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RESUMO

A homocistindria ¢ um erro inato do metabolismo dos aminoacidos causado
principalmente pela deficiéncia na atividade da enzima cistationina-p-sintase (CBS),
resultando em acumulo de homocisteina (Hcy) e metionina nos fluidos bioldgicos. As
manifestacbes clinicas incluem retardo mental, ectopia lentis, episodios
tromboembdlicos e osteoporose. Estudos realizados em modelos animais demonstram
um possivel papel do estresse oxidativo na fisiopatologia da homocistiniria. Mais
recentemente, foram demonstradas alteracbes em alguns parametros de estresse
oxidativo em pacientes homocistindricos. Nesse trabalho, essas investigagcdes foram
ampliadas, no intuito de melhor entender os mecanismos fisiopatoldgicos e a terapéutica
da homocistindria por deficiéncia de CBS. Dessa forma, o objetivo principal desse
trabalho foi avaliar os perfis lipidico, inflamatério e oxidativo, bem como a atividade
das enzimas paraoxonase (PON1) e butirilcolinesterase (BuChE) em pacientes
homocistinaricos tratados (dieta hipoproteica suplementada com vitamina Bs, acido
félico, betaina e vitamina Bi2) e ndo tratados, em compara¢do com individuos
saudaveis, e adicionalmente avaliar a inducéo in vitro de mutagenicidade causada pela
Hcy, através do teste de micronudcleos em leucdcitos, e ainda avaliar o efeito in vitro do
antioxidante N-acetil-L-cisteina na reducdo do dano ao DNA causado pelas altas
concentracdes de Hcy. No que se refere ao perfil sérico, foi verificada uma reducéo nos
niveis de colesterol HDL, apolipoproteina A, bem como na atividade da enzima (PON1)
em pacientes homocistindricos tratados e nédo tratados. A atividade da enzima BuChE e
os niveis de interleucina 6 (IL-6) estavam aumentados apenas nos pacientes ndo
tratados. Correlacbes significativas positivas foram encontradas nos dois grupos de
pacientes estudados entre a atividade da PON1 e o contetdo de sulfidrilas; entre a
atividade da PON1 e os niveis de vitamina Biz; entre os niveis de HDL e
apolipoproteina Al; entre os niveis de apolipoproteina Al e vitamina Biz; e entre 0s
niveis de IL-6 e os niveis de carbonilas. Correlacdo significativa negativa foi encontrada
entre os niveis de &cido folico e de homocisteina total (tHcy). Em um segundo momento
foram avaliados pardmetros de estresse oxidativo e niveis de nitritos na urina dos
pacientes. Foram demonstrados niveis aumentados de 15-F2t-isoprostanos, di-tirosina e
nitritos na urina de pacientes homocistinaricos tratados. Os niveis de 15-F2t-
isoprostanos apresentaram uma correlacdo significativa positiva com os niveis de tHcy e
os niveis de di-tirosina apresentaram correlacdo significativa negativa com os niveis de
sulfidrilas. A atividade da enzima catalase encontrou-se aumentada no sangue de
pacientes homocistinuricos tratados. Finalmente, demonstrou-se em estudo in vitro que
a Hcy causa um aumento no dano cromossémico, avaliado pelo método de
micronucleos. Além disso, foi observado um efeito in vitro do antioxidante N-acetil-L-
cisteina na reducdo do dano ao DNA causado pelas altas concentracdes de Hcy.
Avaliados em conjunto, nossos resultados indicam que o estresse oxidativo,
acompanhado por alteragcdes nos niveis urinarios de nitritos, e por alteracfes nos perfis
inflamatdrio e lipidico sdo fatores que possivelmente contribuam para o dano vascular
encontrado na homocistinuria. Esses eventos parecem estar interconectados, e parecem
ser decorrentes dos altos niveis de tHcy encontrados no sangue dos pacientes. Novas
abordagens terapéuticas, além das atualmente utilizadas que incluem &cido félico e
vitamina Bi2, como 0 uso de antioxidantes, poderiam ser alternativas para atingir
melhores resultados no tratamento de pacientes homocistinaricos.



ABSTRACT

Homocystinuria is an inborn error of metabolism of amino acids primarily caused by
deficiency in the activity of cystathionine-p-synthase (CBS), resulting in accumulation
of homocysteine (Hcy) and methionine in biological fluids. Clinical manifestations
include mental retardation, ectopia lentis, thromboembolic events and osteoporosis.
Studies in animal models show a possible role of oxidative stress in the pathophysiology
of homocystinuria. More recently, changes in some parameters of oxidative stress have
been demonstrated in homocistinuric patients. In this work, we expanded these
investigations, in order to understand the mechanisms that lead to the development of
clinical manifestations of disease and the therapeutic for homocystinuria due CBS
deficiency. Thus, the main objective of this study was to evaluate the lipid,
inflammatory and oxidative profiles as well as the activity of paraoxonase (PON1) and
butyrylcholinesterase (BUChE) in treated homocistinuric patients (hypoproteic diet
supplemented with vitamin Be, folic acid, betaine and vitamin Bi2) and untreated
patients compared with healthy individuals, and to evaluate the in vitro induction of
mutagenicity caused by Hcy, through the micronucleus test in leukocytes, and further,
to evaluate the in vitro effect of N-acetyl-L-cysteine in reducing DNA damage caused
by high concentrations of Hcy. With regard to the serum profile, was observed a
reduction in HDL cholesterol, apolipoprotein A, and in enzyme activity (PON1) in both
group of CBS-deficient patients. The activity of butyrylcholinesterase and levels of
interleukin 6 (IL-6) were increased only in untreated patients. Positive significant
correlations were found in both patients groups between PONL1 activity and the content
of sulfhydryl; between PON1 activity and vitamin Bi2 levels; between the levels of
HDL and apolipoprotein Al; between the levels of apolipoprotein Al and Bi»; and
between IL-6 levels and levels of carbonyls. Negative significant correlation was found
between folic acid levels and total homocysteine (tHcy). In a second moment were
evaluated parameters of oxidative stress and the nitrite levels in the urine of patients.
Increased levels of 15-F2t-isoprostanes, di-tyrosine and nitrite were demonstrated in the
urine of treated homocistinuric patients. The 15-F2t-isoprostanes levels showed a
significant positive correlation with tHcy levels; and di-tyrosine levels showed a
significant negative correlation with the sulfhydryl levels. The catalase activity was
found increased in the blood of treated homocistinuric patients. Finally, it was shown
the in vitro effect of Hcy on increase of chromosomal damage assessed by micronuclei
method. Furthermore, it was observed the in vitro effect of N-acetyl-L-cysteine
antioxidant in reducing DNA damage caused by high concentrations of Hcy. Evaluated
together, our results indicate that oxidative stress accompanied by changes in urinary
nitrite levels and changes in inflammatory and lipid profiles are factors possibly
contributing to vascular damage found in homocystinuria. These events appear to be
interconnected, and appear to be due to the high tHcy levels found in the blood of
patients. New therapeutic approaches in addition to the currently used which include
folic acid and vitamin B1, as the use of antioxidants, could be alternatives to achieve
best results in the treatment of homocistinuric patients. Furthermore, an early diagnosis
and, consequently, an early treatment, could avoid that the patients remain for a long
time subjected to exposure of high concentrations of tHcy.
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1. INTRODUCAO

1.1 Erros Inatos do Metabolismo

Archibald Garrod fez a primeira mencdo ao termo erros inatos do metabolismo
(EIM) em 1908, ao descrever um grupo de doencas — alcaptonuria, pentosuria benigna e
albinismo — aparentemente causadas por defeitos pontuais no metabolismo de
aminoacidos e monossacarideos. Garrod observou que essas condi¢Ges duravam a vida
toda, ndo eram significativamente alteradas por nenhum tratamento, e eram transmitidas
através de um padrdo de heranca recessivo. Hoje, o numero de doencas que sdo
atribuidas a defeitos pontuais no metabolismo excede 500 (Scriver et al., 2001). Apesar
de individualmente raros, coletivamente os EIM atingem proporcdes altas,
especialmente em criancas. Os EIM apresentam uma variedade de sinais e sintomas,
envolvendo varios 6rgéos e tecidos, sendo o diagnostico precoce muito importante para
o0 tratamento, bem como para a prevencdo da doenca em outros membros da familia
(Clarke, 2004). A recente aplicacdo da espectrometria de massas em tandem para
triagem neonatal, tem permitido o diagnostico pré-sintomatico para alguns EIM
(Saudubray et al., 2006).

A partir de uma perspectiva fisiopatoldgica, os EIM podem ser divididos em trés
grupos:

Grupo 1: Inclui os erros inatos do metabolismo intermedidrio que levam a
intoxicacdo aguda ou progressiva pelo acumulo de compostos toxicos proximos ao
bloqueio metabolico. Fazem parte desse grupo os erros inatos do metabolismo de
aminoacidos (homocistinaria, fenilcetonaria, doenca da urina do xarope do bordo,
tirosinemia, etc), a maioria das aciddrias organicas (metilmaldnica, propibnica,
isovalérica, etc), os defeitos do ciclo da uréia, as intolerdncias aos acucares

(galactosemia, intolerancia hereditaria a frutose, etc), as intoxica¢fes por metais



(Wilson, hemocromatose, etc) e as porfirias. Todas estas condi¢des apresentam alguma
semelhanca em relacdo as manifestacdes clinicas: ndo prejudicam o desenvolvimento
embriofetal, os pacientes apresentam um intervalo variavel livre de sintomas desde o
nascimento até que os sinais e sintomas de "intoxicacdo" se manifestem, quer de forma
aguda (vémitos, coma, faléncia hepatica, complicacBes tromboembolicas) ou cronica
(deficit de crescimento e desenvolvimento, alteracGes visuais, cardiomiopatia, sintomas
psiquiatricos). Os sintomas podem ser desencadeados por alteragdes do estado
catabolico (febre, infeccBes virais ou ingestdo alimentar reduzida). O diagndstico na
maioria das vezes é feito em plasma ou urina através da cromatografia de aminoéacidos,
4cidos organicos ou acilcarnitinas (Saudubray et al., 2006). E de fundamental
importancia o reconhecimento precoce deste grupo de patologias, pois, para a maioria
delas, ha uma possibilidade de tratamento, seja pela suplementacdo de determinadas
vitaminas ou por alteracdes da dieta alimentar. Na maioria desses casos, o tratamento, se
instituido precocemente, pode reverter o quadro clinico e promover um
desenvolvimento adequado com sequelas minimas ou mesmo ausentes (Leonard e
Morris, 2000).

Grupo 2: Consiste em doencas com sintomas decorrentes a deficiéncia na
producdo de energia ou na sua utilizacdo pelo figado, coracdo, musculo, cérebro ou
outros tecidos. Esse grupo pode ser dividido em defeitos energéticos citoplasmaticos e
mitocondriais. Os defeitos mitocondriais sdo mais graves e compreendem as acidemias
laticas congénitas, as doencas da cadeia respiratdria mitocondrial e os defeitos da
oxidacdo de A&cidos graxos e corpos cetonicos. Os defeitos citoplasmaticos sédo
geralmente menos graves e incluem as doencas da glicolise, do metabolismo do

glicogénio, e da gliconeogénese, o hiperinsulinismo, as doengas do metabolismo da



creatina e os defeitos da via das pentoses. O diagndstico € baseado em analises
enzimaticas realizadas em biopsia ou cultura de células, e em analises moleculares.
Grupo 3: Envolve organelas celulares e inclui doencgas que alteram a sintese ou o
catabolismo de moléculas complexas. Todas as doencas lisossomais, peroxissomais, de
glicosilacdo e os erros inatos da sintese do colesterol pertencem a esse grupo. Os
sintomas sdo permanentes, progressivos e ndo relacionados com a ingestéo de alimentos

(Saudubray et al., 2006).

Essa tese de doutorado abordard a homocistindria, um erro inato do metabolismo

de aminoacidos.

1.2 Homocistinuria Classica

A homocistindria foi primeiramente descrita em 1962 através de uma pesquisa
entre individuos com retardo mental (Carson e Neill, 1962). A descoberta da causa da
doenca como sendo uma deficiéncia enzimatica se deu logo em seguida (Mudd et al.,
1964). A homocistindria classica ocorre devido a uma deficiéncia na enzima
cistationina-p-sintase (CBS), o que leva ao acimulo no organismo dos amino&cidos
homocisteina (Hcy) e metionina (Met), bem como de outros metabdlitos da Hcy (Mudd

etal., 2001). A figura 1 mostra, esquematicamente, a via metabdlica normal da Hcy.
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Figura 1. Enzimas das vias de transmetilacio (metionina - homocisteina), remetila¢do (homocisteina >
metionina) e transulfuragdo (homocisteina - metionina - sulfato) envolvidas no metabolismo da Hcy:
10.1 metionina adenosiltransferase; 10.2 cistationina-p-sintase; 10.3 ¥-cistationase; 10.4 sulfito oxidase;
10.5 co-fator molibdénio; 10.6 metilenotetrahidrofolato redutase; 10.7 e 10.8 metionina sintase. Adaptado
de Skovby (2003).

1.2.1 Homocisteina: aspectos bioquimicos

A Hcy é um pequeno aminoacido sulfidrilico com um peso molecular de 135,19
derivada da metionina proveniente da dieta e € um intermediario na via biossintética que
converte metionina em cisteina. A metionina dietética é convertida a S-
adenosilmetionina (AdoMet) pela enzima metionina-adenosiltransferase (MAT). Uma
pequena quantidade da AdoMet € utilizada para a sintese de poliaminas, e a maior parte
doa seu grupo metil a outros compostos, incluindo creatina, DNA e RNA; deste modo,

AdoMet é metabolizada em S-adenosil-homocisteina que, por sua vez, é hidrolisada a



Hcy e adenosina. A Hcy sintetizada, a partir da metionina, tem dois destinos possiveis:
metabolizacdo pela via da transulfuracdo a cistationina, ou pela via de remetilacdo, a
metionina. Aproximadamente 50% da Hcy € convertida, irreversivelmente, a
cistationina, reacdo catalizada pela enzima CBS, dependente do fosfato de piridoxal
(vitamina Bs), como co-fator, pela chamada via de transulfuracdo. A enzima seguinte na
reagdo, y-cistationase, hidrolisa a cistationina para gerar cisteina e a-cetobutirato. Esta
enzima, como a CBS, é dependente da vitamina Bs. A Hcy remanescente, formada da
metionina, é remetilada para regenerar metionina. Duas diferentes enzimas catalizam
esta reacdo, mas a mais importante é a metionina sintase. Esta enzima é encontrada em
todas as células e requer, como co-fator, a vitamina Bio. A reacdo é acoplada a
conversdo do 5-metiltetra-hidrofolato (a forma circulante do folato reduzido) a
tetrahidrofolato, que entdo, entra nas células. A geracdo do 5-metiltetrahidrofolato por
esta reacdo requer a reducdo do 5,10-metilenotetrahidrofolato a 5-metiltetrahidrofolato,
que € catalisada pela 5,10-metilenotetrahidrofolato redutase (MTHFR). Em seres
humanos, a remetilacdo pode ser efetivada por vias alternativas. A betaina, que é
derivada da colina da dieta, também pode atuar como um doador de grupamento metil
na conversdo da Hcy em metionina. Esta reacdo é catalizada pela betaina-homocisteina
metiltransferase, que é uma outra enzima dependente da vitamina Bi2, encontrada em
quantidades significantes somente no figado (Mudd et al., 2001; Selhub, 1999).

Na deficiéncia de CBS, a rota metabolica ndo segue seu fluxo normal, devido a
um bloqueio na via de transulfuracdo. Sob essas condi¢cfes, a taxa da sintese de
metionina ¢ aumentada, levando a um temporario aumento na concentracdo de AdoMet
intracelular. Esse aumento continuara até que o nivel desse metabolito seja suficiente
para inibir por feedback negativo a enzima MTHFR, tornando assim, a via de

remetilagdo inibida. Consequentemente, ambas as vias do metabolismo da Hcy sao



prejudicadas. A primeira consequéncia € a tendéncia para acumular a Hcy
intracelularmente; sob essas condigdes, as células exportam Hcy e isso se reflete no
plasma pelas concentra¢Ges anormais de uma variedade de derivados da Hcy. Pacientes
CBS deficientes nao tratados apresentam niveis plasmaticos de Hcy livre acima de 200
UM, Dissulfetos mistos como Hcy-cisteina e Hcy-cisteinilglicina, também s&o
encontrados (Mudd et al., 2001; Selhub, 1999).

No plasma de individuos saudaveis, a Hcy existe em varias formas: a forma
reduzida (aproximadamente 1%), ligada a residuos de cisteina em proteinas
(aproximadamente 70%) e ligada a cisteina livre, formando o dissulfeto misto Hcy-
cisteina (aproximadamente 30%). Quando os niveis de Hcy estdo elevados, o dissulfeto
homocistina (Hcy-Hcy) é formado. Todas essas formas podem ser convertidas em Hcy
pela reducdo quimica e, entdo, medidas como Hcy total (tHcy) (Fowler, 2008). A faixa
normal para tHcy em adultos € de 5-15 puM, criancas tem valores ligeiramente menores

que adultos (Mudd et al., 2001).

1.2.2 Homocistindria: manifestacées clinicas

A homocistinuria devido a deficiéncia de CBS apresenta um padrdo de heranca
autossOmica recessiva. A doenca manifesta-se através de uma variedade de
anormalidades clinicas e patoldgicas, principalmente no que envolve os olhos e 0s
sistemas esquelético, vascular e nervoso central. Outros 6rgdos, incluindo o figado e a
pele, podem também estar envolvidos. Dados indicam que o risco de desenvolvimento
das manifestacGes aumenta com a idade, sendo que 0s pacientes responsivos a terapia
(Be responsivos) apresentam-se mais levemente afetados que o0s pacientes ndo

responsivos a terapia (Bs ndo responsivos) (Mudd et al., 2001). Seguem descritas



abaixo as manifestacdes clinicas que podem ser apresentadas por pacientes portadores
de homocistinuria por deficiéncia de CBS.

- Olhos: Ectopia lentis — Provavelmente o achado mais consistente na
homocistinaria seja a ectopia lentis (deslocamento do cristalino). Esgagamento e ruptura
das fibras zonulares levam ao afrouxamento do cristalino e, eventualmente, ao
deslocamento (Mudd et al., 2001). Ectopia lentis pode ser notada precocemente em
pacientes com 4 semanas (Cruysberg et al., 1996), no entanto, na maioria das vezes em
pacientes ndo tratados ha uma demora de aproximadamente 2 anos desde 0 nascimento
até o deslocamento ser notado (Mudd et al., 2001).

- Ossos: Osteoporose — Osteoporose € mais comum na coluna, seguido pelos
0ssos longos. Escoliose também € frequente, possivelmente como consequéncia da
osteoporose na coluna. Os pacientes homocistinaricos apresentam um grande numero de
outras anormalidades esqueléticas, notavelmente a dolicostenomelia (alongamento dos
0ssos longos), que resulta em individuos altos e magros, frequentemente associados a
aparéncia “marfanoide”.

- Sistema Vascular: Tromboembolismo — A maior causa de morbidade, e a mais
frequente causa de morte em pacientes homocistinaricos € o tromboembolismo. A
oclusdo vascular pode ocorrer em qualquer vaso, incluindo a veia porta (Hong et al.,
1997), e em qualquer idade, incluindo a infancia (Kerrin et al., 1996). Gravidez e estado
pos-parto parecem aumentar o risco de tromboembolismo (Mudd et al., 2001).

- Sistema Nervoso Central:

Retardo mental — A mais frequente anormalidade do SNC ¢é o retardo mental, o
qual é frequentemente o primeiro sinal reconhecido da homocistinuria, apresentando-se
como atraso no desenvolvimento durante o primeiro ou o segundo ano de vida (Mudd et

al., 2001).
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Anormalidades neuroldgicas — Cerca de 21% dos pacientes com homocistindria
ndo tratados apresentam convulsGes (Mudd et al., 1985). Outros distdrbios neurolégicos
incluem eletroencefalogramas anormais e distrbios extrapiramidais. Sinais
neuroldgicos focais sugerem a presenca de ocluséo cerebrovascular (Mudd et al, 2001).

Anormalidades psiquiatricas — Doencas mentais tem sido descritas
frequentemente em individuos com deficiéncia de CBS. Entre as mais recorrentes estdo:
distarbios de personalidade, distdrbios de comportamento, episodios de depressdo e

transtorno obsessivo compulsivo (Mudd et al.,2001).

