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MEZZAROBA, Leda. Avaliacdo dos metais essenciais e biomarcadores inflamatérios e
do estresse oxidativo e nitrosativo em pacientes com esclerose maltipla. 2019. 133 f. Tese
(Doutorado em Ciéncias da Saude) - Universidade Estadual de Londrina, Londrina, 2019.

RESUMO

Introducéo: O desequilibrio entre moléculas inflamatdrias e anti-inflamatorias e oxidantes e
antioxidantes tem sido implicado na desmielinizacdo e dano axonal na esclerose multipla
(EM). Além disso, a quebra da homeostase de metais essenciais no sistema nervoso central
(deficiéncia ou acumulo) pode estar envolvida na patogénese de doengas neurodegenerativas.
Objetivos: Revisar o papel do zinco, cobre, manganés e ferro em doengas neurodegenerativas
como doenca de Alzheimer (DA), doenca de Parkinson (DP) e EM e avaliar os
biomarcadores imunoinflamatérios e do estresse oxidativo e nitrosativo (IO&NS) em
pacientes com EM. Sujeitos e Métodos: Na revisdo, utilizou-se a base de dados PubMed/US
National Library of Medicine/USA, de 2008 a 2018. Realizou-se, também, um estudo caso-
controle com 174 pacientes com EM e 182 controles. Os biomarcadores IO&NS analisados
no plasma foram fator de necrose tumoral (TNF)-a, receptores sollveis de TNF (STNFR)1 e
(STNFR)2, adiponectina, hidroperoxidos lipidicos, metabdlitos de &xido nitrico (NOXx),
TRAP, grupamentos sulfidrila (SH) e niveis séricos de zinco. Na anélise estatistica empregou-
se técnicas de estudo de aprendizagem por maquina e modelos matematicos como Support
Vector Machine (SVM), célculo da &rea sob a curva ROC (AU/ROC) e testes de rede neural.
Resultados: Com a revisdo, concluiu-se que a diminui¢do de zinco compromete a resposta
imune inata e adaptativa e reduz sua capacidade antioxidante, enquanto que o aumento de ions
cobre, manganés e ferro gera estresse oxidativo, injdrias permanentes, apoptose e morte
celular. No estudo caso-controle, os resultados mostraram associagdo entre EM e o perfil
oxidante/antioxidante e que o diagndstico de EM exerceu forte efeito sobre os biomarcadores
avaliados, explicando 68,2% da suas variancias, com forte efeito nos niveis de adiponectina
(45,1%), zinco (36,8% ), TRAP (36,8%) e efeito moderados nos niveis do STNFR2 (16,7%) e
TNF-a (14,7%). Niveis aumentados de zinco foram associados com menor probabilidade de
desenvolvimento de EM [odds ratio (OR): 0,102, p=0,009], bem como de adiponectina (OR:
0,011, p=0,003), TRAP (OR: 0,019, p=0,002) e grupos SH (OR: 0,223, p=0,025). Por outro
lado, niveis elevados de STNFR2 foram associados com maior probabilidade de
desenvolvimento de EM (OR: 5,60, p=0,016). A combinagéo de zinco, adiponectina, TRAP,
grupos SH e sTNFR2 formou o melhor modelo de biomarcadores para auxiliar no diagnostico
de EM (p<0,001), no qual 97,4% dos sujeitos foram corretamente classificados com
sensibilidade de 98,7% especificidade de 91,7%. Os biomarcadores TRAP e adiponectina
foram os mais importantes neste modelo, seguidos a distancia pelo zinco e STNFR2.
Conclusbes: O equilibrio dos niveis de zinco, cobre, manganés e ferro exerce papel
fundamental na manutencdo da homeostase do SNC. Os resultados do estudo caso-controle
ressaltaram que a EM é caracterizada por niveis elevados de oxidantes e diminuidos de
antioxidantes e que a capacidade antioxidante total do plasma, adiponectina, zinco, grupos SH
e STNFR2 desempenham um papel importante na fisiopatologia da EM. A combinacédo destes
biomarcadores constitui um modelo que pode ser incorporado no diagnéstico da EM, com alta
sensibilidade, especificidade e acuracia, assim como as vias envolvidas com esses
biomarcadores podem ser avaliadas como potenciais alvos para uma terapia individualizada
de pacientes com EM.

Palavras-chaves: Esclerose multipla. Inflamagdo. TNF-a. Receptores de TNF. Adiponectina.
Zinco. Estresse oxidativo. Support vector machine.



MEZZAROBA, Leda. Evaluation of essential metals and inflammatory biomarkers and
of oxidative and nitrosative stress in patients with multiple sclerosis. 2019. 132 p. Thesis
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ABSTRACT

Introduction: The imbalance between inflammatory and anti-inflammatory molecules and
antioxidants and antioxidants has been implicated in demyelination and axonal damage in
multiple sclerosis (MS). In addition, essential metals dyshomeostasis (deficiency or
accumulation) may be involved in the pathogenesis of neurodegenerative diseases.
Objectives: To review the role of zinc, copper, manganese and iron in neurodegenerative
diseases such as Alzheimer's disease (AD), Parkinson's disease (PD) and MS and to evaluate
the immunoinflammatory biomarkers and oxidative and nitrosative stress (I0 & NS) in MS
patients. Subjects and Methods: In the review, the PubMed / US National Library of
Medicine / USA database was used from 2008 to 2018. A case-control study was conducted
with 174 patients with MS and 182 controls. Plasma necrosis factor (TNF) -a, soluble
receptors of TNF (STNFR) 1 and (sTNFR) 2, adiponectin, lipid hydroperoxides, nitric oxide
(NOx) metabolites, TRAP, sulfhydryl groups and serum zinc levels (Zn). In the statistical
analysis, we used machine learning and mathematical models such as Support Vector
Machine (SVM), area calculation under the ROC curve (AU / ROC) and neural network tests.
Conclusions: The balance of zinc, copper, manganese and iron levels plays a key role in the
maintenance of CNS homeostasis. The results of the case-control study emphasize that MS is
characterized by elevated levels of oxidants and decreased antioxidants and that the total
antioxidant capacity of plasma, adiponectin, zinc, SH groups and STNFR2 play an important
role in the pathophysiology of MS. The combination of these biomarkers is a model that can
be incorporated into the diagnosis of MS with high sensitivity, specificity and accuracy, as
well as the pathways involved with these biomarkers can be evaluated as potential targets for
individualized therapy of MS patients.

Keywords: Multiple sclerosis. Inflammation. TNF-a. TNF receptors. Adiponectin. Zinc.
Oxidative stress. Support vector machine.
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1 INTRODUCAO

A esclerose multipla (EM) é uma doenca autoimune, inflamatéria cronica e
desmielinizante do sistema nervoso central (SNC) que, muitas vezes, se apresenta como uma
condicdo complexa, incapacitante e com evolucdo imprevisivel (MSIF, 2018; YOUSEFIAN
et al., 2018). A EM é caracterizada por um alto grau de heterogeneidade nas caracteristicas
clinicas radioldgicas, patoldgicas e de resposta a terapia. E mais comum em caucasianos,
mulheres (em taxas que variam de 2:1 ou 3:1, provavelmente relacionadas aos horménios
femininos) e adultos jovens (em especial, na faixa de 20 a 40 anos). As areas de lesdes e
desmielinizagdo ocorrem, predominantemente, nas regides de substancia branca cerebral e
levam a manifestagOes clinicas heterogéneas e déficits funcionais decorrentes de lesfes de
qualquer parte do neuroeixo (SOSPEDRA; MARTIN, 2016).

Os sintomas mais observados sdo neurite Otica, paresia ou parestesia de membros,
descoordenacdo motora, falta de equilibrio, mielites, disfuncdes esfincterianas e disfuncdes
cognitivo-comportamentais, de forma isolada ou em combinacdo. Apés o diagndstico, a
incapacidade clinica de pacientes com EM é avaliada pela Escala Expandida do Estado de
Incapacidade (Expanded Disability Status Scale - EDSS) que avalia oito areas do SNC
conhecidas como sistemas funcionais (fungdes piramidais, tronco cerebral, cerebelar,
sensoriais, intestinais, vesicais, cerebrais e visuais) (KURTZKE, 1983). A EDSS compreende
vinte itens com escores que variam de 0 a 10, com pontuacdo que aumenta meio ponto
conforme o grau de incapacidade do paciente. Uma incapacidade discreta € representada por
valores de EDSS menores que 3,0 enquanto valores entre 6,0 e 8,0 descrevem pacientes com
relevante incapacidade (KURTZKE, 1983). A progressdo da incapacidade € definida pelo
aumento de pelo menos 1 ponto na EDSS ou um aumento de 0,5 ponto se a EDSS basal for
maior ou igual a 5,5 (BRASIL, 2018).

