullasisiegrando-as e permitindo a entrada
dessas espécies no interior da célula (HalliweHutteridge, 2007). Dessa forma, a membrana
plasmatica é considerada uma das estruturas @dufaais suscetiveis as ERO, visto que as
alteracbes na estrutura e na permeabilidade dasbrapas celulares levam a perda da
seletividade na troca ibnica e liberacdo do cordede organelas, culminando com a morte
celular (Ferreira e Matsubara, 1997).

Proteinas também séo bastante suscetiveis ao aladtiRO devido a sua abundancia nas
células e no plasma, e a sua rapida taxa de reapdanuitos radicais e com outros oxidantes
(Hawkins at al., 2009). As ERO podem levar a oxddede residuos de aminoacidos, formagéo
de ligagcbes cruzadas entre proteinas e fragmentiagAmesmas, levando a uma perda funcional
(Berlett e Stadtman, 1997; Poon et al., 2004). f®,Hem particular, tem a capacidade de
provocar a oxidacdo de alguns residuos especifieaminoacidos, como também a quebra da
cadeia polipeptidica ao atacar residuos de praisartato e glutamato (Stadtman, 1993; Levine
et al., 1994). Além disso, o dano as proteinas jpoderer através de reacbes com aldeidos (4-

hidroxi-2-nonenal, malondialdeido) produzidos dteaa lipoperoxidagdo (Uchida e Stadtman,
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1993; Kristal e Yu, 1992). Aminoacidos contendo pgnmentos sulfidrila (—-SH) s&o alvos
suscetiveis para uma variedade de pré-oxidantedpsgue marcadores detectaveis de oxidagéo
protéica incluem mudancas no contetdo de tidis€A&ga e Markesbery, 2001).

Jé os danos ao DNA ocasionados pelos radicais ldesempenham um importante papel
nos processos de mutagénese e carcinogénese (Petilak, 1998) e incluem a clivagem de
ligacdes fosfodiéster, modificacdo dos acUcargacdio cruzada entre fita dupla e simples e ainda
oxidacdo e/ou modificacdo das bases do DNA, send@sgsas Ultimas lesdes citadas sdo as mais

envolvidas com formacéao e propagacao do canceeifibt al., 2006).

1.3. Defesas antioxidantes

Para impedir os danos gerados pelos radicais Jiwesrganismo desenvolveu varios
mecanismos de defesa capazes de neutralizar osaigadivres. Entre 0s mecanismos
antioxidantes nao-enzimaticos presentes nas céldegacam-se as vitaminas C e E,
carotenoides, flavonodides, pigmentos biliares,auead tripeptideo glutationa (GSH), sendo todos
captadores de radicais. A GSH é o maior compometaeproteéico contendo grupamento —-SH e é
0 maior antioxidante intracelular hidrofilico (M&l02002). A GSH tem diversas funcdes
biolégicas, incluindo o metabolismo de nutrientesregulacéo de eventos celulares, tais como a
expressao de genes, sintese de DNA e proteinddenagiio celular e apoptose, transducéo de
sinal, producdo de citocinas e resposta imuneytatginilacdo protéica. A GSH também tem o
papel de manter os grupamentos —SH das proteinagehrana na sua forma reduzida, visto
que sua oxidacao pode alterar a estrutura e furedéitar (Wu et al., 2004).

Para proteger a célula contra o ataque de radivegs, a glutationa peroxidase celular
(GPx) utiliza a GSH como um cofator para reduzit,®, e hidroperdxidos organicos. A reacao

leva a reducdo de um peréxido em duas moléculé@ee une oxidativamente duas moléculas
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de glutationa liberando o dissulfeto de glutati@8SG) (Heverly-Coulson e Boyd, 2010):
H,O; + 2GSH ——— GSSG + 2HO

A glutationa redutase (GR) também tem um importg@igel na manutencéo dtatus
oxidativo da célula, sendo responsavel pela regeéerda glutationa a sua forma reduzida
(Becker et al., 1995):

GSSG + NADPH + H——= 2GSH + NADP

Além da GPx e da GR, outras enzimas tém a funcgwateger as células aerdbicas dos
danos causados pelas ERO. A superoxido dismut&3B)(8 a catalase (CAT) sdo umas das
mais importantes enzimas antioxidantes (Halliwelbatteridge, 2007; Fisher-Wellman et al.,
20009).

A molécula da SOD citoplasmética contém &atomos aaec e zinco (Cu/Zn-SOD),
enquanto que a SOD mitocondrial contém manganésS®IN) (Scandalios, 2005), sendo que a
funcdo de ambas as formas é a dismutacdo Jdoed HO,, cuja reacdo é representada da
seguinte forma (Fattman et al., 2003):

O+ +2H ————> O, + H,0,

Embora o HO, ndo seja um radical livre, pode ser rapidamentevertido no radical
OH’, o qual é muito reativo (Fattman et al., 2003)siAs outra importante enzima do sistema
antioxidante é a CAT, a qual é abundantemente, md@s exclusivamente, localizada nos
peroxissomas, onde se encontra uma alta quantideddO,. A CAT é capaz de degradar
rapidamente o D, através da seguinte reacdo (Scandalios, 2005):

2HO ———m>2HO0+ 0O



2. Homocisteina

2.1. Metabolismo

A homocisteina (Hcy) é um aminoécido ndo esserftiahado a partir do metabolismo
da metionina (Finkelstein et al., 1971), sendo essanda de fontes alimentares ou do
catabolismo de proteinas enddgenas.

A primeira etapa do metabolismo da metionina éatarzada pela sua conversdo em S-
adenosilmetionina (AdoMet) pela acédo da enzimaangta adenosil transferase (MAT) (Mudd,
1973). A AdoMet é o mais importante doador de gmgrtos metil em diversas reacdes
biolégicas (DNA, proteinas, neurotransmissores,midmios, fosfolipideos) (Chiang, 1998),
sendo que o produto de sua desmetilacdo é denamBradlenosilhomocisteina (AdoHcy). A
AdoHcy sofre entdo uma reacdo de hidrolise gerau#mosina e Hcy (Richards et al., 1978;
Doskeland e Ueland, 1982; Fujioka e Takata, 1984al pode ser metabolizada por duas vias
diferentes: a via da remetilacdo ou a via da tidhgacao (Selhub, 1999).

A via metabdlica de remetilacdo é catalisada peddomina sintase (MS), uma enzima
dependente de vitamina;B(cobalamina) que transefere um grupamento metih @amHcy,
regenerando a metionina. O grupamento metil pdoan@acédo de metionina é proveniente do 5-
metil tetrahidrofolato (5-MTHF), que por sua veZpémando durante a metabolizacdo do acido
folico. A remetilacdo da Hcy também pode ocorreaeis da acdo da enzima betaina Hcy
metiltransferase, que catalisa a transeferéncigragipo metila da betaina para a Hcy, formando
dimetil glicina e metionina (Klee et al., 1961; katstein e Martin, 1984).

Alternativamente, a Hcy pode ingressar na via desulfuracdo e se condensar com a
serina para formar cistationina, através da acgaoisfationinap-sintase (CBS, E.C. 4.2.1.22),

uma enzima dependente de vitaming(jridoxal fosfato). A cistationina sofre entdoagio da

10



y-cistationase (também dependente de vitamig)af@mandoa-cetobutirato e cisteina (Mudd et
al., 2001). Esse processo ocorre principalmentiégado, rim, intestino delgado e pancreas.

A rota da transulfuracdo da Hcy é considerada upoitante suprimento de gutationa
para o figado, visto que forma cisteina, precumdarglutationa, a qual consiste em um

antioxidante ndo-enzimatico muito importante (BeatReed, 1980; Mosharov et al., 2000).

Dieta Proteinas endégenas
Acido félico \ /
l Metionina
THF
Ciclo dos MAT l
folatos AdoMet
MS Aceptor de metila
5,10-MTHF o ]
It Blz

AdoHcy Aceptor metilado
MTHFR l
5-MeTHF

Homocisteina

/ CBS Rota de
VitBs @ @ < transulfuracdo
Rota de Cistationina
remetilacdo CL
Vit Be l
Cisteina =) s mmp Sulfato

Figura 1. Metabolismo da homocisteina (adaptado de Mudd,e2GD1).

MAT — metionina adenosil transferase; CBS — cistatia B-sintase; CL — cistationingliase; MS — metionina-
sintase; MTHFR — metileno tetrahidrofolato redutaéeoMet — S-adenosil metionina; AdoHcy -S-adenosil

homocisteina; THF — tetrahidrofolato; 5,10-MTHF 2®metileno-tetrahidrofolato.

2.2. Regulagéao do metabolismo
A CBS é regulada alostérica e positivamente pel@aMet, o que contribui para a

deplecdo de um excesso de Hcy, quando os nivas@teos de metionina estéo altos (Selhub e
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Miller, 1992). J& a enzima 5,10-metilenotetra-hidiao redutase (MTHR), que cataliza a

conversao de 5,10-metilenotetra-hidrofolato a 5-MTH inibida alostericamente pela AdoMet e
regulada positivamente pela AdoHcy (Selhub e Mill&®92; Castro et al., 2006). Assim, niveis

elevados de metionina previnem a formacéo de 5-M&HRdiretamente, a sintese de metionina
a partir de Hcy (Selhub e Miller, 1992). Sabe-sab@m, que a Adomet é capaz de inibir e
betaina Hcy metiltransferase, favorecendo a vidralesulfuracdo (Fowler, 1997; Finkelstein,

1998).

Ainda, estudos demonstraram o envolvimento de gstds na ativacdo da via de
transsulfuracdo da Hcy, o que justifica os menariegis plasmaticos desse aminoacido em
mulheres quando comparados aos de individuos do m&sculino. Essa afirmacdo também
justifica 0 aumento da concentracdo plasmatica dg &bds a menopausa, quando hid uma
reducdo dos niveis de estrégenos (Dimitrova e2@02).

Fatores nutricionais também estédo envolvidos nalaego do metabolismo da Hcy, visto
que deficiéncias de acido folico, vitamina,Be vitamina B, e a consequiente reducdo da
atividade das enzimas envolvidas no metabolisméickg reduzem a eliminagdo da mesma,
elevando seus niveis plasméticos (Durand et @J1;2lacques et al., 1999; Selhub et al., 1993).

Por fim, condi¢cdes oxidativas favorecem a via @gmdulfuracdo para a formacdo de
cisteina e glutationa (Mosharov et al., 2000). @esse oxidativo diminui a remetilacdo e
aumenta a transulfuracdo, mantendo pool intracelular de glutationa (auto-regulacédo)

(Finkelstein, 1998).

2.3. Distribuicdo plasmatica
A Hcy se distribui no plasma sob diversas formasy Hvre; associada a dissulfetos;

formas oxidadas; e Hcy-tiolactona (Svardal et &B86; Jakubowski, 2002; 2008a). Sob
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condicdes fisioldgicas, menos de 1% da Hcy tot@l peesente na forma livre. Cerca de 10-20%
da Hcy total estd presente em diferentes formadadais, tais como o dissulfeto Hcy-Cys e
homocistina (dimero de Hcy). A grande maioria dg Hiasmatica esta ligada a albuming-e

globulinas (Jakubowski, 2002).

2.4. Homocisteina e o estresse oxidativo/nitrativo

A Hcy é prontamente auto-oxidada quando adiciomadplasma, levando a formacgéo de
homocistina, Hcy associada a dissulfetos e Hcydtoha. Durante a oxidacdo do grupamento
—SH da Hcy, um @ e um HO, sdo gerados. O Olktambém pode ser gerado pela reacdo de
Fenton, quando o 4, recebe outro elétron e um ion hidrogénio. Dessadpo Q" e o OH
podem iniciar um processo de peroxidacao lipiditaesas células (Loscalzo, 1996).

Além disso, h&a dados na literatura que apontano@ugéo de ERO induzida pela Hcy via
ativacdo da NADPH oxidase (Pin-Lan et al., 200ual € uma enzima associada a membrana
que gera @ através da transferéncia de elétrons do NADPH @&aO complexo enzimatico é
composto por duas subunidades citosélicas (p47php&7phox), duas subunidades ligadas a
membrana (gp91phox ou Nox2 e p22phox) e uma GTgmsalmente Racl ou Rac2) (Babior,
1999), sendo que a subunidade catalitica gp91pteogual o NADPH e o £se ligam, pode ser
substituida pelos homoélogos Nox1 ou Nox4 dependdondecido.

Além disso, acredita-se que compostos contendoagrapto —SH, como a Hcy,
diminuem os niveis de oxido nitrico (NO) bioativorazés da reacdo do,Ocom o NO,
resultando na geracdo do peroxinitrito (OON®@ssim, apesar da producdo aumentada de NO
apos exposicdo a Hey, menos NO bioativo esté digpbdevido a sua inativacao pela producao

de Q" durante a oxidacao da Hcy (Loscalzo, 1996).
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3. Hiper-homocisteinemia

O termo hiper-homocisteinemia (HHcy) ndo define woadicdo patoldgica, mas sim
uma anormalidade bioquimica caracterizada pelo atomaos niveis plasmaticos de Hcy, a qual
sendo citotéxica, € exportada para fora da célskterna detectavel no plasma (Lentz e Haynes,
2004). As concentracfes plasmaticas normais devddgm de 5 a 14 umol/L, sendo que a
HHcy pode ser classificada em leve (15-30 pmoltgderada (31-100 pmol/L) e severa (>100

pmol/L) (Hansrani et al., 2002).

3.1.Hiper-homocisteinemia leve

A HHcy leve pode resultar de diferentes fatoresjuindo dano renal, deficiéncias
genéticas heterozigéticas da CBS ou MTHFR e deifttés de acido folico, vitamina;Be/ou
vitamina B, visto que sdo cofatores necessarios para o nistaboda Hcy (Zhang et al., 2009;
Righetti et al., 2003; Zoungas et al., 2006).

