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O Metotrexato (MTX) é um farmaco antimetab6lito analogo do &cido félico, com vasta aplicacdo clinica, utilizado
em doses elevadas no tratamento de neoplasias e em baixas doses para o tratamento de doencas autoimunes, como a
artrite reumatoide e a psoriase. Apesar de efetivo, 0 MTX possui diversos efeitos colaterais. Assim, 0 estresse
oxidativo parece estar envolvido com a toxicidade causada pelo MTX a diversos 6rgdos. Apesar do efeito no
desequilibrio do metabolismo oxidativo, a influéncia de polimorfismos de enzimas antioxidantes sobre a toxicidade
ao MTX ainda ndo é bem estudada. Nesse contexto, o presente estudo teve como objetivo analisar se 0 polimorfismo
Alal6Val da enzima antioxidante superéxido dismutase dependente de manganés (SOD2), que afeta a eficiéncia
detoxificadora da enzima, poderia ter efeito sobre a resposta citotdxica ao MTX. Para tanto, foi realizado um estudo
in vitro utilizando células mononucleares do sangue periférico (CMSP), obtidas de doadores saudaveis portadores de
diferentes gendtipos do polimorfismo Alal6Val-SOD (genétipos = AA, VV e AV). Uma vez obtidas, as CMSPs
foram tratadas com MTX nas concentracfes de 10 e 100 UM por 24 e 72 horas, sendo posteriormente analisado o
efeito sobre a viabilidade, modulacdo do metabolismo oxidativo-inflamatorio e apoptético. As CMSP-AA, que
naturalmente apresentam uma SOD2 30 a 40% mais eficiente do que as CMSP-VV, apresentaram maior resisténcia
ao tratamento com MTX em relagdo as CMSP-AV/VV. Quanto aos niveis de producdo de EROS (espécies reativas
de oxigénio) e lipoperoxidacdo, houve aumento significativo nas células expostas ao MTX independente do
genotipo, entretanto, o aumento dos niveis de carbonilacdo de proteinas foi observado apenas em CMSP-AV/VV.
Nas CMSP-AA houve diminui¢do da atividade da SOD2. J4 quanto aos niveis de Glutationa Peroxidase, as CMSP-
AA apresentaram uma elevacdo mais intensa. Os niveis das caspases 3 e 8 foram aumentados nas CMSP expostas ao
MTX, mas a modulagdo desses genes, assim como do Bax e Bcl-2 (genes envolvidos rota apoptética), foi gendtipo-
dependente. O MTX foi capaz de elevar os niveis das citocinas inflamatérias e diminuir o nivel da citocina
antiinflamatéria IL-10, independente do gendtipo. Os resultados sugerem que o polimorfismo Alal6Val-SOD2 é
capaz de modular a resposta citotdxica de CMSP ao MTX.

Palavras Chave: Metotrexato; superdxido; toxicidade; marcadores oxidativos e inflamatdrios
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Methotrexate (MTX) is an antimetabolite drug analogue of folic acid with wide clinical application, used in high
doses for the treatment of cancer and in low doses for the treatment of autoimmune diseases such as rheumatoid
arthritis and psoriasis. Although effective, the MTX has several side effects. The oxidative stress seems to be
involved with the toxicity caused by the MTX in various organs. Despite the effect on the imbalance of oxidative
metabolism, the influence of polymorphisms of antioxidant enzymes on MTX toxicity is not well studied. In this
context, the present study aimed to examine whether the Alal6Val polymorphism of the antioxidant enzyme
superoxide dismutase manganese dependent (SOD2), which affects the efficiency of the detox enzyme, could have
an effect on the cytotoxic response to MTX. For this, an in vitro study using peripheral blood mononuclear cells
(PBMC) obtained from healthy donors harboring different genotypes of polymorphism Alal6Val-SOD (= genotypes
AA, VV and AV) was performed. Once obtained, PBMCs were treated with MTX at concentrations of 10 and 100
UM for 24 and 72 hours and analyzed for the effect on viability, modulation of the oxidative metabolism-
inflammatory and apoptotic. PBMC-AA which have a naturally SOD2 30 to 40% more efficient than the PBMC-
V'V, showed more resistance to treatment with MTX compared to PBMC-AV/VV assessed. As production levels of
EROS and lipid peroxidation significantly increased in cells exposed to MTX, regardless of genotype, however,
increased levels of protein carbonylation were observed only in PBMC-AV/VV. The PBMC-AA demonstrated
decreased activity of SOD2 and the levels of glutathione peroxidase with PBMC-AA were higher. The levels of
caspase-8 and -3 were increased in PBMC exposed to MTX, but the modulation of these genes, as well as Bax and
Bcl-2 genes involved in apoptotic route, was genotype dependent. The MTX was able to raise the levels of
inflammatory cytokines and decrease the level of anti-inflammatory cytokine IL-10, regardless of genotype. The
results suggest that Alal6Val-SOD2 polymorphism is capable of modulating the cytotoxic response of PBMC to the
MTX.

Key words: Methotrexate; superoxide; toxicity; oxidative and inflammatory markers.
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1 INTRODUCAO

1.1 Histérico do Metotrexato

A molécula 4-amino-N10 metil &cido pteroglutdmico, conhecida como Metotrexato
(MTX), é um farmaco antimetabolito analogo ao acido folico utilizado em altas doses para o
tratamento de leucemias desde a decada de 50 (WU et al., 2010). Nesse contexto, esse farmaco
em doses baixas é também considerado a primeira escolha terapéutica no tratamento de doencas
autoimunes, como a artrite reumatoide e a psoriase (NEVES et al., 2009).

A descoberta do MTX como farmaco comecou em Boston, quando o Dr. Sidney Farber,
patologista no Hospital da Crianca, estava investigando a etiologia patologica da leucemia
infantil. Assim, na decada de 30, Farber percebeu que a anemia perniciosa, uma doenca
autoimune causada pela deficiéncia de vitamina B-12, que ocasiona a elevacdo dos niveis de
globulos vermelhos imaturos na medula dssea, avancava quando 0s pacientes eram tratados com
acido fdlico. A partir dessa observacdo, inferiu-se que uma dieta pobre em &cido folico poderia
induzir melhora no quadro da leucemia (KAUSHANSKY, 2008).

Depois de muitos anos de estudos, Farber executou um protocolo experimental, no qual
apOs coletar amostras de sangue de criangcas com anemia perniciosa e contar as células
sanguineas imaturas, tratou essas criangas com acido folico. O resultado foi desastroso, e a
doenca evoluiu. Sendo assim, fundamentado no fato que o &cido folico parecia estimular o
desenvolvimento da anemia perniciosa por meio do aumento da proliferacdo celular, Dr. Farber
solicitou ao colega Dr. SubbaRow, entdo diretor da divisdo de pesquisa do Lederle Labs, para que
0 mesmo sintetizasse uma molécula antifolato, a qual teria potencial efeito antiproliferativo. A
molécula sintetizada foi entdo utilizada pelo Dr. Farber no tratamento de um pequeno grupo de
criancas leucémicas, uma vez que o principio da anemia perniciosa (acimulo de gl6bulos
vermelhos imaturos) e da leucemia (acumulo de glébulos brancos imaturos) é bastante
semelhante. O resultado foi impressionante, ja que o novo farmaco antifolato produziu a remissao

temporaria da leucemia. Dessa forma, Dr. Farber relatou suas descobertas em 03 de junho de
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1948 em uma publicagdo no New England Journal of Medicine. Em 1950, esse pesquisador
fundou em Boston o primeiro Centro de Pesquisa do Cancer no mundo. Em decorréncia dos seus
estudos, em 1953, o farmaco antifolato denominado Metotrexato foi aprovado pela Food and
Drug Administration (FDA) no tratamento oncoldgico (KAUSHANSKY, 2008).

Em 1951, o grupo de pesquisa de Jane C. Wright foi o primeiro a realizar estudos
utilizando o MTX no tratamento de cancer de mama, com remissao dos tumores. Em 1956, Min
Chiu Li e colaboradores demonstraram remissdo completa em mulheres com coriocarcinoma
tratadas com MTX (WRIGHT et al., 1951; L1 et al., 1956).

Tendo em vista a sua capacidade antiproliferativa, investigacdes adicionais foram
conduzidas com a perspectiva de averiguar o potencial uso terapéutico do MTX em outras
doencas. Em 1951, Gubner e colaboradores descreveram, pela primeira vez, o sucesso terapéutico
do uso do MTX em seis pacientes com artrite reumatoide e psoriase. Porém, até 1980 poucos
estudos foram publicados sobre pesquisas relacionadas ao efeito do MTX no tratamento de
doencas autoimunes. Isso se deve principalmente porque, até entdo, tais doencas eram
preferencialmente tratadas com potentes corticoesterdides, que ndo apresentavam os efeitos
colaterais toxicos conhecidos do MTX . Todavia, a partir de 1980 varios ensaios clinicos foram
conduzidos e demonstraram a eficacia do MTX no tratamento da artrite reumatoide e psoriase.
Atualmente, o MTX é um farmaco consagrado como agente imunossupressor dessas doencas
(NEVES et al., 2009).

1.2 Metotrexato: farmacocinética e farmacodinamica

O MTX e um farmaco que pode ser administrado por via oral, intravenosa, intramuscular
ou intratecal. Em adultos, quando administrado por via oral, a absorcéo ocorre principalmente na
porcdo proximal do jejuno e parece ser dose-dependente. Geralmente o MTX é bem absorvido,
com biodisponibilidade de 60% do farmaco. Todavia, doses acima de 80mg/m? ndo sdo bem
absorvidas devido a saturacdo do transportador de folato reduzido (reduced folate carrier - RFC
1) - envolvido no processo. Os picos séricos sao atingidos apdés uma a duas horas da
administracdo, sendo a meia-vida sérica do MTX de trés a dez horas para pacientes recebendo

doses de até 30 mg/m?, e de oito a quinze horas para pacientes em que sdo administradas doses
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maiores. As concentragdes eritrocitarias sdo estaveis por até nove dias ap6s a administracao.
(BORCHERS et al., 2004; PUIG, 2012).

Apos absorcdo, 0 MTX é metabolizado pelo figado em nivel intracelular dando origem a trés
principais  metabdlitos:  4cido  4-amino-4-desoxi-N10-metilpterdico  (DAMPA),  7-
hidroximetotrexato (7-OH-MTX) e MTX-poliglutamato. O DAMPA é produzido por bactérias
intestinais durante a circulacdo éntero-hepética e apresenta atividade citotoxica até 200 vezes
menor que o MTX. Cerca de 10% do MTX é convertido a 7-OH-MTX, um metabdlito de
solubilidade baixa, que por esse motivo é considerado um dos principais responsaveis pela
nefrotoxicidade do MTX (LELES, 2008).

Considerando os principais metabolitos do MTX, os poliglutamatos podem ser retidos nos
tecidos pela formagdo de cadeias de poliglutamatos e, desse modo, contribuirem para a acéo
farmacoldgica ou tdoxica as células até 48 horas apos a exposicdo ao MTX (LELES, 2008). As
maiores concentrac6es de poliglutamatos localizam-se nos rins, figado, vesicula biliar, baco, pele
e eritrocitos (NUNES et al., 2009) O MTX também tende a se acumular no compartimento extra-
vascular e, por isso, pacientes com derrame pleural, ascite e edema devem ter atencdo especial,
devido ao risco de toxicidade. Por esse motivo, idosos e pacientes com danos hepaticos e renais
devem ter as doses de administracdo diminuidas (PUIG, 2012). Quando a administracdo ocorre
por via intramuscular, tem-se o pico de concentracdes sericas em 30 a 60 minutos, com
biodisponibilidade de 80% do farmaco, enquanto que as vias intratecal ou intravenosa
possibilitam a absorcdo completa do farmaco.

Apos absorvido, 0 MTX liga-se a proteinas plasmaticas, principalmente a albumina. Porém,
farmacos a base de sulfonamidas, salicilatos, tetraciclinas, cloranfenicol e fenitoina podem
desacoplar o MTX da albumina plasmatica e diminuir sua biodisponibilidade. Além disso, 0
MTX em baixas doses ndo atravessa a barreira hematoencefalica (BORCHERS et al., 2004;
PUIG, 2012).

Em relacdo a depuracdo (clearance) desse farmaco, a excrecédo renal por filtracdo glomerular
ou secrecdo tubular ativa é a primeira via de eliminacdo (80 a 90%), sendo dependente da
dosagem e da via de administracdo. Com a administracdo endovenosa, 80% a 90% da dose
administrada é excretada sem modifica¢do na urina dentro de 24 horas. Cerca de 10% do MTX é
excretado por vias biliares e, nesse caso, acredita-se que ocorra circulagcdo éntero-hepatica
(NUNES et al., 2009; PUIG, 2012).
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A depuracdo do MTX pode ser alterada por qualquer condigdo ou medicagdo que afete a
funcdo renal. Assim, a depuracdo total ocorre em aproximadamente 100 mL/min./m? para
pacientes pediatricos, 2,3mL/min./ Kg para pacientes adultos e 1,6 mL/min./Kg para pacientes
obesos (LELES, 2008).