A pesquisa de biomarcadores na EM tem sido muito intensa, com o objetivo de
identificar biomarcadores que possam contribuir para um melhor entendimento da
fisiopatologia da doenca, auxiliar no diagnostico e progndstico, assim como prever o
resultado da resposta a terapia e desenvolver novos medicamentos para o tratamento dos
pacientes. No entanto, até o presente momento, ndo existe um marcador laboratorial
especifico para o diagndstico da EM, apesar do grande nimero de candidatos biomarcadores
moleculares propostos (COMABELLA; MONTALBAN, 2014).
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1.1 Epidemiologia da Esclerose Multipla

Estima-se que existam cerca de 2,5 milhdes de pessoas no mundo com EM (NIH,
2018); porém, a doenga é mais comum em latitudes setentrionais, refletindo provavel
associacdo com a menor exposicdo da populacdo a luz solar e com deficiéncia de vitamina D
(MONTI et al., 2016).

Segundo Leray et al. (2016), a EM é a doenga desmielinizante mais comum observada
em paises de alta renda, mantendo sempre uma heterogeneidade de sua prevaléncia em todo o
mundo: é mais alta na América do Norte (140/100.000 habitantes) e Europa (108/100.000
habitantes) e menor na Asia Oriental (2,2/100.000 habitantes) e na Africa Subsaariana
(2,1/100.000 habitantes). E provavel que estes dados estejam subestimados dada a relativa
falta de registros de grandes populacdes, incluindo a india e a China (THOMPSON et al.,
2018). Na Europa, em particular, um gradiente de prevaléncia Norte-Sul tem sido descrito
para distribuicdo da doenca, sendo maior no Norte e menor no Sul (LERAY et al., 2016).

A América Latina e Caribe sdo consideradas regibes de baixa e média
prevaléncias com, aproximadamente, 5,0 a 38,5 casos por 100.000 habitantes (CRISTIANO;
ROJAS, 2017). A prevaléncia da EM na Argentina, considerado um pais de risco médio para
a EM, ¢ estimada em 18,0 casos por 100.000 habitantes, o que € seis vezes mais alta o0 que a
prevaléncia registrada no Equador, um pais com risco baixo para EM (EVANS et al., 2013).

No Brasil, de acordo com uma revisdo sistematica publicada por Pereira et al.
(2015), a prevaléncia média encontrada foi de 8,69 casos em 100.000 habitantes. O primeiro
estudo, na cidade de Sao Paulo, apresentou uma taxa de prevaléncia de 4,3 casos por 100.000
habitantes (CALLEGARO et al., 1992). Posteriormente, uma reavaliacdo da epidemiologia de
EM mostrou taxa de prevaléncia de 15,0 casos por 100.000 habitantes (CALLEGARO et al.,
2001). Outra investigacdo de prevaléncia, realizada em Botucatu, Sdo Paulo, revelou uma taxa
de prevaléncia de 17 casos por 100.000 habitantes (ROCHA et al., 2002). No Estado de
Minas Gerais, 2 outros estudos foram realizados e a taxa de prevaléncia foi de 12,5 casos por
100.000 habitantes em Uberaba (RIBEIRO, 2011) e de 18,2 casos por 100.000 habitantes em
Belo Horizonte (LANA-PEIXOTO et al., 2012). Em Santa Maria, Rio Grande do Sul,
encontra-se a maior prevaléncia da EM no Brasil, de 27,2 casos por 100.000 habitantes
(FINKELSZTEJN et al., 2014).

Devido a aspectos geograficos, demograficos e histdricos de cada regido, observou-se
uma grande variabilidade entre os valores maximos e minimos, que oscilaram entre 27,2 casos

em 100.000 habitantes na regido Sul e 1,36 casos em 100.000 habitantes na regido Nordeste.
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Possivelmente esses resultados estejam associados & maior incidéncia solar em regiées mais
préximas a linha do Equador, como os estados da regido Nordeste do Brasil, fator que
favorece a sintese de vitamina D (BRASIL, 2018). Em Londrina, cidade no norte do estado do
Parang, regido sul do Brasil, embora ndo existam dados oficiais, estima-se que a prevaléncia
atual seja de 12 a 15 casos por 100.00 habitantes (KAIMEN-MACIEL; MEDEIRQS, 2003).

De acordo com dados do Ministério da Sadde, 35 mil brasileiros convivem com a EM
e, destes, 15 mil estdo em tratamento pelo Sistema Unico de Sadde e, para efeitos de
projecBes de politicas de salde, a média de prevaléncia brasileira e de 15 casos por 100.000
habitantes (BRASIL, 2018). A Figura 1, a seguir, mostra a prevaléncia mundial da EM em
2013, segundo a Multiple Sclerosis International Federation (MISF, 2019).

Figura 1 Prevaléncia mundial da esclerose multipla

Linha do Equador

>
Pessoas com EM por
100.000 habitantes

. >100
[ s001-100
B 200160
B soi20
] os

D Dados nao fornecidos

Fonte: Adaptado de Multiple Sclerosis International Federation (2013).

1.2 Formas Clinicas da Esclerose Multipla

Ainda é muito dificil prever a progressao clinica da EM. Esta dificuldade reflete a
grande heterogeneidade da doenca do ponto de vista clinico e, atualmente, ndo existem
biomarcadores laboratoriais ou de imagem que permitam caracterizar, com rigor, a forma
clinica de evolugédo dos pacientes (DOMINGUES et al., 2017; THOMPSON et al., 2018).
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De acordo com a classificacdo recentemente revisada do curso clinico da EM, ha
quatro fendtipos principais que incluem a Sindrome Clinicamente lIsolada (CIS), EM
remitente-recorrente (EMRR), EM secundariamente progressiva (EMSP) e EM primariamente
progressiva (EMPP) (THOMPSON et al.,, 2018). A forma CIS é definida como uma
manifestacdo clinica causada por inflamacdo no SNC que pode ser o primeiro episddio
neurolégico do individuo, causado por inflamacdo ou desmielinizacdo do tecido nervoso
(THOMPSON et al., 2018). Esta condicdo pode ser, também, a primeira manifestacdo de
outras condi¢cBes como lUpus eritematoso sistémico (LES) e a doenca de Behget. Entretanto,
mais comumente, a CIS € a primeira manifestacdo da EM, sendo seus sintomas, portanto, um
surto de EM. A CIS tem os mesmos sintomas de um surto de EM como alteragdes visuais
(visdo turva ou dupla), adormecimento na face, bragos ou pernas, tontura e alteraces do
equilibrio, diminuicdo da forca ou coordenacdo, e incontinéncia urinéria. Estes sintomas
podem aparecer isolados ou em combinacéo, e geralmente se instalam de forma gradual ao
longo de alguns dias. Dois tercos dos pacientes que apresentam a forma CIS poderédo evoluir
para a forma de EMRR (BROWNLEE; MILLER, 2014; BROWNLEE et al., 2017,
THOMPSON et al., 2018).

A EMRR é a forma mais frequente da doenca e representa, aproximadamente, 80% de
todos 0s casos no inicio da doenca. E caracterizada pela exacerbacdo dos sintomas
neuroldgicos, com a presenca de surtos bem definidos ou ataques imprevisiveis (chamados
recaidas). Novos sintomas aparecem ou 0s sintomas existentes se tornam mais graves, com
posterior recuperacdo parcial ou completa dos sintomas e auséncia de progressao entre 0s
episodios (THOMPSON et al., 2018). As recaidas podem durar por periodos variados (dias ou
meses), a recuperacdo pode ser parcial ou total (remissdo) e a doenca pode, entdo, ficar inativa
por meses ou anos. A forma EMSP é uma evolucao natural da EMRR em 30 a 40% dos casos
apos 10 anos do diagndstico, em média. Nesta forma clinica, constata-se uma deterioracédo
continua das fungdes neuroldgicas e constitui, cerca de, 15 a 20% de todas as formas de EM
num dado momento. Aproximadamente 10% dos pacientes com EM sdo diagnosticados com a
forma EMPP e apresentam-se com 0 curso progressivo desde o inicio do aparecimento dos
sintomas e evoluem de forma lenta e estavel, sem surtos aparentes (THOMPSON et al.,
2018).

A Figura 2 ilustra as formas clinicas da EM em relagcéo a progressdo da incapacidade

versus tempo.
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Figura 2 Progressdo da doenga para sindrome clinicamente isolada e tipos de esclerose

multipla
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Fonte: Adaptado de Systems Biology Verifications (2019)

1.3 Diagnostico da Esclerose Multipla

O diagndstico de EM é possivel somente ap6ds a confirmacdo da existéncia de lesdes
no cérebro pela ressonancia magnética nuclear (RMN), o que normalmente acontece ap0os o
acometimento de diversas regibes cerebrais (no curso de eventos geralmente
maultiplos). Surtos de sintomas neurologicos, que ocorrem em questdo de horas a dias,
seguidos por periodos de remissdo completa ou parcial, em momentos e localizacdes variadas
caracterizam a EMRR. Esta definicdo apresenta os trés elementos essenciais para o
diagnostico da EM: a) disseminacdo espacial: os surtos clinicos expressam episodios
inflamatdrios agudos que acontecem em areas diversas do SNC; b) disseminacdo temporal:
estes episodios acontecem em momentos distintos na historia da doenca; e, c) a necessidade
de um diagnéstico diferencial cuidadoso e sistematico, que afaste outros diagndsticos
alternativos (BRASIL, 2018).