Dados mostram que a HHcy leve é encontrada em d®id0% dos pacientes com
doencas cardiovasculares (Durand et al., 2001;uRefs al., 1998; Selhub et al., 1993) e que
uma reducdo dos niveis plasmaticos de Hcy podeepieem mais de 25% esses eventos
(Nallamothu et al., 2002; Ueland et al., 2000; Watdal., 2002). Além disso, evidéncias de
estudos epidemiolégicos sugerem um aumento no dsatdesenvolver trombose venosa diante
de niveis elevados de Hcy plasmatica (Den Heijeal.et1998; Langman et al., 2000). Dessa
forma, a HHcy leve tem sido descrita como um ingrug fator de risco para doencas
cardiovasculares (Diaz-Arrastia, 2000; Mattson ket 2002; Sachdev, 2004), sendo que a
importancia da Hcy como um fator de risco é aprexiamente equivalente ao fumo ou a

hiperlipemia (Boushey et al., 1995; Graham et1#97). Concentracdes plasmaticas levemente
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elevadas de Hcy também sdo consideradas um fatdsatetanto para doenca de Alzheimer

quanto para deméncia vascular, ja que muitos estidgtio mostrado associagdes entre o declinio
cognitivo e a HHcy (Morris et al., 2007; Hin et,&006). Dessa forma, tais evidéncias sugerem
que a Hcy pode ser um marcador que predispde auastionada ao progndstico de doencas

neurodegenerativas.

3.2. Hiper-homocisteinemia severa

A HHcy severa ocorre na homocistinaria (HCU), qoasiste em uma elevacédo anormal
do dimero homocistina na urina e € causada pords® genéticas autossdmicas recessivas. A
HCU classica € causada por uma deficiéncia gendétizaozigdtica na enzima CBS, tem
incidéncia em neonatos de um para 344.000 no mealieva os niveis séricos de Hcy para mais
de 100umol/L (McKusick, 1992). Ja a deficiéncia na enzii@HFR é uma causa genética mais
comum de HCU (McKusick, 1992) e envolve uma vaaga posi¢cdo 677 no gene da MTHFR,
no qual a citosina € trocada por uma timina (asknominada C677T ou 677C>T) (Wald et al.,
2002).

A HHcy severa encontrada em pacientes afetadasH@U classica € acompanhada por
diversas anormalidades em diferentes sistemas &oyrgncluindo os sistemas nervoso e
vascular, ossos e olhos. Outros tecidos, tais dogado, cabelo, pele e rins, também podem ser
comprometidos (Malloy et al., 1981; Sen et al.,®01

Os achados mais consistentes na HCU classica cengae a disfuncdo neuroldgica,
que pode levar ao retardo mental e convulsdes, @tascdes cardiovasculares, sendo que a
maior causa de morbidade nessa condicao é o trontdmdemo (Mudd et al., 2001).

Alteracdes frequentes também incluem o descolamel#o retina, que leva ao

desenvolvimento de miopia e subluxacdo oculartexagides 6sseas, tais como osteoporose e
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desenvolvimento de ossos longos. Escoliose tamb#&egéente, mas como uma conseqiéncia

da osteoporose na coluna (Mudd et al., 2001).

3.3. Acdes toxicas da homocisteina

Muitas teorias para explicar a toxicidade da Hoy $&do elaboradas ao longo dos ultimos
anos, mas apesar dos esforcos nenhuma estd cammiétacompreendida. Uma das primeiras
hipéteses sugere que as potentes ERO, com®g HO," e o OH, formadas como produto das
reacfes redox envolvendo o grupo tiol da Hcy, fossesponsaveis pela toxicidade desse
composto. Porém, verificou-se que a producdo de ER@ida pela Hcy também pode ocorrer
através da ativacdo da NADPH oxidase e da xantiidase, duas importantes enzimas pro-
oxidantes que geramyOnas células endoteliais (Edirimanne et al., 2007).

Além disso, existem estudos indicando que a Hcyzea transcricdo do gene que
codifica a GPx1 (Lubos et al., 2007) e reduz a Si@&da a membrana extracelular presente na
face luminal do endotélio, levando a uma maior eig@m aos efeitos prejudiciais do,"O
(Yamamoto et al., 2000). Dentre esses efeitos,adaeste a interacdo do,Ocom o NO,
produzindo o anion ONOOO consumo de NO atravées dessa reacao explicai@racdo do
tbnus vascular observado durante a HHcy. Aléem dis$ONOO é responsavel pela inducdo da
tromboxano A2 sintase, tanto em células endotat@iso em plaquetas, levando a vasconstricdo
(Ungvari et al., 2000; Bagi et al., 2002).

Ainda, a alta producdo de;Omediada pela Hcy, parece ser responsavel pekcatvdo
fator nuclearkB (NF«B) (Au-Yeung et al., 2004), o qual induz a express& genes que
codificam proteinas pro-inflamatorias como a prael quimioatraente de mondécitos, molécula-
1 de adeséo celular vascular, molécula-1 de adesémelular, E-selectina e receptor para

produtos finais de glicacdo avancada em célulasteligs (Poddar et al., 2001; Hofmann et al.,
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2001; Carluccio et al., 2007; Hwang et al., 20@&sim, a Hcy aumenta a ligacdo de mondcitos
ao endotélio vascular, um evento chave na formdedalaca aterosclerodtica (Dalal et al., 2003;
Zeng et al., 2003).

Estudosin vitro sugerem que um mecanismo adicional para a toxieiégx@rcida pela
Hcy seria através da promocdo da oxidacdo de pdicle LDL, as quais sao altamente pré-
aterogénicas quando modificadas, visto que se liganeceptorescavengerexpressos por
mondacitos, formando células espumosas (Exner,e2@02; Griffiths et al., 2006). Além disso, a
Hcy parece estimular o crescimento da camada narseakcular e reduzir o crescimento das
células endoteliais (Austin et al., 2004).

Uma teoria recente também sugere que a toxicidadécgt € uma consequéncia de uma
ligacdo covalente desse composto a proteinas, icantio assim, suas funcdes. Esse processo é
chamado de homocisteinilacdo e pode ser S-homimdig¢@o, quando a Hcy se liga através de
uma ligacao dissulfidica a proteinas livres, oudfbcisteinilacdo, quando a Hcy se liga através
de uma ligagdo amida a um grupamino de um residuo de lisina de uma proteinab@aret
al., 2007).

A Hcy se liga através de ligacdes dissulfidicab@hectina, anexina Il e metalotioneina
intracelular, entre outras proteinas (Majors ¢t2802; Hajjar et al., 1998; Barbato et al., 2007).
J& a N-homocisteinilacdo é uma conseqiéncia de altaareatividade da Hcy-tiolactona a
aminoacidos livres, especialmente ao grupamino de residuos de lisina de proteinas
(Jakubowski, 1997; 1999)In vivo, a Hcy-tiolactona modifica a albumina sanguinea,
hemoglobina e imunoglobulinas, lipoproteinas dexda{LDL) e alta (HDL) densidade,
transferrina, antitripsina e fibrinogénio (Jakub&iw®002; 2008b). Nesse contexto, tem sido
demonstrado que proteinas modificadas através kenbcisteinilagdo podem atuar como neo-

antigenos, levando a ativacdo de uma respostamatifaia, um componente chave na
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aterogénese, aterotrombose e na etiologia do deigtaacular cerebral (Undas et al., 2004).

Quanto aos seus efeitos neurotoxicos, estude#ro ein vivo tém demonstrado que a
Hcy induz dano neural através de excitotoxicidadmeptose. Esses eventos poderiam ser, ao
menos parcialmente, uma consequéncia da inabilidadecido cerebral em metabolizar a Hcy,
favorecendo a acumulo desse aminoacido no sistemaso central (SNC) (Finkelstein, 1998).

A Hcy pode levar ao rompimento da barreira céredamgue (BCS) (Kamath et al., 2006),
ja que é capaz de aumentar a atividade da mettapee 9 de matriz (MMP-9) e diminuir os
niveis de inibidor de metaloproteinase 4 de mélfiashal et al., 2006; Tyagi et al., 2010). Como
consequéncia, a MMP-9 atua sobre diferentes compemela BCS, levando ao rompimento de
sua estrutura. Uma segunda possibilidade seritoaléaa Hcy atuar como um neurotransmissor
excitatério, levando a um aumento da permeabilidadeular (Tyagi et al., 2005; 2007).

A Hcy atua como um agonista tanto de receptoregbugtpicos de glutamato dos
grupos | e lll, quanto de receptores para N-mesbgartato (NMDA) (Boldyrev e Johnson,
2007; Bleich et al., 2004; Ho et al., 2002). Aagstimulacdo desses receptores leva a pulsos de
calcio citoplasmatico, alta producéo de radicai®$ e ativacdo de caspases, levando a apoptose.
Outra conseqiéncia da exposi¢cdo do SNC a Hcy igag@ab da poli-ADP-ribose polimerase em
neurdnios, levando a um consumo de ATP e NABausando prejuizo ao metabolismo
energético, seguido da producéo de radicais lil¢asman et al., 2000).

Neste contexto, nosso grupo tem mostrado que a Hidegra altera a captacdo de
glutamato, induz estresse oxidativo e altera o lbaditano energético em cérebro de ratos

(Machado et al., 2011; Streck et al., 2003a; 2003b)

3.5. Hiper-homocisteinemia e a doenca renal

Visto que os rins possuem a habilidade de excra&abolitos e que estudos prévios
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identificaram os rins como o maior sitio para awlapdo da Hcy plasmatica, esse 6rgao pode se
tornar suscetivel aos efeitos toxicos causadosgs®m aminoacido (Bostom et al., 1995).

Sustentando essa hipotese, estudos experimentagng#aram que a exposicao a altos
niveis de Hcy causa danos glomerulares e intaijas quais sdo marcadamente proporcionais
a concentracdo sérica desse aminoacido (Arnaeotik, 1996). Embora o efeito direto da Hcy
sobre os rins ainda nao esteja bem elucidado (Ny@oet al., 2004), alguns mecanismos tém
sido sugeridos. O principal deles é o aumento adyméo de ¢ nos rins diante de altos niveis
de Hcy, o que pode ocorrer via ativacdo da NADPidase (Yi et al., 2006).

O envolvimento da NADPH oxidase e consequente sssrexidativo nos rins foram
demonstrados em varios estudos. Ratos alimentamnsuma dieta deficiente em acido félico
para desenvolver HHcy, por exemplo, exibiram um entom da expressdo de receptores NMDA
associado a um aumento d¢ @riundo da atividade da NADPH oxidase no gloméralque foi
acompanhado por glomeruloesclerose notavel. Omeatio com um antagonista de receptores
NMDA inibiu significativamente a producdo de,Oinduzida pela HHcy, reduzindo o dano
glomerular. Assim, suporta-se a ideia de que ospteces NMDA podem mediar a ativacao da
NADPH oxidase nos rins durante a HHcy e ter um papportante no desenvolvimento de
glomeruloesclerose (Zhang et al., 2010).

Ha uma forte evidéncia de que o aumento da prodigd® esteja envolvido na reducéo
da disponibilidade de NO bioativo (Tolins e Shult294). Sabe-se que a associacédo de uma alta
taxa de sintese de NO a uma alta producéo,deif@uz uma rapida formacao de OONBhii
et al., 2001), que é responsavel pela nitracad@siduos de tirosina proteicos, consistente com o
aumento de proteinas renais nitrotirosinadas oadas/em ratos com HHcy (Baylis et al., 1996).

Estudosn vitro em células mesangiais evidenciaram que a HHcycafalém de induzir

um aumento da subunidade Gp91 da NADPH oxidasea el niveis de RNAm do inibidor de
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metaloproteinase 1, levando a um acumulo de cotageacompanhado por um aumento da
proliferacdo celular. Esse efeito poderia ter umepanportante na deposicao de colageno ou de
componentes da matriz extracelular nos glomérullosnde a HHcy (Yang e Zou, 2003).

Com relacdo a avaliacdo da funcao renal, estudosrmgraram que ratos Sprague-
Dawley uninefrectomizados tratados com metioninaa pgerar HHcy, apresentaram uma
alteracdo na excrecao de albumina urindria na slegsemana de tratamento e uma reducdo no
clearancede creatinina ap0s seis semanas de tratamengt &Y.i 2007).

Ratos heterozigotos para CBS (CBS+/-) também apesen reducdo da filtracdo
glomerular. Houve ainda aumento da expressdo décmlak inflamatérias e da molécula 1 de
adesédo de célula vascular, assim como o aumeritdil@cdo de macrofagos, sugerindo que o
estresse oxidativo induzido pela HHcy causa renagdel da matriz extracelular e inflamacéao,

resultando em glomeruloesclerose e reducdo daduegé@l (Sen et al., 2010).

3.6. Medidas de prevencdo da hiper-homocisteiner@ae e tratamento da hiper-
homocisteinemia severa

O estado nutricional deficiente em acido folico iawminas B, e Bs € a causa mais
comum da HHcy leve. Dessa forma, o consumo de atosefontes dessas vitaminas constitui
um meétodo simples, eficaz e econdmico para preweeHircy (Vannucchi e Melo, 2009). Além
disso, demonstrou-se que individuos que praticarcéio fisico regularmente, parecem ter seus
niveis plasméaticos de Hcy significativamente redogi(Ali et al., 1998).

No que se refere & HHcy severa que ocorre na H&&sich, o principal tratamento inclui
a restricdo de metionina na dieta para reduzirionato de metionina, Hcy e seus metabdlitos,
além da suplementacdo com L-cistina para elevaivess de cisteina (Svardal et al., 1986).

Uma suplementacdo com acido folico pode ajudadazie os niveis de Hcy por ativar
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sua remetilacdo (De Bree et al., 1997). Uma supilegéo adicional com vitamina;Bé
recomendada para evitar a deficiéncia de acidodd@idar o suporte para a utilizagdo de folato
(visto que o folato fica “preso” na forma de 5-MTHR deficiéncia de vitamina;B (Shane e
Stokstad, 1985). A suplementacdo com vitamina tBmbém é recomendada para prevenir o
dano neurodegenerativo.