1.2.3 Homocistinuria: diagnostico

A presenca de um ou mais dos sinais clinicos tipicos podem levar a suspeita de
homocistinaria. Estudos enfatizam a frequéncia do diagndstico tardio na homocistinuria
por deficiéncia de CBS, podendo chegar a 11 anos de atraso entre o primeiro sinal
significativo da doenca e o diagnostico propriamente dito (Cruysberg et al., 1996).
Esses autores sugerem que em adicdo a ectopia lentis, miopia de 1 didptero ou mais
associada com sinais de doenca sistémica tais como eventos vasculares, anormalidades
esqueléticas, ou envolvimento do SNC, devem alertar para a possibilidade de
homocistinaria por deficiéncia de CBS. No entanto, o diagnostico definitivo é baseado
na presenca de certas anormalidades bioquimicas. Um achado bioquimico importante é
a presenca de homocistina na urina, o que € mais facilmente suspeitada quando a reagéo
urinaria do cianeto-nitroprussiato é positiva. Como esse teste detecta a maioria dos
dissulfetos, o mesmo pode positivar com outras doengas, como cistiniria e/ou [-
mercaptolactato-cisteindria. Consequentemente, a presenca de homocistina na urina nao
é suficiente para estabelecer o diagnostico da homocistinuria por deficiéncia de CBS.

Sendo assim, aminoacidos devem ser medidos no plasma ou soro de todos os individuos
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suspeitos. Na deficiéncia de CBS, essa medida deve revelar niveis plasmaticos elevados
de tHcy, usualmente acompanhados por uma concentracdo marcadamente reduzida de
cisteina. Além disso, uma concentracdo aumentada de metionina é encontrada na
maioria dos pacientes. A hipermetioninemia € um achado importante ja que, nos
defeitos metabdlicos da metilacdo da Hcy (que sdo causas alternativas de
homocistinaria) a concentracdo sanguinea de metionina é baixa ou normal (Mudd et al.,
2001). A medida direta da atividade da enzima CBS confirma o diagndstico de
homocistinaria. A mesma pode ser realizada em bidpsia de figado (Finkelstein et al.,
1964) e em cultura de fibroblastos (Uhlendorf e Mudd, 1968).

Usando o critério da elevacdo dos niveis da metionina sanguinea, a
homocistinaria tem sido detectada em programas de triagem neonatal em diferentes
paises a uma taxa de 1:58.000 — 1:1.000.000 nascidos vivos, com um frequéncia média
de 1:344.000 nascidos vivos (Mudd et al., 2001). Paises como Noruega e Irlanda
apresentem frequéncias mais elevadas, como 1:6.400 e 1:65.000 nascidos vivos,
respectivamente (Yap e Naughten, 1998; Refsum et al., 2004).

Mais de 60 mutacdes foram detectadas no gene da enzima CBS, no entanto
algumas parecem ser relativamente mais comuns entre os pacientes com homocistinudria
(Kluijtmas et al., 1999). O diagnostico molecular da homocistindria é importante no
sentido de direcionar o tratamento dos pacientes. Sabe-se que a responsividade ao
tratamento com vitamina Be pode variar de acordo com o genotipo do paciente. Assim,
a mutacdo 1278T usualmente confere responsividade a vitamina Be, Se em homozigotos
ou heterozigotos compostos. O fendtipo clinico na maioria desses pacientes parece ser
leve. Em adicdo a mutacdo 1278T, as mutacbes All4V, R266K, R336H, K384E e
L539S, também parecem correlacionar-se com a responsividade a vitamina Bs in vivo.

Por outro lado, as mutagdes T191M, R121L, R125Q, C165Y, E176K, T257M e T262M,
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parecem ser incompativeis com a responsividade a vitamina Be. Além disso, pacientes
portadores da mutacdo G307S parecem ter fenotipos moderados a graves, exceto

aqueles pacientes que sédo tratados desde o nascimento (Mudd et al., 2001).

1.2.4 Homocistindria: tratamento

Uma vez estabelecido bioguimicamente o diagnéstico de homocistinaria, é
importante determinar se o paciente apresenta ou ndo responsividade a vitamina Be.
Aqueles que sdo responsivos, podem ser metabolicamente controlados com vitamina Be
isolada ou combinada com uma dieta moderadamente restrita em metionina; o que se
torna uma grande vantagem, considerando a dificuldade da imposicdo de uma dieta
severamente restrita em metionina, a qual € prescrita para aqueles pacientes que nao sdo
responsivos a vitamina Bs (Mudd et al., 2001). Alguns autores consideram a forma de
como essa responsividade pode ser avaliada. Kluijtmans et al. (1999) deram vitamina Be
por 6 semanas em doses de 750 mg/dia para adultos e 200 a 500 mg/dia para criancas.
Agueles cuja Hcy livre diminuiu para menos de 20 UM, ou cuja tHcy diminuiu para
menos de 50 uM, foram classificados como “Be-responsivos”. Wilcken e Wilcken
(1997) também determinaram a responsividade a vitamina Bes com base nos niveis de
Hcy livre abaixo de 20 puM, mas 0s pacientes, nesse caso, receberam doses de vitamina
Bs de somente 100 a 200 mg/dia. Yap e Naughten (1998) determinaram a
responsividade a vitamina Bs em criangas com base em uma rapida queda nos niveis de
Met e de homocistina livre no plasma, enquanto os pacientes recebiam 150 mg de
Be/dia por 3 dias.

O tratamento na homocistindria classica tem dois objetivos principais: (1)
controlar ou eliminar as anormalidades bioquimicas com o objetivo de prevenir as

manifestacdes clinicas, parar a progressdo das manifestacGes existentes ou melhorar
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aquelas manifestacOes reversiveis; e (2) tratar as complicagdes. Sempre que possivel, a
terapia para alcancar o controle bioquimico deve comecar antes que as manifestagdes
clinicas ocorram, ja que muitas dessas complicacfes sao irreversiveis. Mesmo antes de
os efeitos clinicos tornarem-se reconheciveis, € possivel que o dano tecidual ja tenha
ocorrido. Assim, o beneficio maximo da terapia pode ser possivel quando essa doenca é
diagnosticada no periodo neonatal, como resultado do conhecimento da doenca na
familia, ou através da triagem neonatal (Mudd et al., 2001).

Estratégias para o tratamento na homocistinaria incluem: (1) aumento da
atividade residual da enzima CBS através da administracdo de vitamina Bs nos
pacientes responsivos a essa vitamina; (2) reduzir a carga da via metabdlica prejudicada
através de uma dieta restrita em Met suplementada com cisteina; (3) administracdo de
betaina no intuito de utilizar uma via alternativa para a remocdo do excesso de Hcy
(Walter et al., 1998).

A enzima CBS requer vitamina Bg (piridoxina) como um grupo prostético para
sua atividade catalitica. Com a administracdo de vitamina Bs, cerca de 50% dos
pacientes deficientes em CBS apresentam uma diminuicao significativa nos niveis de
Met e Hcy no plasma, bem como uma diminuicdo nas complica¢es tromboembdlicas.
As dosagens variam de 250-500 mg por dia (Clarke, 2004). Alguns médicos
rotineiramente optam por administrar a piridoxina mesmo para aqueles pacientes
aparentemente ndo responsivos, neste caso € usada tipicamente nas doses de 100-
200mg/dia (Mudd et al., 2001; Rao et al., 2008).

Para os pacientes Bg ndo responsivos, o acimulo de Hcy pode ser tratado pela
administracdo de betaina (N,N,N-trimetilglicina). A betaina promove a metilacdo da
metionina, com a producdo de N,N-dimetilglicina, numa reacdo catalisada pela enzima

betaina-homocisteina metiltransferase. Dessa forma, a administracdo de betaina causa
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aumento nos niveis de metionina e diminuicdo nos niveis de Hcy, permitindo um
controle nos niveis de Hcy para aqueles pacientes ndo responsivos a terapia com
vitamina Bs (Clarke, 2004). A betaina é administrada via oral na dose maxima de 6 —
9g/dia dividida em 3 doses. (Schwahn et al., 2003; Andria et al., 2006). A figura 2

mostra esquematicamente o ciclo da remetilacao.
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Figura 2. Ciclo da remetilagdo. BHMT: betaina homocisteina metiltransferase; CBS: cistationina--
sintase; DMG: dimetilglicina; Hcy: homocisteina; MAT: metionina S-adenosiltransferase; MS: metionina
sintase; PEMT: fosfatidiletanolamina metiltransferase; 5-MTHF: 5-metiltetrahidrofolato; SAH: S-

adenosilhomocisteina; SAM: S-adenosilmetionina; THF: tetrahidrofolato. Adaptado de Obeid (2013).

O folato e a vitamina B, otimizam a conversdo da Hcy em Met pela metionina

sintase, ajudando assim, a diminuir a concentracdo plasmética de Hcy. A dose usual de
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folato a ser administrada é de 5mg/dia. A vitamina Bi> é administrada como
hidroxicobalamina na dose de 1mg intramuscular 1 vez por més (Rao et al., 2008).

Dieta severamente restrita em Met é indicada para 0s pacientes Bs néo
responsivos, e uma dieta menos restrita em Met pode ser necessaria para 0s pacientes Be
responsivos. Misturas sintéticas de aminoacidos “metionina free” estdo comercialmente
disponiveis e sdo especialmente Uteis para criancas. Apds a infancia, alimentos
contendo proteina “pobre” em Met podem ser introduzidos, incluindo gelatina, lentilha
e soja. Em adicdo a vitamina Bs, folato e, possivelmente a vitamina Bir, a
suplementacdo de vitaminas e minerais é recomendada (Andria et al., 2006)

Qualquer gque seja a combinacao terapéutica empregada, alcancar niveis normais
de tHcy é muito dificil na maioria dos pacientes. A prevencdo das anormalidades
clinicas graves causadas por essa desordem requer o tratamento por toda a vida; quando
a administracdo de uma dieta pobre em Met ¢ iniciada no periodo neonatal, o retardo
mental é prevenido, o inicio e a progressdo do deslocamento do cristalino é atrasado, e a
incidéncia de convulsbes € diminuida (Andria et al., 2006). De fato, um QI normal foi
reportado em pacientes homocistinaricos adolescentes Bs ndo responsivos, que tiveram
boa aderéncia ao tratamento desde o nascimento (Yap et al., 2001).

Outra abordagem terapéutica explorada em diferentes EIM ¢é baseada no
“resgate” de enzimas mutantes pelas chaperonas; exemplos incluem a administracdo de
sapropterina na fenilcetondria ou outras pequenas moléculas testadas em doencas
lisossomais (Leandro e Gomes 2008; Muntau et al., 2014). Essas moléculas possuem
diversas estruturas quimicas e atuam como ligantes proteicos, interagindo diretamente
com a proteina alvo e facilitando deu dobramento na forma correta. Melenovska et al.
(2015) demonstraram em fibroblastos humanos que o heme arginato aumenta a

atividade residual e proporciona o dobramento adequado de CBS mutantes
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selecionadas. Esses autores propdem que a bolsa de ligacdo na CBS em enzimas
mutantes pode ser um promissor alvo para o desenvolvimento de novos agentes
terapéuticos para algumas formas de deficiéncia de CBS.

Embora para muitas condi¢cdes as novas terapias ainda ndo representam a cura,
certamente significam um passo importante para melhorar a qualidade de vida dos
afetados e dar a muitos deles uma chance de sobrevida enquanto novos tratamentos,
mais eficazes e definitivos, estdo sendo desenvolvidos (Schwartz et al., 2008). Assim,
novas abordagens terapéuticas incluem estratégias que apesar de ndo afetarem
especificamente e diretamente o mecanismo principal da doenca, podem melhorar a
qualidade de vida dos pacientes portadores de EIM, tais como o uso de antioxidantes.

Finalmente, o sucesso do tratamento na deficiéncia de CBS claramente depende
de um diagndstico e tratamento precoce, reforcando a importancia da triagem neonatal

€m massa.

1.3 Outras Formas de Hiper-Homocisteinemia

Além da deficiéncia de CBS, outros defeitos enziméaticos podem levar a
homocistiniria. Entre esses estdo incluidos defeitos de remetilacdo devido as
deficiéncias das enzimas MTHFR e metionina sintase, bem como defeitos no
metabolismo intracelular da cobalamina (Fowler, 2008). Os principais achados
bioquimicos dos defeitos de remetilacdo séo a alta excre¢do de homocistina na urina e a
hiper-homocisteinemia com niveis baixos ou relativamente normais de metionina
plasmética, o que diferencia essas doengas da homocistindria classica devido a
deficiéncia de CBS, na qual os niveis de metionina plasmatica estdo elevados

(Rosenblatt e Fenton, 2001).
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Elevados niveis de Hcy também podem ocorrer em deficiéncias nutricionais de
vitamina Bi, e folato. Varios medicamentos, tais como o composto antifolato
metotrexato e 0 anestésico Oxido nitroso podem interferir com o metabolismo da
metionina e levar a leves aumentos de Hcy. Além disso, a funcao renal anormal também

pode levar a niveis plasmaticos aumentados de Hcy (Fowler, 2008).

1.4 Homocistinuria: fisiopatologia e possiveis mecanismos de lesdo

1.4.1 Estresse oxidativo

Estresse oxidativo pode ser definido como um desequilibrio pro-
oxidante/antioxidante, causado pelo aumento da producdo de espécies reativas e/ou pela
deplecido das defesas antioxidantes, o que leva a um dano tecidual. Tal dano é
frequentemente chamado de dano oxidativo e pode ser definido como o dano
biomolecular causado pelo ataque de espécies reativas aos constituintes de organismos
vivos. O estresse oxidativo pode produzir uma série de desequilibrios no metabolismo
celular, incluindo quebras de fita no DNA, aumento do Ca?' intracelular, dano a
proteinas de membrana e peroxidacdo de lipideos (Halliwell e Chirico, 1993; Halliwell
e Gutteridge, 2007).

- Radicais livres / Espécies reativas:

Radical livre é definido como uma espécie capaz de existéncia independente,

qgue possui um ou mais elétrons desemparelhados ocupando um orbital atbmico ou
molecular sozinho. Exemplos de radicais livres incluem os radicais superéxido (O27) e
hidroxil (OH"), os quais sdo altamente reativos e instaveis, existindo por somente micro

ou nanosegundos antes de desencadear reacdes em cadeia que acabam por danificar
componentes biologicos. O termo espécies reativas de oxigénio (ERO) inclui néo

somente os radicais livres, mas também alguns derivados néo radicalares do oxigénio,
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como o peroxido de oxigénio (H202) (Halliwell e Gutteridge, 2007). Além das ERO,

existem ainda as espécies reativas de cloro, as espécies reativas de bromo e as espécies
reativas de nitrogénio, como o o¢xido nitrico (NO‘), uma importante molécula

sinalizadora em animais e plantas (Halliwell, 2006).

As ERO estdo constantemente sendo formadas na célula; aproximadamente 3 a
5% do oxigénio consumido por um individuo sdo convertidos em radicais livres de
oxigénio. Alguns sdo produzidos como produtos acidentais de reacGes enzimaticas
normais, que escapam do sitio ativo de enzimas que contém metais durante reacdes de
oxidacdo. Outros, como o0 H20,, sdo produtos fisiologicos de oxidases nos
peroxissomos. A producdo deliberada de radicais livres tdxicos ocorre na resposta
inflamatdria. Medicamentos, radiacdo, poluentes do ar e outros agentes quimicos,
também podem aumentar a producao de radicais livres nas células (Smith et al., 2005).

- Sistema antioxidante:

Para a protecdo contra o dano causado pelas espécies reativas, o organismo
desenvolveu sistemas de defesa antioxidante, bem como sistemas de reparo, para
prevenir o acumulo de moléculas oxidativamente modificadas (Halliwell e Gutteridge,
2007).

O sistema antioxidante inclui varios tipos de agentes. Por exemplo, agentes que

removem cataliticamente as espécies reativas, como fazem as enzimas superoxido

dismutase (SOD), catalase (CAT) e glutationa peroxidase (GPx). A SOD remove 0 Oz~

por catalisar sua dismutacéo, uma vez que um O2" é reduzido a H202 enquanto o outro é

oxidado a Oz (Halliwell e Gutteridge, 2007). A CAT, a qual é encontrada
principalmente nos peroxissomos e em menor extensdo no citosol e na fragdo
microssomal da célula, reduz o H;O, formado a H.O. As glutationas-peroxidases

existem como uma familia de enzimas contendo selénio e sdo a principal maneira de
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remover do H.O> produzido fora dos peroxissomos (Smith et al., 2005). A GPx elimina
0 H20: pelo acoplamento da sua reducéo a H.O com a oxidacéo da glutationa reduzida
(GSH). O produto dessa reacao, glutationa oxidada (GSSG), consiste de duas moléculas
de GSH ligadas por uma ponte dissulfeto, e pode ser convertido novamente a GSH pela
enzima glutationa redutase (GR) (Halliwell, 2006).

Outra linha de agentes antioxidantes atua diminuindo a formacédo de espécies
reativas. Nessa categoria podem-se incluir proteinas que minimizam a disponibilidade
dos pro-oxidantes, tais como ions ferro, ions cobre ou heme. Como exemplos estdo
transferrina, albumina, haptoglobina, hemopexina e ceruloplasmina. Proteinas que
protegem biomoléculas contra o dano oxidativo por outros mecanismos, como fazem as
chaperonas, também sdo consideradas antioxidantes (Halliwell e Gutteridge, 2007).

Compostos como os carotenoides, podem exercer efeitos antioxidantes, bem
como de quench de oxigénio singlet. Carotendides é um termo aplicado ao -caroteno
(o precursor da vitamina A) e aos compostos similares como zeaxantina e luteina (Smith
et al, 2005).

Por fim, também fazem parte do sistema de defesa antioxidante aqueles agentes
que sdo preferencialmente oxidados pelas espécies reativas a fim de preservar
biomoléculas mais importantes. Sdo exemplos desse grupo GSH, bilirrubina, urato,
albumina, plasmalogénios, a-tocoferol (vitamina E) e ascorbato (vitamina C).

As defesas antioxidantes ndo sdo 100% efetivas, ja que o dano oxidativo ao
DNA, proteinas, lipidios e outras moléculas pode ser demonstrado nos sistemas vivos
em ambiente aerobio. Sendo assim, alguns autores classificam como defesa antioxidante
0s sistemas de reparo necessarios para lidar com moléculas danificadas (reparo ao
DNA) ou para degradar lipidios e proteinas danificados (Halliwell e Gutteridge, 2007).

- Estresse oxidativo em EIM:
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Evidéncias de danos por radicais livres foram descritas em mais de 100 estados
patoldgicos. Em alguns desses, o dano por radicais livres é a causa priméria da doenca;
em outros, ele aumenta as complicacdes da doenca (Halliwell e Gutteridge, 2007). Nos
EIM, o estresse oxidativo pode ser causado pelo acimulo de metabolitos toxicos, que
levam a producdo excessiva de radicais livres ou a deplecao da capacidade antioxidante.
Trabalhos recentes demonstram que o estresse oxidativo pode estar envolvido na
fisiopatologia de varios EIM, como nas acidemias propridnica e metilmaldnica (Fontella
et al., 2000; Ribas et al., 2010a, 2010b); em aminoacidopatias, como na doenca da urina
do xarope do bordo (Bridi et al., 2005; Barschak et al., 2006, 2008; Mescka et al., 2011)
e na fenilcetondria (Kienzle Hagen et al., 2002; Sirtori et al. 2005; Sitta et al., 2006,
2009, 2011; Preissler et al., 2015); em doengas peroxissomais, como na
adrenoleucodistrofia ligada ao X (Vargas et al., 2004; Powers et al., 2005; Deon et al.,
2006, 2007) ou na mucopolissacaridose tipo Il (Pereira et al., 2008; Filippon et al.,
2011a, 2011b).