O retardo na depuracdo do MTX é um dos principais fatores responsaveis pela toxicidade
desse medicamento. Desse modo, o farmaco leucovorina célcica, por exemplo, é capaz de
retardar a potencial toxicidade do MTX em altas doses ou mesmo a sua toxicidade, por excre¢édo
retardada. Assim também, o MTX pode ser eliminado através do leite materno, o que restringe o
seu uso no periodo de amamentacdo (BORCHERS et al., 2004; NUNES et al., 2009; PUIG,
2012).

1.3 Metotrexato: Indicagdes terapéuticas e mecanismos de acao

Atualmente o MTX apresenta uma vasta aplicacéo clinica. Como agente quimioterapico é
utilizado no tratamento da leucemia linfoblastica aguda (LLA), coriocarcinoma, tumores
trofoblasticos em mulheres, osteosarcoma, linfomas de Burkitt e ndo-Hodgkin, carcinomas de
mama, cabeca, pescoco, ovarios e bexiga (RAU et al., 2004; NEVES et al., 2009; OLIVEIRA,
2010). Alem de sua atividade antineoplasica, 0 MTX também tem sido utilizado no tratamento da
psoriase (DE EUZEBIO et al, 2014), como imunossupressor apos o transplante de 6rgaos e de
medula déssea alogénica (FEAGAN et al., 2000), na dermatomiosite (KASTELER e CALLEN,
1997), na artrite reumatoide (AR) (KRAUSE et al, 2014), na granulomatose de Wegener
(SPRINGER et al., 2014) e na doenca de Crohn (DESALERMOS et al., 2014).

Seu amplo uso terapéutico é obtido via regulacdo da dose do MTX utilizada para cada
patologia. Nos protocolos como agente antineoplasico sdo utilizadas altas doses (<50 mg por
semana). Nessas concentragdes, o MTX atua inibindo competitiva e reversivelmente a
diidrofolato redutase (DHFR), uma enzima responsavel pela reducdo do folato ao tetraidrofolato,
considerando que afinidade do MTX pela DHFR é 3000 a 10000 vezes superior aos folatos.
Dessa forma, com a inibicdo da enzima DHFR, ocorre um acumulo de diidrofolato e,
consequentemente, a deplecdo do tetraidrofolato, a forma ativa do acido folico que atua como co-

fator da timidilato sintetase (TYMS) na transferéncia de unidades de carbono, sendo esse um
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processo essencial para 0os mecanismos de sintese e reparo do DNA e replicacdo celular
(CHIBBER et al, 2011).

O MTX age na fase S do ciclo celular, quando ocorre a duplicacdo do DNA e a sintese de
histonas. Assim, seu efeito imediato consiste na interrupgdo abrupta da sintese de DNA. Em
consequéncia, as células ndo conseguem se duplicar, resultando em morte celular de quaisquer
células que estejam nessa fase do ciclo. Desse modo, o quimioterapico afeta tanto as células
saudaveis quanto as neoplasicas (MARQUES, 2009).

Em baixas doses (de 5 a 25 mg por semana), 0 MTX é o farmaco de primeira escolha para
o0 tratamento de algumas doencas autoimunes. Contudo, ao contrario dos protocolos
antineoplasicos, os mecanismos de acdo do MTX sdo menos conhecidos. Sua acao
antiinflamatdria provavelmente envolve a acdo em diversas rotas metabdlicas, incluindo as
seguintes evidéncias: o MTX interfere no metabolismo da metionina-homocisteina, mais
especificamente na transmetilagdo da homocisteina em metionina por inibi¢cdo da enzima 5,10-
metilenotetrahidrofolato redutase (MTHFR) (NEVES et al., 2009). Essa enzima é dependente de
folato, catalisando a conversdo da homocisteina em metionina. Como resultado, por um lado ha o
aumento da concentracdo de homocisteina e, por outro, ha a inibicdo de sintese de poliaminas.
Como as poliaminas sdo essenciais para diversas funcdes celulares, como proliferacéo,
diferenciacgdo, sintese proteica e reacdes imuno-mediadas, sua inibi¢do parece resultar nos efeitos
imuno-moduladores do MTX (BYDLOWSKI et al., 1998; CRONSTEIN 2005; NEVES et al.,
2009).

Além do efeito inibitorio na sintese de poliaminas, a acdo antiinflamatdria do MTX parece
estar relacionada a mecanismos ligados a liberacdo de adenosina e a efeitos diretos na
proliferacdo das células T (CRONSTEIN 2005). Isso porque os poliglutamatos do MTX sdo
capazes de inibir a enzima 5-aminoimidazol-4-carboxamida (AICAR), que por sua vez inibe as
enzimas adenosina desaminase e adenosina monofosfato desaminase. Essa inibicdo em cadeia
culmina com o aumento dos niveis de adenosina na corrente sanguinea. Por outro lado, o
aumento na concentracdo da adenosina extracelular leva ao aumento da adenosina monofosfato
ciclico (AMPc). Esse aumento desencadeia uma diminuicdo na quantidade de leucdcitos, inibindo
assim o acumulo dessas células. Adicionalmente, ocorre a reducdo na producdo de varias

citocinas inflamatorias, principalmente do fator de necrose tumoral alfa (TNF-a), interleucina-1
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(IL-1), interferon gama (Igy). Também ocorre a inibicdo de mondcitos/macréfagos e células T
(TIAN e CRONSTEIN 2007; NEVES et al., 2009, LIMA 2012).

Ademais, recentemente a acdo antiinflamatéria do MTX em baixas doses tem sido
relacionada com a inducdo de apoptose. Tal indugdo parece ser um dos principais mecanismos
imunodepressores desse farmaco, ja que a morte de células imunes reduziria a producdo da
resposta inflamatdria. Por outro lado, também existem evidéncias que relacionam a inducédo da
apoptose causada pelo MTX com o aumento do estresse oxidativo, por meio do aumento da
producdo de espécies reativas de oxigénio (EROSs), sobre as quais os linfécitos T demonstram
particular suscetibilidade (PHILIPS et al., 2003; HERMANN et al., 2005; NEVES et al., 2009).
Philips e colaboradores (2003) postularam que a producdo de EROs em um primeiro momento é
essencial para a acdo antiinflamatoria e imunomoduladora do MTX. Nos seus estudos, esses
pesquisadores notaram que, na resposta ao estresse oxidativo causado pelo MTX, ocorre uma
inibicdo da taxa de proliferacdo célular de mondcitos e células T. Assim, esses autores
propuseram que 0 MTX e seus metabdlitos seriam capazes de aumentar a producdo de EROs,

diminuindo a progresséo da inflamacéo.

1.4 Toxicidade ao metotrexato

Apesar da eficacia terapéutica, 0 MTX & um farmaco associado a incidéncia de efeitos
adversos graves tais como: mucosite, conjuntivite, toxicidade ao trato gastrointestinal (nauseas,
vOmitos, anorexia, estomatite, ulceracdes e hemorragias graves) (KALANTZIS et al, 2005),
toxicidade pulmonar (JAKUBOVIC et al., 2013), hepatotoxicidade aguda e crénica (LAHARIE,
et al. 2008), nefrotoxicidade - considerando que alteraces na funcéo renal interferem nos niveis
plasmaticos do MTX e predispbem o0 paciente a maiores riscos de toxicidade sistémica
(XAVIER, 2010) -, além do mais grave dos efeitos, que € a neurotoxicidade, que por sua vez
pode se apresentar como:

i) Aguda: quando ocorre durante ou dentro de horas apds a administracdo do MTX, com sintomas
de sonoléncia, confusdo, fadiga e convulsdes;

ii) Subaguda: quando ocorre dias e semanas ap0s a administracdo, com hemiparesia, convulsdes,
mielopatia e sintomas algicos em membros inferiores, alteracbes sensoriais e disfuncdo da

bexiga;
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iii) Cronica: quando ocorre apds meses ou anos, geralmente associada com leucoencefalopatia -
uma doenca neuroldgica que causa alteracdo estrutural da substancia branca cerebral, com danos
a mielina - caracterizada por alteragdes de personalidade, deméncia progressiva, convulsdes
focais, tetraparesia espastica e estupor (RUBNITZ et al., 1998; SHUPER et al., 2000; FILLEY E
KLEINSCHMIDT, 2001; VEZMAR et al., 2003;VEZMAR et al., 2009).

A causa do aparecimento de efeitos adversos em alguns pacientes ndo esta totalmente
elucidada. No entanto, parece envolver um acentuado aumento do estresse oxidativo provocado
pelo farmaco (HOWARD et al., 2009; KAGER, 2009; CARON et al., 2009; STENZEL et al.,
2010).

Protas e colaboradores (2010) investigaram a associacao entre a neurotoxicidade causada
pela quimioterapia na LLA e os marcadores de estresse oxidativo no liquor. Os autores
observaram um aumento na peroxidacédo lipidica e uma diminui¢do na capacidade antioxidante
total do liquor ao longo do tratamento, indicando que a neurotoxicidade presente no tratamento
padrdo de LLA poderia estar relacionada ao estresse oxidativo causado pela quimioterapia.

Em estudo com coelhos, Ayromlou e colaboradores (2011) averiguaram que o tratamento
com MTX induz danos oxidativos ao tecido medular, com aumento da peroxidacao lipidica e
diminuicdo dos niveis das enzimas superoxido-dismutase (SOD) e glutationa peroxidase (GPX).
Ja Uraz e colaboradores (2008), em um estudo com ratos, postulam que a toxicidade causada ao
figado pelo MTX pode estar relacionada ao estresse oxidativo induzido pelo farmaco, com
aumento dos niveis de lipoperoxidacao e diminuicdo da enzima GPX.

Jaohvic e colaboradores (2003) administraram dose Unica de MTX (20mg/kg) em ratos
Wistar e posteriormente analisaram 0s parametros oxidativos no figado, rim e sangue desses
animais em comparacdo com o grupo controle. Os resultados mostraram que, 0 grupo tratado
apresentou niveis significativamente maiores de lipoperoxidacdo, e diminuicdo nos niveis de
mieloperoxidase e glutationa oxidada (GSSG).

Mukherjee e colaboradores (2013), em estudo com camundongos albinos Swiss tratados
com 20mg/Kg por semana de MTX, observaram inducdo de apoptose e aumento dos marcadores
de estresse oxidativo nos hepatocitos, com aumento significativo na peroxidacdo lipidica,
carbonilacdo de proteinas, geragdo de radicais superoxido na mitocéndria e diminuigdo dos niveis

de tidis.
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Portanto, esses estudos experimentais corroboram com a hipdtese de que o estresse

oxidativo esta diretamente envolvido com a toxicidade causada pelo MTX.

1.5 Resposta farmacogenética ao metotrexato

Cerca de 7 mil genes humanos apresentam polimorfismos pontuais (single nucleotide
polymorphisms, SNP) que podem afetar a eficacia e a seguranca da acdo metabdlica dos
farmacos. Essas mutagdes podem ocorrer em proteinas alvos envolvidas no transporte ou em
enzimas metabolizadoras (IVER e RATAIN, 1998). Essas alteracGes genéticas podem estar
relacionadas com as variacGes de respostas interindividuais, ocasionadas pela interacdo entre
genes e drogas. Essas interagdes, por sua vez, sdo estudadas pela farmacogenética, uma area
emergente da farmacologia clinica (SHI et al., 2001 ). Portanto, a farmacogenética € uma area do
conhecimento que busca explicagdes para casos como 0s dos pacientes tratados com MTX que
recebem uma dose padronizada de acordo com a patologia a ser tratada.

Assim, apesar da maioria dos pacientes apresentar resposta terapéutica integral a um dado
farmaco, existem pacientes em que esse farmaco pode ser de alta toxicidade, com efeitos
adversos graves (NUNES, 2009).

Nesse contexto, estudos farmacogenéticos sugerem que polimorfismos relacionados com a
rota de metabolizacdo do MTX podem estar associados a eficacia terapéutica desse farmaco
(GHODKE et al., 2008). Esse é o caso dos polimorfismos no transportador RFC1, capaz de
induzir diferencas no transporte e consequentemente nos niveis intracelulares de MTX.
(RANGANATHAN e MCLEOD, 2006).

Outros estudos também relacionam polimorfismos genéticos em enzimas relacionadas ao
metabolismo do MTX, como a enzima MTHFR, e assim com a eficacia terapéutica
(RANGANATHAN e MCLEOD, 2006) e com a toxicidade ao MTX (URANO et al., 2002;
YANG et al., 2012).