Em 1967, Barber e Spaeth reportaram que trés pasiesom deficiéncia na CBS
responderam a altas doses de piridoxina (250 ant@@or dia), visto que € um importante
cofator na via de transulfuracdo (Tada et al., L9€0rém, verificou-se que nem todos os
pacientes com deficiéncia na CBS respondem aonteaii® com vitamina 8 Estudos sustentam
a hipétese de que a resposta ao tratamento catoxiima pode ser determinada por propriedades
especificas da enzima mutante, sendo que existe fortea correlacdo entre a presenca de
atividade residual da CBS e uma resposta clinicéaénina B, e entre a auséncia de atividade
residual da enzima e a falha na resposta ao tratamem questdo (Mudd et al., 1995).
Demonstrou-se também que o tratamento com betaida per associado a terapéutica de
pacientes que respondem ao tratamento com vitaBgina

Certas drogas (analogos de adenosina, d-penicgarmNiacetilcisteina, estrogenos e
tamoxifeno) também podem ser utilizadas, pois reauza concentracdo de Hcy plasmatica
através de diferentes mecanismos (por exemplo titag@® e inibicdo da atividade da hidrolase

de AdoHcy) (Pezzini et al., 2007).
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[I. OBJETIVOS

Objetivos gerais

No sentido de ampliar o conhecimento sobre asaafies bioquimicas envolvidas na
patogénese da disfuncédo renal causada pela HHigy trabalho teve como objetivos gerais
investigar o efeito da administracdo de Hcy sollgens parametros de estresse oxidativo e
nitrativo, bem como verificar o efeito da admiragtiio de Hcy sobre parametros séricos de

funcéo renal em ratos.

Objetivos especificos

Capitulo |

Avaliar os efeitos da HHcy leve cronica e agudareoparametros de estresse
oxidativo/nitrativo denominados diclorofluoresceitBCF), substancias reativas ao acido
tiobarbitarico (TBARS), contetudo de grupamentos -€Shiveis de nitritos, bem como enzimas
antioxidantes (SOD e CAT), em rins de ratos. Pastat a hipotese de que a HHcy leve causa
disfuncédo renal, também foram avaliados os niveisréatinina, uréia, acido Urico e albumina no

SOro.

Capitulo Il

Investigar os efeitos da HHcy severa crbnica s@ametros de estresse oxidativo
denominados DCF, TBARS, conteudo de grupamentos p&idncial antioxidante total (TRAP)
e niveis de nitritos, bem como enzimas antioxida{®D e CAT), em rins de ratos. Os niveis
de uréia e albumina no soro também foram avaliados.
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IIIl. METODOLOGIA E RESULTADOS

MODELOS EXPERIMENTAIS

Os capitulos | e Il serdo apresentados na formanaeuscritos cientificos, os quais

apresentam os modelos experimentais de HHcy Iélldoy severa utilizados nesta dissertacéo.

Hiper-homocisteinemia leve cronica:ratos Wistar adultos receberam injecdes
subcutaneas diarias de Hcy do 30° ao 60° dia d@e Aidlose utilizada foi de 0,Ganol Hcy/g de
peso corporal e induzia concentracdes plasmatiedscgt de cerca de @M. O grupo controle

recebeu salina e os animais foram decapitadosrb® apos a ultima injecao.

Hiper-homocisteinemia leve agudaa HHcy leve aguda foi induzida através de uma
Unica injecdo subcutanea de Hcy em ratos Wisté@9ddias, utilizando-se a dose de Oy0830l
Hcy/g de peso corporal. O grupo controle recebdinasa os ratos foram decapitados 1 ou 12

horas apoés a injecéo.

Hiper-homocisteinemia severa crOnicaratos Wistar neonatos receberam injecoes
subcutaneas diarias de Hcy doa6 28 dia de vida. As doses utilizadas foram de 0,3 06l
Hcy/g de peso corporal e elevavam as concentrggassaticas de Hcy para cerca de 000
grupo controle recebeu salina e os animais foraopapiados 1 ou 12 horas apds a ultima

injecao.

Os demais itens da metodologia estdo inseridosnaosiscritos cientificos.
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Capitulo |

MANUSCRITO 1

Homocysteine levels considered a risk factor to neadegenerative disorders alter

oxidative/nitrative status in kidneys and reduce seim albumin levels in rats.

Bruna M. Schweinberger, Ligia Schwieder, EmilenaeBer, Angela T. S. Wyse.

Revista: submetido a Journal of Renal Nutrition.
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Hyperhomocysteinemia levels considered a risk faatéo neurodegenerative disorders

alters oxidative/nitrative status in kidneys and reluces serum albumin levels in rats

Abstract

Objective: Mild hyperhomocysteinemia has been consideresdkafaictor for cardiovascular and
neurodegenerative diseases. However, it has beemeglorted that this condition may cause
renal injury, whose mechanisms are still not weltelated. Thus, in the present study we
evaluated the effect of chronic and acute mild hiypeocysteinemia on the activities of the
antioxidants enzymes superoxide dismutase (SODratadase (CAT), as well as on other
parameters of oxidative/nitrative damage, namélydichlorofluorescein fluorescence assay
(DCF), thiobarbituric acid-reactive substances (R%), sulfhydryl content and nitrite levels in
kidneys of rats. To test the hypothesis that myjpdrthomocysteinemia causes renal dysfunction
we also tested creatinine, urea, uric acid andnailibun serum.

Design: For chronic treatment, Wistar rats received dsilgcutaneous injections of
homocysteine (0.03 pmol/g body weight) from th& &9the 68 days-of-age and control group
received saline. Rats were sacrificed at 12 h &#trinjection. For acute treatment, rats of 29
days-of-age received a single subcutaneous injecfilomocysteine (0.08mol/g body weight)
or saline (control). Rats were sacrificed at 1 dhlafter injection.

Results Chronic mild hyperhomocysteinemia increased #&@s/of antioxidant enzymes and
nitrite levels while acute mild hyperhomocysteinanmicreased only DCF and nitrite levels in
kidneys at 1 h. Chronic Hcy treatment also deciitaseum albumin levels, but did not alter

other renal function parameters.
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Conclusion: Our findings demonstrate that mild hyperhomocysteiia induces
oxidative/nitrative stress in kidney, which maynegent one of the mechanisms that contribute to

renal injury during mild hyperhomocysteinemia.

Keywords: Kidney; mild hyperhomocysteinemia; nitrative stresgdative stress; renal function

parameters.

28



1. Introduction

Hyperhomocysteinemia, a condition of elevated pakemocysteine (Hcy) levels, is
often classified as mild (15-3M), moderate (31-100M) and severe (>100M)*. During the
last years, mild hyperhomocysteinemia has receavgbat deal of attention as a risk factor for
atherosclerosis, cardiovascular, cerebral vasemndmeurodegenerative disedSesiowever, it
has been also reported that mild hyperhomocysteamesna common finding among patients
with renal failur&®. Although renal dysfunction or failure is knownke an important factor
causing hyperhomocysteinemia, the effects of Hababrmally high concentrations on the
kidney are not clear.

Preclinical studies show that Hcy, at slightly el®d levels, induces renal function
alterations in male adult rafs The ability of the kidney in performing the exiioa of
metabolites could predispose this organ to chacgesed by toxic effects of Hcy. Previous
works identified the kidney as a major site for tiieappearance and metabolism of plasma Hcy;
approximately 20% of the arterial plasma Hcy is@ead on passage through the kidiey

The underlying mechanism by which Hcy exerts ilsd@ffects on different organs
remains unexplained; however, some studies havgestef the role of oxidative damage, which
is defined as a serious imbalance between produoficeactive species and antioxidant
defenses, and could result from diminished levemntioxidants and/or increased production of
reactive speci¢é’ Studies show that hyperhomocysteinemia is assatisith oxidative stress
in tissues such as brain, heart and Ithfg

Since experimental evidence supports the role mfamts not only in inducing

tubulointerstitial damage which accompanies pragjoes but also in the early stages of
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glomerular disease, our hypothesis is that oxidativess is also involved in the renal injury
during mild hyperhomocysteinenifa

Therefore, in the present study we evaluated ffieeteof chronic and acute mild
hyperhomocysteinemia on the activities of the amtiants enzymes superoxide dismutase (SOD)
and catalase (CAT), as well as on other parameftarsidative and nitrative damage, namely 2
dichlorofluorescein fluorescence assay (DCF), taibliuric acid-reactive substances (TBARS),
sulfhydryl content and nitrite levels in kidneysrafs. To test the hypothesis that mild
hyperhomocysteinemia leads to renal dysfunctionalse tested the levels of creatinine, urea,

uric acid and albumin in serum.

2. Materials and Methods

2.1 Animals and reagents

Thirty Wistar rats were obtained from the Centraimal House of the Departamento de
Bioquimica, Instituto de Ciéncias Basicas da SaUdesersidade Federal do Rio Grande do Sul,
Porto Alegre, RS, Brazil. Animals were maintainedaol2/12 h light/dark cycle in an air-
conditioned constant temperature (2Z%)1Lcolony room. Rats had free access to a 20% (w/w)
protein commercial chow and water. The NIH “Guidethe Care and Use of Laboratory
Animals” (NIH publication No. 80-23, revised 199)d the official governmental guidelines in
compliance with the Federagc&o das Sociedades &rasilde Biologia Experimental were
followed in all experiments. All chemicals were aibed from Sigma Chemical Co., St. Louis,

MO, USA.
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2.2 Chronic homocysteine treatment

D,L-Hcy were dissolved in 0.9% NaCl solution andfered to pH 7.4. Hcy solution was
administered subcutaneously twice a day from @2@irto their 60" day-of-age. During the
treatment, animals received 0.030l Hcy/g body weight. Plasma Hcy concentrationaits
subjected to this treatment achieved levels simidahose considered as a risk factor for
cardiovascular and neurodegenerative diseases)({58l/L)*%. Control animals received saline
solution in the same volumes as those applied ietH@ted rats. The rats were sacrificed by
decapitation without anesthesia 12 h after theitgsttion. Kidneys and blood were quickly

removed.

2.3 Acute homocysteine treatment

D,L-Hcy were dissolved in 0.9% NaCl solution andfered to pH 7.4. Rats at the age of
29 days received a single subcutaneous injectidtcgfsolution (0.03umol Hey/g body weight)
or saline (control). The plasma Hcy concentratibrats subjected to this treatment reached
levels similar to those considered as a risk fafiocardiovascular and neurodegenerative
diseases. The rats were sacrificed by decapitatittrout anesthesia 1 or 12 h after injection.

Kidneys and blood were quickly removed.

2.4 Tissue preparation

Kidneys were homogenized in 10 volumes (1:10)wh20 mM sodium phosphate
buffer, pH 7.4, containing 140 mM KCI. The homogenaas centrifuged at 7%0for 10 min at
4°C. The pellet was discarded and the supernatanimasdiately separated and used for the

measurements.
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2.5 Serum samples
Blood was sampled for determination of serum cnéadi urea, uric acid and albumin
levels. After standing for 30 min at 4°C, blood veastrifuged at 50Q for 15 min to obtain

serum.

2.6 Superoxide dismutase assay

SOD activity assay is based on the capacity of galiol to autoxidize, a process highly
dependent on superoxide, which is the substrat8@. The inhibition of the autoxidation of
this compound occurs in the presence of SOD, whoBety can be then indirectly assayed at
420 nm using the SpectraMax M5/M5 Microplate Red#alecular Devices, MDS Analytical
Technologies, Sunnyvale, California, USAA calibration curve was performed with purified
SOD as standard, in order to calculate the actofit3OD present in the samples. The results are

reported as units/mg protein.

2.7 Catalase assay

CAT activity was assayed using SpectraMax M5/M5rigldate Reader (Molecular
Devices, MDS Analytical Technologies, SunnyvalelifGaia, USA). The method used is based
on the disappearance of hydrogen peroxid®gHat 240 nm in a reaction medium containing 20
mM H,0,, 0.1% Triton X-100, 10 mM potassium phosphatedruiH 7.0, and 0.1-0.3 mg
protein/mL?*. One CAT unit is defined as one pmol gf34consumed per minute and the

specific activity is calculated as pmol/mg protein.
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2.8 Z7' dichlorofluorescein fluorescence assay

Reactive species production was measured followingethod described by Lebel and
collaborator®® based on the oxidation of72dichlorofluorescein (RDCF). Tissue supernatant
(60 uL) was incubated for 30 min at 37°C in the darkwvadOuL of 100uM 2'7'-
dichlorofluorescein diacetate {EICF-DA) solution in a 96-well plate. BCF-DA is cleaved by
cellular esterases and the resultagiD@F is eventually oxidized by the Reactive Oxygee&es
(ROS) present in samples. The last reaction pragteefluorescent compound,
dichlorofluorescein (DCF), which was quantifiediéeVing 488 nm excitation and 525 nm

emission, where results are represented by nmolig protein.

2.9 Thiobarbituric acid-reactive substances

TBARS were measured according to Ohkawa and catbis®. Briefly, the following
reagents were added (in this order) to glass t#suL of tissue supernatant; 20 pL of SDS
8.1%; 600 pL of 20% acetic acid in aqueous solutiew) pH 3.5; 600 pL of 0.8 %
thiobarbituric acid. The mixture was vortexed alnel teaction was carried out in a boiling water
bath for 1 h. The tube was then allowed to coolvater for 5 min, and was centrifuged at 1@00
for 10 min. The resulting pink stained TBARS wesataitmined spectrophotometrically at 535
nm in a Beckman D®800 (Beckman Coulter, Inc., Fullerton, CA, USA).calibration curve
was generated using 1,1,3,3-tetramethoxypropaaestsdard. TBARS were calculated as nmol

TBARS/mg protein.

2.10 Sulfhydryl content
This assay is based on the reductiob,bf-dithiobis-(2-nitrobenzoic aciPTNB) by

thiols, which in turn become oxidized (disulfidggnerating the yellow derivative
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thionitrobenzoic acidTNB) whose absorption is measured spectrophotiza#y at 412 nrf’.
Briefly, 50 mL of homogenate were added to 1 mIPBfS buffer pH 7.4 containing 1 mM

EDTA. Then 30 mL of 10 mM DTNB, prepared in a 0.2ptassium phosphate solution pH 8.0,
were added. Subsequently, 30 min incubation at r@onperature in a dark room was performed.
Absorption was measured at 412 nm using a Becknidh @10 spectrophotometer. The
sulfhydryl content is inversely correlated to ostida damage to proteins. Results were reported

as nmol TNB/mg protein.