Com relacdo a homocistinaria, o estresse oxidativo vem sendo considerado um
possivel mecanismo através do qual a Hcy exerce seus efeitos tromboembolicos (Mudd
et al., 2001). Estudos em modelos animais reforcam essa hipdtese e demonstram uma
possivel associacdo entre as altas concentracBes de Hcy e a producdo de espécies
reativas (Streck et al., 2003; Robert et al., 2005; Matté et al., 2009; da Cunha et al.,
2011). Adicionalmente, foi demonstrado recentemente a ocorréncia de estresse
oxidativo no sangue de pacientes homocistinuricos, evidenciado através do aumento do
dano oxidativo a proteinas, lipideos e ao DNA, bem como através da diminui¢do das
defesas antioxidantes (Vanzin et al., 2011; Vanzin et al., 2014). Sabe-se que o DNA é
um importante alvo para oxidacdo e seu dano gera uma gama de produtos que podem

ser medidos, tais como produtos da oxidacdo de bases e produtos de fragmentagédo
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(quebras de fita), ligacdes cruzadas inter e intra-fitas, ligacdes cruzadas DNA-proteina e
produtos da fragmentacdo de aclcares (Cooke et al., 2006). Além disso, o estudo dos
danos no DNA ao nivel de cromossomo é uma parte essencial da toxicologia genética
porque mutacdo cromossémica € um evento importante na carcinogénese. O ensaio de
micronucleos tem emergido como um dos métodos preferidos para avaliar o dano
cromossdmico, porque avalia tanto a perda cromossomica quanto quebras
cromossémicas, de maneira confiavel (Fenech, 2000).
- N-acetilcisteina (NAC):

Levando em consideracdo a possivel relacdo do estresse oxidativo na
fisiopatologia da doenca, cabe salientar que a suplementacdo com antioxidantes pode
ser benéfica e deve ser estudada em pacientes homocistinaricos. H4 um aumento no
interesse com relacdo a N-acetilcisteina (NAC), uma vez que essa molécula vem
demonstrando efeitos antioxidantes importantes em algumas doencas, como na
adrenoleucodistrofia ligada ao X (Marchetti et al., 2015) e na B-talassemia (Ozdemir et
al., 2014). A NAC vem sendo utilizada na préatica terapéutica por varias décadas como
agente mucolitico e para tratamento de numerosas condic¢des incluindo intoxicacdo com
paracetamol. Sua acdo antioxidante direta se da pela sua fun¢do como “scavenger” de
radicais livres, e indiretamente a NAC atua como antioxidante aumentando a
concentracdo intracelular de cisteina e glutationa. Além disso, a NAC parece exercer um
efeito anti-inflamatorio, limitando a liberagéo de citocinas, tais como TNFa, IL-6 € IL-

1B durante a fase inicial da resposta imune (Dhouib et al., 2016).

1.4.2 Alteragdes no metabolismo de lipideos

O tromboembolismo €é wuma das principais caracteristicas clinicas da

homocistinaria por deficiéncia de CBS e muitas investigacbes tem sido conduzidas
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nesse sentido com objetivo de definir as causas da coagulacdo anormal e das tendéncias
ateroscleroticas que sdo observadas em pacientes homocistinuricos. Entre 0s possiveis
mecanismos, 0 dano a lipoproteina(a) ou a outras lipoproteinas plasmaticas tem sido
descrito como contribuinte (Mudd et al., 2001). O termo lipoprotein(a) refere-se a uma
familia de lipoproteinas plasmaticas, que em concentracfes elevadas possuem
correlagdo com risco aumentado de doencas cardiovasculares (Scanu, 1992). Harpel e
colaboradores (1992) demonstraram uma afinidade aumentada da lipoproteina(a) pelo
fibrinogénio e pela fibrina na presenca de Hcy, o que, segundo os autores, poderia
potencializar a incorporacao da lipoproteina(a) nos vasos.

De acordo com estudos, a Hcy causa dano as células e aos tecidos das artérias
através da liberacdo de citocinas, ciclinas e outros mediadores inflamatérios e de divisdo
celular (McCully, 1983). Por afetar células musculares lisas, a Hcy produz mudancas no
tecido conectivo das placas ateroscleroticas, causando fibrose, calcificacdo e deposicao
de proteinoglicanos (McCully, 2007).

A Hcy-tiolactona é um anidrido reativo da Hcy que interage com LDL, causando
agregacdo, aumento da densidade, e aumento da captacdo desses componentes por
macrofagos vasculares, formando células espumosas (Naruszewicz et al., 1994). A
formacdo desses agregados leva a deposicdo do colesterol e de outras gorduras,
permitindo o desenvolvimento das placas. Em adicédo, a reacdo da Hcy-tiolactona com
proteinas séricas leva a producdo de novas proteinas antigénicas e anticorpos
autoimunes, facilitando a resposta inflamatoria (Undas et al., 2004).

Paraoxonase-1 (PON1) é uma enzima esterase e lactonase sintetizada pelo
figado e encontrada na circulagdo associada com lipoproteinas de alta densidade (HDL).
A fungéo fisiologica da PON1 parece ser a de degradar ésteres de colesterol e

fosfolipideos oxidados em lipoproteinas e membranas celulares (Camps et al., 2009).
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Alteracdes nos niveis circulantes da PON1 tém sido relatadas em uma variedade de
doencas envolvendo o estresse oxidativo, tais como doencas cardiovasculares, doenca
de Alzheimer, insuficiéncia renal cronica, infeccdo por HIV, sindrome metabolica, e
insuficiéncia hepatica cronica (Marsillach et al., 2008). Além das funcGes ja descritas, a
PON1 exibe atividades fisioldgicas relacionadas com o metabolismo de drogas,
incluindo a hidrolise de metabdlitos de inseticidas organofosforados e a detoxificacdo
da Hcy-tiolactona (Draganov et al. 2005). A Hcy-tiolactona modifica residuos de lisina
em proteinas através de um processo chamado N-homocisteinilacdo, o qual afeta a
estrutura e a funcdo proteica (Jakubowski 1997, 1999). A descoberta da atividade
lactonase da PONL1 levou a hipotese de que a PON1 poderia ser ateroprotetora também
devido a sua habilidade de detoxificar a Hcy-tiolactona e minimizar a N-
homocisteinilacdo de proteinas (Jakubowski, 2000).

Adicionalmente, sugere-se que a Hcy-tiolactona também possa aumentar a
atividade da enzima butirilcolinesterase (BuChE) (Darvesh et al., 2007). A BuChE
catalisa a hidrolise de acetilcolina e outros ésteres de colina, e mais recentemente vem
sendo relacionada com hiperlipidemia, e com doencas tais como acidente vascular

cerebral e doenca de Alzheimer (Vaisi-Raygani et al., 2009).

1.4.3 Inflamagéo

Estudos atuais evidenciam que a inflamagdo atua como uma importante forca
motriz nas diferentes fases do desenvolvimento da placa aterosclerdtica: formagéo,
progressao e eventual ruptura. Biomarcadores sdo geralmente proteinas ou enzimas —
medidos em soro, plasma ou sangue — que fornecem um diagndstico independente e/ou
um valor prognostico, por refletir o estagio da doenca. No caso da doenca arterial

coronariana, uma gama de biomarcadores existem, e especificamente os biomarcadores
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inflamatdrios tém sido extensivamente investigados. Entre esses destacam-se a proteina
C reativa, mieloperoxidase, moléculas de adesdo celular, bem como as citocinas
(interleucinas) IL-1, IL-6, IL-8 (Zakynthinos e Pappa, 2009).

Citocinas e quimiocinas sdo proteinas sollveis ou glicoproteinas produzidas por
varios tipos de células, que atuam como moléculas de comunicacdo celular, exercendo
efeitos regulatorios. A maioria € secretada, mas algumas podem ser expressas na
membrana celular, enquanto outras podem ser sequestradas na matriz extracelular e
armazenadas, ou liberadas de acordo com a demanda biolégica (Hanada e Yoshimura,
2002). Acredita-se que o balanco entre citocinas pro e anti-inflamatérias, bem como a
expressao de quimiocinas desempenhe um significativo papel na etiologia da trombose
e da aterogénese (Ross, 1999; Zakynthinos e Pappa, 2009).

Nesse sentido, alguns autores tém investigado o papel da inflamacdo na
fisiopatologia da homocistiniria. Da Cunha et al. (2010) demonstraram que a hiper-
homocisteinemia crénica aumenta significativamente os niveis de algumas citocinas
pro-inflamatorias (TNF-a, IL-1B, IL-6), proteina quimiotatica de mondcitos-1 (MCP-1)
e prostaglandina E2 em hipocampo e soro de ratos 1h e 12h ap6s a injecdo de Hcy.
Keating et al. (2011) evidenciaram anormalidades na inducdo da expressdo de citocinas
em modelo animal de homocistindria, bem como em pacientes homocistindricos na
presenca e na auséncia de terapia para reducdo dos niveis de Hcy. Foi evidenciado em
modelo animal o aumento dos niveis das citocinas IL-1a, IL-1p, TNF-a; similarmente
em pacientes ndo tratados ou com baixa aderéncia ao tratamento foi demonstrado
indugdo de mudltiplas citocinas pro-inflamatorias (IL-1a, IL-6, TNF-a, IL-17, 1L-12).
Esses autores concluem que a homocistiniria € uma doenca que apresenta inflamacao
crénica, e que a expressao de citocinas pode interferir em muitos aspectos da patogénese

da doenca.
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Apesar de 0s possiveis mecanismos de dano observados na homocistinaria ndo
estarem completamente esclarecidos, existem evidéncias do envolvimento de alteragdes
no metabolismo lipidico, bem como alteracBes no perfil inflamatério e no equilibrio
pro-oxidante/antioxidante. E de grande interesse o detalnamento dessas alteragdes
metabolicas, no intuito de melhor entender a fisiopatologia da trombose e aterosclerose
observadas em pacientes homocistindricos, bem como possibilitar novas abordagens

terapéuticas, como por exemplo, o uso de antioxidantes.
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2. OBJETIVOS

2.1 Objetivo geral

Levando em consideracdo que dados na literatura mostram um possivel papel do
estresse oxidativo no dano vascular observado na homocistinuria, e considerando que as
causas das alteracdes aterotromboticas observadas na homocistiniria permanecem ainda
hoje ndo completamente conhecidas, o0 objetivo geral desse trabalho ¢é avaliar os perfis
oxidativo, lipidico e inflamatorio, bem como a atividade das enzimas paraoxonase,
butirilcolinesterase e catalase em pacientes homocistindricos no momento do
diagnostico e durante o tratamento classico, e, ainda, avaliar o efeito in vitro do
antioxidante N-acetil-L-cisteina sobre o dano ao DNA induzido pelas altas

concentragdes de Hcy e o efeito in vitro da Hcy sobre o dano cromossdémico.

2.2 Objetivos especificos

- Avaliar o perfil lipidico, a saber: colesterol total, colesterol HDL, colesterol
LDL (calculado pela formula de Friedewald), colesterol LDL oxidado, bem como
avaliar os niveis de apolipoproteina A1l no plasma de pacientes com homocistinaria no
momento do diagnostico (ndo tratados) e durante o tratamento preconizado (dieta
hipoproteica suplementada com vitamina Be, &cido folico, betaina e vitamina B12);

- Avaliar o perfil inflamatdrio através da medida dos niveis das citocinas IL-1p,
IL-6, INF-x no plasma de pacientes com homocistindria no momento do diagnostico
(ndo tratados) e durante o tratamento preconizado;

- Avaliar o dano oxidativo as proteinas, através da medida do conteddo de
sulfidrilas e carbonilas no plasma de pacientes com homocistindria no momento do

diagnostico (ndo tratados) e durante o tratamento preconizado;
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- Avaliar a atividade das enzimas paraoxonase-1 e butirilcolinesterase no plasma
de pacientes com homocistindria no momento do diagnostico (ndo tratados) e durante o
tratamento preconizado.

- Correlacionar todos os parametros acima citados com os niveis de tHcy, acido
folico e vitamina B12 nos dois grupos de pacientes, tratados e néo tratados.

- Avaliar parametros de estresse oxidativo, tais como niveis de 15-F2t-
isoprostanos e niveis de di-tirosina, bem como niveis de nitritos na urina de pacientes
homocistinaricos durante o tratamento preconizado, e correlacionar com o0s niveis de
tHcy e de grupamentos sulfidrilas;

- Avaliar a atividade da enzima catalase no sangue de pacientes
homocistinaricos durante o tratamento preconizado;

- Avaliar o efeito in vitro do antioxidante N-acetil-L-cisteina (NAC) sobre o
dano ao DNA causado pelas altas concentracdes de Hcy.

- Avaliar o efeito in vitro da Hcy sobre o dano cromossémico, através do teste de

micronucleos.
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3. RESULTADOS

Os resultados serédo apresentados na forma de artigos cientificos.

3.1 Capitulo I — Artigo 01

Lipid, oxidative and inflammatory profile and alterations in the
enzymes paraoxonase and butyrylcholinesterase in plasma of patients
with homocystinuria due CBS deficiency: the vitamin Bi,; and folic

acid importance.

Camila S. Vanzin, Caroline P. Mescka, Bruna Donida, Tatiane G.
Hammerschimidt, Graziela S. Ribas, Janaina Kolling, Emilene B. Scherer, Laura
Vilarinho, Célia Nogueira, Adriana S. Coitinho, Moacir Wajner, Angela T. S.

Wyse, Carmen R. Vargas

Periddico: Cellular & Molecular Neurobiology

Status: Publicado
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pyridoxine, folic acid, betaine, and vitamin B o) We abko
invedtigated the effect of folic acid and vitamin B, on
thede parameters. We fomnd a significant decrease in HDL
cholesienol and apolipoproein Al (ApoA-1) kevek, o wel
as in POMN1 activity in both ontrested and treaed CHS-
deficient patienis when compared o conimls BuChE ac-
tvity and [L-6 levels were dgmficantly incressed in not
tresied patiens. Furthermore, significani posdiive cosmela-
s between FON1 activity and anlplydry] groups and
between [L-6 levels and earbonyl content were verifed
Moreover, vitamin HBpa was poditively correlated with
PO and Apod-1 levels, whilke folic acid was inversely
cormelated with ksl Hey concentration, demonstrating the
impontance of this restment. Our resuli ko demonsirated
that CHS-deficient patients presented imponant alterations
in biochemical parameters, posibly camed by the
metabobiies of Hey, a8 well & by oxidative sness, and that
the adequate adherence 1o the tesiment 15 essential & ne-
vertor prevent these alleratons

Keywords Homocyseine - Lipid profile - Inflammation -
Paraoxonase - Butyrylcholinesersie - Viamin By -
Falic acid

Introducton

Homocystinura isa metsbobc disorder charscerized by the
accumulation of the aming acid homocysteine (Hey) in
bdodogical fluids of affected patients. Cystthionine f-syn-
thase (CHS) deficiency is the most frequently encouniened
canse of homocystinura, In addition to Hey, methionine

€ springer

30



Cell Mol Neawmbdaal

{Met) and a vanety of other mebolies of Hey acoumulate
in the body or ane excreied in the wine of such patients.
DHslocation of the optic lens, osteoporosis, thinning and
lengthenming of the long bones, mental retardation, and
thromboemboliim affecting large and small anedes and
veins ane the moal common clincal featres However,
thromboemboliim represents the major camse of morbidiny
and death in CHS -deficient patients. Itis mnclear the camse of
the cardiovascular changes found in patens with homo-
cyatinun a due toCHS deficiency, butevidence sugpeds that
blood eoagulation disonders, damage 1o Epogroteing, o ef-
fects on the platelets, on the endothelinm and the non-vas-
cular endothelial cells may be involved (Muodd et al. X000 ).

Management of CHS-deficient patents leads o ame-
lioration of the charscendic biochemical abnormalities
{Mudd et al 2001). Recognzed modalites of wreatment
include pyridoxine (vitamin Be) in combination with folic
acid and vimmin B, methionne-resiricted diet, cyatine-
supplemented diet, and betsne (Yap 2003). Treament of
patients with vitamin Bs in combinaton with folste or
betaine lowers plama total homocyseine (tHey) and im-
proves vascular oulcomes, sugpesting that Hey or s
meisholites play a causal ok n aerothomboss (Yap
et al. 2001 ). Hey aself, S-adenosyl-Hey, Hey-thiolactone,
amnd Hey-thiolactone- modified proiein (A-Hey-protein) ane
podential candidaies, and possible mechaniims have been
assigned 1o each (Yap et al. 2000 ; Takubsoswakd 2000, 20007
Perla-Eajan et al. 2007, Hey-ibolacione is a resctive
metabolite thal cames protein N-homoe ysteimylation what
impairs or alers the prokein’s funetion { kubowski 2008).
It was observed that Hey-thiolactne and N-Hey-proeein
are elevated in pabents with CHS deficiency (Jakubowsld
el al. 2008). Paramonase (POM1), a caleinm-dependent
emyme carmed on HDL in the blood, hydrolyzes Hey-
thioacine and protects against the sccumulation of M-
Hey-protein in vive and in vitro (Jakubowski et al 2006
20601 ; Perla-Kajan and Jakubowski 20100

Buyrylcholinesderase (BuChE) 8 an & glyooproen
aynthesized in the liver. lis enzymatic activity is posdtively
asociated with cadiovaseular fak factors. Several inves-
tigators have found significant relatonships beween cho-
linetterate activity and macylglyeenls, HDL cholesternl,
and LDL cholestero {Santarpia et al. 2013). Additionally,
the knowledge that chronie inflammation i3 implicated n
the pathogenesis of stherodclends esmblished the me of
inflammaiory markers for sisessing coronary risk. Among
these biomarkers are pro-inflammaisy cytoldnes such s
IL-1, -6, and INF-¢ (Pearson et al. 2003).

We necently demonsiraied that Bpid and prodein oxddatve
damageisincrested a nd that antioxidant defenses are reduced
in plasma of CHS-deficien padents, probably doe to the in-
crease in neaclive gecies generabion indoced by Hey (Vanzin
etal. 2011 ). Furthermore, it & known that the enz ymes PON1

£ Springer

and BuChE contain $H-groups which are important for their
activities (Mishio and Watanabe 1997 Aviram et al 1998)
and that Hey is ahle o induce alterations in BuChE activity
in vive and in viro, a5 demonsiraied by Sefanells e al.
(20603, 2005). In this conlex, the sm of this Sudy was o
evaluate lipid {iota]l cholesternl, HDL choledenl, LDL
cholegerol, oxidized LDL cholesterol, apolipoprokein A-1)
and inflammatory profile (IL-10, IL-6, and INF-y), & well a5
proten oxdative damage and the activities of the enzymes
PO and BuChE in plasma of patients with homocysinuna
due to CHS deficiency, amalysng the effect of the restment,
especially of folie ackd and vitamin B, on these parameters.
Additionally, we cormelated all parameterns with the 1ol Hey,
folic acid, and vitamin B, levels.

Materiak and Methods
Patients amd Controls

The present siudy was approved by the Ethies Comnmtee
of Hospital de Clinicas de Porto Alegre, RS, Brazl In-
formed consent was obtained according to the guidelines of
the commites, number 100290,

Palienix

Subjects with homocydimnia due 1o CHBS deficiency were
recrudied from the Medical Genetic Service of Hoapital de
Chnicas de Porto Alegre, Brazl Sex, ape, and membolic
features of patients ane described in Table 1. Plasma samples
were obiained from 10 patents st fe moment of dia gnosis
(median age 10 years; range #-27 years) (Group A) and 10
patients under mestment {median age 19 years: range
12-32 years) (Group By, All patiens wene diagnosed afier
the neonatal period by identification of abnormal elevated
concentratons of tHey and Metin plasma. The major clindcal
manifestmion wene ectopa lentis, s trwres, developmental
delay, thinning and lengthening of the long bones {mafmnod
appearance). The prescribed trestment consdsted of a pro-
tein-restricied diet sipplemented by pyridoxine |median
dose: S0 meiday; range: 100-750 mg/day), folic acd
(median dose: § mgiday; range 2-5 mg/day), betaine {me-
dian dose: & plday; range 2-6 pfday), and vitamin B
{median dose: 1 mg IMimonth). The average duration of
treatment was 10 years {range 5-20 years).

Comtrals

Healthy individuals with comparable age and sex of the
palients were neomiled from the Laboraideio de Andlies
Clinicas da Universidade Federal do Rio Grande do Sul
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Plasma samples were oltained from 13 individoals (me-
dian age: 15 years: range 4-34 years).

Flasma Preparation

Plasma was separated from whole blood samples obtained
from controls and CHBS-deficient patienis by venos
punciure with heparinized vialk. Whole blood was cen-
trifuged st AWWsxg for 10 min &t 4 °C; plasma was re-
moved by agrration and frozen st —80 *C il analysis.

Lipid Profile
Taal Cholederal Levels

Total cholegerol was meamred by a commercial kit
{Labiest DNagndatica, Minas Gerals, Brazml). The reals
wene expressed a5 mgfdl.

HiM. Chadesteral Levels

HDL cholestenod levels wene meazuned by 3 commercial kit
{Labiest DMagnostica, Minas Geras, Brazl) The sysem
nses twir reagents which enable selective dosage of
cholesterol boand to HDL. The remlis wene expresded s
mgAdl.

Trglyceride s Leve v

Triglycerides kevel wene evaluated by a commercial kit
{Lahtest [Magndaica, Minat Geras, Brazil), The nesulis
were expressed a1 mghdl.

LIN. Cholegeral Levels

The LDL levels were caleulsted through the Fredewald
formula:

Taghyces s
—_—

LML chalesmerc = Total chodememil — HINL dhodesteral
The realis were expressed a8 mafdl.

Oridized L. Choleseral Levels

Omidized LDL cholesterol levels wene meamred by a

commencial i (Mercodia, Sweden). Sandwich ELISA

based on the mouse monoclonal anibody 4B6, which &

apecific for 3 conformational epitope in idized Apol-
106, wias utilized. The resulis wene expressed as UL,

Apalipoprowin Al (ApaA-1)

ApoA-1 kwl were evalmed by a commencial kit
(BioTécnica, Brazli. The deermuinaton i baged on an

&) sprinper
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immunaurbidime ine method in which antibodies specific
o apolipoprodein Al form an insoluble complex, and the
turbidity produced is propomional to the amount of Apodd
in sample. The resulis were expressed s mgidl..