Outra enzima importante na metabolizacdo do MTX € a TYMS, que é chave na sintese de
novo de timidilato e, assim, estudos farmacogenéticos tém descrito associacdo entre
polimorfismos genéticos nessa enzima com a resposta terapéutica ao MTX (KUMAGAI et al.,
2003; RANGANATHAN e MCLEOD, 2006; SALGADO et al., 2007; REGO-PEREZ et
al.,2008; LIMA et al., 2012).
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Diante do exposto e pela inexisténcia de indicadores pré-tratamento da resposta do paciente
ao MTX, os estudos farmacogenéticos exercem um papel fundamental e promissor para a
otimizacdo dos tratamentos com tal farmaco (IVER e RATAIN, 1998; RANGANATHAN,
2008).

1.6 Potencial efeito farmacogenético do metotrexado associado ao metabolismo

oxidativo

O oxigénio é uma molécula fundamental para os organismos aerdbios, utilizado na
producdo de energia através da cadeia transportadora de elétrons na mitocondria e em inimeras
vias metabolicas fundamentais. Ao mesmo tempo, seu consumo é capaz de gerar substancias
toxicas ao nivel intracelular e extracelular, criando entdo o chamado “paradoxo do oxigénio”
(HALLIWELL, 2007).

Essas substancias toxicas sdo chamadas EROs, e sua producdo ocorre de maneira continua
e fisiologica. Em niveis basais, cumprem funcdes bioldgicas relevantes na producao de energia,
fagocitose, regulacdo do crescimento e sinalizacdo intercelular (HALLIWELL, 2007). A
producdo de EROS esta diretamente relacionada ao consumo de oxigénio e a proporcdo de
mitocOndrias nas células. Assim, acredita-se que 1 a 4% do oxigénio consumido pela cadeia
transportadora de elétrons na mitocéndria ndo é completamente reduzido a agua ou utilizado para
a conversdao em ATP (Adenosina Trifosfato). A partir de uma sequéncia de reacdes de oxi-
reducdo, essas moléculas de oxigénio passam a apresentar desemparelhamento de elétrons,
tornando-se EROs (RAHA E ROBINSON, 2000). As EROs também podem ser produzidas pelas
oxidases, que sdo enzimas especificas localizadas na membrana plasmatica e podem ser
produzidas como resposta a fatores de crescimento e citocinas (BARZILAI et al., 2004). Fatores
ambientais como luz ultravioleta, radiacdo ionizante, agentes quimicos, metais pesados e maus
habitos alimentares também podem levar a um aumento excessivo na producdo de EROs,
resultando em um estado de estresse oxidativo (HALLIWELL, 2007). As principais EROs
formadas metabolicamente sdo: o anion radical superéxido (O, ¢), o peroxido de hidrogénio
(H20y) e radical hidroxila (OH") (HALLIWELL, 2007).

Dentre as EROs, 0 anion O, ¢, tem papel destacado por ser continuamente produzido

como subproduto da fosforilacdo oxidativa na mitocdndria. Além disso, pode originar-se a partir
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de estimulos externos como a irradiacdo. Nessa perspectiva, 0 anion O,  é bioquimicamente
produzido a partir da reducdo de 1 elétron de oxigénio, sendo por isso considerado
moderadamente reativo. O O, possui meia-vida de aproximadamente 2-4pus (microssegundos),
tendo baixissima capacidade de atravessar as membranas bioldgicas. Entretanto, pode se
difundir por longas distancias a partir de seu local de produgédo (THOMAS, 2003; HALLIWELL,
2007). Na presenca de H,O, 0 O+ pode ser precursor de espécies oxidantes mais potentes
através da reacdo de Haber-Weiss, na qual metais de transicdo como Cobre Il e Ferro IlI
catalisam a reacdo, levando a formacé&o do radical OH". O anion O, " possui alta afinidade com o
oxido nitrico (ON), cuja reacéo leva a formagdo de peroxinitrito (ONOO"). Esta € uma molécula
espécie nitrosativa de oxigénio que tem grande afinidade com lipidios, causando assim uma
extensa oxidacdo das membranas celulares. Essa reacdo & conhecida como lipoperoxidagao.
Como as membranas célulares sdo compostas por uma membrana com dupla camada lipidica,
processos de lipoperoxidacdo podem causar danos extensivos as ceélulas e suas organelas
(HALLIWELL, 2007).

O H,0, é outra EROs de grande relevancia bioldgica. Essa molécula apresenta potencial
oxidante indireto, agindo como precursor na formacdo de outras EROs. Assim, é capaz de
difundir-se por distancias consideraveis e atravessar membranas. No citoplasma, o H,O, pode
reagir com ions de Cobre ou Ferro Il produzindo outro importante EROs, a OH’, numa reacédo
conhecida como reacdo de Fenton (HALLIWELL, 2007).

Das EROs conhecidas, o radical OH" é altamente reativo e o que causa maior dano. E
capaz de reagir com todos os tipos de macromoléculas, causando danos a proteinas, lipideos e
levando a mutacbes no DNA. Devido a sua meia-vida muito curta, dificilmente pode ser
sequestrado in vivo. (HALLIWELL, 2007).

Devido ao fato de as EROs serem moléculas de grande reatividade, conforme ja
comentado, o organismo possui dois sistemas de defesa antioxidantes: o sistema enddgeno,
constituido por uma cadeia enzimatica (Figura 1), e o sistema exdgeno, constituido por moléculas
bioativas com atividade antioxidante, obtidas a partir da alimentacdo (MONTAGNER, 2010).

O sistema enddgeno é constituido pela SOD, primeira enzima na linha de defesa contra EROs,
capaz de dismutar O, em H,0,. Essa enzima existe sob trés isoformas nos compartimentos

celulares: a CuzZnSOD (citosélica — SOD1 e extraceular — SOD3) e a MnSOD (exclusivamente
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mitocondrial — SOD2). O H,0, por sua vez também pode e precisa ser removido, participando as
enzimas catalase (CAT) e GPX (SINHA et al., 2013).

Glutathione peroxidase

2 GSH

Catalase

Figural- Sistema Antioxidante Enddgeno, composto pelas enzimas detoxificadora SOD/CAT e GPX.
Fonte: Adaptada de Mello e colaboradores, 2011.

No entanto, quando o acumulo de EROs ultrapassa a capacidade de defesa antioxidante
das células, ocorre o estresse oxidativo. Essa condi¢cdo decorre do aumento excessivo na
producdo das EROs, da diminuicdo da capacidade de defesa celular antioxidantec ou ainda por
sinergismo de ambos (COSTA E MORADASFERREIRA, 2001). O estresse oxidativo causado
por este desbalanco pode levar a oxidacdo de lipideos de membranas, proteinas e DNA,
desencadeando eventos patologicos como doencas cardiovasculares, artrite, hipertensdo, diabetes
mellitus, doencas neurodegenerativas, como Parkinson e Alzheimer, aterosclerose e
carcinogénese (LEE et al., 2002;VALKO et al., 2007; MONTAGNER et al.; 2010).
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1.6.1 Superdxido Dismutase

As SOD sdo uma familia de enzimas que catalisam a dismutacdo do anion O+ em H,0,,
que serve de substrato para as proximas enzimas da via antioxidante, como a GPX e CAT,
resultando em agua e oxigénio. Trés isoformas da SOD foram bioguimica e molecularmente
caracterizadas em mamiferos até o momento: duas enzimas dependentes do cobre e do zinco
como co-fatores (SOD1 e SOD3) e uma enzima dependente do manganés como co-fator: SOD2
ou MnSOD.

Presente em todas as células eucarioticas, a SOD1 é bastante abundante, correspondendo a
aproximadamente 1% do total de proteina celular (OKADO-MATSUMOTO e FRIDOVICH,
2001) e se localiza predominantemente no citosol, podendo também ser encontrada no nucleo,
peroxissomo e espago intermembrana da mitocondria (FRIDOVICH, 1997; OKADO-
MATSUMOTO, 2001; STURTZ, 2001). Ja a SOD 3 se localiza principalmente em fluidos
extracelulares. A SOD-3 ¢ secretada pelas celulas musculares lisas e macrdéfagos e se liga a
glicosaminoglicanos na matriz extracelular vascular (FUKAI et al., 2002).

A SOD?2 é a enzima superédxido dismutase mais relevante por atuar dentro da mitocondria,
na qual ocorre a maior producao de O* celular, uma molécula homotetramétrica composta por
tetrdmeros de aproximadamente 21 kDa por subunidade. Tal enzima é codificada pelo gene
SOD2 nuclear, localizada no cromossomo 6 regido g25.3. Como essa enzima € sintetizada a partir
de um gene nuclear, inicialmente é produzida uma proteina SOD2 inativa que estruturalmente é
homotetramero, o qual se liga a um ion de manganés por subunidade. Assim, a SOD2 inativa
sintetizada no reticulo endoplasmatico rugoso € enviada para o interior da mitocondria gracas a
presenca de uma pequena sequéncia peptidica denominada sequéncia mitocondrial alvo
(mitocondrial target sequence, MTS). Ao passar pelos poros da membrana mitocondrial interna,
0 segmento pepetidico MTS é entdo clivado por lisossomos, e a proteina madura se agrega em
uma forma ativa tornando-se uma enzima funcional (ZELKO et al., 2002; SUTTON et al., 2003).

1.6.2 Polimorfismo genético da SOD2

Ao contrério das outras SODs, a atividade da SOD2 é essencial para a sobrevivéncia dos

mamiferos, como mostrado em uma investigagdo com camundongos geneticamente modificados
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que ndo possuiam o gene da SOD2 (Knockout). Os animais com o gene da SOD2 inativado
morreram logo apds o nascimento devido ao dano oxidativo exacerbado, aléem de apresentarem
alteracdes morfofuncionais importantes, incluindo miocardiopatia dilatada e neurodegeneracao
(LI et al.,1995).

Por ser um gene vital para a sobrevivéncia, foi postulado que variacGes genéticas que
afetassem a eficiéncia da SOD2 poderiam alterar o balanco redox celular e estarem associadas a
disfuncdes e doencas cronico-degenerativas. Desse modo, durante a década de 90, investigacfes
sobre o papel de polimorfismos genéticos na SOD2 em doengas humanas comegaram a emergir.
Um dos primeiros estudos sugeriu potencial associacdo entre variacdes genéticas da SOD2 com
diabetes insulino-dependente (POCIOT et al., 1993). Ja em 1999, um estudo conduzido por
Ambrosone e colaboradores descreveu a associacdo entre um polimorfismo localizado na regido
MTS e cancer de mama. Assim, esse SNP (single nucleotide polymorphism) envolve a
substituicdo de uma timina (T) por uma citosina (C) no exon 2, nucleotideo 47. Tal substituicdo
afeta o0 codon 16, que codifica 0 aminoacido 9, resultando na substituicdo do aminoacido valina
(GTT) pela alanina (GCT). Por esse motivo, esse polimorfismo pode ser denominado Alal6Val-
SOD2 (ZELKO et al., 2002)

Nesse contexto, existem assim dois alelos A (Alanina) e V (Valina), e portanto trés
possiveis gendtipos: AA, AV e VV. Em termos fenotipicos, a variante Ala-SOD2 possui uma
estrutura a-hélice, sendo assim facilmente importada para o interior da mitocondria. Ja a variante
Val-SOD2 possui uma estrutura parcial de B-lamina, o que faz com que fique parcialmente retida
no poro da membrana interna mitocondrial. A variante Ala/Val-SOD2 apresenta estrutura
helicoidal (SUTTON et al., 2003, BAG e BAG, 2008).

InvestigacBes in vitro demonstraram que o Ala-SOD2 é capaz de gerar homotetrameros
SOD2 com 30-40% mais atividade do que a matriz processada com precursor Val-SOD2
(SUTTON et al.,2003; MONTIEL et al., 2013). Apesar da maior eficiéncia do alelo A, muitos
estudos epidemiologicos tém descrito associacdo entre essa variante genética e o cancer de
prostata (TAUFER et al.,2005), mama (BICA et al.,2009), pulméo e estbmago (ZEJNILOVIC et
al., 2009). Assim, acredita-se que esse fendmeno ocorra devido a maior eficiéncia da SOD2, que
se ndao for acompanhada por um aumento nos niveis de GPX e CAT, ou de compostos
antioxidantes ndo enzimaticos armazenados na célula, resulta na geracdo excessiva de H,0,. O

H,O, pode reagir com metais de transicdo via reacdo de Fenton, originando o radical OH’, que é
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0 mais lesivo dos radicais e é fortemente mutagénico, sobre o qual o organismo ndo apresenta

mecanismos de defesa (Figura 2).

0,* —— 1H;0,—— H,0+ % 0,
{ AA-SOD2 = GPX

- Fe?*
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N Fe®

v \ 4
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Mutages no DNA- Instabilidade Cromossomica- Cancer

Figura 2- Potencial associacdo entre o genétipo AA do polimorfismo Alal6Val-SOD2 com a produgdo de niveis
elevados de hidroxila, que estdo associados a danos a0 DNA e ao risco aumentado de cancer. No caso, a maior taxa
de dismutacdo do O,* em H,0O,, devido a solubilidade do H,O, nas membranas e no citoplasma, pode reagir via
reagdo de Fenton originando altos niveis de OH".