A aplicacdo destes critérios, que se baseava exclusivamente em sinais e sintomas e
exigia, pelo menos, dois surtos clinicos para sua confirmagéo, foi impactada nos anos 90, por

dois fatores. Primeiro, o advento das drogas imunomoduladoras, com propriedades
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modificadoras da doenca, que passaram a exigir um diagndstico o mais precoce possivel e,
segundo, o desenvolvimento da RMN que permitiu, pela primeira vez, a visualizagio objetiva
e in vivo das lesdes agudas e cronicas, causadas pela doenga, mesmo aquelas sem expressao
clinica (FIGUEIRA; FIGUEIRA, 2012).

Uma consequéncia destes avangos tecnolégicos foi a inclusdo, a partir de 2001, das
informagdes obtidas a partir da RMN nos critérios diagndsticos, para estabelecer a
disseminagdo temporal e espacial mencionadas previamente e assim, juntamente com 0s
dados do exame clinico, possibilitar o diagnéstico da EM ja a partir do primeiro evento agudo.
Estes critérios vém sendo sucessivamente revistos a cada cinco anos, como forma de torna-los
mais sensiveis, identificando novos pacientes sem perder a especificidade, ou seja, o risco de
incluir individuos com um falso diagnostico de EM.

Independente da metodologia empregada, sejam aquelas dos critérios originais de
McDonald (2001), ou de suas revisdes de 2005, 2010 e 2017 (THOMPSON et al., 2018), e
fundamental a correta interpretacdo do quadro clinico e da RMN. O aspecto de RMN da lesé&o
aguda na EM correlaciona-se com o mecanismo da doenca: um processo inflamatério em
torno de um vaso sanguineo, permitindo o aumento da passagem de fluidos dos vasos e
consequente captacdo do contraste gadolinium (Gd). Obedecendo a anatomia, estas lesGes
guardam uma conformacdo ovdide, com seu maior eixo orientado perpendicularmente aos
ventriculos laterais, bem peculiares. Em cerca de 10 a 15 dias, estas lesbes agudas evoluem,
desaparece a captacdo do contraste Gd, deixando cicatrizes (escleroses), sinais que guardam
as mesmas caracteristicas da lesdo aguda que as originou, ou seja, ovaladas e em torno dos
ventriculos laterais (FIGUEIRA; FIGUEIRA, 2012).

De acordo com os critérios revisados (THOMPSON et al., 2018), com base nos
achados da RMN, a EM pode ser diagnosticada apds um Unico evento clinico, o que significa
um confronto muito precoce de pacientes com uma doenca crénica subclinica possivelmente
ndo curavel. E inegavel que, usando esses critérios mais sensiveis, as taxas de conversdo para
EM clinicamente definida podem ser menores do que aquelas baseadas em critérios mais
antigos. A precisdo do diagnostico, ou seja, a sensibilidade e especificidade da RMN, no
entanto, permanece metodologicamente insatisfatoria, no sentido de confirmar a EM com base
em um Unico ataque de disfuncdo neuroldgica, o que pode levar ao excesso de diagndstico e
ao tratamento excessivo (BRAND et al., 2014).

A andlise do liquido cefalorraquidiano (LCR) também tem sido empregada para
avaliagdo diagndstica da EM e exclusdo dos diagndsticos diferenciais. Os achados classicos

refletem a natureza inflamatéria da doenga, incluindo discreta pleocitose, leve
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hiperproteinorraquia, aumento da sintese intratecal de imunoglobulina G e, mais tipicamente,
a presenca de duas bandas proteicas oligoclonais no LCR (e ndo no soro). Mais recentemente,
0s biomarcadores estudados no LCR séo citocinas pré-inflamatorias, como fator de necrose
tumoral (TNF)-a e interleucina (IL)-6, proteinas como a fetuina-A (alfa-2-HS-glicoproteina),
fatores quimiotéticos como o ligante 13 de quimiocina CC (CXCL13) e componentes do
citoesqueleto axonal dos neurdnios como os neurofilamentos leves (NfL). Niveis elevados de
NfL no LCR refletem lesdo neuronal e, potencialmente, degeneracdo axonal, e estdo
associados com um escore maior de gravidade da EM, além de maior risco de conversao de
EMRR para EMSP (DOMINGUES et al., 2017).

1.4 Etiologia e Imunopatologia da Esclerose Multipla

A EM representa, ha décadas, um grande desafio para a investigacdo béasica e clinica e
0s avangos terapéuticos requerem uma melhor compreensdo da sua patogenia e, em especial,
de sua imunopatogenia.

A causa especifica da EM permanece desconhecida, mas sabe-se que envolve a
interacdo de fatores genéticos, hormonais, epigenéticos e ambientais. A variacdo génica €
responsavel por, aproximadamente, 30% do risco global de EM, com mais de 100 variantes
genéticas consideradas como fatores de risco para o desenvolvimento da EM. A maioria
dessas variantes estd localizada no cromossomo 6, na regido do complexo maior de
histocompatibilidade (MHC), tais como os genes HLA (Human Leukocyte Antigen), incluindo
variantes nos alelos HLA-DRB1*15:01, HLA-DRB1*0301 e HLA-DRB1*1303 expressos nas
células da resposta imune inata (BEECHAM et al., 2013; SOSPEDRA; MARTIN, 2016).

Entre os fatores ambientais, os mais frequentes incluem o tabagismo, obesidade,
dislipidemia, latitude geografica (em geral a exposicdo ao sol e raios ultravioleta B tendem a
diminuir com o aumento da latitude), deficiéncia de vitamina D e infec¢bes bacterianas e
virais (REICH; LUCCHINETTI; CALABRESI, 2018). Patdgenos associados com o
desenvolvimento ou exacerba¢do da EM incluem bactérias como Chlamydia pneumoniae,
Staphylococcus aureus produtores de enteroxinas que funcionam como superantigenos, assim
como infeccBes virais pelo Virus Epstein Barr (EBV), Herpesvirus Humano tipo 6 e a familia
dos retrovirus enddgenos humano. A presenca dos microrganismos, por si sO, ndo causaria a
doenca, uma vez que sdo patdgenos amplamente distribuidos no ambiente e infectam
praticamente todos os seres humanos em algum momento da vida. No entanto, 0s

microrganismos podem atuar como gatilhos na inducdo da autoimunidade, resultando na
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manifestacdo da doenga em individuos geneticamente predispostos (MARRODAN et al.,
2019).

Existem varios mecanismos que buscam explicar a imunopatologia da EM: a) a
presenca de uma infeccdo viral persistente; b) um processo autoimune com perda da
tolerdncia para os antigenos proteicos da mielina; e c) a mimetizacdo molecular entre
antigenos virais e proteinas da mielina. As lesdes na EM podem comecar com uma reacao
imune celular mediada por células T ativadas por algum evento ambiental, por exemplo, uma
infeccdo viral fora do SNC, no sangue periférico e nos ganglios linfaticos. Além disso, alguns
componentes proteicos da mielina, como a proteina béasica da mielina (PBM), a proteina
lipoproteica (PLP), a glicoproteina de oligodendrécito associada a mielina (MOG) e a
glicoproteina associada a mielina (MAG), séo considerados como autoantigenos responsaveis
pela resposta autoimune observada na EM e tém sido reconhecidos como importantes na
inducdo de celulas T autorreativas e de autoanticorpos (SOSPEDRA; MARTIN, 2016).

Desta forma, linfécitos T (LT) ativados apresentam uma expansdo clonal, produzem
diferentes citocinas e incrementam a expressao de selectinas, integrinas e outras moléculas de
adesdo em sua superficie, que facilitam a entrada dos LT no SNC. Exemplos destas moléculas
de adesédo incluem moléculas de adesédo celular vascular 1 (vascular cell adhesion molecule 1
- VCAM-1) e a molécula de adeséo intercelular 1 (intercellular adhesion molecule 1 - ICAM-
1) (preferencialmente em células endoteliais) e integrinas como o antigeno 4 de ativacédo
muito tardia (very late activation antigen 4 (VLA-4) e o antigeno 1 associado a funcao
leucocitaria (lymphocyte function associated antigen 1 (LFA-1). Essas moléculas se
mostraram, no minimo de 1,5 a 3 vezes mais expressas em pacientes com EMRR e EMSP
(KAWAMOTO et al., 2012).