2.11 Nitrite assay

Nitrite levels were measured using the Grieastien; 100 pL of supernatant of kidney
was mixed with 100 pL Griess reagent (1:1 mixtur&% sulfanilamide in 5% phosphoric acid
and 0.1% naphthylethylenediamine dihydrochloridevater) and incubated in 96-well plates for
10 min at room temperature. The absorbance wasumshen a microplate reader (SpectraMax
M5/M5 Microplate Reader - Molecular Devices, MDSalytical Technologies, Sunnyvale,
California, USA) at a wavelength of 543 nm. Nitritencentration was calculated using sodium

nitrite standard@.

2.12 Protein determination

Protein concentration was measured by the methbdvary and collaboratofS using

bovine serum albumin as standard.
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2.13 Biochemical parameters assays
Creatinine, urea, uric acid and albumin levels vearalyzed using Labtest kits
(Labtest Diagnostica SA, Lagoa Santa, MG, BraZitle biochemical parameters were run on a

Labmax 240.

2.14 Statistical determination

Data were analyzed by the Studentest for unpaired samples and One-way ANOVA
followed by the Tukey test, when F-test was sigaifit. All analyses were performed using the
Statistical Package for the Social Sciences (SB&8yare in a PC-compatible computer.

Differences were considered statistically significi p<0.05.

3.0 Results

Firstly, we evaluated the effect of chronic mildpeyhomocysteinemia on parameters of
oxidative/nitrative stress in kidneys of rats. Fegd shows that this condition significantly
increased the activity of the antioxidant enzym@®3A: t(6)=3.406; p<0.05] and CAT [B: t(6)
= 5.087; p<0.01]. On the other hand, chronic mijgédrhomocysteinemia did not alter reactive
species production (as measured by DCF) [cont®0%z 1.84; Hcy-treated: 55.65 £ 2.67; t(6)
= 0.329; p>0.05], oxidative lipid damage (as meadilory TBARS) [control: 3.04 £ 0.62; Hcy-
treated: 3.00 £ 0.61; t(6) = 0.092; p>0.05] as waslulfhydryl content [control: 42.44 + 2.85;
Hcy-treated: 39.78 + 2.99; t(6) = 1.694; p>0.03jeThext step was investigating the effect of
chronic mild Hcy administration on kidneys nitrieerels and, as can be observed in figure 2, this
parameter was significantly increased by Hcy adsiiation [t(6) = 4.909; p<0.01].

It has been previously described that in rats stgeto mild hyperhomocysteinemia,

Hcy is present in the plasma until 1h, returningpaseline levels 12 h after the last injection of
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this amino acitf. On this basis, we also investigated the effeetoote mild Hcy treatment at 1
and 12 h after Hcy administration with the objeetio evaluate if the effects caused by Hcy on
the kidneys depend on the presence or not of thisaacid.

Differently of chronic treatment, acute mild hypenmocysteinemia did not alter SOD
[control: 2.97 + 0.27; Hcy-treated 1h: 2.69 + 0.RRy-treated 12 h: 2.88 + 0.24; F(2,15) =
1.940; p>0.05] and CAT activity [control: 3.18 £0; Hcy-treated 1h: 2.63 + 0.91; Hcy-treated
12 h: 2.70 £ 0.70; F(2,15) = 0.551; p>0.05] in lags of rats, while the evaluation of reactive
species production (figure 3) demonstrates thaedday treatment significantly increased DCF
levels at 1 h [F(2,15) = 5.05; p<0.05], but noi2ath [F(2,15) = 5.05; p>0.05]. On the other hand,
slightly elevated levels of Hcy did not lead todgeroxidation process [control: 1.51 + 0.29;
Hcy-treated 1h: 1.41 + 0.27; Hcy-treated 12 h: ®%B20; F(2,15) = 0.698; p>0.05] and did not
alter sulfhydryl content [control: 41.95 + 5.18¢Htreated 1h: 43.76 + 4.96; Hcy-treated 12 h:
45.74 + 4.07; F(2,15) = 1.694; p>0.05] in acute endstration. Lastly, Figure 4 shows that mild
hyperhomocysteinemia significantly increased mti&vels in kidneys at 1 h after acute Hcy
treatment [F(2,15) = 7.87; p<0.01], but not at J&(2,15) = 7.87; p>0.05].

In order to investigate if the changes on the akré#nitrative status observed in kidneys
could lead to a renal dysfunction, we also testedesbiochemical parameters in serum of rats
and observed that chronic Hcy treatment was nat bélter serum creatinine [control: 0.37 £
0.04; Hcy-treated: 0.39 £ 0.02; t(6) = 0.586; p=).@rea [control: 45,67 £ 6.71; Hcy-treated:
41.17 £ 9.26; t(6) = 0.964; p>0.05] and uric aeddls [control: 0.89 + 0.17; Hcy-treated: 0.92 +
0.23; t(6) = 0.317; p>0.05], but figure 5 showseargase in serum albumin levels [t(6) = 2.255;

p<0.05].
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4.0 Discussion

Several factors are known to lead to increasedr@aoncentrations of Hey, including
genetic, hormonal and dietetic deficiencies. Slgtittance in plasma Hcy levels may be a
consequence of deficiency of folate, cobalamin @ndtamin Bs, which are cofactors for Hcy
metabolism’. Mild hyperhomocysteinemia has been describedesfent in the general
population and is considered an independent ricloffdor atherosclerosis in the coronary,
cerebral, and peripheral circulatidhi&® Nevertheless, results from animal studies hase al
suggested that hyperhomocysteinemia may causeingma**3° but mechanisms are still not
well elucidated.

Some previous works show that mild hyperhomocysteia developed evidence of
oxidative stress in rabbit liver, in rat brain as&tum and in cultured endothelial c&&. On this
basis, the aim of this study was evaluating theatke effect of mild hyperhomocysteinemia in
kidneys of rats.

Using an experimental model developed in our laiooyawe firstly evaluated the effect
of chronic mild hyperhomocysteinemia on the adggitof the antioxidant enzymes SOD and
CAT. SOD is one of the primary antioxidant in awmetk of detoxification enzymes that
neutralizes the highly reactive superoxide ione$s reactive kD, followed by its immediate
conversion to water by CAT and other peroxidases our study we found an increase in the
activities of these enzymes in kidneys of rats gttieohto chronic Hcy treatment. In agreement, a
previous study showed that patients with inheritetécts of Hcy metabolism had an increase in
the activities of antioxidant enzymes in the ciatidn, when total plasma Hcy levels were higher
than 20uM*2. In addition, animals exposed to chronic mild eenocysteinemia were found to
present an imbalance between SOD and CAT activiigsressed as an increased SOD/CAT

ratio in erythrocytes and cerebral coffex
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Since antioxidants are defined as any substantsitiraficantly delays or prevents the
oxidation of that substrate we propose that oxidative stress and the negasfsitrotection
against oxidative damage may be responsible, st fesatially, for the elevation in the activity of
these enzymes induced by Hcy. However, we belieak in the present study, the response of
the antioxidant detoxification system was enougtetiuce ROS levels in kidneys of rats
submitted to chronic hyperhomocysteinemia, sincé&R€say was no altered.

In the other side, we observed that acute Hcyrireat enhanced DCF levels at 1 h after
the injection of this amino acid, but did not altlee activities of antioxidant enzymes neither at 1
and 12 h. We believe that SOD and CAT were onlyhgkd in the chronic treatment because
theses modifications may represent a cell adaptatidace of a constant physiological stress, in
this case, by production of reactive species.

The increase in ROS levels may be a consequertbe &ifee or reduced sulfhydryl group
of Hcy to be highly reactive at physiological pkdan the presence of molecular oxygen, Hcy
undergoes thiol oxidation reactions. ROS such psrexide anion and 4, are formed during
auto-oxidation of Hc¥. It has been suggested that auto-oxidation ofridpyesents one of the
important mechanisms contributing to Hcy-induceldl d@mage.

Another hypothesis for this ROS production is tiRNPH oxidase activation, which is a
membrane-associated enzyme that catalyzes theqgtimnlof superoxid®. The kidney
expresses all components of the phagocyte NADPHiasei (gp91phox or Nox-2) as well as
NADPH oxidase homologues Nox-1 and NoX-#revious works have demonstrated that
increased plasma Hcy levels induce NADPH oxidasgigg accompanied by marked
glomerular injury®.

Since lipid peroxidation is an indicative of RO&nhgration, the next step of this study was

investigating the effect of chronic and acute Hdynaistration on TBARS levels. It has been
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previously reported that Hcy, at severely elevd¢edls, contributes to ischemiareperfusion-
induced lipid peroxidation in the kidn&yOther works have also shown that severe
hyperhomocysteinemia induces lipid peroxidatioesitrarenal tissues, such as lthgeart®,

liver®® and hippocampd8 Besides, chronic mild hyperhomocysteinemia insedaTBARS

levels in plasma and cerebral coffeowever, our results showed that this parameser mot
altered by mild Hcy administration neither at tineanic and acute treatment in kidneys of rats. It
IS probably that acute treatment was not able tise@xcessive oxidation necessary to
lipoperoxidation. In this context, in the chroniedtment, an increased activity of antioxidant
enzymes, which scavenge ROS, could prevent thisepso

In order to verify if sulfhydryl containing aminaia residues in renal proteins of rats
submitted to mild hyperhomocysteinemia were afféttg pro-oxidants effects, we evaluated the
protein-bound sulfhydryl status. Although it wassetved indication of oxidative stress
generation, our results showed no alterations lihygryl content in kidneys of rats submitted to
this model, neither at chronic and acute treatment.

The activity of nitric oxide (NO) was reflectedtime measurement of its oxidation end
product nitrite. In the present study, there wagyaificant increase in the levels of nitrites in
kidneys of rats during chronic mild hyperhomocyséenia and 1 h after acute treatment. In
agreement, data from literature showed that a@uers hyperhomocysteinemia increases nitrite
levels in the hippocampus, cerebral cortex andnserirats®. On the other hand, chronic severe
hyperhomocysteneimeia was not able to alter nititels in lung of rafS. Further analysis
reveals that the activation of a transcriptiondacialled nuclear factatB (NF-xB) is involved
in Hey-induced inducible nitric oxide synthase eegsion in the kidné§ and activation of NF-
kB has been shown to be involved in the inductiogloferulosclerosré ™. In addition, this

finding allows us to conclude that the rise initetievels could also be involved in the increased
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CAT activity seen during chronic mild hyperhomo&psemia, since another study demonstrated
that NO can enhance the activity of this antioxtdzmzymé®.

In order to test the hypothesis that these chaogelse oxidative/nitrative status observed
in kidneys of hyperhomocysteinemic rats could lead nephropathy process, we assessed some
biochemical parameters that are usually altereshguenal dysfunction. Creatinine and urea
have been described since 1904 and 1952, resggéfiveand are still the “gold standard” for
renal function avaliation. This study demonstratedalterations in these parameters, not showing
an apparent loss of renal function by mild hyperboysteinemia. Uric acid, on the other hand, is
well known to be an independent predisposing faotoenal dysfunctioti. However it has been
also reported that renal dysfunction promotes mmed serum concentration of uric &8idh
accordance with the above results, we demonsthaedthat mild hyperhomocysteinemia was
not able to alter this parameter in rats.

Lastly, we evaluated serum albumin levels in ratk wild hyperhomocysteinemia and
observed that this parameter was reduced undecdhition. One explanation for this finding
may be the increase in permeability of the renainglrulus to proteins, which can lead to
proteinuria and hypoalbuminerfitaWorks described in literature which show thaglétcy is
associated with microalbuminuria in population-ltastidies hold this hypothe&$* Besides,
this study showed that mild hyperhomocysteinenteradl redox status in kidneys of rats and it
is known that ROS play a role in a variety of resigeases which can contribute to the loss of
albumin in the urin®°® However, further studies are necessary to cortfiimsupposition.

Although in the present work, rats subjected tattreent did not present an apparent
alteration in renal clearance, the small chang&¥$ production and increased antioxidant
activity may represent only an initial responséyperhomocysteinemia. Therefore, the

persistence of chronic hyperhomocysteinemia coesdlt in a pathological condition in which

40



the antioxidant enzymes would no longer be abj@géwent oxidative stress. Thus, a prolonged
chronic treatment with Hcy may be necessary tomiesehanges in the levels of creatinine, urea

and uric acid.

5.0 Practical Application

In summary, chronic mild hyperhomocysteinemia iasexl CAT and SOD activity and
nitrite levels, while acute mild hyperhomocysteingmncreased reactive species (measured by
DCF) and nitrite levels. Chronic Hcy treatment algcreased serum albumin levels in rats.
Therefore, the present study demonstrates a litid®a mild hyperhomocysteinemia and
oxidative/nitrative stress in the kidney, which nwyntributes to expand the knowledge about the
biochemical changes involved in the risk of rengfdnction during mild

hyperhomocysteinemia.

Acknowledgments
This work was supported by grants from Conselhoidted de Desenvolvimento
Cientifico e Tecnolégico (CNPg-Brazil) and FundagécAmparo a Pesquisa do Estado do Rio

Grande do Sul (FAPERGS, RS, Brazil).

References
1. Hansrani M, Gillespie JI, Stansby G. Homocystemmayointimal hyperplasigEur J Vasc
Endovas Surg2002;23(1):3-10.
2. Sachdev P. Homocysteine and neuropsychiatricaissiRev Bras Psiquiatr

2004:26(1):50-56.

41



w

Zhang W, Sun K, Chen J, et al. High plasma homteays levels contribute to the risk of
stroke recurrence and all-cause mortality in adgngspective stroke populatid@lin Sci
(Lond) 2009;118(3):187-194.

Temple ME, Luzier AB, Kazierad DJ. Homocysteineaassk factor for atherosclerosis.
Ann Pharmacother. 2000;34(1):57-65.

Leblhuber F, Walli J, Artner-Dworzak E, et al. Hypemocysteinemia in dementia.
Neural Transm2000;107(12):1469-1474.

Seshadri S, Beiser A, Selhub J, et al. Plasma hysteine as a risk factor for dementia
and Alzheimer's diseasd.Engl J Med2002;346(7):476-483.

Aléssio AC, Santos CX, Debbas V, Oliveira LC, Hadlé® Annichino-Bizzacchi JM.
Evaluation of mild hyperhomocysteinemia during deselopment of atherosclerosis in
apolipoprotein E-deficient and normal mi&xp Mol Pathol 2011;90(1):45-50.