Fonte: Os Autores

Uma revisdo recente sobre a associacdo entre o polimorfismo Alal6Val-SOD2 e
disfuncdes e morbidades foi conduzida por Bresciani e colaboradores (2013), nesta séo citadas
evidéncias de que o genoétipo VV, que possui menor eficiéncia enziméatica da SOD2 e, com isso,
acumulo do anion radical O,*" dentro da mitocéndria, rapidamente reage com o ON formando o
ONOOQO'". Esta molécula tem grande afinidade com lipidios, causando extensa oxidacdo das
membranas celulares (Figura 3).

Assim, o genétipo VV-SOD2 tem sido associado com disfun¢do endotelial (KATO,
2000), niveis elevados de LDL-oxidado (GOTTLIEB et al., 2005), complica¢gdes microvasculares
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do diabetes (TIAN et al., 2011), niveis elevados de citocinas inflamatérias (MONTANO et al.,
2012). O genGtipo VV-SOD2 também parece estar associado com maior risco de
desenvolvimento de obesidade (MONTANO et al., 2009), hipercolesterolemia (DUARTE et al.,
2010) e maior agressividade tumoral, ja& que aumenta o potencial de metastase no cancer de
mama (BICA et al., 2010).
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Figura 3- Potencial associa¢do do gendtipo VV com maiores niveis de lipoperoxidacdo que causam danos as
membranas plasmatica e das organelas. A menor eficiéncia na taxa de dismutacdo do O, em H,O,faz com que haja
acumulo de O,* na mitocéndria. Uma vez que virtualmente todas as células produzem ON, e que 0 O,¢ possui alta
afinidade por esta molécula, a reacdo entre O,+ e ON produz ONOO- que pode causar extensa lipoperoxidacdo das
membranas.

Fonte: Os autores

InvestigacBes in vitro também demostraram que o polimorfismo Alal6Val-SOD2 afeta
diferencialmente a toxicidade de linfocitos expostos a radiacdo ultravioleta (MONTAGNER et
al., 2010), a acdo antioxidante do farmaco citrato de clomifeno (COSTA et al., 2012) e também

0s niveis de citocinas inflamatérias e antiinflamatorias em linfocitos (MONTANO et al., 2012).
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Uma vez que o MTX age diretamente no metabolismo oxidativo das células, e que os
efeitos adversos relacionados a esse farmaco apresentam marcada variabilidade inter-pacientes,
uma questdo em aberto é se o polimorfismo Alal6Val-SOD2 poderia interferir na resposta

citotéxica a esse farmaco.
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2 OBJETIVOS

2.1 Objetivo Geral

Avaliar o efeito farmacogenético in vitro da exposicdo ao MTX em células

mononucleares do sangue periférico (CMSP) portadoras de diferentes gen6tipos do polimorfismo

Alal6Val-SOD2, investigando a resposta citotdxica, alteracdes no metabolismo oxidativo-

inflamatario, inducdo da apoptose e a expresséo de genes relacionados.

SOD2,

2.2 Objetivos Especificos

Em culturas de CMSPs portadoras de diferentes genotipos do polimorfismo Alal6Val-
avaliar o efeito do MTX na(nos):

- Viabilidade celular;

- Proliferacdo celular;

- Niveis de indicadores de estresse oxidativo (EROs, lipoperoxidacdo, carbonilacédo de
proteinas, genotoxidade);

- Atividade e modulacdo da expressao de RNA das enzimas antioxidantes SOD1, SOD2,
CAT e GPX;

- Producdo de citocinas inflamatorias (IL-1B, IL-6, TNFa, Igy) e da citocina
antiinflamatoria 1L-10;

- Inducdo da apoptose através da analise da modulacdo da expressdo dos genes BAX, Bcl-

2 e na producdo e modulacdo dos genes das caspases 3 € 8;
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3 RESULTADOS

Os resultados bem como a metodologia utilizada deste estudo estdo organizados sob a
forma de um manuscrito cientifico submetido a revista Plos One (fator de impacto 4.24) que se

encontra em fase de revisao.
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Abstract

Methotrexate (MTX) is a folic acid antagonist used in high doses as an anti-cancer treatment and
in low doses for the treatment of some autoimmune diseases. MTX use has been linked to
oxidative imbalance, which may cause multi-organ toxicities that can be attenuated by
antioxidant supplementation. Despite the oxidative effect of MTX, the influence of antioxidant
gene polymorphisms on MTX toxicity is not well studied. Therefore, we analyzed here whether a
genetic imbalance of the manganese-dependent superoxide dismutase (SOD2) gene could have
some impact on the MTX cytotoxic response. An in vitro study using human peripheral blood
mononuclear cells (PBMCs) obtained from carriers with different Alal6Val-SOD2 genotypes
(AA, VV and AV) was carried out, and the effect on cell viability and proliferation was analyzed,
as well as the effect on oxidative, inflammatory and apoptotic markers. AA-PBMCs that present
higher SOD2 efficiencies were more resistance to high MTX doses (10 and 100 uM) than were
the VV and AV genotypes. Both lipoperoxidation and ROS levels increased significantly in
PBMCs exposed to MTX independent of Alal6Val-SOD2 genotypes, whereas increased protein
carbonylation was observed only in PBMCs from V allele carriers. The AA-PBMCs exposed to
MTX showed decreasing SOD2 activity, but a concomitant up regulation of the SOD2 gene was
observed. A significant increase in glutathione peroxidase (GPX) levels was observed in all
PBMCs exposed to MTX. However, this effect was more intense in AA-PBMCs. Caspase-8 and -
3 levels were increased in cells exposed to MTX, but the modulation of these genes, as well as
that of the Bax and Bcl-2 genes involved in the apoptosis pathway, presented a modulation that
was dependent on the SOD2 genotype. MTX at a concentration of 10 uM also increased
inflammatory cytokines (IL-1B, IL-6, TNFa and Igy) and decreased the level of IL-10 anti-
inflammatory cytokine, independent of SOD2 genetic background. The results suggest that
potential pharmacogenetic effect on the cytotoxic response to MTX due differential redox status
of cells carriers different SOD2 genotypes.

Key words
MTX, manganese-dependent superoxide dismutase MnSOD, cytotoxicity, mMRNA expression,

PBMCs, apoptosis
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Introduction

Methotrexate (MTX) is a drug that has been used since the 1950s to treat a broad number
of morbidities such as cancer and autoimmune diseases. The basis for its therapeutic efficacy is
the inhibition of dihydrofolate reductase (DHFR), a key enzyme in folic acid (FA) metabolism
[1]. At low concentrations, MTX has anti-inflammatory and/or immunosuppressive effects [2]
related to the induction of lymphocyte apoptosis through oxidative stress and increasing caspase-
3 levels [3, 4]. For this reason, it is the first-line therapy for the treatment of moderate to severe
psoriasis and psoriatic arthritis all over the world [5].

In contrast, the continued use of MTX has being associated with oxidative imbalance,
which may cause multi-organ toxicities, including hepato-, neuro-, lung- and nephrotoxicity and
testicular damage [6, 7, 8, 9]. Investigations suggest that oxidative stress caused by MTX
involves decreasing in some antioxidant enzymes as glutathione peroxidase, glutathione
reductase, catalase and superoxide dismutase, increasing of lipoperoxidation and ROS levels, as
well as apoptosis induction [4,10].

Despite the fact that the clinical response to MTX and its adverse effects exhibit marked
interpatient variability indicating pharmacogenetic effects [11], the influence of antioxidant gene
polymorphisms on MTX efficacy and toxicity is not well studied.

Human beings present genetic polymorphisms in antioxidant enzymes, which have an
impact on cell oxidative metabolism and are associated with the risk of chronic diseases, such as
the Alal6Val polymorphism in manganese-dependent superoxide dismutase (MnSOD or SOD2)
[12]. This single nucleotide polymorphism (SNP) (rs4880) occurs in the target sequence of the

SOD2 enzyme, where a valine to alanine substitution causes a SOD2 conformational change
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from a is from a-helix to a B-sheet , compromising the ability to neutralize O2- radicals. The a-
helix SOD2 protein form produced by the A allele is related to a 30—40% increase in enzyme
activity, whereas the V allele is related to reduced SOD2 enzyme efficiency [13].

Previous investigations have suggested that the AA genotype increases the susceptibility
to develop some cancer types such as breast and prostate cancer, whereas other studies have
associated the V allele with a higher risk of developing metabolic diseases such as obesity and
hypercholesterolemia [14]. In addition, the toxicogenetic and pharmacogenetic effects of the
Alal6Val-SOD2 polymorphism were described to include the in vitro influence on the toxic
response of human lymphocytes exposed to UV radiation [14] and methylmercury [15]. The
differential response of PBMCs to a clomiphene citrate, a gynecological drug with antioxidant
activity, was also reported [16]. The investigation performed by Montano et al. [17] also
described that the Alal6Val-SOD2 polymorphism could trigger peripheral blood mononuclear
cells (PBMCs) to produce different levels of proinflammatory cytokines when exposed to culture
medium richest in glucose and/or insulin. In this case, the V allele presented higher levels of
proinflammatory cytokines than did the A allele.

Therefore, we analyzed here whether the Alal6Val-SOD2 polymorphism could have
some impact on the MTX cytotoxic response via an in vitro study using human peripheral blood
mononuclear cells (PBMCs) from carriers of different Alal6Val-SOD2 genotypes.

Therefore, we analyzed the MTX effect at different concentrations on PBMC viability and
cell proliferation of PBMCs with different SOD2 genotypes. In addition, effect on redox
metabolism, inflammatory and apoptosis was also investigated from evaluation of the levels of
reactive oxygen cells (ROS), lipoperoxidation, protein carbonylation, genotoxicity, antioxidant

enzymes activities, cytokines production and caspases levels. Modulation of gene expression of
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antioxidant enzymes and some molecules involved with apoptosis pathway by MTX exposition
was also determined.

Material and Methods

General experimental design

An in vitro analysis was performed using human peripheral mononuclear cells (PBMCs) obtained
from carriers of different SOD2 genotypes. The present research study was approved by the
Ethics Committee of the UFSM (no 23081.015838/2011-10), and all blood cell donors signed a
consent form.

Reagents

MTX, thiazolyl blue tetrazolium bromide, 2’,7’-dichlorofluorescin diacetate, silver nitrate, and
xanthine were obtained from Sigma-Aldrich (St. Louis, MO, USA). The Quant-iT TM
Picogreen® dsDNA Assay Kit was obtained from Life-Technologies (Carlsbad, CA, USA).
Reagents for cell culture including RPMI 1640 Medium, fetal bovine serum,
penicillin/streptomycin and amphotericin were obtained from Sigma-Aldrich Reagents for
molecular biology were as follows: Phusion Blood Direct PCR Kit (Thermo Scientific, Waltham,
MA, USA), Trizol®, Dnase, SYBR® Green Master Mixes (Life-Technologies). The iScript
cDNA synthesis kit was obtained from Bio-Rad (Berkeley, CA, USA). Caspase and cytokine
immunoassays were performed using Quantikine® Colorimetric kits (R&D Systems,
Minneapolis, MN, USA). The equipment used for ARMS-PCR (genotyping) and Q-PCR were
Thermocycler (Maxygenll-Axygen, Union City, CA-USA) and StepOne Plus (Applied
Biosystems, Foster City, CA, USA) instruments. Fluorimetric readings were obtained using a
SpectraMax M2/M2e Multi-mode Plate Reader (Molecular Devices Corporation, Sunnyvale, CA,

USA).