As metaloproteinases de matriz (MMP), também, contribuem para a passagem de
células inflamatérias para o SNC e ao desenvolvimento dos processos inflamatorios
observados na EM, por diferentes acBes, tais com a ruptura da barreira hematoencefalica
(BHE), facilitando a passagem de LT e mondcitos, e a clivagem de citocinas pré-
inflamatorias, como 0 TNF-a e dano direto da bainha da mielina. No cérebro, os infiltrados
perivasculares de células T autorreativas reconhecem e reagem contra autoantigenos,
incluindo MBP, PLP, MOG e MAG. Os LT reconhecem o antigeno especifico unido as
moléculas do MHC presentes nos astrdcitos e na microglia e sdo, desta maneira, reativados
(DENDROU; FUGGER; FRIESE, 2015). Este fendmeno de reativacdo implica na producéao
de diferentes mediadores inflamatérios, como citocinas, prostaglandinas, espécies reativas e
oxigénio (EROs) e espécies reativas de nitrogénio (ERNs) (KAIMEN-MACIEL, 2016).


http://neuroimunologia.com.br/glossary/antigeno/
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Durante os estagios iniciais da EM, a inflamagdo estd associada a ruptura da BHE,
com a passagem de células inflamatorias da circulagdo para o SNC da circulagcdo. Ao
contrario, nas fases progressivas, a inflamagao é frequentemente vista em torno de vasos com
a BHE intacta. Isso sugere que, com a cronicidade da doenca, o processo inflamatorio torna-
se, pelo menos em parte, restrito ao compartimento do SNC. Nas meninges isso pode levar a
formacdo de grandes agregados inflamatdrios que mostram caracteristicas estruturais dos
foliculos linfaticos secundarios. Quando presentes, tais foliculos meningeos estdo associados
particularmente a desmielinizacdo cortical grave e agressiva e lesdo tecidual (SOSPEDRA,;
MARTIN, 2016).

Apds a ativacdo por diferentes citocinas, linfocitos T helper naives (Th0) se
diferenciam em diferentes subpopula¢ées como Thl, Th2, Thl7 e T reguladores (Treg), cada
qual com a producdo de um perfil de citocinas envolvidas na resposta imune observada na
EM. Os LThl e seus produtos pré-inflamatorios, como IL-2, TNF-a ¢ interferon (IFN)-y,
podem iniciar e perpetuar danos axonais (lesdes mais precoces) e a desmielinizacdo na EM,
pela ativagdo da resposta citotoxica e humoral. JA& os LThl citotoxicos exercerao
citotoxicidade direta na bainha de mielina, enquanto que a imunidade humoral, mediada por
linfocitos B (LB), produzird anticorpos contra componentes da mielina, que ativam as
proteinas do sistema complemento, contribuindo para a lesdo da bainha de mielina
(DENDROU; FUGGER; FRIESE, 2015).

Células Th2, por sua vez, secretam citocinas como IL-4, IL-5, IL-6 e IL-13 e sdo
associadas com inibicdo da resposta imune Thl. As citocinas e seus receptores sdo
importantes na evolucdo das lesbes de EM, e os niveis de citocinas pro e anti-inflamatérias
sdo correlacionados com as mudancas na atividade da doenca. As citocinas I1L-10 e IL-4, que
regulam negativamente as células Thl e exercem funcdes anti-inflamatdrias, mostram-se
aumentadas durante as fases de remissédo da EM (DENDROU; FUGGER; FRIESE, 2015).

Células Thl7, por sua vez, constituem um subconjunto de células T que secretam a IL-
17 (PERON et al., 2010). A partir de 2003, a resposta final para o tradicional paradigma
Th1/Th2 foi obtida quando, usando o modelo EAE, uma nova populacdo de células Thl7 que
secretam quantidades elevadas das citocinas IL-17A, IL-17F e IL-21 foram consideradas os
principais agentes na patogénese da EM (LI et al., 2017). As células Th17 contribuem para
degradacdo da BHE, induzem a infiltracdo de células imunes no compartimento do SNC,
amplificam respostas inflamatérias e geram mediadores citotoxicos que resultam em
desmielinizacdo e dano neuronal (KOLBINGER et al., 2016). As células Treg desenvolvem

um importante papel imunoregulador das células T autorreativas pela producéo das citocinas
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imunossupressoras 1L-10 e fator de transformacéo do crescimento (TGF)-pB. Estudos relataram
que pacientes com EM apresentaram significativa reducdo do namero e da funcdo das células
Treg examinadas no sangue periférico em relacdo a individuos controles (VIGLIETTA et al.,
2004; HAAS et al., 2005). Portanto, a desregulagdo aguda do equilibrio de citocinas € um dos
fatores-chave durante a recaida, levando a lesdes inflamatdrias agudas em pacientes com EM
(WANG, 2018).

Historicamente, danos ao SNC eram predominantemente mediados por LT pro-
inflamatorios ativados e o envolvimento de LB na patogénese da EM era atribuido
exclusivamente a producdo de autoanticorpos (LI et al., 2017; STAUN-RAM; MILLER,
2017; DOBSON; GIOVANNONI, 2019). As primeiras pistas para o envolvimento de funcbes
de LB independentes de anticorpos surgiram de resultados positivos em ensaios clinicos com
rituximabe para a deplecéo de LB. LB expressam varios marcadores caracteristicos (cluster of
differentiation, CD) em sua superficie, como moléculas CD19 e CD20, que fornecem alvos
seletivos para anticorpos monoclonais. Como consequéncia, varias terapias surgiram
incluindo anticorpos monoclonal anti-CD20 (rituximabe, ocrelizumabe e fatumumabe) e
anticorpos anti-CD19 (nebilizumabe) (RAHMANZADEH et al., 2018).

LB podem estar envolvidos na EM por mecanismos diferentes, como apresentacédo de
antigenos as células T, transporte de antigenos de orgdos linfoides secundarios, secrecdo de
citocinas pro-inflamatérias ou anti-inflamatorias e, em um subgrupo de pacientes, tambem
com a producdo de anticorpos autoimunes patogénicos (SOSPEDRA; MARTIN, 2016). Os
infiltrados de células T e B correlacionaram-se com a atividade das lesdes desmielinizantes
(FRISCHER et al., 2009).

Modelos experimentais comprovaram a existéncia de células com capacidade
imunomoduladora no pool de LB que, em um ambiente cronicamente inflamado, se
diferenciam em um fendtipo com alta expressdo de antigeno CD1d, capacidade de producéo
de IL-10 e habilidade para suprimir a resposta inflamatoria, chamados de LB reguladores
(LBreg). Os LBreg dependem de interacdo antigénica e estimulacdo via moléculas de CD40L
e B7 mas, uma vez ativados, produzem IL-10 e TGF-f suprimindo a ativagao e diferenciagdo
de LThl CD4", CD8" e células natutal killer (NK), inibem a ativacdo de células dendriticas e
estimulam a diferenciacdo de LTreg. Mediante contato dos LBreg com LT virgens (LT

.....

JUNIOR, et al., 2010).
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1.4.1 TNF-a, receptores soluveis STNFR1 e sSTNFR2 e esclerose multipla

O TNF-a ¢ uma citocina pleiotropica responsavel por sinalizagcdes essenciais para 0
sistema imune e que pode ser fortemente induzida apds infec¢Ges ou outros danos celulares. A
identificacdo de vias de sinalizacdo distintas induzidas por TNF-o, homeostaticas ou
patogénicas, introduziu o conceito de inibir seletivamente os efeitos prejudiciais do TNF-a ¢
preservar suas atividades homeostaticas para fins terapéuticos (KALLIOLIAS; IVASHKIV,
2016).

Os efeitos do TNF-o sdo mediados via ligacdo aos seus receptores de membrana
TNFR1 (CD120a) e TNFR2 (CD120b). A ampla gama de fungdes do TNF-o pode ser
explicada pela presenca destes receptores em quase todos os tipos de células. O TNFR1 é
encontrado na maioria das células e, por meio dele, ocorre a maioria dos efeitos pro-
inflamatérios do TNF-o; o TNFR2 ¢é encontrado, principalmente, em células endoteliais
vasculares, neurdnios e células imunes e tem papéis pro-inflamatérios e anti-inflamatorios.
Deste modo, a ligacdo do TNF-a ao TNFR1 promove, em especial, inflamagao, proliferacao
celular e degeneracéo tecidual, enquanto que a ligacdo desta citocina com 0 TNFR2 promove
regeneracao celular e tecidual (KALLIOLIAS; IVASHKIV, 2016).

A ligacdo do TNF-a ao TNFRI1 pode induzir inflamag¢do e neurodegeneragdo na EM
pela ativacdo de duas vias principais de sinalizacdo, a do fator nuclear kappa B (NF-kB) e de
caspases. A ativacdo mediada por TNF soltvel (TNFsol) pela via de sinalizacdo NF-kB pode
induzir, nas células da glia, em particular a microglia e os astrdcitos, a transcricdo de genes que
promovem a producdo de citocinas pré-inflamatorias como IL-6, IL-8 e o proprio TNF-a,
resultando em um ciclo de amplificacdo da sinalizacdo pro-inflamatéria do TNF-a (FISCHER;
MAIER, 2015).