Robles NR, Romero J, Gomez Casero L, Escola IM0Raln, Sanchez Casado E.
Hyperhomocysteinemia in patients with mild chror@oal failure Eur J Intern Med
2005;16(5):334-338.

Hoffer LJ. Testing the homocysteine hypothesisnd-stage renal disease: problems and

a possible solutiorKidney Int 2006;69(9):1507-1510.

10.0ssani GP, Fischer PA, Caram SG, Dominguez GN, BloaisAJ, Masnatta LD. Mild

hyperhomocysteinemia promotes renal hemodynamiitidgson without histopathologic

changes in adult ratKidney Int 2004;66(5):1866-1872.

11.House JD, Brosnan ME, Brosnan JT. Characterizatidromocysteine metabolism in the

rat kidney.Biochem J1997;328(Pt 1):287-292.

12.Halliwell B. Role of free radicals in the neurodageative diseases. Therapeutic

implications for antioxidant treatmemrugs Aging 2001;18(9):685-716.

42



13.Halliwell B, Whiteman M. Measuring reactive specisl oxidative damage in vivo and
in cell culture: how should you do it and what He tesults mearBr J Pharmacal
2004;142(2):231-255.

14.Halliwell B, Gutteridge JMC, ed&ree Radicals in Biology and Medicin€ew York:
Oxford University Press; 2007.

15.Matté C, Monteiro SC, Calcagnotto T, Bavaresco KI&to CA, Wyse ATS. In vivo and
in vitro effects of homocysteine on Na+,K+-ATPas#t\aty in parietal, prefrontal and
cingulate cortex of young ratsit J Dev Neurosc 2004; 22(4):185-190.

16.Streck EL, Vieira PS, Wannmacher CMD, Dutra-Filh®,®ajner M, Wyse ATS. In
vitro effect of homocysteine on some parametesxafative stress in rat hippocampus.
Metab Brain Dis 2003;18(2):147-154.

17.Matté C, Scherer EBS, Stefanello FM, et al. Corentrfolate treatment prevents
Na+,K+-ATPase activity inhibition and memory impagnts caused by chronic
hyperhomocysteinemia during rat developméntt] Dev Neurosci2007;25(8):545-552.

18.Matté C, Mackedanz V, Stefanello FM, et al. Chrohigperhomocysteinemia alters
antioxidant defenses and increases DNA damagein bnd blood of rats: protective
effect of folic acidNeurochem Int2009;54(1):7-13.

19.Kolling J, Scherer EB, da Cunha AA, da Cunha MJS&/QT. Homocysteine induces
oxidative-nitrative stress in heart of rats: prei@mby folic acid.Cardiovasc Toxicol
2011;11(1):67-73.

20.da Cunha AA, Ferreira AG, da Cunha MJ, et al. Cierbgperhomocysteinemia induces
oxidative damage in the rat lurigol Cell Biochem2011;358(1-2):153-160.

21.Shah SV, Baliga R, Rajapurkar M, Fonseca VA. Oxisl@am chronic kidney diseas¢é Am

Soc Nephrol2007;18(1):16-28.

43



22.Scherer EB, da Cunha AA, Kolling J, et al. Develepitrof an animal model for chronic
mild hyperhomocysteinemia and its response to dxielaamagelnt J Dev Neurosci
2011;29(7):693-699.

23.Marklund SL. Pyrogallol Autoxidation. In: GreenwdRA, ed.Handbook of Methods for
Oxygen Radical Researcfith ed. Boca Raton: CRC Press; 1985: 243-247.

24.Aebi H. Catalase in vitrdViethods EnzymolL984;105:121-126.

25.LeBel CP, Ali SF, McKee M, Bondy SC. Organometaltdoed increases in oxygen
reactive species: the potential of 2’,7’-dichlotmftescein diacetate as an index of
neurotoxic damagé&.oxicol Appl Pharmacol1990;104(1):17-24.

26.0hkawa H, Ohishi N, Yagi K. Assay for lipid perogglin animal tissues by
thiobarbituric acid reactional Biochem1979;95(2):351-358.

27.Aksenov MY, Markesbery WR. Change in thiol contantl expression of glutathione
redox system gene in the hippocampus and cereb@lldizheimer’s diseaséeurosci
Lett 2001;302:141-145.

28.Green LC, Wagner DA, Glogowski J, Skipper PL, WiskidS, Tannenbaum SR.
Analysis of nitrate, nitrite and [15N]nitrate indbbgical fluids.Anal Biochem
1982;126(1):131-138.

29.Lowry OH, Rosebrough NJ, Farr AL, Randal RJ. Protaeasurement with the folin
phenol reagentl Biol Chem 1951;193(1):265-275.

30. Malinow MR. Homocyst(e)ine and arterial occlusdiseases] Intern Med
1994;236(6):603-617.

31.Refsum H, Ueland PM, Nygard O, Vollset SE. Homoeiyst and cardiovascular disease.

Annu Rev Medl998:49:31-62.

44



32.De Bree A, Verschuren WM, Kromhout D, Kluijtmans ILAlom HJ. Homocysteine
determinants and the evidence to what extent hosteicye determines the risk of
coronary heart diseageharmacol Rev2002;54(4):599-618.

33.Boers GH. Mild hyperhomocysteinemia is an indepeahndsk factor of arterial vascular
diseaseSemin Thromb Hemos2000;26(3):291-295.

34.Kumagai H, Katoh S, Hirosawa K, Kimura M, Hishidalkegaya N. Renal
tubulointerstitial injury in weanling rats with hgghomocysteinemi&idney Int
2002;62(4):1219-1228.

35.Li N, Chen YF, Zou AP. Implications of hyperhomotgiaemia in glomerular sclerosis in
hypertensionHypertension2002;39(2 Pt 2):443-448.

36.Zhang F, Siow YL, O K. Hyperhomocysteinemia actgNF-kappaB and inducible
nitric oxide synthase in the kidnelgidney Int 2004;65(4):1327-1338.

37.Sauls DL, Arnold EK, Bell CW, Allen JC, Hoffman NRro-thrombotic and pro-oxidant
effects of diet-induced hyperhomocysteineriiaromb Res2006;120(1):117-126.

38.Bouzouf M, Martinez-Cruz F, Molinero P, Guerrero,J®suna C. Melatonin prevents
hyperhomocysteinemia and neural lipid peroxidaimmuced by methionine intak€urr
Neurovasc Re005;2(2):175-178.

39.Zhang R, Ma J, Xia M, Zhu H, Ling W. Mild hyperhopysteinemia induced by feeding
rats diets rich in methionine or deficient in f@agiromotes early atherosclerotic
inflammatory processed.Nutr. 2004;134(4):825-830.

40.Tsen CM, Hsieh CC, Yen CH, Lau YT. Homocysteineraltl ROS generation and NO
accumulation in endothelial cell§hin J Physial2003;46(3):129-136.

41.0berley LW, Oberley TD. Role of antioxidant enzynresell immortalization and

transformationMol Cell Biochem1988;84(2):147-153.

45



42.Moat SJ, Bonham JR, Cragg RA, Powers HJ. Elevdsina homocysteine elicits an
increase in antioxidant enzyme activifree Radic Re2000;32(2):171-179.

43.Halliwell B, Aeschbach R, Ldoliger J, Aruoma Ol. Ttlearacterization of antioxidants.
Food Chem Toxicoll995;33(7):601-617.

44. Misra HP. Generation of superoxide free radicalrduthe autoxidation of thiolg. Biol
Chem 1974,249(7):2151-2155.

45.Starkebaum G, Harlan JM, Endothelial cell injuryda copper-catalyzed hydrogen
peroxide generation from homocysteideClin Invest 1986;77(4):1370-1376.

46.Wall RT, Harlan JM, Harker LA, Striker GE. Homoagste-induced endothelial cell
injury in vitro: a model for the study of vasculajury. Thromb Res1980; 18(1-2):113-
121.

47.Welch GN, Upchurch G Jr, Loscalzo J. Hyperhomoeystémia and atherothrombosis.
Ann NY Acad Scil997;811:48-58.

48.Azumi H, Inoue N, Takeshita S, et al. ExpressioNADH/NADPH oxidase p22phox in
human coronary arterie€irculation. 1999;100(14):1494-1498.

49.Gill PS, Wilcox CS. NADPH oxidases in the kidnéntioxid Redox SignaP006;8(9-
10):1597-1607.

50.Yi F, Zhang AY, Li N, et al. Inhibition of ceramide-dax signaling pathway blocks
glomerular injury in hyperhomocysteinemic rdfsdney Int 2006;70(1):88-96.

51.Prathapasinghe GA, Siow YL, O K. Detrimental roldhomocysteine in renal ischemia-
reperfusion injuryAm J Physiol Renal Physid®?007;292(5):F1354-F1363.

52. Matté C, Stefanello FM, Mackedanz V, et al. Honsteine induces oxidative stress,
inflammatory infiltration, fibrosis and reduces gbgen/glycoprotein content in liver of

rats.Int J Dev Neurosci2009;27(4):337-344.

46



53.da Cunha AA, Ferreira AG, Wyse AT. Increased infieatory markers in brain and
blood of rats subjected to acute homocysteine adtration.Metab Brain Dis
2010;25(2):199-206.

54.Lynn EG, Siow YL, Frohlich J, Cheung GT, O K. Ligopein-X stimulates monocyte
chemoattractant protein-1 expression in mesangld ¢ia nuclear factor-kappaB.
Kidney Int 2001;60(2):520-532.

55.Schachter AD, Strehlau J, Zurakowski D, et al. éased nuclear factor-kappaB and
angiotensinogen gene expression in posttrans@antnent focal segmental
glomerulosclerosislransplantation2000;70(7):1107-1110.

56.Yoshioka Y, Kitao T, Kishino T, Yamamuro A, MaedaN8tric oxide protects
macrophages from hydrogen peroxide induced apapbysinducing the formation of
catalase.J Immunol 2006;176(8):4675-4681.

57.Narayanan S, Appleton HD. Creatinine: a revi@n Chem 1980;26(8):1119-1126.

58.Bateman JC, Barberio JR, Grice P, Klopp CT, PierpbriFatal complications of
intensive antibiotic therapy in patients with neagpic diseaséAMA Arch Intern Med
1952;90(6):763-773.

59.Weiner DE, Tighiouart H, Elsayed EF, Griffith JLal8m DN, Levey AS. Uric acid and
incident kidney disease in the communiiyAm Soc NephroR008;19(6):1204-1211.

60.Zapolski T, Waaiski P, Kondracki B, Rychta E, Buraagska MJ, Wysokiski A. Uric
acid as a link between renal dysfunction and botk-ipflammatory and prothrombotic
state in patients with metabolic syndrome and carnpartery diseas&ardiol Pol.
2011;69(4):319-326.

61.Ulinski T, Aoun B. Pediatric idiopathic nephrotignglrome: treatment strategies in

steroid dependent and steroid resistant fofast Med Chem2010;17(9):847-853.

47



62.Francis ME, Eggers PW, Hostetter TH, Briggs JP o8sgion between serum
homocysteine and markers of impaired kidney fumctivadults in the United States.
Kidney Int 2004;66(1):303-312.

63.Hoogeveen EK, Kostense PJ, Jager A, Heine RJ, 8ealm homocysteine level and
protein intake are related to risk of microalbunmiauthe Hoorn StudyKidney Int
1998;54(1):203-209.

64.Jager A, Kostense PJ, Nijpels G, et al. Serum hgsteme levels are associated with the
development of (micro)albuminuria: the Hoorn stubisterioscler Thromb Vasc Biol
2001;21(1):74-81.

65.Halliwell B. Free radicals and antioxidants: a peed view.Nutr Rev 1994;52(8 Pt
1):253-265.

66.Southorn PA, Powis G. Free radicals in medicindnllolvement in human disease.

Mayo Clin Proc 1988;63(4):390-408.

48



2.5+ *
£ 20
L
=
o & 157
oo -1
®E 4o
7 .
c
S 051
0.0 T
Control Hey 12 h
B
*%
151
£
)
° 101
- &
<o
O£
P
=
0

Control Hey 12 h

Figure 1. Effect of chronic mild Hcy administration on supride dismutase (A) and catalase
(B) activity in the kidneys of rats. Results ar@essed as means £ SD for six animals in each

group. Different from controlp<0.05;” p<0.01 (Student's-test). Hcy: homocysteine.
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Figure 2. Effect of chronic mild Hcy administration on nitrilevels in the kidneys of rats.
Results are expressed as means + SD for six anima#ch group. Different from control,

“p<0.01 (Student’s-test). Hcy: homocysteine.
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Figure 3. Effect of acute mild Hcy administration on ROSgwotion in the kidneys of rats.
Results are expressed as means + SD for six anima#ch group. Different from control,

"p<0.05 (One-way ANOVA and Tukey test). Hcy: homdeirse.
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Figure 4. Effect of acute mild Hcy administration on nitrlevels in the kidneys of rats. Results
are expressed as means + SD for six animals ingracip. Different from control, p<0.01

(One-way ANOVA and Tukey test). Hcy: homocysteine.
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Figure 5. Effect of chronic mild Hcy administration on albumievels in serum of rats. Results
are expressed as means + SD for six animals papgBifferent from control,p<0.05

(Student'st-test). Hcy: homocysteine.
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Abstract

Purpose: Since severe hyperhomocysteinemia can induce iejualy and oxidative stress is
associated with renal dysfunction, in the preséntdys we investigated the effects of chronic
homocysteine administration on some parameters gidabve stress namely "2
dichlorofluorescein fluorescence assay (DCF), thibliuric acid-reactive substances (TBARS),
sulfhydryl content, total radical-trapping antioaid potential (TRAP) and antioxidant enzymes
(superoxide dismutase and catalase), as well ané@vels in kidneys of rats. The levels of urea
and albumin in serum were also evaluated.

Methods: Wistar rats received daily subcutaneous injectiohomocysteine (0.3-0.6 pmol/g
body weight) from the B to the 28 days-of-age and control group received salines Ragre
sacrificed at 1 or 12 h after the last injectioineys and blood were collected.