https://www.google.com.br/search?espv=2&es_sm=93&q=carlsbad&stick=H4sIAAAAAAAAAGOovnz8BQMDgwsHnxCXfq6-gUlVRUp8rhIHiF1kUp6npZWdbKWfX5SemJdZlViSmZ-HwrHKSE1MKSxNLCpJLSrWmve6Kdz946I1T64kb_72S-YVv3QKAHDwmgFhAAAA&sa=X&ei=vLNFU4CmLdLgsASfo4D4Cw&ved=0CKABEJsTKAIwEQ
https://www.google.com.br/search?espv=2&es_sm=93&q=california&stick=H4sIAAAAAAAAAGOovnz8BQMDgwsHnxCXfq6-gUlVRUp8rhIHiG2YZ16opZWdbKWfX5SemJdZlViSmZ-HwrHKSE1MKSxNLCpJLSo-9GuRaiSL_N-PXgdL-Hla7v5v3dwJAFQmsKhhAAAA&sa=X&ei=vLNFU4CmLdLgsASfo4D4Cw&ved=0CKEBEJsTKAMwEQ
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The effects of SOD2 genotype on cell viability, apoptosis induction, oxidative metabolism
imbalance, genotoxicity and inflammatory cytokine levels were analyzed. To perform the
experiments, we first collected blood samples and genotyped the Alal6Val-SOD2 gene
polymorphism of 120 healthy adult subjects. The SOD2 genotypes frequencies (AA= 22.8%,
VV=27.6% and AV=48.7%) were in Hardy-Weinberg equilibrium that was calculated by chi-
square goodness-of-fit statistical test. Further, some subjects with similar lifestyle profiles were
invited to donate blood again and these samples were used to perform the in vitro assays. From
this second blood donation, the PBMCs (1 x 10° cells) were obtained and cultured in controlled
conditions with and without MTX exposure (0, 0.1, 1, 10, and 100 uM). There are few studies
involving MTX effects on PBMCs cells. Therefore we used a broad concentration range based in
a previous investigation performed by Sakuma et al [18]. The cell viability was determined, and
the effect of MTX on apoptosis, oxidative stress and inflammatory metabolism was evaluated and
compared among all treatments. Apoptosis pathway induction by MTX was evaluated by
quantifying caspase-8 and -3 levels. Caspase-8 is an apoptosis initiator molecule, which activates
caspase-3, and represents a key point in the transmission of the proteolytic signal. The gene
expression levels of these caspases were also determined. Because MTX oxidative stress could
be related to mitochondrial damage that triggers apoptosis, we also analyzed the effect of MTX
treatments on Bcl-2 and BAX gene modulation. These genes belong to the Bcl-2 family of gene
proteins that is also involved in the apoptosis pathway. The effect of MTX on PBMC oxidative
metabolism was evaluated by quantifying ROS, lipoperoxidation, protein carbonylation and
genotoxicity levels. The levels of antioxidant enzymes [SOD1, SOD2, catalase (CAT), and
glutathione peroxidase, (GPX)] were also determined, as were the effects of MTX on the gene
expression of these enzymes. Because PBMCs produce important inflammatory cytokines

modulated by MTX [19], the levels of interleukin-1 beta (IL-1p), interleukin-6 (IL-6), tumor
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necrosis factor alpha (TNFa), interferon gamma (IFNy) and the anti-inflammatory cytokine
interleukin-10 (IL-10) were measured and compared among PBMCs with different Alal6Val-
SOD2 genotypes that had been exposed to MTX. The caspase-1 level was also determined
because this intracellular cysteine protease is required for processing the IL-1 precursor into the
mature and active form that can then be secreted from the cell [20]. All experiments were

performed in triplicate, and the assays used to perform these analyses are described below.

Alal6Val-SOD2 SNP genotyping

To obtain PBMCs, the blood samples were first collected by venipuncture from 120
healthy adult subjects (26.4+7.3 years old) living in a Brazilian region (Rio Grande do Sul)
without a history of diseases that are treated with MTX, non-smokers, not obese, no use of
chronic medication or vitamin supplements, no previous cardiovascular medical history or
hypertensive disorder, and no metabolic diseases or other morbidity that could affect the results.
The Alal6Val-SOD2 genotyping was determined by polymerase chain reaction using a direct
total blood cell sample and Tetra-Primer ARMS-PCR assay as described by Ruiz-Sanz et al. [21]
with slight modifications. Briefly, two primer pairs were used to amplify and determined the
genotype of a DNA fragment containing the Alal6Val polymorphism in the human SOD2
sequence. The 3'-end of the allele-specific primers is underlined. Underlined lowercase bases
indicate the introduced mismatches. The PCR reaction was carried out in a total volume of 40 puL
containing 2040 ng of genomic DNA as the template, 0.5 uM of each primer, 100 uM of each
dNTP, 1.25 mM of MgCI2, PCR buffer (20 mM Tris-HCI (pH 8.4), 50 mM KCI), 5% dimethyl
sulfoxide (DMSO), and 1.25 Units of DNA polymerase. The PCR amplification was carried out
with an initial denaturation at 94°C for 7 minutes, followed by 35 cycles of 60 seconds of

denaturation at 94°C, 20 seconds of annealing at 60°C, and 30 seconds of extension at 72°C, and
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an additional 7 minutes of extension at 72°C at the end of the final cycle. A 20-uL aliquot of the
PCR products was mixed with 6 pL of loading buffer and resolved by electrophoresis in a 1.5%
agarose gel. This procedure resulted in three bands in heterozygotes (514, 366, and 189 bp) and
two bands in homozygotes (Val/Val resulting in bands of 514 and 189 bp, and Ala/Ala resulting

in bands of 514 and 366 bp) (Figure 1).

Primer Sequence (5’-3’)
F1 (forward) CACCAGCACTAGCAGCATGT
F2 (forward) GCAGGCAGCTGGCTaCGGT
R1 (reverse) ACGCCTCCTGGTACTTCTCC 366 pb
R2 (reverse) CCTGGAGCCCAGATACCCtAAAG

514 pb

189pb

®
o

o
b

Frequency (%)
S
o

X
<

AA "\ AV
C Ala16Val-SOD2 Genotypes

Figure 1 Alal6Val-SOD2 genotyping. (A) primers used to perform tetra-primer ARMS-PCR
assay; (B) Gel electrophoresis showing different fragments used to identify the SOD2 genotypes;
(C) Genotypic frequency distribution of AA, VV and AV genotypes in the 120 adult health
samples subject that donate blood sample to perform the PBMCs in vitro assays.

PBMC:s in vitro culture
From the subjects genotyped, a sub-group of 6-8 subjects per genotype with the

Alal6Val-SOD2 genotype were invited to donate blood again in order to perform cell culture and
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in vitro assays involving MTX exposure as previously described in Montano et al. (2012). The 20
mL blood samples were collected by venipuncture using heparinized vials and then transferred to
tubes with Ficoll histopaque (1:1). The tubes were centrifuged for 30 minutes at 1450 rpm and
PBMCs were positioned in the interphase. Further, PBMCs were centrifuged again (10 minutes at
2000 rpm) and transferred to culture medium containing 1 ml RPMI 1640 (GIBCO) with 10%
fetal calf serum (FCS) and 1% penicillin/streptomycin. Culture tubes for each subject were
prepared at a final concentration of 1 x 10° cells/mL. The PBMC cultures were incubated at 37°C

and 5% CO, for 24h before performing the experiments.

Viability and Cell proliferation assays

Based on previous reports that low dose MTX exerts anti-inflammatory and
immunosuppressive effects that induce apoptosis and oxidative stress [3], we exposed PBMCs
from carriers of different Alal6Val-SOD2 genotypes to different MTX concentrations (0.1-100
uM). The effect of genotype on cell viability was analyzed after 24 hours of exposure and the
effect on cell proliferation was assessed after 72 hours of exposure. Cell viability after 24 h of
MTX exposition and cell proliferation after 72 h of MTX exposition was analyzed by the MTT
(3-[4,5dimethylthiazol-2-yl]-2,5-diphenyltetrazolic bromide) reduction assay as described by
Mosmann [22]. Briefly, treated cells were incubated for 4 h with MTT reagent. After the
formazan salt was dissolved, the absorbance was measured at 570 nm. The cells were
photographed before the addition of DMSO in order to observe the formazan crystals. The MTT
assay was performed using a 96-well plate in three independent replications. The Trypan blue dye
exclusion assay was also performed to confirm the MTX effect on PBMCs viability [23]. The

results were expressed as a percentage of the untreated control values.
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2'-7'-dichlorofluorescein diacetate (DCFDA) ROS production assay

The effect of 24 hours of MTX exposure on the oxidative metabolism of PBMCs from
carriers of different Alal6Val-SOD2 genotypes was evaluated for different oxidant and
antioxidant variables. The ROS level was determined using the non-fluorescent cell permeating
compound 2'-7'-dichlorofluorescein diacetate (DCFDA) assay. In this technique, the DCFDA is
hydrolyzed by intracellular esterases to DCFH, which is trapped within the cell. This non-
fluorescent molecule is then oxidized to fluorescent dichlorofluorescein (DCF) by cellular
oxidants. After the designated treatment time, the cells were treated with DCFDA (10 uM) for 60
minutes at 37°C. In the assay, 1 x 10° cells from each sample were used to measured ROS levels
[20]. The fluorescence was measured at an excitation of 488 nm and an emission of 525 nm, and
the results were expressed as picomoles/mL of 2',7'-dichlorofluorescein (DCF) production from

2', 7'-dichlorofluorescin in reaction with reactive oxygen molecules present in the samples.

Spectrophotometric assays

Oxidative stress indicators were measured in PBMCs samples. Thiobarbituric acid
reactive substances (TBARS) were measured according to the modified method of Jentzsch et al.
[24]. The carbonylation of serum proteins was determined by the Levine method with
modifications [31]. Whole blood catalase activity was determined by the method of Aebi [25]by
measuring the rate of decomposition of H,O, at 240 nm. Whole blood superoxide dismutase
activity was measured as described by McCord & Fridovich [26].The Glutathione peroxidase
activity was measured as Glutathione Peroxidase as described by Flohe e Gunzler with

modifications [27].
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DNA comet genotoxicity assay

The alkaline comet assay was performed as described by Singh et al. [29] in accordance
with the general guidelines for use of the comet assay []. One hundred cells (50 cells from each of
the two replicate slides) were selected and analyzed. Cells were visually scored according to tail
length and received scores from 0 (no migration) to 4 (maximal migration). Therefore, the
damage index for cells ranged from O (all cells with no migration) to 400 (all cells with maximal

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

Caspase and cytokine immunoassays

The analyses of caspases-8, -3, and -1 and cytokines IL-1, IL-6, TNFa, Igy, IL-10 were
performed using the Quantikine Human Caspase Immunoassay to measure caspases in the cell
culture supernatants, according to the manufacturer’s instructions. Briefly, all reagents and
working standards were prepared and the excess microplate strips were removed. The assay
diluent RD1W was added (50 mL) to each well. Further, 100 mL of standard control for our
sample was added per well, after which the well was covered with the adhesive strip and
incubated for 1.5 hours at room temperature. Each well was aspirated and washed twice for a
total of three washes. The antiserum of each molecule analyzed here was added to each well and
covered with a new adhesive strip and incubated for 30 min at room temperature. The
aspiration/wash step was repeated, and the caspase-1 conjugate (100 mL) was added to each well
and incubated for 30 min at room temperature. The aspiration/wash step was repeated and 200
mL of substrate solution was added to each well and incubated for 20 min at room temperature.
Finally, the 50 mL stop solution was added to each well and the optical density was determined

within 30 min using a microplate reader set to 450 nm.
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MRNA expression analysis by quantitative QT-PCR assay

The expression levels of eight genes were measured by QT-PCR assay in PBMCs from
carriers of different Alal6Val-SOD2 genotypes exposed to MTX: four genes belong to oxidative
metabolism [superoxide dismutase genes (SOD1, SOD2), catalase (CAT) and glutathione
peroxidase (GPX)]. The gene expression of some proteins involved in the apoptosis cascade,
initiator caspase-8 (CASP 8) and effector caspase-3 (CASP 3) were also evaluated, as was the
pro-apoptotic Bcl-2-associated X protein (BAX) gene, which has been shown to be involved in
p53-mediated apoptosis.

Total RNA was isolated using TRIzol reagent. RNA yields were measured using a
Nanodrop 2000 spectrophotometer. First strand cDNA was synthesized from total RNA (2 pg)
using a First Strand cDNA Synthesis Kit and oligo dT primers. Q-PCR was performed in a 10 pl
reaction that contained 0.5 pl of the cDNA and 1x KAPA SYBR® FAST Universal gPCR Master
Mix (Kapa Biosystems, Woburn, MA, USA) using the following PCR parameters: 95°C for 3
min followed by 40 cycles of 95°C for 10 s, 60°C for 30 s followed by a melt curve of 65°C to
95°C in 0.5°C increments for 5 s. The expression level of beta-actin was used as an internal
control. The relative expression was calculated using the comparative Ct and was expressed as
the fold expression compared to the control. The specific primer pairs of antioxidant gene
enzymes are presented used in this study were: SOD1 Forward GCACACTGGTGGTCCATGAA
and Reverse ACACCACAAGCCAAACGACTT; SOD2 Forward-
5 GCCCTGGAACCTCACATCAAZ and Reverse- GGTACTTCTCCTCGGTGACGTT; CAT =
Forward- GATAGCCTT CGACCCAAGCA and Reverse- ATGGCGGTGAGTGTCAGGAT,
GPX = Forward- GGTTTTCATCTATGAGGGTGTTTCC and Reverse- GCCTTGGT

CTGGCAGAGACT; BAX = Forward- CCCTTTTCTACTTTGCCAGCAA and Reverse-



46

CCCGGAGGAAGTCCAATGT,; Bcl-2 =Forward- GAGGATT GTGGCCTTCTTTGAGT;
Reverse- AGTCATCCACAGGGCGATGT; CASP3 = Forward-
TTTGAGCCTGAGCAGAGACATG and Reverse- TACCAGT GCGTATGGAGAAATGG;
CASP 8= Forward- AGGAGCTGCTCTTCCGAATT and Reverse-

CCCTGCCTGGTGTCTGAAGT.