Enqguanto os efeitos pro-inflamatérios e neurodegenerativos do TNF-a sdo mediados pelo
TNFsol e, portanto, pelo TNFR1, a sinalizacdo via TNF transmembrana (TNFtm) que ocorre
predominantemente via TNFR2 é principalmente neuroprotetora e favorece a homeostase
tecidual. A regeneracdo e a sinalizacdo TNF/TNFR2 pode ocorrer pelas vias de ativacdo da
proteina kinase B e NF-kB (PROBERT, 2015). Alguns efeitos protetores e regenerativos da
ativacdo do TNFR2 poderiam ser explicados pelo fato deste receptor promover a liberacdo de
fatores anti-inflamatoérios e neurotréficos dos astrocitos e micrdoglia. Em particular, os fatores
derivados de astrdcitos, ou seja, a quimiocina CXCL12 e o fator inibidor da leucemia (LIF),
promovem a diferenciacdo de oligodendrécitos e podem, assim, favorecer a remielinizagéo
(PATEL et al., 2012).
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Em comparacdo com outras populac@es de células T, o TNFR2 é predominantemente
expresso por células Treg que sdo importantes na regulacdo e supressdo das funcdes efetoras
das células Thl e Thl7. O TNFR2 é expresso especialmente em um subgrupo Treg com
maximo efeito supressor (Treg FoxP3"CD4" CD25") e a ativagdo do TNFR2 é importante
para a proliferacdo e funcdo destas células, indicando um papel importante do TNFR2 na
regulacéo e supressdo da resposta imune (FISCHER; KONTERMANN; MAIER, 2015). Por
outro lado, um estudo mostrou que o0 TNFR2 tem funcdo dicotomica e que 0 TNFR2 expresso
em macrofagos e monadcitos periféricos dirige a ativacdo imune via ativacdo de células T e
desencadeia a transmigracéo de leucdcitos através da BHE, enquanto o TNFR2 da microglia
fornece sinais de protecao promovendo vias anti-inflamatérias (GAO et al., 2017).

A EM frequentemente apresenta déficits de memoria e foi demonstrado que a
sinalizacgdo TNF/TNFR1 nos astrocitos é responsavel por esses distlrbios cognitivos
(HABBAS, 2015). Junto aos efeitos neurodegenerativos indiretos do TNF-a, promovendo a
neuroinflamacdo e o estresse oxidativo mediados pelas células da glia, estudos in vitro
mostraram que 0 TNF-a, via TNFR1, também pode mediar a apoptose direta dos neurdnios
pela ativacdo da caspase 8 (BADIOLA et al., 2009). Niveis elevados de TNF-a e caspase 8
ativada em modelos de lesdo medular apoiam ainda mais a nocao de morte celular neuronal
direta mediada por TNF-a in vivo (CHEN et al., 2011).

As formas soluveis destes receptores, STNFR1 e sTNFR2, sdo produzidas apos a
clivagem dos mesmos da superficie celular pela acdo da enzima conversora de TNF-a,
conhecida como desintegrina ou metaloproteinase 17 (ARROYO et al, 2017). TNF-a,
STNFR1 e STNFR2 podem ser mensurados em amostras de plasma, soro, LCR e em lesGes
dos pacientes com EM. Estudos prévios tém mostrado niveis elevados de TNF-a no soro de
pacientes com EM quando comparados aos controles (ALATAB et al., 2011; KALLAUR et
al., 2017a), assim como niveis séricos e liquoricos destes biomarcadores foram
correlacionados com a atividade da doenca (HAUSER et al, 1990; SHARIEF; HENTGES,
1991).

Niveis séricos mais elevados de STNFR2 foram observados em pacientes com EMPP
comparados com os pacientes com outras formas clinicas de EM e controles saudaveis
(FISSOLO et al., 2014). Estudos prévios de nosso grupo de pesquisa mostraram niveis
elevados de TNF-o e STNFR2 em plasma de pacientes com EM quando comparados aos
controles (OLIVEIRA et al., 2018).
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1.4.2 Estresse oxidativo e nitrosativo e esclerose multipla

Nos ultimos anos, grandes avangos na compreensdo da EM sugeriram que mecanismos
do estresse oxidativo e nitrosativo (EO&N) induzem perda de mielina, degeneracdo axonal e
uma relacdo inversa entre tratamento com antioxidante e lesées do SNC. EROs e ERNSs
geradas em excesso pela micrdglia ativada tém sido implicadas como mediadores da
desmielinizacdo e podem contribuir para a formacgéo e persisténcia das lesdes caracteristicas
da EM (HALLIWELL, 2012). As evidéncias indicam tanto a peroxidacéo lipidica (MOREL
et al, 2017) quanto a formacédo de carbonilas (LUBLIN, 2014) e de nitrotirosina (marcador da
acdo do peroxinitrito) podem atuar como marcadores do EO&N na EMRR. A tendéncia para
presenca aumentada de marcadores oxidativos e nitrosativos é também observada nos tecidos
corticais e no LCR (PAVELEK et al.,, 2016), j& que composicdo do LCR humano é
considerada como reflexo do metabolismo cerebral (STOOP, 2010). No entanto, o plasma
também pode ser uma boa amostra para a avaliacdo de marcadores de EO&N (KATARINA et
al., 2018).

O aumento das EROs pode ser resultado de concentracbes mais baixas de
antioxidantes plasmaticos e da atividade reduzida de enzimas antioxidantes no plasma
(MILLER; WACHOWICZ; MAJSTEREK, 2013; IBITOYE et al, 2016). Lukag,
Kalnovi¢ova e Muchova (2013) avaliaram o estado antioxidante total (medido pelo método
trolox equivalent antioxidant capacity — TEAC), que incluiu antioxidantes de baixo peso
molecular advindos da dieta como vitamina D, vitamina E, carotenoides e flavonoides, e 0s
autores observaram diminuicdo do estado antioxidante total no plasma de pacientes com
EMRR e EMSP em comparacdo com controles saudaveis, o que pode estar relacionado ao
aumento de seu status pré-inflamatorio devido a processos microinflamatérios persistentes no
SNC, que sdo intensificados por EO&N (LUKAC; KALNOVICOVA; MUCHOVA, 2013).

O SNC é particularmente suscetivel ao EO&N devido ao elevado consumo de
oxigénio (que resulta em producdo excessiva de EROs) e da alta concentracdo de acidos
graxos poli-insaturados, os quais sdo particularmente vulneraveis ao ataque de peroxidacao
lipidica (FERRETI; BACCHETI, 2011). Processos inflamatérios ativos predominantes na
fase de recaida da EM levam a geracdo de EO&N e liberacdo de grande nUmero de
mediadores inflamatdrios e citocinas. As EROs e ERNs danificam os componentes celulares
como lipidios, proteinas e acidos nucléicos o que resulta em morte celular por necrose ou
apoptose (HALLIWELL; GUTTERIDGE, 2015). O desequilibrio redox esta associado com

disfungdo mitocondrial, desregulagdo da bioenergia axonal, acimulo de ferro no cérebro e
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equilibrio sistemas oxidante/antioxidante prejudicado. Altos niveis de ferro agem como proé-
oxidantes sob condicfes patologicas e ha ocorréncia de reagdes envolvendo oxidagdo de
dopamina e Glu no tecido cerebral (ADAMCZYK; ADAMCZY K-SOWA, 2016).

Mecanismos mediados pelo EO&N iniciam processos inflamatérios na fase aguda da
EM e sustentam a neurodegeneracao na fase cronica da doenga. A inflamacéo pronunciada no
cérebro ndo esta presente apenas na EMRR, mas também nas formas EMPP e EMSP, quando
foram demonstrados infiltrados mais pronunciados de células como monécitos, macréfagos,
astrocitos e células da micréglia. Devido a expressdo elevada de oxido nitrico sintetase
induzivel (iNOS) na microglia ativada e macrofagos infiltrados, a producdo de dxido nitrico
(NO) é significativamente aumentada na regido da inflamacdo. Evidéncias sugerem que o NO
e peroxinitritos citotoxicos contribuem para a lesdo tecidual, ruptura da BHE,
axodegeneracao final e formacao de placas na EM (SEVEN et al., 2013).

O SNC é muito sensivel a acdo das ERO e ERN por varios fatores, tais como o
numero consideravel de acidos graxos poli-insaturados (PUFAS) nas membranas celulares que
sdo muito vulneraveis a oxidacdo lipidica; pela presenca significativa de mitocéndrias e,
consequentemente, sua alta demanda pelo oxigénio; o cérebro consome 20% do total de O>
inspirado por alta necessidade de energia, resultando em producéo excessiva de EROs; morte
neuronal ou colapso de gradientes de ions normais em neurénios causam liberagdo macica de
Glu e este neurotransmissor excitotoxico é o principal fator que causa estresse oxidativo no
cérebro, principalmente pela ativacdo de seus receptores ionotropicos; o alto trafego de calcio
através das membranas neuronais e a interferéncia do transporte idnico aumentam o calcio
intracelular, frequentemente levando ao estresse oxidativo pela ativacdo da éxido nitrico
sintase neuronal (NNOS) e fosfolipase A2; pelo alto contetdo de ferro no tecido cerebral que é
liberado em formas capazes de catalisar reacdes de radicais livres quando o cérebro esta
danificado. Por outro lado, o SNC possui menor defesa antioxidante comparado a outros
orgaos, com baixos niveis das enzimas antioxidantes catalase (CAT), glutationa (GSH),
glutationa peroxidase (GPx) e vitamina E (FRIEDMAN, 2011; ADAMCZYK;
ADAMCZYK-SOWA, 2016).