Inflammatory Profile

Plaama [L-1[, IL-6, and [FM-y were mesiuned by enzyme-
linked dmmumoorbent asay (ELISA) kits (Mahiech AR,
Sweeden ). The assay uti ipes ELLSA st p plates pre-ooated with
a capture monoc lomal antibody (mAbL © which samples are
added Capred cyioldne is detecied by adding a biotinylated
mAb followed by sreptavidin-hoseradish peroxddase. Addi-
tion of the enzyme sulsirate TMB resulis in a coloned prodoct.
Intensity of the color & dinectly propontional 1o the concentra-
ton of cyiokine in the sample, which is determined by oom-
parison with a serial dilotion of necombinant ¢ yiokine gandsrd
amalyred in parallel The remlis wer expressed a3 peiml..

Paraoxmase Activity (FONIT)

POMN enzyme activily was asessed acconding i Belerson
etal. (1983) Indtially, it was prepared & 2ol wion conlaining
4.8 mL buffer glycine™MaOH pH 1008, 0.9 mM CaCl., and
106 mL of 1.0 mM parsoxon. For each sample, it was
utiized TR0 pl of this solutien and X pL of plasma. The
alworbance wai meamred i a pecropholmer sl
412 nm in three tmes with inervalk of 1 min the ob-
taining the meleste of para-nitrophena per minote. The
blank was ssaayed the same way, but without he sample,
and was subtracted from the absorbances obtined. The
results wiene expressed a8 UimL (1 U of enzyme hydrolyzes
1 pmol of parsoxon per minue ).

Butyrylchilinesterase Activity (BuChE)

BuChE activity was determined by the method of Ellman
etal (1961) with some modifications. Hydmolysis rate was
mesiuned ai scetylihiocholine concentration of (U8 mM in
1 mL sy solotons with 100 mM potassum phosphate
buffer pH 75 and 1.0 mM 5 5-dithiebis {2-nirebenzec
acid) (DTHNB). Fifty micoliers of dilued plama was
added to the reaction mixime and preincubaied for 3 min.
The hydrolysis was monitoned by formation of the thiolate
dianion of DTHE at 412 nm for 2 min (intervals of 30 <) at
25 %, All samples were run in dupbicate. Specific enzyme
activity was expressed a3 mmol acerylibocholine hy-
drolyzed per hour per milligram of prolein.

Total Homoc ysteine (tHey ) Measore ment
The total homocydeine levels in plasma wene messuned by
liguid chromakography el ectrospray Landem mts spectiom elry

&) pringer

(LO-MSMS), & deseribed by Magera et al. (1999 This
metud % heged on the analysis of W00 pL of plasma wit
20 plofhomosysieine-d, (2 mmol padded < interma] gandand .
Afierihe gepof reduction with X0 plof SO0 m M dithd othreitol
followwed by deproteinization, the analyss was performed in the
il tipl e reac ion moniton ng maode in which total Hey and Hey-
dy wer delected through the ranston from the precursor im
{m 136—mvz 90 and mvz 140-ms 9, respectively)l The ne-
tention mes of total Hey and Hey-dy were 1.5 and 25 min,
respectively. The calibvation was performed by a curve with 5
concenirations of Hey. The resulis werne e xpresed & pmolfL.
In plasma, tHey is the sum of free and protein-boand homo-
cydeine, homocystine, and several other mixed disultfides.

Folic Acid Measwre ment

Folic acid levels were messured in plasma by electro-
chemiuminescence udng the analyser Eleociys 2000
(Roche DMagnostics GmbH, Mannheim, Germany). The
realis wene expressed & ngfml.

Vitamin B2 Meas rement

Vitamin Bya levels wene measured in plasma by electo-
chemiiminescence usang the analyser Eleciys 2000
(Roche DMagnostics GmbH, Mannheim, CGermany). The
realis werne expressed o pgiml.

Sulphydryl Groups Content

Thiz assay & bawed on the reduton of 55 -dithiobs {2-
nirobenzode acid) {DTNB) by thiols, generating a yellow
derivative whode shawplion & messwred spectrophoto-
metrcally at 412 nm | Aksenov and Markeshery 2001).
Resulis were reponed as nmol THE.

Carbonyl Comte nt

Carbomyl conlent was mestuned according to the method
deseribed by Levine et al. (19900 Brefly, duplicate ali-
quiots of plasma {100 pl) were treaed with 100uL of tn-
chlomacetc acid 28 %. The whes were centrifoped at
R g for 10min o obiain the protein pellet. One mil-
liliter of 2.4-dinitrophenylhydrazine (NFH) 10 mM pre-
pared dn 2 M HCl or 10 mL of 2 M HCI {blank) were
added 1o the precipistes and incobsied st 37 °C for
Q) min. Afier, te samples wene centrifuged and the DNFH
excess wat removed with ethanol-ethyl acewte 1:1 (viv).
The final proein pellet was dissolved in 200pl of 6 M
guanidine hydrochlonde. Quantification was performed
using a specirophoimeter 2t 370 nm. The carbony] content
wias caloulated wing a millimolar shaorption coefficient of
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the hydrazone {21000 M™" em™ ") Values of cartbonyl
conient were expresad in nmol carbonylVmg protein.

Frotein Deter mina on

Prodein was measiured by the method of Bradford (1976),
using serum bovine albumin a5 gandand.

Statiktical Analysis

Drats were expresed & mean + gandsd  deviation.
Companiams between means were analyzed by one-way
ANOVA followed by the Duncan muoltiple range test when
the F value was significant. Comelations between variables
werne caleulaed wing e Pearson correlation coef ficient A
£ value lower than 0,06 was conddered significant. All
analyses wene perfomed using the Swistcal Package for
the Soctal Scences (SPSS) sofiware in a PC-compatible
GO PUET .

Results

In this study, we evaluated the lipid and inflammaiory
profiles, protein oddation, and the activities of enzymes
PON1 and BuChE in plasma of CHS-deficien patients st
diagnoss (group A) and under reatment (group B ). These
parameiers were compared 1o those of conirols with
sdmilar ages. Furthermone, we comelaed all parameters
mesiuned with the tHey, folic acd, and vitamin Be
canceniratons

With regard to lipid profile (Table 2), we found a dg-
nificant decresse in HDL [F{2.26) = 960, p < 0001 ] and
apolipoprotein Al [A22) = 1300, p < (U01] levels in
both groups of CHS-deficient patiens (at diagnosis and
under i) when compared to conrols LDL and

oxidized LOL kevel werne statistically snular in all groups.
Total cholesterol levels wene sigificantly reduced in bath
groups of CHS-deficient patents [F{225)= 688, p<
(], probably due to the decresse in HDL levels. Total
Hey levels were significanily ncreased in patiens at di-
agnosts and doring treatment, showing that the therapy
approach was ol able 1o adequately comrol the tHey
levels, Sulphydry]l groups content was significantly de-
created in bath rested or nod trested patents [F{2.23) =
484, p < 005).

Additionally, the activites of enzymes PON 1 and BuChE
were evalmied PON1 activily was decrested inboth groups
A and B of CHS-deficient patients when comparned & con-
trols [F227) = 1173, p < 0001] (Fig. 1). Otherwise,
BuChEactivity was incressed only inthe groupof unireated
patients when compared to control and to the reated CRS-
deficient patients [F{225) = 732, p < 0.01] (Fig. 2). We
verifbed significant positive comelations between PON1 ac-
tivity and sulphydry]l groups content {(r= 059, p < 005)
(Fig. 3) and, &3 expected, betwveen HDL and apolipoprotein
A-1 levels {r = 0589, p < 0.06) (Fig. 4).

Nexi, we evaluaied the inflammaiory profile in both
groups of CHS-deficient patents (Table 3). We demon-
sirabed that [L-6 was significantly higher in group A when
compared o contmls [F{226) = 3897, p < 005). It was
verifbed a tende ney o reduction (2768 %) in the [L-6 levels
in groap B when companed to group AL Similar reanlis were
obderved in carbonyl groups formation, which wene dg-
nificantly higher in groap A when compared to controls
[AL21) = 3565, p < (LU05], presenting & tendency o re-
duction (15,2 %) in group B when compared to group A We
found & signi ficant poditive correlation betwesn [L-6 levels
and carbony] groups conent (r = 0551, p < 005)(Fig. 5,
indicating & poasible asociation between inflammation and
oxidative prolein damage in plasma of CBS-deficient -
tients. Additionally, we also evaluated the [L-10 and INF-¢

Tahle 2 Lipid profile, meal

Hey levels, and 1 Comemls LY Giroep B

comeme m CBS-deficen Tatal chaleseral fmgidly 15547 + 5653 1IETS + 38 45 12578 + ZRI&*

E‘;’;ﬁﬁmﬁ;‘“ HIL cholestercl {mgidl} 595 = 1943 TGE + GEe TLET + GG

pp—— .&_' B} = LI chaleseeral {mg/dl} 10665 4 5395 114 £ 3045 TETE £ 2

comealk Orwidized LI chalesseral (LFLY 19015 + T44 1477 + 476 1312 + 575
Apolipoprotein A {mghdL) FNLGE + 29 5T 15632 + 33 E1w" 14154 4 20 Tgwe
tHey {pmalfLy 554 4+ 282 HES 4 GETIvE 1375 + 143"
Sulphydryl comment immol TNE) 3491 + BLTE TP+ gra TEEe6 + 1E®

Dasa repeesent mean =+ standard deviad on

! p S Saisically difforent fom conrals {ANOVA, followed by the Dencan meliple range test)
* p <001 Sascally different from controls (ANOWYA, followed by e Duncan mukiple range e}
** o oz 001 Seadencally different from contrals (ANDWA faollowsd by e Duncan mukaple ranges =)
= oz 00001 S sacally di ffernt from conmrals { ANCV A, followed by the Dencan mukkple range e}
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Conitrols Group A Group B
Fig. 1 PONI acowvity in CES-deficient patienes ar diagnosis | (Froup
A, m o= 9}, (BS deficer: patents ender meatment {frroup B, &= 9)
and conerols {m = 12 Dom represent mean =+ standard deviation,
== o« 0001 sagsically different from oomgml s { ANGV A, followed
by the Denmn mukiple moge tes)

™
I
*

BuChE activity
mol ACSCHhimg protsn)

Tk Crowaps &

Orup B

Fig. 2 BelhE ascovity in (B S-deficiens posent s ot ohigpmos i | o
A, m o= Ej, (BS deficen: patenss ender measment (Crroup B, &= £)
and comerals {m = 11} [hea repressnt mean = standard deviation,
*p (0] sadsically diferet from conmols and fom growp B
{ANOVA, follvwed by the Denan muldple nngs e )

levels whach wene stanstcally samilar m all groaps (pabents
amnl oomlnols).

Finally, we comrelated al| parameters inmvestigated with the
folic acid and viamin B, concentrations. We found a sig-
nificant positive comelation between viamin By, and
apolipoproiein A-1 levels (r = L5355, p < 005)(Fig. 6), &
well &ia o gnifhcant positive commelation between vitamin B,
levels and PON1 {r= 0631, p < 005) (Fg. 7). Addition-
ally, we demonsirated a significant negative comelation be-
tween folic acid and ial Hey concentrations (r = —0L633,
[ iy 1F|5. 81 Folic acid was increased i resied P
tents (165 £ 503 ng/mL; mean + standard deviation)
when comparned with not treated patens (785 £ 511 ng'
mL; mean + sandard deviaton) [1{18) = 3541, p < 0101],
as expecied. On the other hand, vitamin B,y levels wene
sdmilar in both groage of patients (299,25 + 15088 pg'mL
Iefore ireatmen versus 33032 + 185,68 ]ry'lnLaf'lﬂ' [
ment;, mean + standsnd deviation) [H21) =096, p=
(L8], indicating dhat these patients presented a poor adher-
ence Lo the reatmeni.

€ springer

Diseussion

A link between Hey and atherothrombatic vascular disesse
wad first sugpeded by McoCully (1969 maore than 40 years
age. Since that time, many nvestigations lave been con-
ducted 1o define the canse{s) of athemss ez in CRS-
deficient patienis. Findings suggest that Hey or its derva-
tives other than Met (for example homocysieme-thiols:-
tone) may be the |mjm' comnbuons) o te vascular
damage of CBS deficiency (Mudd et al 20010 In this
aenae, we evaluated m this work the bpad {total cholestersl,
HDL cholestennl, LDL cholestenl, aidized LDL choles-
terel, spolpoprotein Al) and the 1:||ﬂa.|r||m'lm‘_‘.- {IL-&, IL-
1f, [FN-7) profiles, protein oxidatve damage (sulphydryl
and carbonyl groups content), and the activities of enzymes
P{M1 and BuChE in plasma of CBS-deficient patents,
tredted and not trested (&t disgnosas). We ako comelated
these meamnements with tHey, folic acd, and vimmin B
COnoe mrabons.

The atherogemcity of Hey may mvolve several
mechanizms meluding LDL cholesierd oxidative modifi-
cabion and HDL cholestern] decreass (Xiao e al. 2001).
Low HDL cholesterol & a strong independent predicior of
cormary arery disesse (CAD) when i level are <40 mgf
dl (TAMA 2001 ) Smdies mepoated that H'_'_'.- © able & in-
hibit ApoA-1 expression and decresse HDL cholegemnl
levels in vitro and 0 vivo (animal mode D) {Liso et al 2006:
Mikae] et al 2006). ApoA-1 is the major prodein compo-
neni of HDL cholegeral and it is known that the protective
effect of ApoA-1 may be related 1o ils msociation with
increased HDL producton. Caste—conwrol sudies have
provided apporting datm showing that plasma ial Hey
wai negaiively comelated with HDL cholesterol levels in
patients with myocandial infarcton (Qujeq etal. 2001 ). An
effect of Hey on HDL memboliszn could be clinically im-
postant, becanse HDL prokects againd vawolar disease nol
only by faciliming reverse cholesterol ransport but ako
through s direct anti-inflammatory properntes (Devlin and
Lentz 20065 In ow work, we found a reduction of HDL
and Apod-1 plasma levels in CHS-deficient patients when
compared i controla. An interesting fact is the failure of
the treaiment o prevent of reverse hese mduchions, since
both groups of patients, at disgnosis and during treatment,
presented adecrease of HDL and Apod-1 plasma keve k. It
was observed in this study a significant correladon between
vimmin Hys and Apn A-1 levels, & well a3 between vi-
tamin B and PON1. These findings suggest that vitamin
B could be essential to incresse the Apo A-1 levels and
PO activity in CHS-deficient patients, which i3 inker-
eding sance thes components demonsrae  imporant
altheroparodact vie effecis {Liso et al. N Mikasel e al.
20y, Devlin and Lentz A66) that could, at keast in pan,
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Fig. 3 Cormlinon between
PON1 acavey and salphydsyl 200,00
groeps comment (r - 0596,

p <005 m phsma from CBS-

Aafi at dugnos

and ndef Texment
150,001

Paracronase (Ued)
:

0001
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100,00 20000 3020 w000 «0%0
Sulphydryl content (nmel TNB)

0,001
T
o

Fig. 4 Cormloon between

HDL levels and apo lipoprosem

A-1 levels (r = 0589, 220 00

p < 005) m phsma fom CBS-

and under wexment 20000+

180 00+

160,00+

140 007

Apolipoprotein A-1 (mgldL)

120 09+

100 00

decresse or revent the vascular alerstions found m na
treated CBS-deficient patients. It is important 1 emphasize
that probably the trested patients involved in this study
have a poor adherence to the treatment with vitamin B,
which was presaribed © patienss in a dose of 1 mg/month
intramuscularly, More studies evalusting the effect of

T ¥ T T T

0000 40500 59000 0000 0%

HDL (mgidL)

vitamin B, in patients with good adherence © therapy are
necesssry.

Our results are different from those found by Jiang et al.
(2012) who demonstrated that ApoA-1 was decressed only
in not rested CBS deficient patients. The treatment, in the
patients smdied by Jiang et al. was baed in protein

€ springer
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Tahle 3 Inflammanry poofile
amd carbomy] coment i CHES-

deficent pagenes at

{Gromp &), (BS-deficent
pasents ender teamment (Gronp
B)and comgmls

Comrals Giroap A (oo B
Ineerlewion-6 ipgml) 1174+ 354 IRET £ 9 I 1654 + 906
Tneerlewicin- 1 {ppfmlp 1947 = 1249 175+ 1241 15599 + 1163
Tneerierom-y (pefmlL) 30.xr+ 1291 5140+ 1615 3946 + F506
Carbomy] content {nmol'mg pectsny 0.ETE + 0U03E 0355 + 0091 L ik

Daga repeesent mean =+ standard deviadon
* oo (U sagsically differsnt from conenls (ANOWA, followed by the Duncon maldple ranges et
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0,00
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035

restriction in addiction 1o cyseme and betaine supple-
mentation. In the present work, the patients wene d by

0,300 1,350 e 0,358 4800
Carionyl content [nmel carbanylimg protein)

protein and cell damage (lalubowsdd 2008 A recent study
d d that M-Hey-ApoAl is present in humsans

a prodein-re dncted diet applemented by pyridoxine, folic
acid, betaine, and vimmin By, withoul cysemne supple-
mentation. This can partially explain the differences found
in the two smdied, since a previos dudy demondrated that
plasma levels of Apod-1 were positively maociaed with
plasma cyseme kevel (Nuno-Ayals et al 2000). Beddes,
in the work of Rang et al {3012), weated patients prese nied
todal Hey concentrations bemween 245 and 861 pM, while
the patients of our smdy had much higher kevek of thi
metabalite.

It & posaible that the effects observed on ApoA-1 and
HDL cholesterol could be atirbuted to any meabolie of
Hey, such as Hey-thiolactone . Hey-fhiolactme i3 a produact
of an ermor-editing reaction in prolein bosynthesis which =
formed when Hey & mistakenly selected by methionyl-
IRMA synthetate. Pathophysiological consequences of
protein N-homocydeinylation include, among other things,

&) prinper

(lshimine et al. 2000). In this sense, it 15 imponant o
emphasze that the adhemence o the treatment 5 esdential
1o reduce e tHey levels and, consequently, 1o meduce the
Hey-thidactone production, & well & thelr hamful ef-
fecta, It is impontant o emphasize that folic acid supple-
mentation in the pate s of our Audy nduced a decrease in
tHey levels, since a negaive comelation was observed
between this compomnd and Hey, although this aming acid
conoenration remained higher than thoie expecied o an
adequale mealment.

In a recent work, we demonsiraied that auidative protein
damage oocurs in plasma of CHS-deficient patiens at di-
agnosais and during the trestment probably due vo the high
tHey levels (Vanzin et al. 2011). In this work, we found a
sdgnificant positive cormelation between aulphydey] groups
conient, 3 biomarker inversely propartional 1o prolein ox-
idative damage, and PON1 activity. Moseover, we verfied
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Fig. & Coreligon beroeen
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a reduction in PON1 activity in the both groups of CBS Hey. Due o i ahiliy o redoce oxdative sress, PON1
deficient patents (st diagnosis and under restment) when  contributes i atherogratectve functons of HDL in mice
companed 1o conrols POM1, a component of HDL  amd humans. Funthermore, POMN1 has the ability o hy-
cholesterol, & a calclum-dependent multiffunctional en-  drolyze a vanety of mbamies including Hey-thiol actone
zyme thal comeck the mewbolim of Bpoprodeind and  (Perla-Kajén and Jakubowsld 2012). In humans, Hey-

&) springer
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Fig. 8 Corelagon berween
folic acd and el Hoy levels 405 50
{F e =063, p oz Q05D
plasma from (1S - defic e
pasients at diagrceds and wmdar o

Hey (umaliL)

100,00

thinlaconase actvity of POMN1 prolects against Nhomo-
cyteinylation in vive and in viro (Jakubowsld et al 200
Perla-Eajdn and Jakubowaki 20000 In this conlext, we can
hypothesd ze that the dechesie in PON1 activity found in the
CHS-deficient patients included in our sudy could be
caused b Hey-dependent oxidation of any sulfhydreyl
group impontant 1o the PON1 catalytic activity (Aviram
et al. 1998). PON's free sulfhydryl at cysteine-283 i3 re-
quired for its antoxddant activity. It is plansble, thenefone,
1o hypothesdze that the prosthemgenic effects of Hey may
involve diminihed serum POND activity, leading 1o im-
paired antioxidant function and decressed capacity i de-
grade Hey-tholactne. Fomthermose, it was demonsirated
that plasma Hey remains high in patiens dorng the
treatment (1378 £ 1043 pmoll; mean + standard de-
vigtion). Additionally, & discused before, we found a
peosdti ve sdgnificant cosmelstion between vitamin Bya kewlk
amd PON1 activily, suggesing that the fail of treatment in
reversing e PONT activity may be, at least in part, due o
the imufficient doses of vitamin By, used in the therapy,
cansed probably by a low adherence o the treament. Re-
cent @udies demomirating the effecs of vimmin By, aup-
plementaion on  parsoxonase  activity reinforoe  oor
hypothesis (Gu et al. 2007 Weijun et al. 2008; Koc et al.
2012). Weljun et al. (2008) demonsrated an increase of
1759 % in HTawe/PON activity in patiens with type 2

&) sprinper

BE0 003 1200 40 1600 1800 M0

Folic acid (ngdmL)

diabetes afier supplementation with folic acd (5 mg/day)
plus viwmmdn By, (500 pe/day, inramuoscularly). These
authors als found a significant inve re comelatdon between
the changes in HTae/PON activity and Hey kevel. Addi-
tionally, Koc et al. (2012) found a decrease in PON actvity
in patents with vidmin Bya deficiency anemia, whensss
PO asctivity was sgnificantly incressed afier weatment
with vitamin B, .