Statistical analysis

All analyses were carried out using the Graph Pad Prism 5 software, and the results were
expressed as the mean + standard deviation (SD). The comparison of all PBMC samples from
different Alal6Val-SOD2 donors treated with and without MTX was performed using the two-
way analysis of variance followed by a post hoc Tukey’s test. All p values were two-tailed. The

alpha value was set to < 0.05 to determine statistical relevance.

Results

The MTX exposure caused significant cytotoxicity from 1 uM concentration in human
PBMCs. However, this effect was significantly influenced by the AlaléVal-SOD2 gene
polymorphism (Figure 2A). PBMCs from carriers with the V allele (VV and AV) exhibited
decreased viability when exposed to MTX at 1, 10 and 100 puM concentrations, whereas AA-
PBMC viability was not affected by these treatments. These results were confirmed by trypan
assay.

Based on these results, a second analysis was performed to evaluate the prolonged MTX
effect at 10 and 100 pM concentrations on PBMC proliferation. Again, the cell response was
influenced by the Alal6Val-SOD2 polymorphism. As seen in Figure 2B, MTX did not influence

the cell proliferation of PBMCs from A-carriers (AA and AV). The VV-PBMCs treated with
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MTX showed significant decreases in proliferation rate when compared to the untreated control
group. However, the influence on VV-cell proliferation was similar at the 10 and 100 uM MTX

concentrations.
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Figure 2 MTX effect on PBMCs carrier’s different Alal6Val-SOD2 genotypes. (A) cell viability
at different MTX concentrations evaluated after 24 h of MTX exposition; (B) cell proliferation at
different MTX concentrations evaluated after 72 hours of MTX exposition. **p<0.01 was
determined by two-way analysis of variance followed by Bonferroni post hoc test. Viability and
cell proliferation were evaluated by MTT assay.
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The influence of MTX on PBMC oxidative metabolism after 24 hours of exposure was
then analyzed, and the results are presented in Table 1. Lipoperoxidation as well as ROS levels
increased significantly in PBMCs exposed to MTX independent of Alal6Val-SOD2 genotype.
However, the effect on lipoperoxidation was not dependent on MTX concentration (10 and 100
uM), whereas the increase in ROS levels only occurred at the higher MTX dose tested here (100
uM). On the other hand, protein carbonylation was not affected in AA-PBMCs, whereas AV and
VVV PBMCs presented an increase in this oxidative parameter. However, the effect of MTX on
protein carbonylation was dose-dependent only in VV-PBMCs.

The effects of MTX on antioxidant enzyme activity and gene expression were evaluated.
However, considering the results obtained in the analysis of antioxidant activity, the effect on
gene expression was evaluated only in cells exposed to 10 uM MTX (Table 1, Figure 3). SODI1
was strongly affected by MTX exposure, resulting in decreased enzyme activity and gene

expression independent of the Alal6Val-SOD2 genotype.
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Table 1 Comparison of oxidative metabolism variables of peripheral blood mononuclear cells

(PBMCs) carrier’s different Alal6Val-SOD2 genotypes exposed to Methotrexate

Alal6Val-SOD2 Genotypes

Variables P:;;)( AA \AY AV
Mean + sd Mean + sd Mean + sd
TBARS (mmol MDA/mg protein) 0 3.210+0.014% 3.805 + 0.020% 3.390 + 0.031%
10 5.165 + 0.274° 5.307 +0.08" 6.290 + 0.215"
100 5.008 + 0.301° 4.948 +0.176" 6.000 % 0,412"
Protein carbonylation 0 0.226 +0.023° 0.201 +£0.023° 0.195 + 0.024°
(mmol/mg protein) 10 0.267 +0.022° 0.292 +0.030" 0.339 +0.079"
100 0.213 +0.015° 0.329 +0.035° 0.306 +0.04"
ROS ( DCF picomoles/mL) 0 3104 + 177° 2680 + 199° 2855 + 330°
10 3704 +193° 2829 + 132° 2693+ 261°
100 5632 + 191° 7311 + 269 4999 + 509
SOD1 (UMnOD/mg protein) 0 0.747 £ 0.09° 0.610 +0.04* 0.654 + 0.04°
10 0.507 +0.05° 0.423 £0.05° 0.456 + 0.06"
100 0.498 + 0.06" 0.411+0.04° 0.432+0.05
SOD2 (UMnOD/mg protein) 0 2.170 £ 0.190° 0.728 + 0.05a° 1.050 *0.160°
10 1.577 +0.125" 0.756 + 0.05° 0.870 +0.270°
100 1.170 £ 0.04° 0.580 £ 0.01° 0.960 +0.110°
Catalase (K/mg protein) 0 0.050 + 0.004% 0.043 +0.008* 0.033 +0.008*
10 0.024 +0.003° 0.037 +£0.002° 0.041 + 0.006°
100 0.027 +0.003° 0.041 +0.018° 0.039 + 0004
GPX (U/mL) 0 4.01+0.82° 11.04 +2.02° 11.75 +3.04°
10 12.96 +2.02° 16.73 +3.04° 46.86 + 4.03"
100 20.53 + 3.50° 22.23 +3.06° 36.39 + 3.02°

MTX= methotrexate; sd= standard deviation; Different letters (a, b, c) indicate significant differences among each
MTX treatment determined by analysis of variance followed by Tukey's post hoc test at p<0.05

In contrast, the SOD2 activity and the gene expression were influenced by the Alal6Val-

SOD2 polymorphism. The AA-PBMCs exposed to MTX showed decreasing SOD2 activity.
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However, SOD2 gene expression significantly was upregulated in the cells exposed to MTX.
The VV-PMCs presented a decrease in SOD2 activity only when exposed to the higher MTX
concentration (100 puM). Unlike the AA-PBMCs, these cells presented SOD2 gene down
regulation when compared to the control group. Despite the fact that AV-PBMCs also presented
SOD2 gene down regulation, the SOD2 activity was maintained in cells treated with MTX.

Catalase activity decreased only in AA-PBMCs cells exposed to MTX. However, these
cells did not demonstrate any effect on catalase gene expression. The PBMCs from carriers of the
A allele (AA and AV) did not show a decrease in catalase levels, but the effect on catalase gene
expression was evident. Whereas, VV-PBMCs exposed to MTX exhibited downregulated
catalase gene expression, heterozygous cells demonstrated catalase upregulation.

After 24 hours of MTX exposure, PBMCs presented high levels of GPX enzyme when
exposed to MTX drug, independent of genetic background. The GPX gene was strongly

upregulated in cells treated with MTX when compared to untreated control cells.
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Figure 3 MTX (10 uM) effect on antioxidant SOD1, SOD2,CAT and GPX genes expression.
The dashed line on the value 1 indicate that each untreated control group of PBMCs carrier’s
different Alal6Val-SOD2 genotypes was used as reference to calculated the relative mRNA
expression of the antioxidant enzymes. **p<0.01 and *** p< 0.001 were determined by two-way
analysis of variance followed by Bonferroni post hoc test.

The potential genotoxic effect in survival cells exposed to MTX at 10 UM concentration
was evaluated. The results presented in Figure 4 show no statistically significant differences in

terms of DNA damage in PBMCs obtained from carriers of different Alal6Val-SOD2 genotypes.



52

ALKALINE DNA COMET DAMAGE LEVELS

A No damage Damage 1 Damage 2 Damage 3 Damage 4
B3 AA
B3 vw
0.6 B= AV
;\: T
w 0.47 _ T
0 - ot
2 i
@ e o
=) e —
© i
£ o %
a e =S =S
o
oo
s A
B Control MTX Control MTX Control MTX

Figure 4. DNA damage to MTX exposition in PBMCs from subjects with diferent Alal6Val-
SOD2 genotypes. (A) alkaline DNA comet assay showing nucleus without damage, and the
nucleus with different damage levels; (B) Index damage of cells no-exposed and exposed to
MTX 10uM. No significant differences were observed between treatments.

The cytokines involved in inflammatory response were also determined in PBMCs from
carriers of different Alal6Val-SOD2 genotypes exposed to MTX. The results described in Table
2 show that 24 hours of 10 uM MTX exposure significantly increase levels of inflammatory
cytokines (IL-1B, IL-6, TNFa and Igy) and significantly decrease IL-10, an anti-inflammatory

cytokine. These results were similar in all PBMCs independent of Alal6Val-SOD2 genotype.
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Table 2 Comparison of cytokines involved in immune response of peripheral blood mononuclear
cells (PBMCs) carrier’s different Alal6Val-SOD2 genotypes exposed to Methotrexate

Alal6Val-SOD2 Genotypes

MTX
Variables AA vV AV
(M)
Mean + sd Mean + sd Mean + sd
Interleukin 1P (pg/mL) 0 46.3 +5.9° 51.7 +2.0° 446 +3.7°
10 210.3 £ 16.6" 346.1+12.6 321.1+6.9°
Interleukin 6 (pg/mL) 0 58.0 +5.9% 56.3 +7.8° 60.7 +4.1°
10 251.9 +43.1° 472.8 + 108" 433.3+8.6°
TNFo. (pg/mL) 0 86.0 + 4.3 86.3+7.6° 88.6 +2.14°
10 278.7 £57.5° 4949 +7° 449.3 +60.9°
Igy (pg/mL) 0 103.2 +9.4° 100.7 +7.6° 108.6 + 6.8°
10 351.2 +68.1° 668.2 + 25.9" 589.7 +9.4°
Interleukin 10 (pg/mL) 0 86.7 + 4.7° 90 +4.2° 90.0 +6.1°
10 68.3 + 16.3" 54.6 + 9.6 46.9 £ 2.4

MTX= methotrexate; sd= standard deviation; Different letters (a, b, c) indicate significant differences among each

MTX treatment determined by analysis of variance followed by Tukey's post hoc test at p<0.05.
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The effect of MTX on PBMC apoptosis was evaluated by determining caspase-3 and -8
gene (CASP) and protein levels. The results presented in Figure 5 show increased CASP-1, -3
and -8 levels in cells exposed to 10 uM MTX. This result was independent of the Alal6Val-
SOD2 polymorphism. However, the gene expression analysis showed significant differences
among PBMCs with different genotypes. VV-PBMCs exposed to MTX presented the down
regulation of both CASP genes (-8 and -3) when compared to the control group. In contrast, casp-
8 was upregulated in AA-PBMCs. The heterozygous genotype showed an intermediary pattern of
casp gene expression, where casp-8 was downregulated similar to the VV genotype and casp-3

was upregulated similar to the AA genotype.
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Figure 5 MTX (10 uM) effect on (A) caspases 8 and 3 protein levels determined by
immunoassay tests and (B) respective gene expression in PBMCs carriers different Alal6Val-
SOD2 genotypes. The dashed line on the value 1 indicate that each untreated control group of
PBMCs carrier’s different Alal6Val-SOD2 genotypes was used as reference to calculated the
relative mMRNA expression of the antioxidant enzymes. **p<0.01 and *** p< 0.001 were
determined by two-way analysis of variance followed by Bonferroni post hoc test.

The effect of MTX on BAX and Bcl-2 gene expression was also evaluated, and the results
showed an imbalance between these genes that was influenced by the SOD2 genetic background
(Figure 6). The BAX gene was down regulated only in AV-PBMCs, whereas the BAX gene was
upregulated in homozygous genotypes. The Bcl-2 gene was strongly upregulated in AA and AV-
PBMCs and slightly upregulated in VV-PBMCs. Considering that the BAX/Bcl-2 balance

defines the proapoptotic and antiapoptotic cell state, we also calculated the BAX/Bcl-2 ratio. The
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results showed an antiapoptotic ratio in AA and AV-PBMCs and a proapoptotic ratio in VV-

PBMC:s after 24 hours of 10 uM MTX exposure.
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Figure 6 MTX (10 uM) effect on BAX and Bcl-2 gene expression of PBMCs carriers different
Alal6Val-SOD2 genotypes. The dashed line on the value 1 indicate that each untreated control
group of PBMCs carrier’s different Alal6Val-SOD2 genotypes was used as reference to
calculated the relative mMRNA expression of the antioxidant enzymes. **p<0.01 and *** p< 0.001
were determined by two-way analysis of variance followed by Bonferroni post hoc test. The ratio
between expressions of BAX/Bcl-2 was also calculated. Values > 1 indicate proapoptotic

tendency and < indicate antiapoptotic tendency.
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4. Discussion

The present study, confirmed that the cytotoxic effect of MTX, a commonly used anti-
inflammatory, antiproliferative, and immunosuppressive drug, on human PBMCs involves an
acute imbalance of cell oxidative and inflammatory metabolism and triggers apoptosis [14, 10,
11, 25]. However, our results showed that this effect was directly influenced by genetic
background related to oxidative metabolism, specifically by the Alal6Val-SOD2 gene
polymorphism.