Diferentes grupos de biomoléculas sdo modificadas por reacBes oxidativas e
nitrosativas, tais como os lipideos, proteinas e acidos nucleicos. Entre os biomarcadores da
peroxidacdo lipidica, os hidroperoxidos lipidicos determinados por método de
quimioluminescéncia (QL), por isto denominados CL-LOOH, tém sido associados com a

fisiopatologia da EM. Os produtos avancados de oxidagdo proteica (AOPP), referidos, ha
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décadas, sdo considerados marcadores estaveis de danos por oxidagdo proteica (WITKO-
SARSAT et al., 1996).

Os AOPP e proteinas carbonilicas sdo alguns dos biomarcadores de oxidacdo de
proteinas e tém sido estudados em pacientes com diferentes doencas, incluindo EM
(ADAMCZYK; ADAMCZYK-SOWA et al., 2016). A formacdo de AOPP ¢é correlacionada
com a concentracdo de oxidantes clorados, indicando que AOPP resulta da interacdo entre
oxidantes e proteinas plasmaticas (LJUBISAVLIEVIC et al., 2016).

Estudos anteriores de nosso grupo de pesquisa demonstraram um desequilibrio do
estado redox de pacientes com EM, revelado pelo aumento dos niveis séricos de parametros
pré-oxidantes e pelas reduzidas defesas antioxidantes quando comparados com individuos
saudaveis (OLIVEIRA et al., 2012; KALLAUR et al., 2017a). Aumento de AOPP e menor
capacidade antioxidante total no plasma (avaliada pelo método de Total-Radical Antioxidant
Parameter - TRAP) foram observados em pacientes com EM, em comparagdo a controles,
assim como uma correlacdo positiva com a incapacidade dos pacientes com EM, reforgando
que o EO&N poderia ter um importante papel na fisiopatologia da progressdao da doenca
(OLIVEIRA et al., 2012).

Sadowska-Bartosz et al. (2013) também avaliaram os biomarcadores de oxidacao
proteica em pacientes com EMRR sem tratamento com imunomoduladores, pacientes com
surtos e pacientes tratados com interferon (IFN)-pB e acetato de glatiramer e relataram que 0s
niveis de AOPP foram maiores em pacientes EMRR sem tratamento e em pacientes com
surto. Além disso, este estudo mostrou que biomarcadores de oxidacdo proteica estdo
correlacionados com o0s niveis de proteina C reativa, sugerindo que as modificacdes de
proteinas estdo relacionadas com o processo inflamatério. Seus resultados indicaram, ainda,
que ocorre oxidacdo de proteinas na EM e que marcadores do dano proteico, especialmente, a
AOPP, podem ser Gteis no monitoramento do estresse oxidativo em pacientes com EM
(SADOWSKA-BARTOSZ et al., 2013).

Em um estudo posterior, demonstramos que os biomarcadores da IO&NS, tais como
niveis séricos de IL-6, TNF-a, IFN-y, IL-4, IL-10, IL-17, albumina e niveis plasmaticos de
CL-LOOH, AOPP, proteinas carbonilicas, metabdlitos do éxido nitrico (NOX) e capacidade
total antioxidante do plasma, avaliada plelo TRAP, associados a variante genética rs909253
do TNFS (TNFB Ncol +252G>A) podem ser considerados potenciais biomarcadores
preditivos de maior incapacidade em pacientes com EM (KALLAUR et al., 2017b).

Recentemente, nosso de pesquisa demonstrou gue, além de albumina e biomarcadores
de EO&N como CL-LOOH, AOPP, TRAP e NOX, os niveis de ferritina também poderiam ser
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preditores de EM (OLIVEIRA et al., 2017). Esses resultados foram consistentes com outros
estudos que descreveram uma importante diminuicdo na capacidade antioxidante total no
plasma em pacientes com EM (MOREL et al., 2017; MORRIS et al., 2018). A metodologia
TRAP envolve a acdo cumulativa de todas as moléculas antioxidantes, como &cido Urico,
albumina, vitamina C e vitamina E. Assim, este método fornece uma avaliacdo integrada de
todos os parametros, em vez da simples soma de antioxidantes mensuraveis (ADAMCZYK;
ADAMCZYK-SOWA, 2016). De fato, uma diminuicdo na capacidade antioxidante total
medida pelo método TRAP em pacientes com EM pode ser devida a alteragdes em outras
moléculas antioxidantes de baixo peso molecular no plasma, como a diminuicdo dos grupos
sulfidrila (SH). A diminuicdo de grupos SH em pacientes com EM no plasma e no LCR
também pode ser atribuida a alteracdes excessivas do estado redox nestes pacientes, afetando
também uma atividade complexa da cadeia respiratoria (LJUBISAVLIEVIC, 2016).

O aumento dos niveis de NOx refletem a producéo do 6xido nitrico (NO) via INOS e
tem sido associado com a patogénese da doenca (OLIVEIRA et al., 2012). Em condicdes de
inflamacéo e aumento do estresse oxidativo como ocorre na EM, é consumido em uma reagédo
com o anion superoxido, resultando na produgdo de peroxinitrito, uma molécula oxidante
forte que, por sua vez, acelera a reacdo de peroxidacao lipidica e diminui a biodisponibilidade
do NO (NAGY et al., 2010).

A Figura 3 resume os principais mecanismos inflamatorios e de estresse oxidativo e
nitrosativo (I0&NS) envolvidos na imunopatogenia da EM. Em conjunto, esses mecanismos

contribuem para o processo de degeneracdo e desmielinizacdo em pacientes com EM.



Figura 3 Mecanismos inflamatorios e de estresse oxidativo e nitrosativo envolvidos no sistema nervoso central em pacientes
com esclerose multipla

Circulagdo Periférica

celular

ONOO ™
peroxinitrito
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Fonte: Adaptado de OLIVEIRA et al. (2014)
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Mecanismos de estresse oxidativo e nitrosativo no sistema nervoso central em pacientes com esclerose multpla: 1) macréfagos da circulacio periférica
apresentam antigenos com epitopos semelhantes a mielina aos linfécitos T CD4* naives (ThO) que, ap6s ativados, podem se diferenciar em Thl, Th2,
Th17 e linfécitos T reguladores (Treg); 2) os Th1l ativados ligam-se as células endoteliais por meio das moléculas de adesdo (VLA4 se liga 8 VCAM-1
e LFAL se liga a ICAM-1), facilitando a entrada destas células no SNC através da BHE; 3) no parénquima nervoso, ocorre um novo contato ocorre
entre as células T CD4* e macréfagos ou com a micrdéglia em descanso; 4) nesta fase de reativacdo, a microglia torna-se ativada e produz grande
quantidade de mediadores proinflamatorios como TNF-a, IFN-a, IL-12, quimiocinas, metaloproteinases de matriz (MMP) e aumenta a expressdo de
moléculas de adesao; 5) ocorre aumento da expressdo das iNOS e da nicotinamida dinucleotideo fosfato oxidase (NADPH) responsaveis pela producédo
de NO e anion superéxido, respectivamente. Estas duas moléculas levam a formacéo de peroxinitrito que é um potente oxidante envolvido na leséo dos
oligodendrocitos e axdnios na EM; 6) LT CD4" ativados produzem IL-2 e IFN-y que estimulam linfocitos B (LB) na produgdo de anticorpos contra a
glicoproteina da mielina de oligodendrocitos (anti-MOG) e anticorpo contra a proteina basica de mielina (anti-MBP), que fixam o complemento
levando a morte celular; 7) estas citocinas também estimulam linfocitos T citotdxicos (CTL) que agem diretamente nas lesGes desmielinizantes; 8) os
macréfagos perivasculares ativados também produzem espécies reativas de oxigénio e de nitrogénio que reagem com lipideos polinsaturados causando
peroxidacdo lipidica e fagocitose da mielina.
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1.4.3 Zinco e esclerose multipla

Dentre 0s metais essenciais presentes na dieta e associados a EM, uma posicdo especial é
ocupada pelo zinco, componente essencial de inimeras enzimas envolvidas na defesa contra o
EO&N. Este oligoelemento tem sido extensamente estudado por ser essencial para o
funcionamento normal do sistema imunoldgico, tanto na imunidade inata como na adaptativa,
respondendo ao dano tecidual causado pelo patdgeno e exercendo funcdes antioxidantes e anti-
inflamatorias (SZEWCZYK, 2013; GAMMOH; RINK, 2017; GAO et al., 2017; LEE, 2018).