Results: Results showed that severe hyperhomocysteinergrafisantly increased DCF and
TBARS at 1 and 12 h after last injection, suggestitat homocysteine increased reactive species
production and lipid peroxidation in kidneys ofgatncrease in superoxide dismutase activity
and decrease in catalase activity were also obdeavel and 12 h after the last injection.
Decrease in non-enzymatic antioxidant defenses fH)R&nd increase in nitrite levels were
observed only at 1 h after the last administrabbhomocysteine. Homocysteine administration
also increased urea and decreased albumin levékstaafter injection.

Conclusions: Our findings showed a profile of oxidative stréisskidneys of rats, elicited by
homocysteine, which could explain, at least pattig, mechanisms involved in the renal damage

present in some homocystinuric patients.

Keywords: Severe hyperhomocysteinemia; albumin; urea; serkidney; oxidative/nitrative
stress.
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1. Introduction

Homocysteine (Hcy), a sulfur-containing amino ad&l,derived from the intracellular
metabolism from the indispensable amino acid meth&f1]. Factors that are responsible for the
elevation of plasma Hcy levels include genetic deficies such as classical homocystinuria, an
inborn error of metabolism characterized biochefhjicdy cystathionine g-synthase (EC
4.2.1.22) deficiency[2]. Affected patients by thiisease can present mental retardation, seizures
and vascular complications[2-4]. It has also begported that severe hyperhomocysteinemia
causes remodeling of extracellular matrix and mfiaation in the kidneys[5], which has been
shown to be the major site for the removal of pladcy and possesses the enzymes for both
remethylation and transulphuration pathway[l, 6].addition, a recent epidemiological study
revealed a positive association between plasmalé¥®ts and the development of chronic renal
disease in the general population[7]. The losshefkidney function may signify a role for this
tissue in the metabolic clearance of plasma Haditeg to hyperhomocysteinemia[8] that in turn,
could compromise renal function[9]. However theshanisms are still not well elucidated.

Oxidative stress is generated by an imbalance lgtwatioxidant and oxidants, leading
to reactive oxygen species (ROS) production andraatation, which can lead to severe cellular
damage, such as physiological dysfunction and dedith. When oxidative stress occurs, cells
work to neutralyze the oxidant effects and to mesteedox balance by resetting critical
homeostatic parameters. Such cellular activity $e@adactivation or silencing of genes encoding
antioxidant enzymes, transcription factors andcstimal proteins[10]. Previous results showed
that Hcy induces oxidative stress in brain of ragslucing antioxidant defenses and increasing
lipid peroxidation[11-14]. In addition, chronic hgghomocysteinemia decreases antioxidant

defenses, increases lipid peroxidation and/or dse nitrite levels in liver and heart of rats[15-
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16]. It is possible that alterations in oxidativ&ative status could be also involved in the renal
injury during hyperhomocysteinemia.

On this basis, in the present study we investthatiee effects of chronic Hcy
administration on some parameters of oxidative sstremamely 2’ dichlorofluorescein
fluorescence assay (DCF), thiobarbituric acid-reacsubstances (TBARS), sulfhydryl content,
total radical-trapping antioxidant potential (TRARNd antioxidant enzymes (superoxide
dismutase and catalase), as well as on nitriteldem kidneys of rats. The levels of urea and
albumin in serum were also evaluated. Our hypashissihat severe hyperhomocysteinemia may

alter oxidative/nitrative status in kidney, leadiogenal dysfunction.

2. Materials and Methods

2.1 Animals and reagents

Eighteen Wistar rats were obtained from the Cetramal House of the Departamento
de Bioquimica, Instituto de Ciéncias Béasicas dad8aliniversidade Federal do Rio Grande do
Sul, Porto Alegre, RS, Brazil. Animals were main& on a 12/12 h light/dark cycle in an air-
conditioned constant temperature 22 1°C) colony room. Rats had free access to a 20% (w/w)
protein commercial chow and water. The NIH “Guide the Care and Use of Laboratory
Animals” (NIH publication No. 80-23, revised 199%)d the official governmental guidelines in
compliance with the Federacdo das Sociedades @&rasilde Biologia Experimental were
followed in all experiments. All chemicals were aibed from Sigma Chemical Co., St. Louis,

MO, USA.
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2.2 Chronic homocysteine treatment

D,L-Hcy were dissolved in 0.9% NaCl solution andfered to pH 7.4. Hcy solution was
administered subcutaneously twice a day from t6®ito their 28' day-of-age. Hcy doses were
calculated from pharmacokinetic parameters preWodstermined in our laboratory[17-18].
During the first week of treatment, animals recdi@e3umol Hcy/g body weight. In the second
week, 0.4umol Hcy/g body weight was administered to the afsmand in the last week rats
received 0.6umol Hcy/g body weight. Plasma Hcy concentrationrats subjected to this
treatment achieved levels similar to those founthamocystinuric patients[2]. Control animals
received saline solution in the same volumes asetlapplied to Hcy-treated rats. The rats were
sacrificed by decapitation without anesthesia at 12 h after the last injection. The kidneys and

blood were quickly removed.

2.3 Tissue preparation

Kidneys were homogenized in 10 volumes (1:10,)wof 20 mM sodium phosphate
buffer, pH 7.4, containing 140 mM KCI. The homogenaas centrifuged at 750for 10 min at
4°C. The pellet was discarded and the supernatanimmediately separated and used for the

measurements.
2.4 Serum samples

Blood was sampled for determination of serum umec @bumin levels. After standing

for 30 min at 4°C, blood was centrifuged at J@r 15 min to obtain serum.
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2.5 27’ dichlorofluorescein fluorescence assay

ROS production was measured following a method rdest by Lebel and
collaborators[19] based on the oxidation &f-@ichlorofluorescein. Tissue supernatant (60
was incubated for 30 min at 37°C in the dark wid® 2L of 100 uM 2'7’-dichlorofluorescein
diacetate solution in a 96-well plate’7’Zichlorofluorescein diacetate is cleaved by calul
esterases and the resultaft-Bichlorofluorescein is eventually oxidized by tR®S present in
samples. The last reaction produces the fluoresoempound, dichlorofluorescein, which was
quantified following 488 nm excitation and 525 nmission, where results are represented by

nmol dichlorofluorescein/mg protein.

2.6 Thiobarbituric acid-reactive substances

Lipid peroxidation was estimated by measuring TBARE&idney samples according to a
modified method of Jentzsch and collaborators[Bbjefly, 0.2 mL of tissue supernatant was
added to the reaction mixture containing 1 ml of d&ho-phosphoric acid and 0.25 ml alkaline
solution of thiobarbituric acid (final volume 2.0)mfollowed by 45 min heating at 85. After
cooling, samples and standards of malondialdehyste wead at 532 nm against the blank of the

standard curve. The results were expressed asmalohdialdehyde/mg protein.

2.7 Sulfhydryl content

This assay is based on the reduction of 5,5-diki(2-nitrobenzoic acid) by thiols,
which in turn become oxidized (disulfide), genergtia yellow derivative namely nitro-5-
thiobenzoic acid whose absorption is measured sggaitometrically at 412 nm[21]. Briefly, 50
mL of homogenate were added to 1 mL of phosphatieded saline pH 7.4 containing 1 mM

ethylenediaminetetraacetic acid. Then 30 mL of 18 ®5'-dithiobis-(2-nitrobenzoic acid),
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prepared in a 0.2 M potassium phosphate solutiorBfii were added. Subsequently, 30 min
incubation at room temperature in a dark room wefopmed. Absorption was measured at 412
nm using a Beckman DU1 640 spectrophotometer. THbysiryl content is inversely correlated
to oxidative damage to proteins. Results were tedoas nmol nitro-5-thiobenzoic acid/mg

protein.

2.8 Total radical-trapping antioxidant potential

TRAP was determined by measuring the chemilumierese intensity of luminol induced
by 2,2’-azo-bis-(2-amidinopropane) thermolysis in Rerkin-Elmer Microbeta Microplate
Scintillation Analyzer (PerkinElmer Life and Analgal Sciences, Waltham, MA, USA)[22].
Two-hundred and forty microliters of a system camtay 2,2’-azo-bis-(2-amidinopropane) (10
mM), dissolved in 50 mM sodium phosphate buffergB, and luminol (5.6 mM), was added to
a microplate, and the initial chemiluminescence massured. Ten microliters of 3QM Trolox
(water-solublex-tocopherol analogue, used as a standard) it @0tissue supernatant was then
added to each plate well, producing a decreadeeimitial chemiluminescence value. This value
is kept low, until the antioxidants present in g8@mple are depleted, chemiluminescence then
returns to its initial value. The time taken by sg@mple to maintain chemiluminescence low is
directly proportional to the antioxidant capacititbe tissue. Results are represented as nmol

Trolox/mg protein.

2.9 Superoxide dismutase assay
Superoxide dismutase (SOD) activity measuremerthased on the inhibition of the
radical superoxide reaction with adrenalin as deedrby McCord and Fridovich[23]. In this

method, SOD present in the sample competes witllebection system for superoxide anion. A
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unit of SOD is defined as the amount of enzyme itliaibits the rate of adrenalin oxidation by
50%. Adrenalin oxidation leads to the formatiorntloé colored product, adrenochrome, which is
detected by spectrophotometer. SOD activity is rddteed by measuring the rate of
adrenochrome formation, observed at 480 nm, inaatien medium containing glycine-NaOH

(50 mM, pH 10) and adrenalin (1 mM).

2.10 Catalase assay

The determination of catalase (CAT) activity wagiead out in accordance with a modified
method of Nelson and Kiesow[24]. This assay inveltlee change in absorbance at 240 nm due
to CAT-dependent decomposition of hydrogen perox{#O,). The spectrophotometric
determination was initiated by the addition of Or@lFfin an aqueous solution of 0.3 mol/4®}.
The change in absorbance at 240 nm was measuredl fon. The results were expressed as

pmol/mg protein.

2.11 Nitrite assay

Nitrite levels were measured using the Griess i@acil00 pL of supernatant of kidney
was mixed with 100 puL Griess reagent (1:1 mixturd% sulfanilamide in 5% phosphoric acid
and 0.1% naphthylethylenediamine dihydrochloridevater) and incubated in 96-well plates for
10 min at room temperature. The absorbance wasumeghen a microplate reader (SpectraMax
M5/M5 Microplate Reader - Molecular Devices, MDS alytical Technologies, Sunnyvale,
California, USA) at a wavelength of 543 nm. Nitrdencentration was calculated using sodium

nitrite standards[25]. The results were expressqad\d/mg protein.
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2.12 Protein determination
Protein concentration was measured by the metholdowfry[26] using bovine serum

albumin as standard.

2.13 Urea assay

Urea levels were analyzed by a method using a kEgBtmgnostic kit. In this method,
urea is hydrolyzed by urease to ammonium ions a@g The ammonium ions react in alkaline
pH, with sodium hypochlorite and salicylate under tatalytic action of sodium nitroprusside to
form indophenol blue. The color formation is prapmmal to the amount of urea in the sample

[kit label]. Urea assay was run on a COBMEIRA PLUS.

2.14 Albumin assay

Albumin levels were analyzed by a method using btést-Diagnostic kit. In this assay,
albumin interacts with buffered bromocresol greed due to the protein error of indicators,
there is formation of green color, proportionathe concentration of albumin in the sample [Kkit

label]. Albumin assay was run on a COBMNS&RA PLUS.

2.15 Statistical determination

Data were analyzed by the Studeritigest for unpaired samples and One-way ANOVA
followed by Tukey test, when the F-test was sigalffit. All analyses were performed using the
Statistical Package for the Social Sciences soéivilara PC-compatible computer. Differences

were considered statistically significanp#0.05.
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3. Results

ROS production was measured by DCF and renal tipidage was measured by TBARS.
Figure 1 shows that chronic hyperhomocysteinengaifitantly increased the levels of reactive
species in kidney, as indicated by dichlorofluce@scformed from the oxidation of'2-
dichlorofluorescein, at 1 h [F(2,15) = 15.62; p<].@nd 12 h [F(2,15) = 15.62; p<0.001] after
the last administration of Hcy. As can be obserwetigure 2, Hcy significantly also increased
TBARS at 1 h [F(2,15) = 42.17; p<0.001] and 12 K2[E5) = 42.17; p<0.001] after chronic
hyperhomocysteinemia. The effect of chronic hyperboysteinemia on sulfhydryl content was
also tested; results showed that this parametenaialtered by Hcy administration neither at 1
h [control: 2.47 + 0.12; Hcy-treated: 2.39 + 0.Fg2,15) = 1.30; p>0.05] and 12 h [control:
2.47 = 0.12; Hcy-treated: 2.52 + 0.08; F(2,15) 301.p>0.05] after the last injection, as
compared to the control group.

Next, we evaluated the status of kidney non-enzinaeitd enzymatic antioxidant. Figure
3 shows that Hcy administration significantly redddhe total antioxidant potential (TRAP) at 1
h [F(2,15) = 18.54; p<0.001], but did not alterstiparameter at 12 h [F(2,15) = 18.54; p>0.05]
after the last injection. As can be observed imurgg 4A and 4B, Hcy significantly increased
SOD activity at 1 h [F(2,15) = 15.88; p <0.001] dritih [F(2,15) = 15.88; p<0.05] and decreased
CAT activity at 1 h [F(2,15) = 30.77; p<0.001] ab? h [F(2,15) = 30.77; p<0.01] after the last
Hcy administration, respectively.

We also investigated the effect of chronic Hcy adstration on kidney nitrite levels.
Figure 5 shows that chronic Hcy administration sigantly increased nitrite levels at 1 h
[F(2,15) = 16.93; p<0.001], but did not alter tipgrameter at 12 h [F(2,15) = 16.93; p>0.05]

after the last administration of Hcy.
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In order to evaluate the renal dysfunction, we stigated the effect of
hyperhomocysteinemia on some renal function paremsetf rats sacrificed at 12 h after the last
injection of Hcy. Figure 6A shows an increase irugeurea [t(6) = 2.62; p<0.05], whereas figure
6B shows a reduction in serum albumin levels afteonic Hcy administration [t(6) = 3.73;

p<0.01].