The PBMCs obtained from healthy adult carriers of different Alal6Val-SOD2 genotypes
showed a differential response to MTX in terms of cell viability and proliferation. Whereas AA
showed some resistance to the immunosuppressive effect caused by MTX, presenting similar
viability and cell proliferation levels than untreated cells, VV was more susceptible and presented
reduced viability and cell proliferation. On the other hand, the heterozygous genotype (AV)
showed an intermediary response to MTX exposure, observed as decreased cell viability as
observed in VV-PBMCs and the maintenance of cell proliferation as observed in AA-PBMCs.

These results suggest that the SOD2 balance could play some pharmacogenetic or
toxicogenetic role in the cellular MTX response. A robust number of studies have described that
MTX at high concentrations causes oxidative stress in some types of cells. This observation was
noted in the in vitro investigation performed by Chibbers et al. [30] which showed that MTX
alone or in combination with Cu (1) was able to inhibit scavengers of ROS and exhibit pro-
oxidant action. The oxidative imbalance in the Jurkat T lymphocytic line exposed in vitro to
MTX was also described and related to apoptosis events [Erro! Indicador ndo definido.].
Another investigation showed that MTX-induced oxidative stress in liver mitochondria caused a
significant increase in mitochondrial lipid peroxidation, protein carbonyl content, superoxide

radical generation and also affected the mitochondrial thiol profile [31]. MTX concentrations >
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10uM also cause reduced antioxidant enzyme levels including superoxide dismutase, catalase and
glutathione levels.

In the present study, the effect of MTX on AA-PBMC viability and cell proliferation was
less intense than that observed in V allele carriers, indicating that MTX toxicity could be
influenced by oxidative metabolism involving SOD2 modulation. This suggestion was confirmed
by the analysis of potential causal mechanisms associated with the differential MTX response of
PBMC carriers with different Alal6Val-SOD2 genotypes. The results showed that some
variables presented a similar response to MTX independent of genetic background, including the
increase of lipoperoxidation, inflammatory cytokines and apoptotic CASPs (-8 and -3) and GPX
activity and gene expression, and the decrease in SOD1 activity and gene expression and IL-10,
an anti-inflammatory cytokine.

However, in contrast to that observed in cytokine modulation some oxidative and
apoptotic markers were differentially modulated in the PBMCs from carriers with different
Alal6Val-SOD2 genotypes.

Considering the oxidative metabolism, we observed that AA-PBMCs did not show an
increase in protein carbonylation, as occurred in the VV and AV genotypes. These cells also
showed a decrease in SOD?2 activity although we also observed the up regulation of this gene and
an important increase in GPX enzyme levels and gene expression. The AA cells treated with
MTX showed an approximately four-fold increase in GPX enzyme levels when compared to the
untreated control group. Despite the fact that the VV and AV cells also presented increased GPX
activity when treated with MTX, this effect was not as intense. The AA-PBMCs exposed to MTX
also presented a decrease in catalase activity despite the fact that the gene expression of this

enzyme maintained levels similar to those observed in the control group.
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The AA genotype has been associated with high efficiency to dismutate superoxide ions
in hydrogen peroxide [18], and this property could be responsible for decreasing the oxidative
stress caused by high levels of MTX and the subsequent decrease in apoptosis events observed in
PBMCs from V allele carriers. In addition to the greater efficiency of AA-PBMCs in the
dismutation of superoxide into hydrogen peroxide, these cells presented a significant increase in
GPX levels when exposed to MTX, which probably offered some protection against toxic effects
caused by hydrogen peroxide produced by superoxide dismutation.

The relevance of the AA genotype’s efficiency in controlling superoxide anion and
peroxide hydrogen levels in the cells exposed to MTX could have a consequence as a superior
control mechanism for protein carbonylation production. Both superoxide and peroxide hydrogen
are capable of altering proteins chemically, thereby influencing their function. The main protein
modifications originating from such an increase in oxidative stress comprise direct oxidation,
namely that of amino acids with a thiol group such as cysteine, oxidative glycation, and
carbonylation. In this context, it is remarkable that oxidative protein carbonylation, apparently the
most frequent type of protein modification in response to oxidative stress, is thought to be
irreversible and destined only to induce protein degradation in a nonspecific manner [32].

Therefore, events that prevent the production of high levels of protein carbonylation,
including SOD2 efficiency and increased GPX activity and gene expression observed in AA-
PBMCs exposed to MTX could to explain why this genotype has protective effects against
apoptosis events caused by MTX exposure.

On the other hand, VV cells exposed to MTX presented higher lipoperoxidation, protein
carbonylation and ROS levels than untreated cells (Table 1). These results indicated increase in
H,0; levels triggered by MTX. However, opposite effects on main enzymes that catalyze H,O;

were also observed, since VV cells exposed to MTX showed lower CAT activity and higher GPX
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activity. These differences appear to be triggered by differential mMRNA regulation of these
enzymes (down regulation of CAT and upregulation of GPX genes). Considering the role of
H,0, in different signaling cellular cascades, this molecule is under sophisticated fine control of
several antioxidant enzymatic molecules. However, despite CAT to be frequently used by cells to
rapidly catalysis of H,O; into less reactive gaseous oxygen and water molecules, the predominant
scavengers of H,O, in normal mammalian cells are likely other molecules as GPX and
peroxiredoxins [33]. Our results suggest that in the presence of prooxidant molecules as MTX,
the control of H,O, production is directly influenced by efficiency of SOD2 enzyme. This
suggestion can be partially corroborated by a previous study performed by Paludo et al (2012)
suggested that Alal6Val-SOD2 polymorphism actively participates in the regulation of cellular
redox environment involving H,O; catalysis However the nature of the differential regulation of
enzymes involving in H202 catalysis need to be clarified from complementary studies using
antagonist and agonist molecules of SOD2 enzyme.

The heterozygous genotype (AV) showed an intermediary response to MTX exposition
when compared to homozygous genotypes (AA and VV) or, sometimes the response was similar
to AA genotype or to VV genotype.

The lesser effect of MTX on AA-PBMCs can also be observed when the expression of
BAX and Bcl-2 genes was analyzed. In many systems, members of the bcl-2 family modulate
apoptosis, with the BAX/Bcl-2 ratio serving as a rheostat with which to determine the
susceptibility to apoptosis. Bcl-2 protein is able to repress a number of apoptotic death programs.
Therefore, Bcl-2 is specifically considered an important anti-apoptotic protein and is, therefore,
classified as an oncogene. In contrast, overexpressed BAX accelerates apoptotic death [34]. In
healthy cells, BAX protein is largely found in the cytosol. However, upon initiation of apoptotic

signaling, Bax undergoes a conformational shift and becomes organelle membrane-associated, in
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particular with the mitochondrial membrane. The main BAX effect involves the induction of
opening of the mitochondrial voltage-dependent anion channel that results in the release of pro-
apoptotic factors from the mitochondria, leading to the activation of CASPs [35].

The results showed differential Bax/Bcl-2 ratio gene expression in PBMCs from carriers
of different Alal6Val-SOD2 genotypes exposed to MTX. Whereas the BAX/Bcl-2 ratio was
below one in AA- and AV-PBMCs indicating a tendency to antiapoptotic events, VV-PBMCs
showed a higher Bax/Bcl-2 ratio indicating the maintenance of cellular apoptosis. Therefore,
these results confirmed the influence of Alal6Val-SOD2 on PBMC susceptibility to MTX
exposure.

Another important result described here was the massive effect of MTX at the 10 uM
concentration on human PBMC inflammatory cytokine levels. As previously mentioned, cells
treated with MTX showed higher levels of IL-1p, IL-6, TNFa and Igy. A reduction of IL-10, an
anti-inflammatory cytokine, was also observed in cells exposed to MTX. Some of the results on
the MTX inflammatory effect of PBMCs exposed to high levels of this drug have being described
in previous studies performed in experimental models. For example, nephrotoxicity in rats
induced by high doses of MTX increase the TNFa cytokine levels [36]. Rats with hepatorenal
oxidative injury induced by high doses of MTX also showed increasing TNFa and IL-1f levels
when compared to the untreated control group [37]. The number of studies analyzing the effect of
MTX on IL-6 and Igy is much lower [22,38. Therefore, to the best of our knowledge, the study of
the concomitant effect of MTX on IL-1B, CASP 1, IL-6, TNFa, Igy and IL-10 has not been
previously published in the literature.

The clinical relevance of the data presented here could be related to the lower cytotoxic
effect observed in AA-PBMCs exposed to MTX. This effect could be desirable in cancer patients

undergoing chemotherapy using MTX. For example, neurocognitive sequelae associated with
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oxidative stress have been described in pediatric lymphoblastic leukemia patients treated with
MTX [38], as have hepatotoxic and nephrotoxic effects.

However, the immunosuppressive activities of MTX have been studied in the context of
cell proliferation and recruitment, and an inverse effect of MTX at low concentrations on some
inflammatory cytokines is well established. Low MTX doses are able to reduce some important
cytokines as TNFa that are elevated in autoimmune diseases such as rheumatoid arthritis [39].
Taking into account the results described here and published in the literature, we can suggest that
MTX presents an important dose-dependent modulation of immune cytokines in PBMCs. This
effect does not seem to be directly influenced by oxidative metabolism involving SOD?2 activity
because the results found here were independent of the Alal6Val-SOD2 polymorphism.

In conclusion, despite the methodological limitations related to in vitro experimental
studies including the limited number of subjects used to obtain PBMCs with different SOD2
genotypes, the results described here suggest that the differential modulation of the cell’s
superoxide-peroxide hydrogen balance is genetically determined by SOD2 gene variation, which
could influence the MTX cytotoxic effect.

These results are in consonance with previous studies describing the toxicogenetic and
pharmacogenetic effects of the Alal6Val-SOD2 gene polymorphism on PBMCs exposed to
xenobiotic molecules [19]. Another important effect observed in this study was the MTX effect
on cytokines involved in the inflammatory response, but this result seems to not be influenced by

SOD2 metabolism.
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4 DISCUSSAO

O presente estudo confirmou que o efeito citotéxico de MTX, um farmaco utilizado em
neoplasias devido ao seu potencial antiproliferativo e em doencas auto-imunes devido sua agéo
imunossupressora. Estudos prévios demonstraram que em CMSP humanas, tal farmaco induz
desiquilibrio oxidativo agudo, desencadeando apoptose (MUKHERJEE et al., 2013; ALI et al.,
2014; MORSY et al., 2013). No entanto, nossos resultados mostraram que esse efeito foi
diretamente influenciado pela heranga genética relacionada com o metabolismo oxidativo,
especificamente pelo polimorfismo Alal6Val do gene da SOD2. Assim, tais resultados sugerem
um potencial efeito farmacogenético desse polimorfismo na resposta toxica ao MTX.

Desse modo, a seguir serdo discutidos alguns aspectos relevantes relacionados com 0s
resultados aqui descritos.

As CMSP obtidas a partir de adultos saudaveis portadores de diferentes gendtipos para o
polimorfismo Alal6Val-SOD2 apresentaram uma resposta diferencial ao MTX em termos de
viabilidade celular e proliferacdo. O genotipo AA demonstrou resisténcia aos efeitos do MTX,
apresentando viabilidade e proliferacdo celular semelhantes aos niveis das células deste genotipo
ndo tratadas com MTX. Ja as CMSP-VV mostraram-se mais suscetiveis, apresentando reducao
significativa na viabilidade e proliferacdo celular. Por outro lado, o gendtipo heterozigoto (AV)
mostrou uma resposta intermediaria a exposicdo ao MTX, apresentando diminuicdo da
viabilidade celular semelhante as CMSP-VV e manutencdo da proliferacdo celular como
observado nas CMSP-AA.

Nessa perspectiva, serd que a maior suscetibilidade do genotipo VV ao MTX também
significaria uma melhor resposta terapéutica desse farmaco em pacientes com doencas auto-
imunes? Essa € uma questdo em aberto, j& que investigacdes sugerem que o efeito
antiiflamatorio do MTX esté relacionado com a inducdo da morte de células imunes. Por outro
lado, portadores do gendtipo VV também poderiam ser mais suscetiveis a desenvolver efeitos
adversos associados a quimioterapias que usam niveis elevados do MTX. Estudos
complementares que avaliem o impacto desse polimorfismo na resposta terapéutica de neoplasias

e doencas autoimunes poderéo esclarecer essa questao.
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E bastante robusta a quantidade de estudos que tém descrito que o MTX em altas
concentragdes é capaz de induzir o estresse oxidativo em varios tipos celulares. Investigacfes
como a de Chibber e colaboradores (2011), que expuseram in vitro linfocitos humanos ao MTX
(50 puM) sozinho ou em combinagdo com Cu(ll) (50 uM), demonstram que tanto o MTX
individualmente como em combinacdo com Cu(ll) foi capaz de causar estresse oxidativo em
linfocitos, devido a capacidade de inibir as enzimas antioxidantes e outros sequestradores de
ERO:s.