There & increasing evidence thal acule coonary syn-
drmes are related o sedvation of the immune-mediated
inflammatory process asociated with stheroscleric pla-
ques, Omidized low-density lipoprotein (ox-LDL) &
thought o play a key ol in the peneds of the inflam-
malry process in athensclentic esdomn (Bhaa et al.
2001, In this sense, we evaluated the LDL and ox-LDL
levels in plasma of both groupe of CHS-deficient patents.
We did not find agnificant differences in LDL and ox-
LDL levels between patents and conrols. The influence
of Hey on [DL cholestenol levels 15 unclear; it s known
that Heytiolacone can canse AN-homocyseinylabon in
LDL, forming N-Hey-LDL, which tends to form agge-
gates in vitro and induces cell death in human endothe bal
cell (Jakubowsld 2008). Theneby, itis possble 1o sugpes
thai Hey can be acting through the formation of N-Hey-
LDL insead of ox-1DL in the CHS-deficlent patiens
atdied.
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Considering thal a pro-inflammaiory @ate sisoctaed wit
hypethomocysememis has been demonstrated by several
authors | Gon et al. 2005; da Conha et al. 2000; Keating et al.
2011 ), wee evaluated in thisstudy the [L-6, IL-1[, and INF-y
levels in both groupe of CBS-deficient patiens and controls.
‘We found a significant increase in IL-6& levels in group A
when compared b control and 8 tendency 1o reduction
{768 %) in the IL-& levek in group B when companed o
group A Fonhermone, we demondraied & significant pos-
tive comelation between [L-6 kevels and carbonyl groups
content, indicating a possible maociaton between inflam-
mation and protein axidative damage in plasma of CHS-
deficient patients. Carbonyls groups ane relative ly difficull i
induce compared with methionine sulphaide and cysteinyl
derivatives and might, therefore, indicale a mone sven
oxidative dness. Indeed, e levaied kevels of proein cabonyl
are generally a sign not only of @idative siress bt also of
disese-derived protein dysfunction (Dalle-Donne et al.
2003, High carbonyl content has also been olserved in
dishetes and ameriose lenoss and has been implicated in the
accelersted vascular damage observed in these conditions
{Singh et al. 2001 Additonally to [L-6, we abo evaluated
the [L-1 [ and INF-¢ levels which werne statstically simdlar in
all groups (patients and controk). Our resulis ane close o
those found by Keating etal (2011) who demonsirsted an

increased BuChE setivity, while ireaied CHS-deficient pa-
tients presented BuChE asctivity dmilar to control. It &
impsontant 1o emprhasize that the treatment hased on protein-
redricted diet supplementad by pyridoxine, folic acid, be-
taine, and vitamin By, was able 1o decnesse the BuChE ac-
iy, demomsirating positive resulis. The dats of this work
showing alterstions in BuChE activity in plasma of CHS-
deficient patients are pioneers in e Hierstune.

In conclusion, analyzing all the spects shove discussed,
we can suggest that Hey andfor i1 membolies can canse
imponant alerations i the membolisn of CHS-deficient
patients that include a decrease in PON1 activity, in HDL,
amd in Apod-1 levels, as well as alterations in BuChE
activity, in [L-6 levels, and indoction of protedn oxidative
damage. These findings appear 1o be interconnected and
cormelated with protein oxidative damage. Forthermorne,
vitamin By supplementstion seems to be importan o
improve FONL activity and ApoA-1 levek, probably con-
irbwing & the atheroprotectve effects of these oompo-
nents, a8 well as folic scid demonstrated i be esential 1o
dexcrease the total Hey levels This work contributes i the
understanding of the responsible mechanims of vascular
lesions in CHS-deficient patients and creates pergeciives
o funure works,

P T——

incre aie in 1L~ levels in homocystinune patienis befone the
treatment companed Lo tested homoo ysinonc pbenis, a5
well & no changes in IL-1 [ levels in both groups of patients.

Finally, we evaluated in this work the BuChE activity in
CHS-deficient patients. It was verified that plasma BuChE
activily was increased in the group of CHS-deficient patiens
al diagnodis when compared o controls and patents under
treatment. BuChE i3 present in all tssues, meluding serum,
vascular endothelia, and nervous sygem (Prody et al. 1987
Mack and Robitzki 20000, Preclinical studies showed that
neonates rals subjected o Hey (400500 pmol /L) adodms-
it on presented a decrease insemm BuChe sctivity in il
and i vivo (Stefanello et al 2003, 2006 ). Nevertheless, the
effiec tof Hey and dts metabobites on huma n cholinesteraies &
nod well mnderstond. BuChE seems to be imvolved in the
pathoplysiology of the metabobic syndrome. lis enzymatic
activily is positively asmocisted with candiovascular nsk
factors and several investigators have found =g ficant re-
lationships bemween cholinestersie activily and iraeylglye-
emol, HDL chole el and LDL cholesteno] {Santangpda et al.
2013). Interestingly, Darvesh et al. (2007 ) demonsirsted that
the incubation of Hey- thiolacione with BuChE produced an
immediste stimulation of the actvity of this enzyme. The
auwhors sugpeaed that a constant st mulation of BuChE by
He ythiolacione could be e xpecied o decresse acetylcholine
levels. Low acetylcholine levels ane known to be responsible
for sympioms in Alzheimer and vascular disestes. In this
work, nly CHBS-deficient patients at diagnosis presented

gmenk  This work was seppomed in pax by granes from
CAPES, (NPq, and FIFE/HCPA-Brazil. We dunk mmensely o e
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Crendica Médica do Hespial de Clinicas de Pamo Alegre
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Abstract:

Tissue accumulation of homocysteine (Hcy) occurs in a metabolic disease
characterized biochemically by cystathionine [-synthase (CBS) deficiency and
clinically by mental retardation, vascular problems and skeletal abnormalities. Previous
studies have been shown a relationship between Hcy and oxidative stress in brain and
other tissues of animal models, as well as in plasma of CBS-deficient patients. In this
work we evaluated oxidative stress biomarkers and nitrite levels in urine, sulphydryl
groups content in plasma and activity of catalase in blood of CBS-deficient patients, as
well as the in vitro effect of N-acetyl-L-cysteine (NAC) on DNA damage caused by
high levels of Hcy. It was found an increase in parameters of lipid (15-F2t-isoprostanes
levels) and protein (di-tyrosine levels) oxidative damage, as well as an increase in nitrite
levels in urine from CBS-deficient patients when compared to controls. Moreover, it
was demonstrated a significant positive correlation between 15-F2t-isoprostanes levels
and total Hcy levels and a significant negative correlation between di-tyrosine and
sulphydryl groups content. Additionally, it was observed an increase in catalase activity
in blood of CBS-deficient patients when compared to controls and a protector in vitro
effect of NAC at concentrations 1 and 5 mM on DNA damage caused by Hcy 50uM
and 200uM. These results, when evaluated together, suggest a possible involvement of
oxidative stress-mediated by Hcy in pathogenesis of CBS deficiency, highlighting the

beneficial action of NAC therapy for these patients.
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1. Introduction:

Cystathionine beta synthase (CBS) deficiency, classic homocystinuria, results
in elevated levels of circulating Hcy and methionine, S-adenosylmethionine and S-
adenosyl homocysteine, and reduced circulating cystathionine and cysteine [1]. The
reported incidence of CBS deficiency varies from 1 in 344.000 worldwide to 1 in
65.000 in Ireland [2].

Hcy is a sulphydryl amino acid that oxides readily to its disulphide form
homocystine. In normal plasma, Hcy exists in various forms: the sulphydryl form
(approximately 1%), bound to the cysteine residues of proteins (approximately 70%),
and bound to free cysteine as cysteine-Hcy mixed disulphide (approximately 30%).
When the levels are elevated, the disulphide form homocystine is formed [3]. Renal
tubular reabsorption of homocystine is very inefficient in patients with severe untreated
CBS deficiency, more than 1 mmol of this disulfide may be excreted each day [1].
Normal plasma total Hcy (tHcy) values are less than 15 pumol/L, whereas most untreated
CBS-deficient patients exhibit levels above 200 pumol/L. In plasma, tHcy is the sum of
free and protein-bound homocysteine, homocystine, and several others mixed disulfides
[4].

CBS deficiency is inherited as an autosomal recessive trait. Some patients have
small residual activities of CBS, whereas others have no such activities detected by even
the most sensitive methods [1]. The eye, skeleton, central nervous system and vascular
system are all involved in the typical presentation. The patient is normal at birth and, if
not treated, progressively develops the full clinical picture [4]. Recognized modalities of
treatment include pyridoxine, in combination with folic acid and/or vitamin B> and/or

betaine; and methionine-restricted diet supplemented with cysteine [2]. Probably, both
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early diagnosis and strict compliance to treatment will change the natural history of
cardiovascular and mental symptoms even in pyridoxine-nonresponsive individuals.
Pathophysiology of CBS deficiency has not been completely elucidated, but
accumulation of tHcy probably plays a major role in determining some of the most
relevant clinical manifestations [4]. We demonstrated in a recent study the importance
of vitamin B12 upon some biochemical parameters, as well as of folic acid in reducing
tHcy levels in plasma of CBS-deficient patients [5].

Free radicals and other reactive species are widely believed to contribute to the
development of several diseases, causing ‘nitrative and oxidative stress’ and ‘oxidative
damage’ [6]. For example, many studies have shown increased oxidative damage to all
the major classes of biomolecules in the brains of Alzheimer’s patients [7-9]. Other
diseases in which oxidative damage has been implicated include cancer, atherosclerosis,
other neurodegenerative diseases and diabetes [10-15]. Oxidative damage has been
proposed as an important pathogenic feature of various inborn errors of metabolism,
including organic acidurias, phenylketonuria, maple syrup urine disease and X-linked
adrenoleukodystrophy [16-23]. With regard to homocystinuria, several studies realized
in animal models show the involvement of oxidative stress [24-26]. Moreover, we
recently demonstrated that lipid and protein oxidative damage is increased and the
antioxidant defenses diminished in plasma of CBS-deficient patients, probably due to
increase of reactive species generation induced by tHcy [27].

Besides, it was demonstrated that occurs DNA damage in leukocytes from CBS-
deficient patients; and it was evidenced a concentration-dependent effect of Hcy on
DNA damage (in vitro study), reinforcing the hypothesis that the Hcy could be, at least
in part, responsible for the elevated DNA damage found in the CBS-deficient patients

[28]. Studies have shown that Hcy can induce DNA damage [29;30], suggesting a
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further mechanism by which increased levels of Hcy may contribute to the pathogenesis
of the atherosclerosis and neurodegenerative diseases. In addition, recent observations
indicate that plasma Hcy levels are positively correlated with baseline levels of genetic
damage, as measured by the cytokinesis-block micronucleus (MN) assay [31;32].

In this sense, antioxidants can be an important alternative to prevent or revert the
harmful effects of Hcy and can be tested as an adjuvant therapy for homocystinuria due
to CBS deficiency. The thiol N-acetyl-L-cysteine (NAC) could be one of these
antioxidants, since is readily deacetylated in cells to yield L-cysteine thereby promoting
intracellular reduced glutathione (GSH) synthesis. Reduced glutathione plays a central
physiological role in maintaining the body homeostasis and in protecting cells against
oxidants, toxicants, DNA-damaging agents and carcinogens of either exogenous or
endogenous source. Besides acting as a GSH precursor, NAC is, per se, responsible for
protective effects in the extracellular environment, mainly due to its nucleophilic and
antioxidant properties, which influence the toxicokinetics of xenobiotics [33].

Considering the points raised above, in this work we extended our previous
investigations, analyzing oxidative stress parameters and nitrite levels in urine from
CBS-deficient patients. Moreover, we evaluated sulphydryl groups content and catalase
activity in blood of CBS-deficient patients, as well as the in vitro DNA damage and the
effect of NAC on this damage caused by high Hcy levels. Finally, we correlate the

biochemical parameters in urine with the tHcy levels.
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2. Materials and Methods
2.1 In vivo study
2.1.1 Patients and controls:

Subjects with homocystinuria due CBS deficiency were recruited from the
Medical Genetic Service of Hospital de Clinicas de Porto Alegre, Brazil. Plasma and
urine samples were obtained from 9 CBS-deficient patients (median age: 17 years;
range: 11 — 33 years) and 9 healthy individuals with comparable age and sex (median
age: 22 years; range: 15 — 30 years). All patients were using the treatment, which
consisted of a protein-restricted diet supplemented by pyridoxine (median dose:
500mg/day; range: 100 — 750mg/day), folic acid (median dose: 5mg/day; range: 2 —
5mg/day), betaine (median dose: 6g/day; range: 2 — 6g/day), vitamin B12 (median dose:
1mg IM /month). The average duration of treatment was 13 years (range: 1 — 22 years).
The tHcy average levels presented by treated CBS-deficient patients was 191.3 + 105.3
umol/L (mean + standard deviation).

All the patients were diagnosed by identification of abnormal elevated
concentrations of tHcy and Met in plasma. Clinical presentation was predominantly
characterized by ectopia lentis, seizures, developmental delay, thinning and lengthening
of the long bones (marfanoid appearance).

Healthy individuals with comparable age and sex were recruited from the
Laboratorio de Analises Clinicas da Universidade Federal do Rio Grande do Sul.
Plasma samples were obtained from 9 individuals (median age: 22 years; range: 15 — 30
years).

The present study was approved by the Ethics Committee of Hospital de Clinicas
de Porto Alegre, RS, Brazil, number 100290. Informed consent was obtained according

to the guidelines of this committee.
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2.1.2 Urine preparation
Urine was obtained from individuals (controls and CBS-deficiency patients) and

frozen at -80°C until analysis.

2.1.3 Blood preparation

Whole blood samples were obtained from individuals (controls and CBS-
deficient patients) by venous puncture with heparinized vials. Whole blood was
centrifuged at 3,000 xg for 10 min at 4°C, plasma was removed by aspiration and frozen
at -80°C until analysis. Erythrocytes were washed three times with cold saline solution
(sodium chloride 0.153 M). Lysates were prepared by addition of 1 mL of distilled
water to 100 puL of erythrocytes, and were frozen at —80°C until determinations. For
antioxidant enzyme activity determination, erythrocytes were frozen and thawn three
times, centrifuged at 13,500xg for 10 min. The supernatant was diluted to

approximately 0.5 mg/mL of protein.

2.1.4 15-F2t-isoprostane determination

Isoprostanes are prostaglandin-like compounds, which are produced by free
radical-mediated peroxidation of lipoproteins. These by-products have a short half-life
and are eliminated primarily in the urine. Urine from subjects was thawed and
isoprostane levels were determined using a competitive enzyme-linked immunoassay
(ELISA) (Oxford Biomed, EA85). In brief, urine samples were mixed with an enhanced
dilution buffer that essentially eliminates interference because of non-specific binding.
In this assay, the 15-F2t-isoprostane in the samples competes with 15-F2t-isoprostane
conjugated to horseradish peroxidase (HRP) for binding to a polyclonal antibody

specific for 15-F2t-isoprostane coated on the microplate. The HRP activity results in
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color development when substrate is added, the intensity of which is inversely
proportional to the amount of unconjugated 15-F2t-isoprostane in the samples and may
be measured at 630 nm. Results were expressed as nanograms of isoprostanes per mg

urinary creatinine.

2.1.5 Di-tyrosine autofluorescence determination

Di-tyrosine (di-tyr) content, a measure of protein oxidation, was determined by
autofluorescence. For di-tyr fluorescence determination, 50 pl of thawed urine was
added to 950 pl, 6 mol/L urea in 20 mmol/L sodium phosphate buffer pH 7.4. After 30
min, di-tyr concentration was measured using a fluorometer (excitation 315 nm,
emission 410 nm). Results were expressed as fluorescence units per mg urinary

creatinine [34].

2.1.6 Nitrite levels

Nitrite levels were determined using a nitrite colorimetric assay kit (LDH
method) (Cayman Chemical Company). In brief, NADPH is an essential cofactor for the
function of the NOS enzyme. In addition, nitrate reductase utilizes NADPH in the
enzymatic reduction of nitrate to nitrite. Results were expressed as pmol per mg urinary

creatinine.

2.1.7 Urine creatinine determination

Urine creatinine determination was performed by a picric acid method (kit
Labtest Diagnostica, Minas Gerais, Brazil). Creatinine and other serum components
react with the solution picrate in alkaline conditions to form a red colored complex,

which is measured photometrically. The addition of an acid promotes the decomposition
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of creatinine picrate, which is also measured photometrically. The difference between

the two readings gives the value of creatinine. Results were expressed as mg/dL.

2.1.8 Catalase assay (CAT)

CAT activity was assayed in lysate of erythrocytes measuring the absorbance
decrease at 240 nm in a reaction medium containing 20 mM H20O2, 10 mM potassium
phosphate buffer, pH 7.0 and 0.1-0.3 mg protein/mL [35]. One unit of the enzyme is
defined as 1 pmol of H2O2 consumed per minute and the specific activity is reported as

units per mg protein.

2.1.9 Homocysteine (tHcy) measurement

The total homocysteine levels in plasma were measured by liquid
chromatography electrospray tandem mass spectrometry (LC-MS/MS), as described by
Magera et al. [36]. This method is based on the analysis of 100uL of plasma with 20 pL
of homocysteine-ds (2nmol) added as internal standard. After the step of reduction with
20uL of dithiothreitol 500mM followed by deproteinization, the analysis was performed
in the multiple reaction monitoring mode in which tHcy and Hcy-ds were detected
through the transition from the precursor to the product ion (m/z 136 to m/z 90 and m/z
140 to m/z 94, respectively). The retention time of tHcy and Hcy-ds was 1.5 minutes in a
2.5-minutes analysis. The calibration was performed by a curve with 5 concentrations of
Hcy. The results were expressed as pmol/L. In plasma, total homocysteine (tHcy) is the
sum of free and protein-bound homocysteine, homocystine, and several others mixed

disulfides.

2.1.10 Sulphydryl groups content
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This assay is based on the reduction of 5.5’-dithio-bis (2-nitrobenzoic acid)
(DTNB) by thiols, generating a yellow derivative whose absorption is measured in

plasma spectrophotometrically at 412 nm [37]. Results were reported as nmol TNB.

2.2 In vitro study

Venous blood was collected under sterile conditions in heparinized vials from
five healthy volunteers individuals. Whole blood cells from each subject were incubated
without Hcy and NAC (control group), in the presence of Hcy at two concentrations (50
and 200 puM), and in a co-treatment with Hcy (50 and 200 uM) and NAC (1 and 5 mM).
The Hcy concentrations were based on levels found in blood from treated CBS-deficient
patients. Patients that have good adherence to treatment present tHcy levels around 50
UM, and patients that do not have good adherence to treatment present tHcy levels

around 200 uM. Whole blood cells were incubated for 6h at 37°C [38,39].

2.2.1 Single cell gel electrophoresis (comet assay)

The alkaline comet assay was performed as described by Singh et al. [40] in
accordance with general guidelines for use of the comet assay [38,39]. Aliquots of
100uL from whole blood were suspended in agarose and spread into a glass microscope
slide pre-coated with agarose. Slides were placed in lyses buffer (2.5 NaCl, 100mM
EDTA, 10mM Tris, 10% DMSO, pH 10-10,5) to remove cell proteins, leaving DNA as
“nucleiods”. After treatment with lyses buffer and alkaline buffer solution (300mM
NaOH and 1ImM EDTA, pH>13), the slides were submitted to a horizontal
electrophoresis. This technique was performed for 20 min at 4°C (25V; 300mA,;
0.9V/cm). Slides were then neutralized, washed in bi-distilled water and stained using a

silver staining protocol [41]. After drying at room temperature overnight, gels were
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analyzed using an optical microscope. It were analyzed 100 cells in microscopy and to
each cell it was determined a damage class. The damage classes were classified in: 0 =
no tail (no damage); 1 = small tail smaller than the diameter of the head; 2 = tail length
between one and two times the diameter of the head; 3 = long tail greater than twice the
diameter of the head; 4 = long tail and more widespread than class 3 (Figure 1). It was
made a multiplication of each damage class by number of cells found in each damage
class. The damage index (DI) was determined by the sum of these multiplications. The

slides were analyzed under blind conditions at least by two different individuals.