4.0 Discussion

Hyperhomocysteinemia is a consequence of a widgerah determinants: genetic, such
as classical homocystinuria; nutritional, such &st dich in methionine and/or poor in B
vitamins; pathological, such as renal disease; edioations, such as antifolate drugs[27-28].
Moreover, increased levels of Hcy also appear toassociated with neurodegenerative and
vascular disorders and more recently, with renalkyp9, 28-35].

Since recent studies indicate that elevated plasta& Hcy is independently associated
with increased kidney allograft loss in humans[&64 that Hcy induces oxidative stress in other
tissues such as brain, liver, heart and endoth§libp3-16, 37-38], in the present study we
extend our investigation, evaluating the effectlofonic hyperhomocysteinemia on the kidneys
of developing rats.

We used an experimental model of chronic hyperhgstememia developed in our
group, in which the Hcy levels present a peak aspla at 15 min up to 1h after injection of this
amino acid and returns to baseline levels aftein[1Z-18]. Based on this, we firstly investigated
some oxidative stress parameters and observeHthaincreased DCF and TBARS levels in
kidneys of rats at 1 and 12 h after the last impacof this amino acid. These results respectively
demonstrate that Hcy promoted ROS production apdpéroxidation, whilst highlight the

endurance of its effects, since these parametensimed altered even after Hcy levels have
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returned to normal (12 h after the interruptiontrgfatment). In agreement, data from literature
showed that Hcy, at elevated levels, is associaitd oxidative stress in the kidney[39]. These
changes observed in the present work may be a goesee of the auto-oxidation of Hcy, which
leads to a generation of ROS such as anion supkraxidical and kD,[40]. The hydroxyl
radical can also be generated by the Fenton reaatiben HO, receives another electron and a
hydrogen ion. Hydroxyl radical is the most reactraelical and may lead to lipid peroxidation
process[41], which may cause damage to renal membrdhe ROS production may also occur
via NAD(P)H oxidase activation and probably conitds to the Hcy effect on extracellular
matrix homeostasis and consequent sclerosis inegldif42].

Since sulfhydryl containing amino acid residueginteins are susceptible targets for a
variety of pro-oxidants, we also evaluated the gmbound sulfhydryl status. Although
sulfhydryl content was decreased in liver of ratbmitted to hyperhomocysteinemia model[15],
no alterations in the sulfhydryl levels were obgerin the kidneys of rats sacrificed at 1 and 12 h
after chronic hyperhomocysteinemia. It could bel@xed by the fact that mammalian cells from
different tissues possess a system that regulassxrstatus of cellular thiols and protects
sulfhydryl-containing proteins from excessive oxida[43]. In addition, there are other
detectable markers, including changes in the cortérprotein carbonyls, nitrotyrosines and
advanced glycation end-products that could be egglin the future, to better evaluate protein
damage.

The next step was investigating the effect of clordficy administration on TRAP, an
index of antioxidant capacity. The results showeddaiction of non-enzymatic defense in kidney
of hyperhomocysteinemic rats at 1 h after the Kt injection. It shows consistency with the
increased renal oxidative stress observed, whéheasssue becomes more susceptible to attack

by ROS. Furthermore, Streck and collaborators relveady demonstrated that Hay vitro
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significantly decreases TRAP in rat hippocampus[ddid other works have previously shown
that Hcy administration reduces the antioxidaneptal in the parietal cortex of rats[13].

We also evaluated the effect of chronic hyperhoratggemia on the activities of the
antioxidant enzymes SOD and CAT, which compose #itient system responsible for
removing ROS[44-45]. In our study we found an @ase in SOD activity in kidney of rats at 1
and 12 h after the last injection of Hcy. Probabkgpresents an antioxidant response against the
possible increase in superoxide radipebduction, since it is well known that this enzyme
catalyzes superoxide radiadibmutation[44]. These results are in agreemert &itreport that
suggests an existence of a positive correlatiowdxst the dosage of SOD and total Hcy[46].

On the other hand, CAT activity was decreased is #$udy. It has been previously
shown that acute Hcy administration decreases C&iviy in the rat hippocampus and that
vitamins E and C completely prevented this effewdjcating that the participation of oxidative
stress is probably involved in the actions of H&J[IWhereas it is known that CAT is able to
convert HO, to water and molecular oxygen[45], one explanation these results is the
possibility of early depletion of renal antioxidaméserves, in face the initial stimulus
characterized by the increased in SOD activity, cwhiprobably elevated J@, levels.
Additionally, the decrease in CAT activity may bekined by the fact that antioxidant enzymes
are inhibited by specific ROS[47-48], which arelpably formed from Hcy[49].

Nevertheless, it has been reported that Hcy canlatg protein turnover and gene
expression, including antioxidant enzymes[50-5Xjerefore, we cannot discard the possibility
of these changes in SOD and CAT activities maysused by these mechanisms.

The reduction in the CAT activity is an importaesult since it may explain why the
levels of TRAP increased back to the control leal42 h after injection of Hcy, but ROS and

TBARS levels are still significantly higher at 12cbmpared to the control group. Although the
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levels of TRAP returned to the control levels athl Z AT activity remained reduced at this time
point. A possible mechanism to explain these resulay be due to the fact that the cellular
environment was made more susceptible to the foomadf H,O, and oxidative stress
generation, increasing DCF levels. Besides, hydraagical can be generated fromy®3,
leading to lipid peroxidation process and incre@gIBARS levels[41].

The activity of nitric oxide (NO) in this study wasflected in the measurement of nitrite,
its oxidation end product, which was significantigreased at 1 h after the last administration of
Hcy. It has been reported that oxidative stressesuan increase in the production of NO, a
molecule which is envolved in both oxidative stressl cell death responses[52]. Previous
studies showed that hyperhomocysteinemia activaesear factor kappa B in rat kidney by
increasing phosphorylation afBo. Activation of nuclear factor kappa B causes upitation of
inducible NO synthase expression leading to aresead NO production[53]. Thus, since NO
stimulates production of tumor necrosis factor-alplwhat could result in inflammatory
injury[52], it may play an important role in the nad injury observed during severe
hyperhomocysteinemia. In this context, more studié be necessary to elucidate such
mechanisms.

In order to test the hypothesis that these chaogeke oxidative/nitrative status observed
in kidneys of hyperhomocysteinemic rats could lead nephropathy process, we assessed urea
and albumin levels in serum of rats. Urea is thenrpeoduct of protein metabolism, circulates in
the blood and is freely filtered at the glomerulusgstly excreted in the urine; thus renal
insufficiency can lead to hyperuremia[54]. Deteration of serum urea is not specific to general
changes in renal function, but it is more sensitovehanges of the primary kidney conditions, so
it is an important and widely used marker in caseslving this condition. Although the kidney

glomeruli filter the plasma at a high rate, it puods a filtrate that is nearly protein-free. Lund
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and collaborators[55] provided data in rats denratisig that the albumin glomerular sieving

coefficient rises as the glomerular filtration réaés, thus lowering serum albumin levels. In the
present study, we verified that Hcy increased Uegals and decreased albumin levels, which
may represent an impaired kidney function. Theselte corroborate other works described in
literature, which show that total Hcy is associatgth microalbuminuria in population-based

studies[56-58].

In conclusion, chronic hyperhomocysteinemia alteredal function parameters and
increased reactive species production, lipid pelaion and nitrite levels, as well as caused
changes in the antioxidant defenses (enzymatic remmdenzymatic). Our findings suggest a
consistent profile of oxidative stress in the kigheof rats, elicited by Hcy, which could
contribute to explain, at least in part, the medran involved in the pathogenesis of kidney

damage in homocystinuric patients.
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Figure 1. Effect of chronic administration of Hcy on 2’,7iethlorofluorescein fluorescence assay
in the kidneys of ratRResults are expressed as means + SD for six anpealgroup. Different
from control, " p<0.01; " p<0.001 (One-way ANOVA and Tukey test). Hcy: honstejne;

DCF: dichlorofluorescein. GraphPad Prism 5 was teenleate the artwork.
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Figure 2. Effect of chronic administration of Hcy on thiob#uric acid-reactive substances in
the kidneys of ratsResults are expressed as means = SD for six anpealgroup. Different
from control, ~ p<0.001 (One-way ANOVA and Tukey test). Hcy: honstejne; MDA:

malondialdehyde. GraphPad Prism 5 was used toectieatartwork.
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Figure 3. Effect of chronic administration of Hcy on totadical-trapping antioxidant potential
in the kidneys of ratsResults are expressed as means + SD for six animgker group.
Different from control,” p<0.001 (One-way ANOVA and Tukey test). Hcy: homstejne.

GraphPad Prism 5 was used to create the artwork.
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Figure 4. Effect of chronic administration of Hcy on supdde dismutase (A) and catalase (B)
in the kidneys of rats. Results are expressed amsne SD for six animals per group. Different
from control, 'p<0.05; ~ p<0.01; = p<0.001 (One-way ANOVA and Tukey test). Hcy:

homocysteine. GraphPad Prism 5 was used to cteagativork.
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Figure 5. Effect of chronic administration of Hcy on nitrikevels in the kidneys of ratResults
are expressed as means * SD for six animals pepgRifferent from control,” p<0.001 (One-

way ANOVA and Tukey test). Hcy: homocysteine. Gridgptl Prism 5 was used to create the

artwork.

77



604

.
_ 404
© T
=)
SE
204
Y T
Control Hcy 12 h
B
4-
31 —_—
S =
o
E3
2 E
< ~
1
0 T
Control Hcy 12 h

Figure 6. Effect of chronic administration of Hcy on urea @&)d albumin (B) levels in serum of
rats. Results are expressed as means + SD fomgixals per group. Different from control,

"p<0.05; " p<0.01 (Student’s-test). Hcy: homocysteine. GraphPad Prism 5 was tsereate

the artwork.
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IV. DISCUSSAO

A HHcy consiste em uma condi¢&o clinica caractdezaor elevados niveis plasmaticos
de Hcy, sendo freqlientemente classificada em [Ex&QuM), moderada (31-100M) e severa
(>100uM) (Hansrani et al., 2002). Essa condicao podeiser consequiéncia de diversos fatores,
como por exemplo: genéticos, tais como a HCU dalaséisioldgicos, tais como dietas ricas em
metionina e/ou pobre em vitaminas B; patoldgicais, tomo doenca renal; ou medicamentosos,
tais como drogas anti-folato (Perry, 1999; Eikelnoat al., 1999).

A HHcy leve e severa estdo associadas ao desemesito de desordens
neurodegenerativas e vasculares (Refsum et al8; 196 Bree et al.,, 2002; Boers, 2000;
Eikelboom et al., 1999; Welch e Loscalzo, 1998;zPAarastia, 2000; Mattson et al., 2002;
Mattson e Haberman, 2003; Veeranna et al., 201thdgs, 2004; Ullegaddi et al., 2006).
Entretanto, estudos em animais tém sugerido quédcy thmbém pode causar dano renal, mas os
mecanismos desse processo ainda necessitam siglagbss (Kumagai et al., 2002; Li et al.,
2002; Zhang et al., 2004).

O objetivo do presente estudo foi investigar otefda HHcy leve e severa sobrstatus
redox em rins de ratos, visto que ha evidénciagudeo estresse oxidativo participa da toxicidade
exercida pela Hcy em érgdos como o cérebro, figeol@cédo e endotélio (Streck et al., 2003a;
Matté et al., 2004; 2007; 2009; Kolling et al., 20Zhu et al., 2009; Edirimanne et al., 2007;
Scherer et al., 2011).

Nosso laboratério desenvolveu modelos experimetibliHcy leve e severa, sendo que
no modelo de HHcy leve utilizaram-se ratos adulle®9 dias, visto que este modelo mimetiza
uma condicdo em que a HHcy se desenvolve ao loagaidh. No modelo de HHcy severa,

utilizaram-se ratos neonatos de 6 dias, ja quatinbbjetivo de mimetizar a HCU, a qual sendo
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uma deficiéncia genética, acomete os individuasdbs desde o nascimento.

Com base em trabalhos anteriores que mostram diey @std presente no plasma em
altos niveis durate 1 hora e retorna aos niveiai®d® horas apos a injecdo subcutanea desse
amino&cido (Streck et al., 2002a; 2002b; Schereal.et2011), desenvolveram-se diferentes
modelos experimentais de HHcy nos quais os anifoaésn decapitados 1 ou 12 horas apés a
administracéo de Hcy. A escolha dos pontos de tgugiidica-se pela importancia de se avaliar
se os efeitos causados pelo tratamento dependema@uda presenca de Hcy no sangue
periférico. Dessa forma, no modelo de HHcy levamisais foram sacrificados 12 horas apés a
administracdo cronica de Hcy e 1 ou 12 horas apésiministracdo aguda. JA no modelo
experimental de HHcy severa, avaliou-se somenteitbalo tratamento cronico 1 ou 12 horas
apos a ultima injecéo de Hcy.

Utilizando-se o modelo experimental de HHcy lew@anpiramente se avaliou o efeito do
tratamento cronico sobre as atividades das enzanaisxidantes SOD e CAT. Neste estudo,
encontrou-se um aumento da atividade dessas enzmagins de ratos submetidos ao
tratamento. Em concordancia, estudos prévios mmostiae pacientes com erros inatos no
metabolismo da Hcy possuem um aumento das atisddelenzimas antioxidantes na circulacéo
quando os niveis plasméaticos de Hcy ultrapassapMoat et al., 2000). Além disso, animais
expostos a HHcy leve cronica apresentaram um digieguentre as atividades da SOD e da
CAT, expresso pelo aumento da razdo SOD/CAT n@xdarerebral e em eritrocitos (Scherer et
al., 2011).