O importante impacto do zinco no sistema imunoldgico tem sido ressaltado em funcéo de
suas propriedades antioxidantes e neuroprotetoras (CHOI et al., 2017). O zinco atua como
antioxidante por diferentes mecanismos: 1) compete com os ions ferro e cobre que se ligam as
membranas e proteinas celulares, deslocando esses metais ativos que catalisam a producgéo de
hidroxila (OH) a partir de peroxido de hidrogénio (H20); 2) liga-se a grupos SH de biomoléculas
que os protegem da oxidacdo; 3) aumenta a atividade de enzimas antioxidantes, como a GSH,
CAT e SOD, reduz a atividade de enzimas oxidantes como a iINOS e NADPH e inibe a geragédo
de produtos de peroxidacdo lipidica; 4) induz a expressdo de uma metalotioneina de proteina
ligante de metal, que é muito rica em cisteina e € um excelente scavenger de ions ‘OH (BAO et
al., 2013; PRASAD, 2014; CHOI et al., 2017).

A quebra da homeostase do zinco esta diretamente associada com alteracGes no sistema
imunologico, entre elas, o prejuizo nas fungdes dos linfécitos, influéncia na maturacdo incorreta
das células B e T e alteracGes na producéao de citocinas pré-inflamatorias (SANNA et al., 2018).
Evidéncias tém demonstrado que a exposicdo de células a citocinas pro-inflamatdrias, como IL-
17 e 0 TNF-0, pode aumentar a expressdo de proteinas transportadoras do zinco resultando no
aumento da captacdo do metal para 0 meio intracelular, aumentando a inflamacéo e a producéo
de IL-6. Experimentos demonstraram a relacdo inversa entre a disponibilidade de zinco e o0s
marcadores inflamatérios de E&ON (PAN, 2017; CHOI et al., 2017). A deficiéncia de zinco
aumenta a producdo de ERO em varias células como fibroblastos humanos, células neurais e
epiteliais, e também em células de glioma em ratos (EIDE, 2011).

A acdo antioxidante do zinco pode ser explicada, também, por mecanismos indiretos visto
que atua como cofator em enzimas antioxidantes como a SOD1 e na remoc¢do de anions

superdxidos celulares (CHOI et al., 2017). Prasad (2014) demonstrou que os marcadores de
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EO&N estavam diminuidos pela suplementacéo de zinco em idosos e adultos humanos jovens,
incluindo doencgas inflamatdrias cronicas. Este efeito resultou na diminui¢do da ativacdo do NF-
kB em células mononucleares com diminuicéo da produgdo do TNF-o por macrofagos

O zinco é um cofator para mais de 300 enzimas e metaloproteinas, incluindo a PBM e as
MMP, proteinas com importante envolvimento na patogénese da EM, ja discutidas neste
documento. No SNC, o zinco ocorre em duas formas: a primeira esta fortemente ligada as
proteinas e, na segunda, estd na forma livre, citoplasméatica ou extracelular encontrada nas
vesiculas pré-sindpticas. Em condi¢gBes normais, o zinco liberado pelas vesiculas sinapticas
modula os receptores pds-sinapticos ionotropicos e metabotropicos. Para que o zinco desempenhe
seus diversos papéis bioativos, sdo necessarios varios sistemas especificos para seu transporte
através da membrana bioldgica (SZEWCZYK, 2013).

Com relacdo ao sistema imune adaptativo, a deficiéncia de zinco pode levar a atrofia do
timo, reducédo da atividade da timulina, diminuicdo da proliferacdo de células T e mudancga no
equilibrio de células Thl e Th2 em direcdo a uma resposta Th2. Assim, especialmente as
respostas imunes celulares mediadas por células T sdo afetadas por niveis diminuidos de zinco
(ROSEKRANZ et al., 2016). A deficiéncia deste metal leva ao aumento da suscetibilidade a
infeccdes e eleva o risco de alergias e autoimunidade. Por conseguinte, a terapia e suplementagéo
com zinco podem normalizar as fungdes imunes debilitadas pela sua deficiéncia, levando a
diminuicdo da incidéncia de infec¢des in vivo (CHOI et al., 2017; SANNA et al., 2018). Por
outro lado, altas concentracdes de zinco diminuem funcdes celulares tanto quanto a deficiéncia de
zinco e produzem neurotoxicidade, o que implica na importancia da ingestdo adequada de zinco e
adequada homeostase do metal.

Niveis baixos de zinco foram associados a autoimunidade mediada por células T
(PAWLITZKI, 2018). A deficiéncia dietética ou aumento da absor¢do do metal mostrou serem
associados ao risco de EM e ao desenvolvimento de células T pré-inflamatdrias patogénicas em
células autoimunes experimentais (ROSENKRANZ et al., 2016). Vérios estudos relataram que a
deficiéncia de zinco induz um desequilibrio entre as funcdes Thl e Th2 e uma falha na regulagéo
negativa das células Thl7, que tém sido sugeridos como 0s principais mecanismos que
contribuem para a patogénese da autoimunidade da EM (LI, 2017; ROSTAMI E CIRIC, 2013;
ROSENKRANZ et al., 2016; PAWLITZKI, 2018).
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A associagdo entre a deficiéncia de zinco e o desenvolvimento da EM tem sido apoiada
por diversos estudos, especialmente em pacientes com EMRR (GHAZAVI et al., 2012; CHOI et
al., 2017; SOCHA, 2017; SAPKOTA; KNOELL, 2018). Esses resultados foram corroborados
por estudo de meta-analise que revelou o possivel papel da deficiéncia de zinco em pacientes com
EM (BREDHOLT; FREDERIKSEN, 2016; SANNA et al., 2018). Diante destas evidéncias, a
monitorizacdo dos niveis séricos de zinco em pacientes com EM é de grande importancia
(PAWLITZKI etal., 2018).

1.4.4 Adiponectina e esclerose multipla

A adiponectina, também denominada Acrp30, adipoQ, ApM1 e GBP28, é uma adipocina
do tipo colageno de 28 a 30 kDa, predominantemente secretada pelos adipocitos. E uma proteina
multimérica que existe em cinco configuracdes, sendo a adiponectina globular (JAPN) e a
adiponectina de comprimento completo (FAPN) as principais isoformas de interesse clinico. A
adiponectina é detectada em duas formas, incluindo as de baixo peso molecular (APN LMW), e
as de elevado peso molecular (APN HMW) em soro humano. A isoforma APN LMW é a forma
predominante na circulacdo, enquanto a APN HMW ¢é a forma predominante no ambiente
intracelular, considerada fisiologicamente mais relevante e Gtil como marcador para disfuncfes
associadas a diferentes doencas, inclusive a EM (LI1U; LUO; LI, 2015).

A adiponectina secretada se liga a duas isoformas distintas de receptores, AdipoR1 e
AdipoR2. O AdipoR1 tem alta afinidade pela gAPN, mas tem fraca interacdo com fAPN,
enquanto que AdipoR2 tem maior afinidade para a gAPN e fAPN. Ambas as isoformas sdo
expressas em diferentes tipos de células como mondcitos, adipécitos e células do musculo
esquelético. O AdipoR1 é mais expresso nas células do musculo esquelético e ativa a proteina 5’
monofosfato de adenosina quinase (AMPK). O receptor AdipoR2 é predominantemente expresso
no figado, que regula os lipidos e metabolismo da glicose, estresse oxidativo e inflamacéo
(GHADGE; KHAIRE; KUVALEKAR, 2018).

A biossintese da adiponectina é regulada por varios fatores. Em particular, o receptor
gama ativado pelo proliferador de perixoma (PPAR-y), um regulador principal da diferenciacéo
de adipécitos, bem como um mediador de sensibilizacdo a insulina, demonstrou regular

positivamente a expressdo e a secre¢do de adiponectina em humanos. Além disso, moléculas pro-
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inflamatorias como TNF-a, IL-6 e proteina C reativa regulam negativamente a expressdo da
adiponectina; do mesmo modo, a inflamacgéo in vivo foi confirmada como um regulador negativo
da expressao e secrecdo de adiponectina em humanos (ANTONOPOULOS, 2015).

Em seu papel anti-inflamatério, a adiponectina diminui a expressdo de moléculas de
adesdo e de citocinas pro-inflamatérias, como o TNF-a, IL-6 e IFN-y, aumenta a expressao de
moléculas anti-inflamatorias, como a IL-10, e diminui a ativacdo da via do sinal pré-inflamatério,
como a via do NF-kB (YOKOTA, 2000). Na célula endotelial do cérebro, a adiponectina reduz a
secrecdo de IL-6, uma citocina pré-inflamatdria. Além disso, suprime a ativacao e a proliferacdo
de LT e LB, mostrando fungdo protetora contra o desenvolvimento de numerosas condigdes
inflamatérias, como a EM (BARANOWSKA-BIK et al., 2017; DUZEL et al., 2019). A
adiponectina também exerce seu papel anti-inflamatério sobre as celulas Thl7 patogénicas,
levando a diminuigédo da inflamag&o autoimune do SNC mediada por células Th17 (DARGAHI et
al., 2017).