2.3 Statistical Analysis
2.3.1 In vivo study:

Data were expressed as mean + standard deviation. Comparison between means
was analyzed by the Student’s t test for unpaired samples. Correlations between
variables were calculated using the Pearson correlation coefficient. A p value lower
than 0.05 was considered significant. All the analyses were performed using the

Statistical Package for Social Sciences (SPSS) Software in a PC-compatible computer.

2.3.2 In vitro study:

Data were expressed as mean + standard deviation. Comparisons between means
were calculated by one-way one-ANOVA followed by the Duncan test when the F
value was significant. A p value lower than 0.05 was considered significant. All
analyses were performed using the Statistical Package for the Social Sciences (SPSS)

software in a PC-compatible computer.
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3. Results

Firstly, we evaluated the in vivo oxidative stress parameters and nitrite levels in
urine from CBS-deficient patients under treatment. The parameters of lipid
(isoprostanes levels) and protein (di-tyrosine levels) oxidative damage, as well as the
nitrite levels were compared to those of controls.

The 15-F2t-isoprostanes levels were significantly higher in CBS-deficient
patients when compared to controls [t(15)= 2.458, p<0.05] (Figure 2), indicating
oxidative damage to lipids. Similarly, the di-tyrosine levels, a parameter of oxidative
damage to proteins, were significantly higher in CBS-deficient patients when compared
to controls [t(15)= 3.711, p<0.01] (Figure 3). Additionally, the nitrite levels were
significantly higher in CBS-deficient patients when compared to controls [t(12)=2.772,
p<0.05] (Figure 4). In order to investigate whether tHcy levels were associated to
oxidative stress in urine of CBS-deficient patients, we correlated all parameters
investigated with this amino acid. We verified a significant positive correlation between
15-F2t-isoprostanes levels and tHcy levels (r = 0,780, p<0.05) (Figure 5).

We also verified a possible association between parameters of protein oxidative
damage in urine (di-tyrosine) and in plasma (sulphydryl content) of CBS-deficient
patients and we observed a significant negative correlation between di-tyrosine levels
and sulphydryl groups content (r = 0,806, p<0.05) (Figure 6).

Posteriorly we investigate the antioxidant activity of catalase enzyme in blood of
CBS-deficient patients and we found an increase in catalase activity [t(16)= 3.320,
p<0.01] (Figure 7) in blood of patients, when compared to controls.

Finally, in this work, we evaluated the in vitro effect of NAC on DNA damage

caused by high levels of Hcy. We demonstrated the higher DNA damage induced by 50
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and 200 uM of Hcy and that NAC at concentrations 1 and 5 mM was able to reduce
significantly the DNA damage caused by Hcy 50uM (Figure 8) and Hcy 200uM (Figure

9).
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4. Discussion

Oxidative stress has been demonstrated to be an underlying pathophysiologic
process in various inborn errors of metabolism. Metabolic profiling of oxidative stress
may provide a nonspecific measure of disease severity that may further enable
physicians to monitor disease [42]. In this work, we investigated two markers of
oxidative damage in urinary samples from CBS-deficient patients; the isoprostanes, a
measure of lipid peroxidation and di-tyrosine, a measure of protein oxidation. We also
determined urinary nitrite levels. Additionally, we evaluated the antioxidant activity of
catalase, as well as the in vitro effect of NAC on DNA damage induced by Hcy.

Oxidative stress is characterized by an imbalance between increased exposure to
reactive species and antioxidant defenses. Free radicals cause direct damage to critical
biomolecules including DNA, lipids, and proteins [43]. Isoprostanes are prostaglandin
(PG)-like compounds that are produced in vivo independently of cyclooxygenase
enzymes, primarily by free radical-induced peroxidation of arachidonic acid, a
polyunsaturated fatty acid [44,45]. It has now been established that measurement of
isoprostanes is the most reliable approach to assess oxidative stress status in vivo,
providing an important tool to explore the role of oxidative stress in the pathogenesis of
human disease. In addition, products of the isoprostanes pathway have been found to
exert potent biological effects and therefore may be pathophysiological mediators of
disease. In this sense, the evaluation of urinary isoprostanes levels becomes interesting,
since it is an important marker of oxidative stress evaluated in a fluid easily collected
[46].

In this work, we demonstrated that CBS-deficient patients have an increase of

15-F2t-isoprostanes levels, an oxidative damage parameter, in urine. Moreover, we

57



found a significant positive correlation between 15-F2t-isoprostanes and tHcy levels. It
is known that Hcy may lead to oxidative stress by free radical formation through its
auto-oxidation. Homocysteine is readily oxidized when added to plasma, principally as
consequence of auto-oxidation, leading to the formation of homocystine, homocysteine-
mixed disulfides, and homocysteine thiolactone. It has been proposed that during the
transition metal ion-catalyzed oxidation of the sulfhydryl group of Hcy, hydrogen
peroxide is formed, which promotes oxidative stress and lipid peroxidation through
Fenton-type reactions [47-49]. In a previous study, we demonstrated an increase in
malondialdehyde (MDA\) levels, an end product of membrane fatty acid peroxidation, in
plasma of CBS-deficient patients treated and not treated. Additionally, we demonstrated
a significant positive correlation between MDA levels and tHcy levels [27]. Interesting,
in this study, we found results that complement our earlier work, since it was observed
an increase of urinary 15-F2t-isoprostanes levels, a parameter of oxidative damage to
lipids, as well as a significant positive correlation between 15-F2t-isoprostanes levels
and tHcy levels. Analyzed together, these results suggest that lipid peroxidation, in
plasma and urine, probably may be caused by the increase in formation of free radicals
induced by Hcy auto-oxidation. The Hcy oxidation occurs in serum in a concentration-
dependent manner [47].

In this context, Davi et al. [50] demonstrated that urinary 8-iso-PGF», excretion
was significantly higher in CBS-deficient patients than in healthy subjects. In the same
study, a statistically significant correlation was found between plasma tHcy and urinary
8-is0-PGF2,. The metabolite 8-iso-PGF,, belongs to F2-isoprostanes, induces
vasoconstriction and modulates the function of human platelets. These authors
emphasize that hyperhomocysteinemia may cause persistent platelet activation, through

free radical-catalyzed peroxidation of arachidonic acid to form the platelet-active F2-
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isoprostane 8-iso-PGF, and possibly other isoeicosanoids. The findings in CBS-
deficient patients confirm and extend similar observations made in other clinical
settings, such hypercholesterolemia [51], diabetes mellitus [52], and cigarette smoking
[53].

Di-tyrosine has been used as an important biomarker for oxidatively modified
proteins [54]. In this work, we found an increase of urinary di-tyrosine levels in CBS-
deficient patients when compared to controls. The recent findings, demonstrating that
protein carbonyl formation and sulfhydryl oxidation were increased in plasma from
CBS-deficient patients, further reinforce the view that oxidative damage to proteins may
be involved in the pathophysiology of this disease [27]. Furthermore, we verified in this
work a negative correlation between di-tyrosine levels and sulphydryl groups content.
Sulfhydryl groups can be reversibly oxidized by reactive species, suggesting that they
represent a potential antioxidant, acting in cellular defense against oxidative stress [55].
Since two-thirds of sulfhydryl groups are bonded to proteins, a reduction of these
groups also characterizes a protein oxidation [56-58]. It is important to emphazise that
cystathionine and cysteine are reduced in CBS-deficient patients, whereas the
transsulphuration pathway is blocked by the enzymatic defect in CBS.
Transsulphuration pathway begins with the condensation of Hcy with serine to form
cystathionine, by the action of cystathionine f-synthase (CBS) with pyridoxal phosphate
(PLP) acting as a cofactor; after the cystathionine is cleaved to cysteine and a-
oxobutyrate, by another PLP-requiring enzyme, the y- cystathionase [1]. The increase
of di-tyrosine levels in urine reinforces protein oxidation found in CBS-deficient
patients, since di-tyrosine is formed by the oxidation of adjacent protein tyrosine
residues, leading to the formation of a highly stable inter-phenolic bond that does not

undergo further metabolism [34]. Protein oxidation by reactive species can lead
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enzymes, receptors and transport proteins to malfunction and, eventually, induce
alterations of cellular metabolism [43]. Recent studies evidenced an increase of di-
tyrosine levels in some inborn error of metabolism [23,59-62], but few studies
evaluating this parameter in homocystinuria.

After, in this work we evaluated the nitrite levels in urine of CBS-deficient
patients and controls. We found that CBS-deficient patients present nitrite levels
significantly higher than controls. Endothelial nitric oxide synthase (NOS Ill) is the
primary endogenous source of nitric oxide (NO) generation in the vascular system [63]
and its expression has been reported as directly proportional to plasma nitrite levels
[64,65], suggesting nitrite may reflect cardiovascular NO bioavailability. Under basal
conditions, NOS Il catalyzes the oxidation of L-arginine to NO and L-citrulline, with
NADPH and oxygen serving as co-substrates [66]. Nitric oxide has an important
vasodilatory activity and acts as molecule regulating vascular inflammation [67],
platelet function [68], angiogenesis [69,70], and cellular respiration [71]. Levels of NO
in excess can inhibit glycolysis, the mitochondrial respiratory chain and DNA
replication [72].

Nitric oxide reacts very rapidly with oxygen radicals; thus NO reacting with Oz~
generates peroxynitrite  (ONOQO"). Peroxynitrite oxidizes protein thiols forming
disulfide, nitrates tyrosyl groups in proteins forming nitrated proteins. One of the
consequences of nitrating tyrosyl groups in protein is either a loss or gain of function in
the activity (e.g., manganese superoxide dismutase; MnSOD). Nitration can interfere
with signal transduction mechanism [73]. Nitric oxide also reacts with lipophilic
peroxyl radicals, important propagating species in the biological chain reaction of lipid
peroxidation, to generate alkyl peroxynitrates (LOONO). These appear far more stable

than ONOO- [74]. Controversy exists in what concern to the effects of
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hyperhomocysteinemia on  NO  production: it has been shown that
hyperhomocysteinemia both increases and suppresses it [75-77]. In this work we found
an increase of nitrite levels in urine of CBS-deficient patients, when compared to
controls.

The mechanism by which Hcy causes endotelial cell damage, smooth muscle
cell proliferation and subsequent atherosclerotic plaque formation has only recently
come under investigation. Damage to the vascular endothelium by Hcy is believed to be
secondary to H>O> formation accompanying oxidation of the amino acid’s sulfhydryl
group [47]. Studies demonstrated that H202 generation from Hcy is prevented by S-
nitrosation of Hcy, and that, in contrast to Hey itself, S-nitroso-homocysteine has potent
vasodilator and antiplatelet effects [78]. Upchurch Jr et al. [75] showed that stimulated
endothelial cells exposed to increasing concentrations of Hcy produce more NO than
control cells, and suggest a potential mechanism by which the cell’s ability to produce
and secrete NO can be used to minimize toxicity by Hcy and its oxidative by-products.
In this work we demonstrated that catalase activity is increased in blood of CBS-
deficient patients; this antioxidant enzyme act detoxifying the H.O, formed reducing
H>0> to O2 and H-0 [79]. Analysing all the results together, we can hypothesize that the
high tHcy levels found in CBS-deficient patients generate high H2O; levels through
auto-oxidation, stimulating a mechanism of antioxidant defense and increasing the
catalase activity. Furthermore, in order to prevent the addictional generation of H202 by
high Hcy levels, other compensatory mechanism is activated: stimulation of NO
production aiming the detoxification of Hcy through S-nitrosation process [75,79].

Finally in this study, we evaluated the in vitro effect of antioxidant NAC on

DNA damage caused by Hcy. We found an increase in DI caused by Hcy 50 uM and
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200 uM. In presence of NAC 1mM and 5mM, the DI was significantly lower, indicating
that NAC was able to prevent or revert the increase of DNA damage Hcy-induced.
Oxidative damage to DNA caused by oxygen-derived species including free
radicals is the most frequent type encountered by aerobic cells. Hydroxyl radicals,
which are the most toxic oxygen metabolites, are believed to be one of the most potent
causes of DNA damage by means of the Fenton reaction [80]. During oxidation of the
free thiol group of Hcy, oxidative stress is generated when Hcy binds via a disulphide
bridge with plasma proteins — mainly albumin, or with other low-molecular plasma
thiols or with a second Hcy molecule. Oxidation of Hcy may induce the subsequent
oxidation of proteins, lipids and nucleic acids [81]. Recent works indicate the
occurrence of DNA damage secundary to hyperhomocysteinemia: Lin et al. [82]
demonstrated the synergic actions of Hcy and S-adenosylhomocysteine (SAH) on DNA
damage through a mechanism involving ROS; Huang et al. [83] showed that Hcy
induces apoptotic DNA damage mediated by increased intracellular generation of H.Ox.
In this study we evidenced an antioxidant effect of NAC on DNA damage caused by
Hcy. A number of publications have shown that antioxidants protect the integrity of
DNA from genotoxicants and are capable of eliminating ROS generated by oxidative
stress [84-86]. Several studies provide evidences that NAC has antigenotoxic and
anticarcinogenic properties in a variety of experimentals models [87]. As a source of
sulfhydryl groups, which neutralize ROS, NAC plays a critical role in regulating the
oxidant/antioxidant balance in cells and directly decreases cell oxidative stress [88]. In
this scenario, the supplementation with NAC could be beneficial for CBS-deficient
patients, whereas these patients have reduced cysteine levels [1]. According to Ozdemir
et al. (2014) [89], supplementation of NAC was able to reduce DNA damage in children

with B-thalassemia. Yang et al. (2014) [90] demonstrated by comet assay that
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incubation of cells with Ochratoxin A (OTA) for 24 h resulted in DNA strand breaks
and an evident comet tail. The pretreatment with NAC significantly inhibited the OTA-
induced DNA strand breaks and reduced the formation of comets. Moreover, Hoffman
et al. (2015) [91] showed that NAC was able to inhibit the DNA damage caused by
phenethyl isothiocyanate (PEITC) through extracellular conjugation, reducing the
amount of PEITC available to enter the cells and conjugate with GSH. In this manner,
NAC may have preserved the pre-existing levels of GSH. Finally, recent work
demonstrated the effect of NAC in X-linked adrenoleukodystrophy (X-ALD), an inborn
error of metabolism. These authors showed in an in vitro study, that NAC was able to
reduce DNA damage in blood of symptomatic X-ALD patients, equaling to control
levels, suggesting that the administration of this antioxidant might be considered as an

adjuvant therapy for X-ALD [22].

5. Conclusion

Analysing all the results found in this work, we can conclude that oxidative
damage to proteins and lipids occurs in urine of CBS-deficient patients, possibly due to
high levels to tHcy found in blood of these patients. These results are complementary to
that of oxidative damage found in plasma of CBS-deficient patients, previously
published by our group.

Additionally, the results allowed to suggest the activation of a possible
compensatory antioxidant mechanism in blood of CBS-deficient patients, through the
increase of catalase activity, as well as through the prevention of H,O> generation,
caused by high NO levels. In this case, NO has the role to minimize toxicity by Hcy and

its oxidative by-products, through S-nitrosation process. Finally, it was also
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demonstrated an important in vitro antioxidant effect of NAC upon DNA damage
induced by Hcy.

These results reinforce the role of oxidative stress as possible factor in the
pathogenesis of CBS deficiency and allows new perspectives to future studies involving

suplementation of NAC to CBS-deficient patients.
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Figure legends:
Figure 1: Evaluation of DNA damage using comet assay (single cell gel
electrophoresis) (400x). The cells are assessed visually and received scores from 0

(undamaged) to 4 (maximally damaged), according to the size and shape of the tail.

Figure 2: 15-F2t-isoprostanes levels in urine from CBS-deficient patients and controls.
Data represent the mean + SD (controls: n = 9; patients: n = 9). *p < 0.05, compared to

controls (Student’s t test for unpaired samples).

Figure 3: Di-tyrosine levels in urine from CBS-deficient patients and controls. Data
represent the mean = SD (controls: n = 9; patients: n = 8). **p < 0.01, compared to

controls (Student’s t test for unpaired samples).

Figure 4: Nitrite levels in urine from CBS-deficient patients and controls. Data

represent the mean £ SD (controls: n = 5; patients: n = 9). Student’s t test for unpaired

samples.

Figure 5: Correlation between urinary 15-F2t-isoprostanes levels and plasma tHcy

levels from CBS- deficient patients.

Figure 6: Correlation between urinary di-tyrosine levels and plasma sulphydryl groups

content from CBS- deficient patients.
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Figure 7: Catalase activity in blood from CBS-deficient patients and controls. Data
represent the mean = SD (controls: n = 9; patients: n = 9). **p < 0.01, compared to

controls (Student’s t test for unpaired samples).

Figure 8: In vitro effect of NAC at concentrations 1 and 5 mM on DNA damage caused
by Hcy 50uM. Data represent the mean = SD of 3 independent experiments. (a) p<0.05,
compared to control (without Hcy e NAC), (b) p<0.05, compared to Hcy 50uM (One-

way ANOVA, followed by Duncan test).

Figure 9: In vitro effect of NAC at concentrations 1 and 5 mM on DNA damage caused
by Hcy 200uM. Data represent the mean + SD of 3 independent experiments. (a)
p<0.05, compared to control (without Hcy e NAC), (b) p<0.05, compared to Hcy

200uM (One-way ANOVA, followed by Duncan test).
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Abstract

Hyperhomocysteinemia is a condition found in patients affected by deficiency of
the enzyme cystathionine B-synthase activity (CBS), as well as in nutritional
deficiencies (vitamin B> or folate) and in abnormal renal function. We previously
demonstrated evidence of DNA damage in blood of CBS-deficient patients, possibly
due to high levels of homocysteine (Hcy). In the present work, we extended these
investigations, evaluating chromosomal damage in presence of Hcy, using micronucleus
assay. We verified an increase in micronucleus frequency in healthy white blood cells
incubated with Hcy at concentrations 50, 100 and 200 uM, when compared to Hcy 10
MM and to controls. Significant positive correlations were observed between
micronucleus frequency and Hcy concentrations, as well as between micronucleus
frequency and DNA damage (evaluated by comet assay). The present data complements

recents studies, showing a mechanism to the DNA damage caused by Hcy.
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1. Introduction

Homocysteine (Hcy) is a sulfur-containing amino acid that is generated from
methionine (Met) which concentrations are maintained dynamically by either a
transsulfuration or remethylation pathways. In the transsulfuration pathway,
homocysteine condenses with serine to form cystathionine in an irreversible reaction
catalyzed by enzyme cystathionine-B-synthase (CBS). Cystathionine is hydrolyzed by a
second enzyme, ¥-cystathionase, to form cysteine and a-ketobutyrate. In remethylation,
Hcy acquires a methyl group from N-5-methyltetrahydrofolate or from betaine to form
Met (Selhub, 1999).

High Hcy levels arises from disrupted Hcy metabolism; severe
hyperhomocysteinemia occurs due to rare genetic defects resulting in deficiencies in
cystathionine beta synthase (CBS), methylenetetrahydrofolate reductase, (MTHFR) or
in enzymes involved in Hcy methylation. Mild hyperhomocysteinemia seen in fasting
conditions is due to mild impairment in the methylation pathway (i.e. folate or vitamin
B12 deficiencies or methylenetetrahydrofolate reductase thermolability) (Selhub, 1999).
Hyperhomocysteinemia has been identified as an independent risk factor for cerebral,
coronary, and peripheral atherosclerosis, although the pathological mechanism of this
risk is not fully understood. High plasma levels of Hcy are also associated with an
increased risk of neural defects (Wenstrom et al., 2000), Alzheimer’s disease, and loss
of cognitive functions (Miller, 2000; Breteler, 2000). Interestingly, several studies have
also shown that Hcy can induce DNA damage (Kruman et al., 2000; Huang et al., 2001,
Vanzin et al., 2014), suggesting a further mechanism by which increased levels of Hcy
may contribute to the pathogenesis of the atherosclerosis and neurodegenerative
diseases. In addition, observations indicate that plasma Hcy levels are positively
correlated with baseline levels of genetic damage in lymphocytes of older men, as
measured by the cytokinesis-block micronucleus (MN) assay (Fenech et al., 1997;
Fenech et al., 1998).