Visto que os antioxidantes sdo definidos como quais substancias que
significativamente inibem ou previnem a oxidacaoessiva (Halliwell et al., 1995), propde-se
aqui que o estresse oxidativo e a necessidadeotiec@io contra o dano oxidativo possam ser

responsaveis, pelo menos parcialmente, pela elevdsg@tividade dessas enzimas. Entretanto, é
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possivel que, no presente trabalho, o balanco ergistema antioxidante de detoxificacdo e as
ERO foi suficiente para reduzir os niveis de EROrem de ratos submetidos a HHcy leve
cronica, ja que os niveis de DCF néo foram alteyado

Por outro lado, observou-se que o tratamento agadoHcy elevou os niveis de ERO
1 hora ap0s a injecdo desse aminoacido, mas réiowals atividades das enzimas antioxidantes
nem 1 e nem 12 horas apos a injecdo. O aument®@edbservado pode ser uma consequéncia
da auto-oxidacdo da Hcy, que leva a geracaotiee ®,O, (Starkebaum e Harlan, 1986). Essa
producdo de ERO também pode ocorrer via ativacadNABPH oxidase e provavelmente
contribui para o efeito da Hcy na homeostase daiarattracelular e conseqtiente esclerose no
glomérulo (Yi et al., 2006). No que se refere agireas antioxidantes, € provavel que as
atividades da SOD e da CAT foram alteradas apewasratamento cronico porgue essas
modificacdes representam uma adaptacao celulgdefeeam estresse fisioldégico constante, neste
caso, a producao de especies reativas.

Visto que a peroxidacao lipidica também é um iastilo de geragcédo de ERO, o proximo
passo foi investigar o efeito da HHcy leve sobrendgeis de TBARS. Embora trabalhos
anteriores mostrem que a HHcy leve crbnica elevaiwsis de TBARS no plasma e no cortex
cerebral (Scherer et al., 2011), no presente estdddhouve alteracdo nesse parametro em rins
de ratos. E provavel que o tratamento agudo ndwteausado oxidacdo excessiva o suficiente
para levar a lipoperoxidacdo. No tratamento crgnpar sua vez, o aumento das enzimas
antioxidantes possivelmente preveniu esse processo.

Do mesmo modo, residuos de aminoacidos contengaigrentos —SH em proteinas sao
alvos suscetiveis para uma variedade de pro-oxdarRorém, a avaliacdo dsatus de
grupamentos -SH n&o demonstrou alteragdes indupelasHHcy leve. Isto pode ser explicado

pelo fato de que células de mamiferos de difereieigidos possuem um sistema que protege
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proteinas contendo —SH da oxidacdo excessiva (Rabtra., 1999). Além disso, existem outros
marcadores detectaveis, incluindo mudancas no @dotge proteinas carboniladas, nitrotirosinas
e produtos finais de glicacdo avancada que podemxgéorados no futuro para melhor avaliar
danos a proteinas.

A atividade do NO, por sua vez, foi medida atrad@s niveis de nitritos (produto final de
sua oxidacéo), os quais estavam significativamel@eados nos rins de ratos com HHcy leve
cronica e 1 hora apés o tratamento agudo. Temdsdorito que o0 estresse oxidativo causa um
aumento na producdo de NO, uma molécula que possutomplexo papel tanto no estresse
oxidativo quanto na resposta a morte celular (8asd., 2001). Estudos anteriores mostraram
ainda, que a HHcy ativa o RRB em rins de ratos via fosforilacao déb. A ativacao do FNB
causa aumento da expressao da NO sintase indueivehdo ao aumento da producdo de NO.
Assim, visto que o NO estimula a produgédo do fd®mecrose tumoral alfa, que por sua vez
pode causar dano inflamatorio (Sass et al., 20843 pode ser um processo importante
envolvido no dano renal observado durante a HHoyémR, mais estudos serdo necessarios para
elucidar tais mecanismos. Além disso, esse resuftadmite concluir que o aumento nos niveis
de NO possa estar envolvido com a elevacdo dadatigida CAT observada durante a HHcy
leve cronica, visto que outro estudo demonstroua® pode elevar a atividade dessa enzima
antioxidante (Yoshioka et al., 2006).

Com o objetivo de testar a hipétese de que as ngadamostatusoxidativo/nitrativo
poderiam causar danos funcionais aos rins de catosHHcy leve cronica, avaliaram-se alguns
parametros bioquimicos que geralmente se encorafeerados durante a disfuncdo renal. A
creatinina e a uréia foram descritas em 1904 e, 1@spectivamente (Narayanan e Appleton,
1980; Bateman et al., 1952) e ainda sdo considergdardo ouro” para a avaliacdo da funcéo

renal. Neste estudo, ndo se observaram alterag@sses parametros e, portanto, ndo houve
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evidéncias de uma perda da capacidade de depumatdiopela HHcy leve. O acido urico, por
outro lado, € bem conhecido por ser um fator ppediente independente para disfuncdo renal
(Weiner et al., 2008); entretanto, tem sido desayite a disfuncdo renal também promove o
aumento das concentracdes séricas desse parabepolski et al., 2011). Corroborando os
resultados acima, demonstrou-se aqui que a HHe&/néo foi capaz de alterar esse parametro
em ratos.

Por fim, avaliaram-se os niveis de albumina séeiwaratos com HHcy leve cronica e
observou-se que esse parametro foi reduzido salresslicdo. Visto que a literatura mostra uma
associacao entre a HHcy e a microalbumindria (Fsaecal., 2004; Hoogeveen et al., 1998;
Jager et al., 2001), esse resultado pode indicaawmento da permeabilidade dos glomérulos.
Lund e colaboradores (2003) obtiveram dados arpddi trabalhos realizados com ratos,
demonstrando que o coeficiente de permeabilidaml@egular & albumina aumenta & medida que
a taxa de filtracdo glomerular cai, reduzindo asgimniveis séricos de albumina. Além disso,
este estudo demonstrou uma alteracagtatusredox nos rins dos animais e sabe-se que ERO
participam de uma variedade de doencas renaisndodmntribuir para a perda de albumina na
urina (Halliwell, 1994; Southorn e Powis, 1988).tfetanto, mais estudos sdo necessarios para
confirmar essa hipotese.

Embora, no presente trabalho, os ratos submetidd$iéy leve ndo apresentaram
indicios de perda da capacidade de depuracdo sak#;se que a persisténcia do aumento da
permeabilidade glomerular a proteinas pode progpadta faléncia renal em alguns casos. Além
disso, as pequenas alteracdes vistas na produgdB@e 0 aumento da atividade antioxidante
podem ser apenas uma resposta inicial & HHcy, sguel@a persisténcia da HHcy leve cronica
poderia resultar em uma condicdo patolégica emaguenzimas antioxidantes ndo seriam mais

capazes de evitar o estresse oxidativo. Dessa fanmaratamento cronico prolongado com Hcy
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pode ser necessario para se observar mudancad/assde creatinina, uréia e acido Urico.

Na etapa seguinte deste estudo, desenvolveu-seogiglorexperimental de HHcy severa
cronica. Inicialmente, investigaram-se alguns patéws de estresse oxidativo e se observou que
a Hcy promoveu um aumento dos niveis de DCF e TBARSIns de ratos 1 e 12 horas apos a
altima injecdo do aminoacido, demonstrando um atonga producdo de ERO e da peroxidacéo
lipidica, respectivamente. Em concordancia comsesssultados, dados da literatura apontam
que a Hcy esta associada com estresse oxidativeimogDiez et al., 2005). Além disso, foi
previamente descrito que a Hcy, em niveis altameleteados, contribui para a lipoperoxidacéo
induzida por insquemia-reperfusdo em rins (Pratiaghe et al., 2007). Outros trabalhos
também demonstraram que a HHcy severa induz pexgiidiipidica em tecidos extrarenais, tais
como pulméo (da Cunha et al, 2011), coracéo (Kpkinal., 2011), figado (Matté et al., 2009) e
hipocampo (Streck et al., 2003a).

Como descrito anteriormente, a producdo de EROapmlmente ocorra devido a auto-
oxidacdo de Hcy (Misra, 1974) e/ou ativacdo da NARRidase (Pin-Lan et al., 2007). Aléem de
0O," e O, o OH também pode ser gerado pela reacdo de Fenton, @oargD, recebe outro
elétron e um fon hidrogénio. O OM o radical mais reativo e pode levar ao processo d
lipoperoxidagdo observado pelo aumento dos niveis TBARS (Jenkins, 1988). Em
contrapartida, o aumento do estresse oxidativol loéa foi capaz de alterar status de
grupamentos —SH ligados a proteinas em rins de agids inducdo de HHcy severa, embora esse
parametro tenha sido reduzido no figado de ratbmetidos ao mesmo modelo (Matté et al.,
2009).

O proximo passo foi investigar o efeito da admraiiio cronica de Hcy sobre o TRAP,
um indice de capacidade antioxidante. Os resultadisdraram uma reducdo dessa defesa néo-

enzimatica nos rins de ratos hiperhomocisteinémichera apos a ultima injecdo de Hcy. Esse
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resultado mostra consisténcia com o aumento dessstioxidativo observado, visto que o tecido
se torna mais suscetivel a formacdo de ERO. Al&sodiStreck e colaboradores (2003a) ja
haviam demonstrado que a Hay,vitro, diminui significativamente o TRAP em hipocampo de
ratos e outros trabalhos mostraram previamenteaga@ministracdo de Hcy reduz o potencial
antioxidante no cortex parietal de ratos (Mattal et2004).

Foi avaliado, também, o efeito da HHcy crbénica eobs atividades das enzimas
antioxidantes SOD e CAT, as quais compdem um efieisistema responsavel pela remocéo de
ERO (Halliwell, 2001; Halliwell e Gutteridge, 2007)No presente estudo, observou-se um
aumento da atividade da SOD em rins de ratos 1 hot&s apOs a Ultima injecdo de Hcy.
Provavelmente esse resultado represente uma raspugixidante contra o possivel aumento na
producdo de @, visto que essa enzima catalisa a dismutacdo deskeal (Halliwell e
Gutteridge, 2007). Esses resultados estdo em wnmma com um estudo que sugere a
existéncia de uma correlacdo positiva entre a @msade SOD e a Hcy total (Wilcken et al.,
2000).

Por outro lado, houve uma reducéo da atividade A& @este estudo. Previamente, foi
demonstrado que a administracdo aguda de Hcy dimiatividade da CAT em hipocampo de
rato e que as vitaminas E e C previnem completamesse efeito, indicando uma provavel
participacdo do estresse oxidativo nas acdes dgq\Mgge et al., 2002). Visto que a CAT é capaz
de converter o D, em agua e oxigénio molecular (Halliwell e Guttged 2007), uma
explicacdo para esse resultado € a possibilidadendedeplecédo precoce das reservas renais de
CAT diante de um estimulo inicial caracterizadoopalmento da atividade da SOD, que
provavelmente elevou os niveis dgdhl Adicionalmente, a reducéo da atividade da CATepod
ser explicada pelo fato de que enzimas antioxidas#@ie inibidas por ERO especificas (McCord e

Fridovich, 1969; Blum e Fridorich, 1985; Vessey eel 1993), que poderiam estar sendo
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formadas a partir da Hcy. Como a Hcy pode regularmover protéico e a expressao de genes,
incluindo enzimas antioxidantes (Stern et al., 2@Rarma et al., 2006), ndo se pode descartar a
possibilidade de que as mudancas nas atividad&D@ae da CAT sejam causadas por esses
mecanismos.

E necessario ressaltar que a reducéo da ativida@Ad é um resultado importante visto
que pode explicar por que os niveis de TRAP retamao normal 12 horas apds a injecao de
Hcy, mas as ERO e os niveis de TBARS permaneceigmificativamente altos. Embora os
niveis de TRAP tenham retornado aos niveis do clenem 12 horas, a atividade da CAT
permaneceu reduzida nesse ponto de tempo. Dessa, forambiente celular se tornou mais
suscetivel a formacdo de®he a geracdo de estresse oxidativo.

Com relacdo a atividade de NO, os resultados ohdesvneste estudo mostram um
aumento desse parametro 1 hora apés a ultima imjeséando de acordo com outros dados da
literatura que demonstraram que a HHcy severa aglasta os niveis de nitritos em hipocampo,
cortex cerebral e soro de ratos (da Cunha et@l0)2 Em contraste, a HHcy severa crénica ndo
foi capaz de alterar os niveis de nitritos em p@snde ratos (Da Cunha et al., 2011).

Considerando que mudancas status oxidativo/nitrativo observado em rins de ratos
hiperhomocisteinémicos poderiam levar a um proces$mpatico, verificaram-se o0s niveis de
uréia e albumina em soro de ratos submetidos a Hegra cronica. Constatou-se que a Hcy
elevou os niveis séricos de uréia, a qual sendentignte filtrada pelo glomérulo, pode indicar
insuficiéncia renal quando em excesso (Berl e 8ci2D02). A determinacdo da uréia sérica ndo
é especifica para alteragdes da funcéo renal, massésensivel a danos recentes aos rins, sendo
um importante marcador para injuria renal. Ja egigiséricos de albumina encontravam-se
reduzidos apés HHcy severa, da mesma forma conub$arvado durante a HHcy leve.

Em conjuto, nossos achados demonstram uma assweiatté a HHcy (leve e severa) e o
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estresse oxidativo/nitrativo em rins, o que poderegentar, pelo menos em parte, um dos
importantes mecanismos que contribuem para o decdano renal observado em individuos

e/ou pacientes com HHcy.
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V. CONCLUSOES

A HHcy leve cronica aumentou as atividades dasmaziantioxidantes SOD e CAT e os
niveis de nitritos, bem como reduziu os niveiscedrde albumina em ratos. A HHcy leve aguda
elevou os niveis de ERO e de nitritos nos rins.

A HHcy severa cronica aumentou a producao de ERMxpacéo lipidica e os niveis de
nitritos, assim como alterou as defesas antioxeafgnzimaticas e ndo-enzimaticas) nos rins.
Albumina e uréia séricas também foram alteradas lgelcy severa.

Em concluséo, o presente estudo demonstra umaoetangre a HHcy (leve e severa) e 0
estresse oxidativo em rins de ratos, o que podeangelo menos em parte, que as alteragcdes no
estado oxidativo podem ser um dos importantes nsoas que contribuem para o risco de dano

renal observado durante a HHcy.
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VI. PERSPECTIVAS

Diante dos resultados verificados neste estudesdarcessario:

- Verificar o possivel papel protetor do acido ddlie/ou outros antioxidantes, tais como

vitaminas C e E, sobre os efeitos da HHcy leveveraeem rins de ratos.

- Avaliacdo morfolégica dos rins de ratos submetidos modelos de HHcy leve e severa.

- Realizar o teste de microalbuminuria na urina dides submetidos aos tratamentos com o

objetivo de comprovar a hip6tese de que a hipoadlmemma observada durante a HHcy é

decorrente da perda urinaria.
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