Herman e colaboradores (2005) realizaram um estudo in vitro com o objetivo de
investigar o grau de inducdo de apoptose por MTX em baixas doses (0,001, 0,01, 0,1, 1, e 10 uM)
em células de linhagem linfocitica (Jurkat T, EL4T e Raji B) e de linhas celulares monociticas
(U937 e THP1). Para isso, analisaram se a geracdo de EROs poderia ser um possivel mecanismo
subjacente os eventos apoptoticos. Os resultados demonstraram que o MTX foi capaz de reduzir
significativamente a viabilidade e a proliferacdo celular em todas as linhagens. Concomitante a
isso, houve elevacdo dos niveis de estresse oxidativo. Assim, os autores postularam que MTX
pode induzir a apoptose por estresse oxidativo.

Outra investigacdo, com foco no metabolismo oxidativo, estudou se a toxicidade causada
pelo MTX em mitocondrias isoladas de figado de ratos poderia ser afetada pelo pré-tratamento
desses animais com &cido lipoico. Nesse caso, 0 MTX causou um aumentou significativo da
peroxidacdo lipidica mitocondrial (LPO), dos niveis de carbonilacdo de proteinas e da producéo
de radicais superoxido, aléem de diminuir os niveis das enzimas antioxidantes SOD2 e GPX. O
pré-tratamento dos ratos com acido lipdico (35 mg/kg) foi capaz de afetar positivamente todos 0s
parametros do estresse oxidativo avaliados.

Assim também, Mukherjee e colaboradores (2013) realizaram um estudo com
camundongos albinos da raca swiss. Os animais receberam tratamento com MTX (20 mg/kg)
durante 14 dias. O figado desses animais foi analisado e os resultados demonstraram aumento da
atividade das enzimas alanina transaminase, aspartato transaminase, desidrogenase lactica e
fosfatase alcalina, além do aumento do estresse oxidativo evidenciado pelo aumento da geragédo
de EROS e pelos niveis elevados de peroxidacdo lipidica. Houve ainda queda nos niveis das
enzimas SOD, CAT e GPX, da heme oxigenase 1 hepética (HO-1) e da NAD(P)H Quinona
oxidoredutase 1 (NQO-1). Dessa forma, o MTX foi capaz de aumentar a expressao de genes

relacionados a apoptose, como 0 BAX e a caspase 3, além de regular negativamente proteinas
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anti-apoptoticas, como a NF-kB-dependente de Bcl-2, sugerindo que o aumento do estresse
oxidativo induzido pelo MTX esta relacionado a ativacdo de rotas da apoptose.

No presente estudo, o efeito do MTX em CMSP-AA, quando analisados os parametros
relacionados a viabilidade e proliferacdo celular, foi menos intenso do que o observado em
CMSP portadoras do alelo V, indicando que a toxicidade de MTX pode ser influenciada por um
metabolismo oxidativo que envolve a modulagdo da SOD2. Essa hipétese foi confirmada pela
analise de potenciais mecanismos causais associados a resposta diferencial de CMSP portadoras
de diferentes gendtipos Alal6Val-SOD2 ao MTX.

Os resultados demonstraram que algumas variaveis apresentaram resposta semelhante ao
MTX independente de gendtipo, incluindo o aumento da lipoperoxidacdo, dos niveis das
citocinas inflamatorias, das caspases 3 e 8 (diretamente relacionadas a apoptose), da atividade e
expressdo génica da GPX , da diminui¢do na expressao génica e atividade da SOD1 e da citocina
antiinflamatoria IL-10.

No entanto, outros marcadores do metabolismo oxidativo-inflamatdrio, bem como da rota
apoptotica, foram diferencialmente modulados nas CMSP com diferentes genotipos Alal6Val-
SOD2. Considerando o metabolismo oxidativo, observou-se que nas CMSP-AA ndo houve
aumento nos niveis de carbonilacdo de proteinas, diferentemente do que ocorreu nas CMSP-VV e
AV. As CMSP-AA também mostraram uma diminui¢do na expressdo do gene da SOD2, porém
quando analisada a atividade da SOD2, esta diminuiu em todos os genotipos.

As células AA tratadas com MTX apresentaram aumento de cerca de quatro vezes nos
niveis da enzima GPX quando comparado com o grupo controle sem tratamento. Apesar do fato
de as células VV e AV também apresentarem aumento de atividade GPX quando tratados com
MTX, esse efeito ndo foi tdo intenso.

Quanto a atividade da CAT, as CMSP-AA expostas ao MTX apresentaram diminuicéo.
Entretanto, quanto a expressdo do gene da enzima CAT, 0s niveis mantiveram-se semelhantes aos
observados no grupo controle.

Além disso, o genttipo AA tem sido associado a alta eficacia em dismutar o ion O, em
H,0, (MONTAGNER et al., 2010). Essa propriedade pode ser responsavel por diminuir o
estresse oxidativo causado pelos altos niveis de MTX e consequente redugdo nos eventos de

apoptose observada em CMSP portadoras do alelo A.
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Além da maior eficiéncia das CMSP-AA na dismutacdo do O,” em H,0,, tais células
apresentaram um aumento significativo nos niveis de GPX quando expostas ao MTX, o que
provavelmente ofereceu alguma protegdo contra os efeitos toxicos causados pelos altos niveis de
H20,,

A maior eficiéncia na dismutacdo do O," em H,0O,, encontrada no gendtipo AA, poderia
ter como consequéncia um maior controle no mecanismo de produc¢do de proteinas carboniladas.
Tanto 0 O, quanto o H,0, sdo capazes de alterar quimicamente as proteinas, influenciando assim
sua funcdo. As principais modificagdes proteicas provenientes do aumento do estresse oxidativo
sdo a oxidacao direta, a de aminoacidos com um grupo tiol (como a cisteina), a glicacdo oxidativa
e a carbonilacdo. Nesse contexto, é notavel que a carbonilacdo de proteinas, aparentemente o tipo
mais frequente de modificacdo proteica, ocorra em decorréncia do estresse oxidativo. (DALLE-
DONNE et al., 2006).

Portanto, 0s eventos que impedem a producdo de niveis elevados de proteinas
carboniladas, incluindo a eficiéncia da SOD2 e o0 aumento da atividade da enzima e expressdo do
gene da GPX, observado em CMSP-AA expostas ao MTX, poderiam explicar porque esse
genotipo tem efeito protetor contra eventos de apoptose causados pela exposicdo ao MTX.

O menor efeito do MTX em CMSP-AA também pode ser observado na analise da
expressdo dos genes BAX e Bcl-2. Em muitos sistemas, a apoptose é controlada pela presenca e
regulacdo de proteinas de membrana mitocondrial da familia da Bcl-2, tais como a Bax e a Bcl-2.
A Bax é um gene que promove a morte celular, enquanto a Bcl-2 promove a protecéo. A proteina
Bcl-2 , sintetizada a partir do gene Bcl-2 é capaz de reprimir uma série de rotas que levam a
apoptose e, por isso, € considerado uma importante proteina antiapoptotica, sendo
consequentemente classificada como um oncogene. Em contraste, a superexpressdo da Bax
acelera os processos de apoptose (OLTVAI et al., 1993). Em células saudaveis, a proteina Bax €
largamente encontrada no citosol e quando a sinalizacdo pr6-apoptose é ativada, a Bax é
translocada para a membrana mitocondrial externa. Na membrana, sofre alteracdes
conformacionais que elevam a permeabilidade do poro mitocondrial, levando a liberacdo de
moléculas pré-apoptdticas, tais como citocromo C, AIF e Smac/DIABLO (“second mitochondria-
derived activator of caspase/direct inhibitor of apoptosis-binding protein with low pl”) (FAN et
al., 2005). Proteinas antiapoptéticas como o Bcl-2 podem se ligar seletivamente a conformagéo

ativa de Bax e prevenir sua insercdo na membrana mitocondrial externa, mantendo a
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permeabilidade normal do poro e, prevenindo assim, a liberacdo dos fatores pro-apoptéticos
(ANTONSSON e MARTINOU, 2000). Dessa forma, a razdo BAX/Bcl2 pode servir como
referéncia para se determinar a suscetibilidade a apoptose.

Os resultados mostram uma expressdo diferenciada na relagdo BAX/Bcl-2 em CMSP
portadoras de diferentes gendtipos do polimorfismo Alal6Val-SOD2 expostas ao MTX.
Enguanto a relacdo BAX/BIc2 estava abaixo de 1 em CMSP portadoras do alelo A (AA/AV),
indicando assim tendéncia a eventos antiapoptoéticos, as CMSP-VV apresentaram aumento na
relacio BAX/Bcl-2, indicando ativacao de rotas de apoptose celular. Portanto, nossos resultados
confirmam a influéncia do Alal6Val-SOD2 na suscetibilidade de CMSP expostas ao MTX.

Outro resultado importante aqui descrito foi o efeito macico do MTX em CMSP na
concentracdo de 10 UM, que resultou no aumento dos niveis das citocinas inflamatorias humanas.
As células tratadas com MTX apresentaram maiores niveis de IL-1pB, caspase 1, IL-6, TNFa e
Igy, com uma redugdo da IL-10, que uma citocina antiinflamatoria.

Alguns dos resultados sobre o efeito inflamatorio do MTX em CMSP expostas a altos
niveis dessa droga tém sido descritos em estudos anteriores realizados em modelos
experimentais. Por exemplo, a nefrotoxicidade induzida por doses elevadas de MTX em ratos foi
capaz de aumentar os niveis da citocina TNFa (IBRAHIM et al.,, 2014). Ratos com leséo
oxidativa hepatorrenal induzida por doses elevadas de MTX apresentaram aumento nos niveis de
TNFa e de IL-1pB quando comparados com o grupo controle ndo tratado (SHANDALA ET AL.,
2012).

Estudos que relacionam o efeito do MTX em relacdo a IL-6 e Igy sdo bastante restritos.
Um dos poucos estudos que cita a influéncia do MTX na modulacdo da IL-6 foi realizado por
Olsen e colaboradores (2014), no qual células da linhagem U937 (mondcitos) foram tratadas nas
concentragcdes de 0,01-0,1 e 1uM por 24 e 72 horas, sendo que o MTX foi capaz de induzir
aumento na producdo das citocinas pro-inflamatorias IL-6, IL-1 ¢ TNFa, independente de
concentracdo e/ou tempo de exposicao.

Estudos in vitro sobre o efeito do MTX em relacdo aos niveis de caspase 1 e IL-10
parecem ainda ndo terem sido publicados na literatura.

A relevancia clinica dos dados aqui apresentados pode estar relacionada ao efeito
citotoxico mais baixo observado em CMSP-AA saudaveis expostas ao MTX. Assim, pacientes

portadores do gendtipo AA em tratamento quimioterapico deveriam, aparentemente, receber uma
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dose mais elevada de MTX do que aqueles portadores do genétipo VV, pois estes tem uma
resposta citotdxica muito mais acentuada que aqueles. Pacientes portadores do genétipo VV
poderiam apresentar efeitos adversos mais graves que os demais pacientes e decorréncia da maior
suscetibilidade a citotoxicidade apresentada por esse gendtipo (CELIK et al., 2013; MORSY et
al., 2013; ALl et al., 2014).

Portanto, considerando os resultados aqui descritos e publicados na literatura, pode-se
sugerido que o MTX apresenta uma importante modulacdo dependente da dose na resposta imune
de citocinas em CMSPs. Esse efeito ndo parece ser diretamente influenciado pela metabolismo
oxidativo envolvendo a atividade da SOD2, porque os resultados aqui encontrados foram
independentes do polimorfismo Alal6Val-SOD2.
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5 CONSIDERACOES FINAIS

Em conclusdo, apesar das limitagdes metodologicas relacionadas aos estudos
experimentais in vitro, incluindo o nimero limitado de individuos utilizadas para se obter as
CMSP de diferentes gendtipos Alal6Val-SOD2, os resultados aqui descritos sugerem que a
modulacdo diferencial dos niveis de superdxido e peréxido de hidrogénio sdo geneticamente
determinadas pela variacdo do gene SOD2, o que poderia influenciar na resposta citotdxica ao
MTX.

Esses resultados estdo em consonancia com estudos anteriores que descrevem os efeitos
toxicogenéticos e farmacogenéticos do polimorfismo Alal6Val-SOD2 em CMSP expostas a
moléculas xenobidticas (COSTA et al, 2012; ALGARVE et al., 2013).

Outro efeito importante observado nesse estudo foi o efeito do MTX em citocinas
envolvidas na resposta inflamatdria. Entretanto, esse resultado ndo parece ser influenciado pelo
metabolismo da SOD2.
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