The observation that chromosomal damage can be caused by exposure to
ionising radiation or carcinogenic chemicals was among the first reliable evidence that
physical and chemical agents can cause major alterations to the genetic material of
eukaryotic cells (Evans, 1977). Evidence suggests that chromosomal abnormalities are a
direct consequence and manifestation of damage at DNA level — for example,
chromosomal breaks may result from unrepaired double strand breaks in DNA and
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chromosomal rearrangements may result from misrepair of strand breaks in DNA
(Savage, 1993). An alternative and simpler approach to assess chromosomal damage in
vivo is the detection of micronucleus, analising cell populations such as the bone-
marrow. The micronucleus assay in bone-marrow and peripheral blood cells is now one
of the best established in vivo cytogenetic assays in the field of genetic toxicology
(Fenech, 2000).

In a recent work, we demonstrated experimental evidence that DNA damage
occurs in CBS-deficient patients and that this effect may possibly be associated with the
high plasma Hcy levels found in these patients. Moreover, the in vitro study showed a
concentration-dependent effect of Hcy inducing DNA damage (Vanzin et al., 2014). In
this work, we extend these investigations analyzing the micronucleus frequency, in
order to evaluate whether DNA damage was permanent after cell division. Additionally,
we correlate the micronucleus frequency with the Hcy levels and with DNA damage

measured by comet assay.

2. Materials and Methods

2.1 In vitro study

Venous blood was collected under sterile conditions in heparinized vials from three
healthy volunteers individuals. Isolated leukocytes were incubated with various
concentrations of Hcy (10, 50, 100 or 200 uM) at 37°C for 6 h (Tice et al., 2000;
Hartmann et al., 2003). This range of Hcy concentrations were based on the normal
plasma Hcy levels (10 uM) and the concentrations found in blood from treated and not

treated homocystinuric patients (50, 100 or 200 uM).

2.2 Micronucleus assay

Leucocytes obtained from healthy volunteers blood samples by venipuncture
were used to perform the MN assay (Schmid, 1975). After the treatment of samples with
Hcy, blood samples placed on the surface of the blade to make a smear, and the blood
was spread over the surface of the blade. After 24 hours, the samples were fixed in 96%
ethanol for 30 min. The samples were stained with Panoptic dye, washed in water and
allowed to dry. After drying, the cells analyzed were considered as to have micronuclei
if their sizes did not exceed 1/3 of the size of the nuclei in the main core and if they

were clearly separated with discernible edges and the same color and refringence as the
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core. The preparation of slides and cell counting was performed by double blind
procedure and the micronuclei were observed in optical microscope (Leica® DM 500)
using an immersion objective (10X100). The results were expressed in micronucleus

frequency (%). Figure 1 illustrates the MN analysis.

2.3 Single cell gel electrophoresis (comet assay)

The alkaline comet assay was performed as described by Singh et al. (1988) in
accordance with general guidelines for use of the comet assay (Tice et al., 2000;
Hartmann et al., 2003). Aliquots of 100uL from whole blood were suspended in agarose
and spread into a glass microscope slide pre-coated with agarose. Slides were placed in
lyses buffer (2.5 NaCl, 100mM EDTA, 10mM Tris, 10% DMSO, pH 10-10.5) to
remove cell proteins, leaving DNA as “nucleiods”. After treatment with lyses buffer and
alkaline buffer solution (300mM NaOH and 1mM EDTA, pH>13), the slides were
submitted to a horizontal electrophoresis. This technique was performed for 20 min at
4°C (25V; 300mA; 0.9V/cm). Slides were then neutralized, washed in bi-distilled water
and stained using a silver staining protocol (Nadin et al., 2001). After drying at room
temperature overnight, gels were analyzed using an optical microscope. It were
analyzed 100 cells in microscopy and to each cell it was determined a damage class.
The damage classes were classified in: 0 = no tail (no damage); 1 = small tail smaller
than the diameter of the head; 2 = tail length between one and two times the diameter of
the head; 3 = long tail greater than twice the diameter of the head; 4 = long tail and
more widespread than class 3. It was made a multiplication of each damage class by
number of cells found in each damage class. The damage index (DI) was determined by
the sum of these multiplications. The slides were analyzed under blind conditions at

least by two different individuals. Figure 2 illustrates comet assay.

2.4 Statistical Analysis

Data were expressed as mean + standard deviation. Comparisons between means
were calculated by one-way one-ANOVA followed by the Tukey test when the F value
was significant. A p value lower than 0.05 was considered significant. All analyses were
performed using the Statistical Package for the Social Sciences (SPSS) software in a

PC-compatible computer.
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3.Results

In this work we investigated the in vitro effect of four concentrations of Hcy (10,
50, 100 and 200 puM) on micronucleus frequency. Additionally, we correlate the
micronucleus frequency with the Hcy levels and with DNA damage measured by comet
assay.

Figure 3 shows the in vitro effect of Hcy (10, 50, 100 and 200 pM) on
micronucleus frequency. We verified an increase in micronucleus frequency in Hcy at
concentrations 50, 100 and 200 pM, when compared to Hcy 10 uM and control
[F(4.10)= 254.56, p<0.001]. We also verified a concentration-dependent effect of Hcy
on DNA damage, evaluated by comet assay in white blood cells [F(4.10)= 639.02,
p<0.001], as expected (Table 1).

We also investigated a possible association between micronucleus frequency and
Hcy levels, as well as between micronucleus frequency and DNA damage (comet
assay). We found a significant positive correlation between micronucleus frequency and
Hcy levels (r = 0.944, p<0.001) (Figure 4), as well as a significant positive correlation
between micronucleus frequency and DNA damage evaluated by comet assay (r =
0.949, p<0.001) (Figure 5).

4. Discussion

Hyperhomocysteinemia is generated as consequence of a wide range of determinants
such as: genetic causes (CBS or MTHFR deficiencies), physiological causes (diet rich
in methionine and/or poor in B vitamins), pathological causes (renal disease) or
medications (antifolate drugs) (Mudd et al., 2001; Fowler, 2008). Moreover, increased
levels of Hcy also appear to be associated with neurodegenerative and vascular
disorders, and some types of cancer (Miller, 2000; Breteler, 2000; Mattson and Kruman,
2002; Mattson and Haberman, 2003). Although the pathogenesis of
hyperhomocysteinemia is not fully established, Hcy dependent oxidative stress and/or
biomolecules structure modifications play an important role in biotoxicity of Hcy
(Malinowska et al., 2012). In this sense, we demonstrated in recents studies alterations
in parameters of oxidative stress in CBS- deficient patients (Vanzin et al., 2011; Vanzin
etal., 2015). Moreover, we showed evidence of DNA damage in blood of CBS-
deficient patients, as well as by in vitro study, which demonstrated a concentration-

dependent effect of Hcy on DNA damage through comet assay (Vanzin et al., 2014). In
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this work, we extend these investigations analyzing the micronucleus frequency, in
order to evaluate whether DNA damage was permanent after cell division.

We demonstrated by the in vitro study an increase in micronucleus frequency in
leukocytes incubated with Hcy at concentrations (50, 100 and 200 uM) when compared
to control and to Hcy 10 uM. Moreover, we showed significant positives correlations
between micronucleus frequency and Hcy levels and between micronucleus frequency
and DNA damage evaluated by comet assay.

Chromosomal aberrations and micronucleus are useful biomarkers of DNA
lesions and frequently used in genotoxicity testing. Micronucleus are expressed in
dividing cells that either contain chromosomal breaks lacking centromeres (acentric
fragments) and/or whole chromosomals that are unable to travel to the spindle poles
during mitosis. At telophase, a nuclear envelope forms around the lagging
chromosomals and fragments, which then uncoil and gradually assume the morphology
of an interphase nucleus with the exception that they are smaller than the main nuclei in
the cell, hence the term “micronucleus”. Micronucleus, therefore, provide a convenient
and reliable index of both chromosomal breakage and chromosomal loss (Fenech,
2000).

Considering that Hcy undergoes autoxidation, generating reactive species of oxygen
(ROS) (Starkebaum and Harlan, 1986; Loscalzo, 1996), a potential mechanism for the
generation of genomic damage is the induction of oxidative stress by Hcy, which has
been shown in some cell lines (Perez-de-Arce et al., 2005; Sethi et al., 2006). In this
sense, our results agree with those of Picerno et al. (2007), who reported that Hcy-
treated (at concentration 1mM) human peripheral blood lymphocytes in culture
presented increase in DNA damage and in micronucleus frequency, altering immune
function. These authors demonstrated an increase of rate of apoptosis in Hcy treated
lymphocyte cultures compared to controls. Furthermore, Hcy exposure caused DNA
fragmentation as evaluated by single cell gel electrophoresis showing the occurrence of
comets, and increased frequency of micronucleated/binucleated cells in Hcy-treated
cultures compared to controls, as revealed by cytokinesis block micronucleus assay.
Gene mutations and gene silencing are known to play a critical role in the inactivation
of genes involved in DNA repair, in cell cycle control, in proper chromosomal
segregation during mitosis, and in apoptotic pathways. In this context, Kruman et al.
(2002) demonstrated that Hcy impairs DNA repair in hippocampal neurons, and

sensitizes them to oxidative stress, since it has been showed that incubation of
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hippocampal cultures in the presence homocysteine induced cell death and rendered
neurons vulnerable to death induced by amyloid B-peptide, which is toxic and is
accumulated in Alzheimer's disease.

Some evidence suggest that different approaches may be useful to ameliorate
toxic effects of Hcy, including quenching of oxidative agents and maintenance of
transmethylation pathway. In this context, it was demonstrated that folic acid and
vitamin B12 supplementation significantly reduced the Hcy-increased micronucleated
cell frequency in cultured lymphocytes. Folic acid and vitamin B2 play an important
role in DNA metabolism: folic acid is required for the synthesis of dTMP from dUMP;
and both, folic acid and vitamin B are also required for the synthesis of methionine
and S-adenosyl methionine, the common methyl donor required for the maintenance of
methylation patterns in DNA, that determine gene expression and DNA conformation
(Fenech, 1999). It is especially interesting since folic acid and vitamin B1. are both used
in treatment of CBS deficiency, and recently it was demonstrated the importance of
these molecules in control of important parameters related with the disease, as reduction
in Hey levels, and increase in apolipoprotein Al levels and paraoxonase activity
(Vanzin et al., 2015).

In conclusion, this in vitro study showed that Hcy increases the chromosomal
damage, evaluated by micronucleus frequency, and that this damage is correlated with
DNA strand breaks (evaluated by comet assay). Further research is needed to verify
these prelimilary results and to determine the effects of chronic hyperhomocysteinemia
not only in lymphocytes, but also in other cells.
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Figure legends:
Figure 1: Micronucleus assay of leukocytes in the presence of Hcy. Cells were
incubated for 6h at 37°C in presence of Hcy at concentrations (10, 50, 100 or 200 puM).

Figure 2: Comet assay of leukocytes in the presence of Hcy. Cells were incubated for
6h at 37°C in presence of Hcy at concentrations (10, 50, 100 or 200 pM).

Figure 3: In vitro effect of homocysteine on micronucleus frequency in leukocytes.
Data represent the mean + SD of 3 independent experiments. (a) p<0.001, compared to
the Hcy 10 pumol/L group; (b) p<0.001, compared to the Hcy 50 umol/L group; (c)
p<0.001, compared to the Hcy 100 umol/L group (One-way ANOVA, followed by
Tukey test).

Figure 4: Correlation between micronucleus frequency and Hcy levels in leukocytes
(r = 0.944, p<0.001).

Figure 5: Correlation between micronucleus frequency and DNA damage evaluated by
comet assay (r = 0.949, p<0.001).
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Table 1. In vitro effect of Hcy on DNA damage (comet assay).
Control Hcy 10uM | Hcy 50uM | Hcy 100puM | Hcy 200uM
(without Hcy)
Damage 11+1,0 21,33+ 42,67 64,67 = 68,67 + 1,15°
index 1,15 2,52° 2,31°
(meanzsd)

Data represent the mean = SD of 3 independent experiments. (a) p<0.001, compared to
controls; (b) p<0.001, compared to the Hcy 10 umol/L group; (c) p<0.001, compared to
the Hcy 50 pmol/L group; (d) p<0.001, compared to the Hcy 100 pmol/L group (One-

way ANOVA, followed by Tukey test).
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4. DISCUSSAO

A homocistindria classica ¢ um distarbio do metabolismo dos aminoécidos,
descrito ha mais de 50 anos por Carson et al. (1962). Essa desordem multissistémica é
causada por mutacbes no gene da enzima cistationina-p-sintase (CBS). As
caracteristicas e sinais fenotipicos da doenca incluem retardo mental, ectopia lentis,
episddios tromboembolicos e osteoporose; enquanto que bioquimicamente a doencga se
caracteriza pela elevacdao da tHcy no sangue a qual é quase sempre acompanhada de
elevacdes na Met (Mudd et al., 2001; Skovby et al., 2010). A deficiéncia de CBS pode
ser tratada em pacientes Be-responsivos com a administracdo de altas doses de
piridoxina (vitamina Be). Para aqueles pacientes Bs-ndo responsivos, a terapia inclui a
administragdo de betaina, folato e vitamina B2 e, similarmente a outros EIM, também
inclui um controle dietético (Wilcken et al., 1985, Melenovska et al., 2015).

Na auséncia de programas de triagem neonatal, o diagnostico da homocistindria
por deficiéncia de CBS é muitas vezes perdido. Como consequéncia, se 0s pacientes ndo
sdo detectados precocemente, a condicdo passa a ser associada com significativa
morbidade e mortalidade (Cruysberg et al., 1996; Walter et al., 1998; Walter et al.,
2011). Uma grande proporgdo de individuos Be-responsivos (mutagdo c¢.833T>C)
permanece nao diagnosticada (Janosik et al., 2009) e apresenta episodios
tromboembdlicos na terceira década de vida (Skovby et al., 2010).

Embora ainda néo sejam completamente conhecidos 0os mecanismos moleculares
através dos quais a Hcy favorece a aterotrombose, evidéncias epidemioldgicas de uma
associacdo entre hiper-homocisteinemia e doenga vascular aterosclerdtica séo
completamente consistentes (Welch e Loscalzo, 1998; den Heijer et al., 1998). Um dos
possiveis mecanismos danosos da hiper-homocisteinemia envolve o dano oxidativo.

Durante a auto-oxidagdo da Hcy no plasma, levando a formagdo de homocistina (o
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dimero da Hcy), ERO tais como anion superoxido e peroxido de hidrogénio (H20z) sdo
geradas; essas moléculas derivadas do oxigénio podem ser potencialmente responsaveis
pela disfuncdo endotelial associada com a hiper-homocisteinemia. Espécies reativas de
oxigénio podem iniciar o processo de lipoperoxidacdo na superficie das células
endoteliais; assim, modificaces induzidas pela Hcy podem contribuir para a patogénese
da aterotrombose em sindromes clinicas de hiper-homocisteinemia (Loscalzo, 1996;
Kanani et al., 1999; Davi et al., 2001).

Vaérios estudos em modelos animais vém evidenciando um possivel papel do
estresse oxidativo na patogénese da homocistinuria. Streck et al. (2003) demonstraram,
em estudo in vitro, que a Hcy nas concentragdes de 100 ¢ 500 pmol/L aumenta a
lipoperoxidacdo e diminui a capacidade antioxidante em hipocampo de ratos. Robert et
al. (2005) analisaram o dano a proteinas e aos lipideos em figado de ratos deficientes da
enzima CBS e em ratos que possuiam a atividade normal da enzima. O estudo revelou
que os ratos deficientes de CBS apresentaram um aumento nos niveis de proteinas
oxidativamente modificadas, bem como um aumento nos niveis de subprodutos da
lipoperoxidacéo, tais como malondialdeido (MDA) e 4-hidroxinonenal (4-HNE). Mais
recentemente, da Cunha et al. (2011) demonstraram que a hiper-homocisteinemia
crbnica aumenta a lipoperoxidacdo e o dano oxidativo as proteinas, e prejudica as
defesas antioxidantes enzimaticas e ndo enzimaticas em pulméo de ratos. Nesse sentido,
nosso grupo de pesquisa tem investigado o efeito do estresse oxidativo na
homocistinaria devido a deficiéncia de CBS, avaliando parametros de estresse oxidativo
em sangue de pacientes homocistinaricos no momento do diagndstico (ndo tratados) e
durante o tratamento. Em um estudo recente foi demonstrado um aumento significativo
nos niveis de grupamentos carbonilas (parametro de dano oxidativo as proteinas) e nos

niveis de MDA (parametro de dano oxidativo aos lipideos) no plasma de pacientes

101



homocistinaricos no momento do diagnostico. Os pacientes em tratamento tiveram uma
reducdo significativa dos niveis de MDA em relacéo aos pacientes no diagnostico, mas
ndo alcancaram 0s niveis encontrados nos controles. Com relacdo a capacidade
antioxidante ndo enzimatica, essa foi avaliada por dois parametros, TAS e sulfidrilas
(que também representa um parametro inversamente proporcional ao dano a proteinas).
Foi demonstrado que tanto pacientes no momento do diagnostico quanto pacientes em
tratamento apresentam uma diminuicdo significativa de TAS e de grupamentos
sulfidrilas no sangue, em comparagdo com os controles. Esses resultados avaliados em
conjunto indicam que existe um aumento no dano oxidativo as proteinas e lipideos, e
uma diminuicdo nas defesas antioxidantes ndo enzimaticas em pacientes
homocistinaricos, indicando um possivel papel do estresse oxidativo na patogénese da
doenca. Adicionalmente, foi encontrada uma correlacdo significativa positiva entre os
niveis de tHcy e os niveis de MDA, bem como uma correlacdo significativa negativa
entre os niveis de tHcy e os niveis de grupamentos sulfidrilas. Esses resultados indicam
um possivel papel da Hcy na inducdo do estresse oxidativo observado (Vanzin et al.,
2011). Na sequéncia, foi avaliado o efeito in vivo e in vitro da Hcy sobre o dano ao
DNA, analisado pelo ensaio cometa em leucocitos. Foi observado que pacientes
homocistinaricos tratados apresentam um aumento significativo do dano ao DNA
quando comparados aos controles. Além disso, 0 estudo in vitro demonstrou um efeito
concentracdo dependente da Hcy sobre o dano ao DNA (Vanzin et al., 2014).
Considerando que estudos em modelos animais fortemente indicam a influéncia
do estresse oxidativo na patogénese da homocistinuria, e, dando continuidade aos
estudos anteriores avaliando o estresse oxidativo em pacientes portadores de
homocistinaria, nesse trabalho as investigacGes foram ampliadas, objetivando um maior

conhecimento sobre os mecanismos de dano e o tratamento na homocistindria. Para tal,
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foram avaliados parametros de estresse oxidativo, bem como o perfil lipidico e
inflamatdrio em pacientes com homocistinuria classica no momento do diagndéstico e
durante a terapéutica preconizada (dieta hipoproteica, vitamina Bs, acido folico, betaina,
vitamina B12). Ainda foi objetivo desta tese estudar o efeito in vitro da Hcy sobre o dano
cromossémico, bem como avaliar o efeito in vitro da NAC sobre o dano ao DNA
causado pelas altas concentracdes de Hcy.

No primeiro momento, foram analisadas amostras de plasma de pacientes
homocistinaricos no momento do diagnostico e durante o tratamento, e de individuos
saudaveis com idade e sexo comparaveis aos dos pacientes (controles). Foram avaliados
os perfis lipidico, inflamatério e oxidativo, bem como a atividade das enzimas
paraoxonase-1 (PON1) e butirilcolinesterase (BuChE). Posteriormente, todos os
parametros foram correlacionados com os niveis de tHcy, bem como com os niveis de
acido folico e vitamina Bi2, ambos usados no tratamento da homocistindria por
deficiéncia de CBS.

O perfil inflamatorio foi avaliado pela medida das interleucinas IL-1B, IL-6 e
interferon-x. Foi observado um aumento significativo nos niveis de IL-6 em pacientes
homocistinaricos no momento do diagnéstico. Os pacientes em tratamento apresentaram
uma tendéncia a reducao (27,68%), quando comparados aos pacientes nao tratados. As
demais interleucinas foram estatisticamente similares em todos os grupos avaliados.
Resultados similares foram observados para o perfil oxidativo, avaliado pela medida dos
niveis de grupamentos carbonilas, o qual apresentou aumento significativo nos
pacientes ndo tratados, apresentando uma tendéncia a reducdo (15,2%) nos pacientes
tratados. Ainda, foi observada uma correlacdo significativa positiva entre os niveis de

grupamentos carbonilas e os niveis de I1L-6.
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Inflamacdo é fundamentalmente uma resposta protetora do organismo contra um
agente, que pode ser um micro-organismo, um estimulo fisico ou um agente quimico.
Alguns dos importantes mediadores inflamatdrios incluem: histamina, serotonina,
prostaglandinas, leucotrienos, o0xido nitrico, citocinas, proteinas de fase aguda e ERO
(Das UN, 2006). O balanco relativo entre as citocinas anti-inflamatdrias e pro-
inflamatdrias parece desempenhar um significante papel na etiologia da trombose e da
aterogénese (Ross, 1999). Uma das citocinas pro-inflamatorias, IL-6, vem atraindo
interesse, uma vez que sua producdo causa uma cascata de efeitos que resultam no
estimulo de proteinas de fase aguda e ativacdo do sistema imune inato. Triagens clinicas
envolvendo bloqueadores de IL-6 tém demonstrado eficacia em varias condicdes
inflamatdrias graves, incluindo artrite reumatoide e artrite juvenil idiopatica (Tanaka e
Kishimoto, 2012). Nesse trabalho, nds demonstramos que pacientes homocistiniricos
ndo tratados apresentam niveis significantemente aumentados de IL-6, o0 mesmo foi
demonstrado para a medida dos grupamentos carbonilas, um parametro de dano
oxidativo as proteinas. Curiosamente, foi encontrada uma correlacdo significativa
positiva entre os niveis de IL-6 e os niveis de grupamentos carbonilas, indicando uma
possivel relacdo entre inflamacdo e estresse oxidativo, ambos possivelmente gerados
nos pacientes homocistindricos como resultado dos altos niveis de tHcy e/ou seus
metabolitos.

Outro importante resultado encontrado nesse trabalho foi a interrelagdo entre o
estresse oxidativo e o metabolismo lipidico. Foi demonstrada uma correlagédo
significativa positiva entre os niveis de grupamentos sulfidrilas e a atividade da enzima
PON1. Ambos os parametros foram estatisticamente diminuidos nos dois grupos de

pacientes homocistindricos, tratados e ndo tratados, em compara¢do com o0s controles.
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Adicionalmente, os niveis de HDL e de ApoA foram estatisticamente reduzidos em
pacientes homocistinuricos tratados e néo tratados, quando comparados aos controles.

A PONL1 é uma enzima expressa no figado, que circula no sangue em associacéo
com ApoAl nas particulas de HDL, contribuindo para as atividades anti-inflamatdrias e
antioxidantes dessa lipoproteina (Jarvik et al., 2000; Perla-Kajan e Jakubowsky, 2012).
Dados adicionais sobre as funcdes anti-ateroscleréticas da PON1 provém de estudos
com camundongos transgénicos super expressando PON1 humana, uma vez que PON1
humana expressa em camundongos protege contra aterosclerose induzida por dieta rica
em gorduras (Tward et al., 2002). Uma protecdo aumentada contra o estresse oxidativo
induzido por ions cobre também foi observada; PON1 inibe a formacdo de
hidroperdxidos sobre o HDL, protegendo, assim, a funcdo e a integridade da molécula
de HDL (Oda et al., 2002). Além disso, a superexpressao do gene da PON1 humana em
camundongos reprime a aterogénese e promove a estabilidade da placa aterosclerotica
(She et al.,2009). Mais respostas para 0 mecanismo cardioprotetor da PON1 vieram
apos a descoberta do seu substrato natural, a Hcy-tiolactona (Jakubowski, 2000). A
Hcy-tiolactona é um metabdlito reativo da Hcy, que modifica residuos de lisina em
proteinas, através de um processo conhecido como N-homocisteinilacdo (Jakubowski,
1997; Jakubowski, 1999). A N-homocisteinilacdo de proteinas poderia explicar 0s
efeitos danosos da hiper-homocisteinemia. A hip6tese da doenca vascular mediada pela
Hcy-tiolactona (Jakubowski, 1997) explica a toxicidade da Hcy através da sua
conversdo em Hcy-tiolactona, a qual modifica proteinas para gerar N-Hcy-proteinas,
levando, por sua vez, a morte celular, inflamacdo, resposta auto-imune, e como
consequéncia a aterosclerose, trombose e neurotoxicidade (Jakubowski, 2008a;
Jakubowski, 2010; Perla-Kajan e Jakubowsky, 2012). Assim, alguns dos efeitos

protetores da PON1 se devem ao fato de essa enzima hidrolisar Hcy-tiolactona e
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proteger contra o acumulo de proteinas homocisteinilas in vitro e in vivo (Perla-Kajan e
Jakubowsky, 2010). Em trabalho anterior (Vanzin et al., 2011), foi demonstrado uma
correlacdo significativa negativa entre os niveis de grupamentos sulfidrilas e os niveis
de tHcy. Nesse trabalho, os niveis de grupamentos sulfidrilas foram positivamente
correlacionados com a atividade da PON1. Assim, € possivel que os altos niveis
sanguineos de tHcy estejam sofrendo reacdes de auto-oxidacdo e gerando radicais livres
capazes de oxidar algum grupamento sulfidrila necessario para a atividade da PON1.
Interessantemente, a diminuicdo nos parametros com propriedades ateroprotetoras, a
saber, HDL, ApoA e PONL1, foi observada tanto em pacientes ndo tratados como nos
pacientes tratados. Essa “falha” do tratamento em reverter as alteragdoes observadas pode
ser reflexo da baixa aderéncia dos pacientes ao tratamento prescrito. Os pacientes
homocistinaricos tratados estudados nesse trabalho apresentaram niveis méedios de tHcy
de 137,8 £ 104,3 umol/L (média £ desvio padrdo), incluindo pacientes responsivos
(n=3) e ndo responsivos (n=7) a terapia. Foi observado nesse trabalho correlacdes
significativas positivas entre 0s niveis de vitamina B> € PON1 e entre 0s niveis de
vitamina B1> e ApoA, e uma correlacdo significativa negativa entre os niveis de tHcy e
acido folico. Na homocistinaria, assim como em outras doencas metabdlicas, as
anormalidades bioquimicas caracteristicas da doenca sdo responsaveis pelas
complicacgdes clinicas. Sendo assim, o tratamento 6timo para a homocistinlria deve
objetivar minimizar essas anormalidades bioquimicas (Mudd et al., 2001). Triagem
neonatal, instituicdo precoce do tratamento, boa aderéncia a dieta e manutencdo dos
niveis de homocistina livre em niveis menores que 11umol/L parecem proteger contra
as reconhecidas complicacdes da homocistindria ndo tratada (Yap e Naughten, 1998).
Nesse trabalho nds sugerimos que a “falha” do tratamento em reverter alteragdes

importantes encontradas nos pacientes nao tratados pode ocorrer devido a baixa
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aderéncia ao tratamento. Novas estratégias e abordagens terapéuticas se fazem
necessarias para otimizar o tratamento e melhorar os resultados observados em
pacientes homocistinuricos tratados.

Ainda no primeiro capitulo desta tese foram avaliados os niveis de colesterol
LDL e colesterol LDL-oxidado, os quais foram similares em todos os grupos estudados.
Acredita-se que o mecanismo de dano da Hcy nessas moléculas nao seja por reacdes de
oxidagdo, mas possivelmente por reacdes de homocisteinilacdo (Jakubowski, 2008b).
Finalmente, a avaliacdo do perfil lipidico incluiu a medida da atividade da enzima
BuChE, a qual foi significativamente aumentada nos pacientes homocistinaricos nao
tratados. Essa enzima estd associada com sindrome metabolica e vem sendo
positivamente correlacionada com fatores de risco cardiovascular (Santarpia et al.,
2013). O aumento da sua atividade no momento do diagnostico em pacientes com
homocistinaria classica corrobora com o risco cardiovascular a que esses pacientes
estdo sujeitos.

Na sequéncia, no segundo capitulo desta tese foram avaliados parametros de
estresse oxidativo e 0s niveis de nitritos na urina de pacientes homocistindricos tratados,
cujos niveis médios de tHcy no plasma foram de 191.3 £ 105.3 umol/L (média £ desvio
padrdo). Foi demonstrado um aumento dos niveis de 15-F2t-isoprostanos, marcador de
dano oxidativo aos lipideos; um aumento nos niveis de di-tirosina, marcador de dano
oxidativo as proteinas; e um aumento nos niveis de nitritos. Essas alteragdes
encontradas na urina parecem se correlacionar com as alteragdes encontradas no sangue,
uma vez que foi demonstrada uma correlacdo significativa negativa entre os niveis de
grupamentos sulfidrilas e os niveis de di-tirosina. Além disso, foi demonstrado uma

correlagdo significativa positiva entre 0s niveis de 15-F2t-isoprostanos e 0s niveis
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plasmaticos de tHcy, evidenciando mais uma vez o papel da Hcy na inducéo do estresse
oxidativo observado.

Estudos propdem que o H>O> gerado durante a auto-oxidagdo do grupo sulfidrila
da Hcy possa mediar a citotoxicidade endotelial da Hcy através da lipoperoxidagédo
(Starkebaum e Harlan, 1986; Loscalzo, 1996). A lipoperoxidacdo tem como principais
consequéncias a alteracdo na fluidez da membrana, o aumento da permeabilidade da
membrana e o dano as proteinas de membrana, inativando receptores, enzimas e canais
ibnicos (Halliwell e Gutteridge, 2007). A quantificacdo de F2-isoprostanos tem se
mostrado um valioso método para avaliacdo da lipoperoxidacdo in vivo. Com relacao a
homocistinaria, essa dosagem se torna interessante, visto que quantidades significativas
de F2-isoprostanos tem sido encontradas em lesfes aterosclerdticas humanas (Gniwotta
et al., 1997; Pratico et al., 1997). Além disso, a medida de isoprostanos no sangue e
urina de individuos tem sido utilizada para estudar o efeito da suplementacdo de
antioxidantes sobre a lipoperoxidacdo (Halliwell, 2000; Roberts e Morrow, 2002). Isso
se torna especialmente interessante no monitoramento do estresse oxidativo na
homocistindria, visto que a suplementacdo com antioxidantes pode ser sugerida como
terapia complementar para essa doenca.

O dano oxidativo as proteinas pode ser importante in vivo tanto pelo seu efeito
direto (afetando a funcdo de receptores, enzimas, proteinas transportadoras), como pelo
seu efeito secundario, contribuindo para o dano as outras biomoléculas (por exemplo,
inativacdo de enzimas de reparo do DNA). Di-tirosina, facilmente detectada na urina de
humanos, aparentemente ndo metabolizada e formada por um ataque feito por radicais
livres a uma ampla faixa de proteinas, pode ser um biomarcador véalido para uso
humano (Halliwell e Whiteman, 2004). Pacientes com sepse foram reportados

apresentando altos niveis de di-tirosina urinaria (Bhattacharjee et al., 2001), assim como

108



criancas com Kwashiorkor (Manary et al., 2000), uma doenga que se acredita estar
envolvida com estresse oxidativo (Fechner et al., 2001). Nesse trabalho, os niveis de di-
tirosina demonstraram estar aumentados na urina dos pacientes homocistinuricos
tratados. Esses resultados sdo complementares aos encontrados em plasma, visto que
demonstrou-se uma correlacdo significativa negativa entre os niveis de sulfidrilas
plasmaticos e os niveis de di-tirosina urinarios. J& que dois tercos dos grupamentos
sulfidrilas estdo ligados as proteinas, uma reducdo desses grupamentos sugere oxidacdo
proteica (Thomas et al., 1995; Hansen et al., 2009; Requejo et al., 2010). Os resultados
confirmam a oxidacdo proteica em pacientes homocistinaricos, visto que di-tirosina é
formada pela oxidacdo de residuos de tirosina, que leva a formacdo de uma ligacédo
inter-fendlica altamente estavel a qual ndo sofre metabolismo adicional (Mc Guire et al.,
2009).

Ainda no segundo capitulo desta tese, foi demonstrado um aumento dos niveis
de nitrito urindrio nos pacientes homocistindricos tratados, em comparagdo com 0s
controles. Sabe-se que a sintese de 6xido nitrico (NO) pode ser avaliada através da
medida das concentracdes de nitrito e nitrato no plasma e na urina (Tsikas et al. 2006).
Em situacdes fisiologicas, a enzima NOS |1l (eNOS) catalisa a formagdo do NO pela
incorporacdo do oxigénio molecular no substrato L-arginina, numa reacdo que requer
NADPH, o ativador alostérico calmodulina e varios co-fatores, tais como
tetrahidrobiopterina (BH4) (Verhaar et al., 2002). O NO produzido pelas células
endoteliais relaxa as células musculares lisas dos vasos, causa vasodilatacdo e inibe a
agregacao plaquetaria (Mansoor et al., 2005). Estudos indicam que o folato pode
influenciar a atividade enzimatica da NOS 111, aumentando a sintese de NO (Verhaar et
al., 2002; Mansoor et al., 2005); esse fato poderia parcialmente explicar o aumento nos

niveis de nitrito observados na urina dos pacientes homocistindricos, uma vez que todos
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0s pacientes fazem uso de folato como parte da terapia preconizada para a doenca. Além
disso, uma hipoétese levantada é que o aumento dos niveis de NO poderia ser resultado
de um mecanismo compensatério, ja que a geracdo de S-nitroso-Hcy através da
nitrosacdo da Hcy impediria a formagdo de H2O: pela auto-oxidacéo, e ainda teria efeito
vasodilatador. Assim, o aumento dos niveis de NO poderia diminuir a toxicidade da
Hcy. Ainda, nesse trabalho foi demonstrado um aumento da atividade da enzima
antioxidante catalase, que reduz H.O> a O> e H20O, e contribui para a redugdo da
toxicidade da Hcy.

As ERO produzidas pela auto-oxidacdo da Hcy podem além de gerar dano
oxidativo as proteinas e lipideos, também gerar dano ao DNA (Huang et al., 2001; Lin
et al., 2007). Matté et al. (2009) demonstraram reducdo nas defesas antioxidantes e dano
ao DNA em ratos submetidos a hiper-homocisteinemia cronica. Em um estudo recente,
foi evidenciado aumento do dano ao DNA em sangue de pacientes homocistindricos
tratados. Além disso, observou-se um efeito concentracdo dependente in vitro da Hcy
sobre 0 aumento no dano ao DNA (Vanzin et al., 2014). Nesse trabalho, ampliamos as
investigacOes, avaliando o efeito da NAC sobre o dano ao DNA causado pela Hcy nas
concentracdes 50uM e 200 uM, as quais sdo encontradas no sangue de pacientes sob
tratamento, e evidenciamos um efeito protetor da NAC nas concentracées 1mM e 5mM.

Evidéncias sugerem que antioxidantes podem ajudar na manutencdo da salde
humana atraves da reducdo do dano oxidativo as biomoléculas chaves. Esses
biomarcadores de dano oxidativo podem ser Uteis no estabelecimento de quais
antioxidantes sdo realmente importantes (Halliwell, 2002). O ensaio cometa pode ser
aplicado diretamente nas células e avalia a quebra das fitas do DNA. Estudos usando
ensaio cometa parecem ser mais apropriados que outros metodos para mostrar efeitos

positivos de intervencdes com antioxidantes em voluntarios humanos (Halliwell e
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Whiteman, 2004). NAC é uma molécula com propriedades antioxidantes que estimula a
sintese de glutationa, atua como scavenger de radicais livres, e tem demonstrado possuir
capacidades neuroprotetoras (Ferrari et al., 1995; Harvey et al., 2008). Estudos recentes
mostram os efeitos benéficos da NAC sobre o dano ao DNA: Ozdemir et al. (2014)
demonstraram que a suplementacdo com NAC reduziu o dano da DNA em criangas com
B-talassemia; Marchetti et al. (2015) evidenciaram um efeito in vitro da NAC na
reducdo do dano ao DNA em sangue de pacientes com X-ALD sintomaticos. Nesse
sentido, levando em consideracdo os trabalhos da literatura e os resultados da NAC na
reducdo do dano ao DNA apresentados nesse estudo, podemos sugerir que a
suplementacdo com NAC para pacientes homocistinaricos poderia ser benéfica e deve
ser testada para poder ser considerada terapia adjuvante para a doenca.

Além do ensaio cometa, outras técnicas podem ser usadas para avaliar dano ao
DNA, como por exemplo o teste de micronucleos, o qual reflete dano cromossémico
(Fenech, 2000). No terceiro capitulo desta tese foi avaliado o efeito in vitro da Hcy nas
concentragdes 10, 50, 100 e 200 uM sobre a frequéncia de micronucleos em leucécitos.
Foi demonstrado que a Hcy nas concentragfes 50, 100 e 200 uM significativamente
aumenta a frequéncia de micronucleos em leucécitos. Além disso, foram observadas
correlagdes significativas positivas entre a frequéncia de micronucleos e a concentracédo
de Hcy, bem como entre a frequéncia de micronucleos e o dano ao DNA avaliado pelo
ensaio cometa. A presenca de micronucleos fornece um indice conveniente e confiavel
de quebra e perda cromossémica (Fenech, 2000). Esse efeito danoso da Hcy sobre o
DNA pode estar sendo mediado pelo estresse oxidativo secundario a hiper-
homocisteinemia (Perez-de-Arce et al., 2005; Sethi et al., 2006). Nossos resultados
corroboram com estudos demonstrando a presenca de alteracdes celulares como

resposta a0 aumento do dano ao DNA, incluindo dano cromossémico, induzido pela
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Hcy (Kruman et al, 2002; Picerno et al., 2007). Além disso, tem sido demonstrado um
efeito do acido fdlico e da vitamina Bi> na reducgdo da frequéncia de micronucleos, o
que é interessante, visto que ambos sdo usados no tratamento da homocistinuria
(Fenech, 1999). O impacto de micronutrientes sobre a estabilidade genémica tem sido
intensivamente estudado. O acido félico e a vitamina Bi> demonstram ter um efeito
estabilizador sobre os cromossomos, tanto in vitro quanto in vivo (Fenech, 2001).
Especialmente em individuos classificados como folato deficientes, um nivel elevado de
células com micronucleos foi observado (MacGregor et al., 1997).

Em conclusdo, os resultados deste trabalho indicam uma relacdo entre
homocisteina e dano oxidativo a biomoléculas (lipideos, proteinas e DNA) em pacientes
portadores de Homocistindria Classica e trazem novas perspectivas para um melhor

tratamento destes pacientes.
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5. CONCLUSOES

De acordo com os resultados apresentados nesse trabalho, podemos concluir que
0 estresse oxidativo parece estar envolvido nos mecanismos de dano observados na
homocistinaria, como demonstrado pelas alteracdes de parametros de estresse oxidativo
em urina. Além disso, foi demonstrado o efeito in vitro da Hcy sobre o dano ao DNA, e
mais especificamente sobre o dano cromossémico, bem como um efeito protetor da N-
acetil-L-cisteina. Finalmente, alteracbes no metabolismo de lipideos e inflamacéo sédo
fatores adicionais que possivelmente podem estar envolvidos na fisiopatologia das
alteracBes vasculares encontradas na doenca. Interessantemente, esses eventos parecem
estar interconectados, e parecem ser resultado dos altos niveis de tHcy encontrados nos
fluidos bioldgicos dos pacientes com deficiéncia de CBS. Esse trabalho evidencia a
importancia da aderéncia ao tratamento e traz perspectivas para estudos mais detalhados
sobre o potencial da N-acetil-L-cisteina como um adjuvante na terapia da

homocistinUria.
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6. PERSPECTIVAS

Pretende-se dar continuidade a esse trabalho, expandindo nossos resultados.

Dessa forma, sdo perspectivas:

a)
b)

d)

Avaliar o mecanismo de dano ao DNA na homocistindria;

Avaliar o reparo ao dano ao DNA em sangue de pacientes homocistindricos
classicos;

Avaliar o efeito in vivo da suplementacdo com N-acetil-L-cisteina nos
parametros de estresse oxidativo em pacientes homocistinuricos classicos;
Avaliar o efeito in vitro de outros antioxidantes em modelos de hiper-
homocisteinemia.

Avaliar parametros de estresse oxidativo em outras formas de hiper-

homocisteinemia.
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ANEXO 1
LISTA DE FIGURAS

Figura 1: Enzimas das vias de transmetilacdo (metionina - homocisteina), remetilacao
(homocisteina - metionina) e transulfuracdo (homocisteina - metionina - sulfato)
envolvidas no metabolismo da Hcy: 10.1 metionina adenosiltransferase; 10.2
cistationina-pB-sintase; 10.3 -cistationase; 10.4 sulfito oxidase; 10.5 co-fator

molibdénio; 10.6 metilenotetrahidrofolato redutase; 10.7 e 10.8 metionina sintase.

Figura 2: Ciclo da remetilagdo. BHMT: betaina homocisteina metiltransferase; CBS:
cistationina-p-sintase; DMG: dimetilglicina; Hcy: homocisteina; MAT: metionina S-
adenosiltransferase; MS:  metionina  sintase; PEMT:  fosfatidiletanolamina
metiltransferase; 5-MTHF: 5-metiltetrahidrofolato; SAH: S-adenosilhomocisteina;
SAM: S-adenosilmetionina; THF: tetrahidrofolato. Adaptado de Obeid (2013).
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