Um modelo experimental demonstrou que a deficiéncia de adiponectina promoveu
inflamacéo e desmielinizacdo do SNC, exacerbou a EAE e aumentou as citocinas produzidas
pelas células Thl e Th17 do sistema imunologico periférico e do SNC em ratos (ZHANG et al.,
2016). Niveis plasmaticos mais baixos de adiponectina foram observados em pacientes com EM
comparados aos controles saudaveis (GUERRERO-GARCIA et al., 2016). Sugere-se que niveis
mais baixos de adiponectina entre os pacientes com EM do que os controles possam refletir o
desequilibrio da resposta inflamatéria/anti-inflamatoria, em especial do perfil de citocinas Thl e
Th1l7 (COBAN et al., 2017; MATVEEVA et al., 2018). Evidéncias indicam que adiponectina
exerce, também, um papel antioxidante por diferentes mecanismos, como a inibicdo da geracéo
de ERO, reducdo da citotoxicidade e a apoptose de mioblastos induzidas por H2O; e restauracéo
do potencial de membrana mitocondrial inibido por H.O, (REN et al., 2017). Além disso, a
adiponectina promove reducdo acentuada da expressdo de INOS e NO (WOODWARD et al.,
2017).

Os efeitos anti-inflamatdrios da adiponectina sobre as respostas inata e adaptativa sdo

resumidos na Tabela 1.



38

Tabela 1 Efeitos anti-inflamatdrios da adiponectina sobre as respostas imune e adaptativa

Efeito anti-inflamatdrio sobre a resposta imune

Inata Adaptativa
| Molécula de adesédo JLinfopoiese de células T e B
|Fator nuclear k B |Resposta de células Thl e Thl7

Interleucina 6
|Interferon vy
|Fagocitose

TInterleucina 10

tIL-1ra

|: diminui¢do; 1: aumento
IL-1ra: antagonista do receptor de interleucina 1; Thl: T helper 1; Th17: T helper 17
Fonte: adaptado de Tilg; Moschen (2006)

1.5 Tratamento de Pacientes com Esclerose Multipla

O inicio precoce do tratamento ap0s o diagndstico de EM é de grande impostancia, assim
como do monitoramento clinico-laboratorial e as alteragdes neurologicas pela RMN (como
analise do numero e volume de novas lesdes), para avaliar a resposta e a seguranca do tratamento
de pacientes com EM. Essas decisfes devem considerar, principalmente, o fen6tipo da doenca,
fatores prognosticos, comorbidades e as preferéncias do paciente e da familia em termos de
aceitagdo de risco (TINTORE; VIDAL-JORDANA,; SATRE-GARRIGA, 2019).

A década de 1980 caracterizou-se por investigacbes importantes indicando que a
imunoterapia intensiva poderia alterar o curso da EM e que as exacerbacfes da EM poderiam ser
tratadas com metilprednisolona intravenosa. A era moderna do tratamento da EM comegou em
1993, com a aprovacdo pela Food and Drugs Administration (FDA/USA) do IFN-B1b para tratar
formas reincidentes da EM, tornando, assim, uma doenca tratdvel (CASTRO-BORRERO et al.,
2012). Além disso, a aprovacdo do IFN-B1b dependeu, em parte, dos avangos nos exames de
imagem como RMN, abrindo a era do monitoramento radiolégico da doenca (WINGERCHUK;
WEINSHENKER, 2016).



39

Outro marco importante para o tratamento da EM foi a aprovagdo de novos
medicamentos, como o0 natalizumabe (2004) e fingolimode (2010). A teriflunomida foi
incorporada, em 2017, como opcdo na primeira linha de tratamento, juntamente com o IFN-B ¢ o
acetato de glatiramer. Em 2018, dois novos medicamentos, fumarato de dimetila e cladribina,
foram incorporados no Protocolo Clinico e Diretrizes Terapéuticas (PCDT) da EM no Brasil
(BRASIL, 2018), assim como houve avango no tratamento dos pacientes com EM, com a
aprovacdo do ocrelizumabe para o tratamento dos que apresentam a forma EMPP
(BALDASSARI; FOX, 2018).

No Brasil, entre as opcOes terapéuticas com potencial modificador da EMRR (com
aprovacao pela Agéncia Nacional de Vigilancia Sanitaria (ANVISA), recomendado pelo PCDT
da EM (BRASIL, 2018) estdo IFN-p, acetato de glatiramer, teriflunomida, fumarato de dimetila,
fingolimode e natalizumabe. Outros medicamentos também fazem parte da linha de cuidado,
como a metilprednisolona, recomendada para o tratamento de surto de EM, podendo ser utilizada
por 3-5 dias, devendo-se suspender nesse periodo o uso de outros medicamentos. A azatioprina
pode ser utilizada em casos de pouca adesdo as demais opcoes, sendo menos eficaz e utilizada em
monoterapia.

Em linhas gerais, o IFN-B promove a producdo de citocinas anti-inflamatérias
redirecionando a resposta pré-inflamatoria Thl para Th2, pode aumentar as células Treg e
diminuir a producdo de substancias pro-inflamatérias, reduzindo as células inflamatérias no
interior do SNC. O acetato de glatiramer, por sua vez, € um polimero de aminoacido sintético
assemelhando-se a proteina basica de mielina e atua promovendo uma mudanca do perfil pro-
inflamatério para um perfil anti-inflamatorio do sistema imunologico, reduz o nimero de lesdes
ativas visualizadas na RMN e a taxa de recaida (TAVAZZI; ROVARIS; LA MANTIA, 2014).

O natalizumabe, primeiro anticorpo monoclonal humanizado administrado via
intravenosa, ¢ um inibidor seletivo das integrinas a4P1 e a4p7, alvo de ligagdo das moléculas de
adesdo que medeiam a adesdo e a transmigracdo de leucdcitos para o parénquima cerebral. O
natalizumabe promove o bloqueio das interagdes moleculares de a4p1 com os respectivos alvos e
reduz a atividade inflamatoria presente no cérebro na EM e inibe a progressao do recrutamento de
células imunes para os tecidos inflamados, reduzindo, assim, a formacgédo ou o aumento das lesdes
resultantes da EM. A principal complicacdo do tratamento com natalizumabe é o risco de

leucoencefalopatia multifocal progressiva (PML), uma doenga grave e potencialmente fatal que
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leva a inflamacdo do SNC, causada pela reativagdo do virus John Cunningham (virus JC)
(TAVAZZI; ROVARIS; LA MANTIA, 2014).

O cloridrato de fingolimode é recomendado para o tratamento de pacientes adultos com
EMRR, apo6s falha terapéutica de IFN-B ou acetato de glatiramer. Sua atividade € mediada pelo
bloqueio do receptor da esfingosina-1-fosfato (S1P) nos LT, o que limita saida dessas células dos
ganglios linfaticos para o cérebro e medula, convergindo na reducdo da atividade inflamatéria
(CHUN et al., 2010). E um modulador que sequestra linfocitos nos ganglios linfaticos, exercendo
efeitos diretos no SNC (CHUN et al., 2019).

A teriflunomida é um agente imunomodulador e anti-inflamatério que atua no bloqueio da
proliferacdo de linfocitos ativados, diminuindo a inflamac&o e dano a mielina no SNC (BRASIL,
2018). J& o fumarato de dimetila atua regulando positivamente 0s genes antioxidantes
dependentes do fator nuclear eritroide 2- fator relacionado 2 (Nrf2), o maior fator fator de
transcricdo para genes envolvidos na resposta antioxidante, tais como hemoxigenase 1 (HMOX1)
e nicotinamida adenina dinucleotideo fosfato (NADPH) (CHEN et al., 2014). Assim como a
teriflunomida, esta aprovado para o tratamento da esclerose maltipla recidivante (forma surto-
remissdo), mas foi posicionado como farmaco de 22 linha para o tratamento (BRASIL, 2018).

Ocrelizumabe é um anticorpo monoclonal humanizado de segunda geracdo, antagonista
seletivo de LB que expressam o antigeno de superficie CD20, reduzindo a atividade da resposta
humonal nos pacientes com EM. Atua na deplecdo de LB CD20" periféricas, enquanto preserva a
capacidade de reconstituicdo de LB da imunidade humoral pré-existente (SORENSEN;
BLINKENBERG, 2016).

Entre as terapias emergentes para tratamento da EM, destacam-se 0 uso de células-tronco
hematopoiéticas multipotentes em pacientes com EMRR ativa, que reduziu a progressao em cerca
de 70% dos doentes, diminuiu as recaidas de forma dramatica e suprimiu a atividade da doenca
avaliada pela RMN. Estudos de vacinas de DNA, uso de nanoparticulas como método de entrega
de autoantigenos para reduzir citocinas pro-inflamatdrias, ligantes de peptideos alterados, entre
outros, também sdo estratégias terapéuticas promissoras no tratamento da EM (DARGAHI et al.,
2017).

Além dos tratamentos especificos para evitar o surgimento de lesbes e dos surtos,
recomenda-se a utilizacdo de medicamentos para alivio de sintomas como fadiga, descontrole

esfincteriano e da espasticidade ou rigidez muscular. No momento do surto, os corticosterdides
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em altas doses proporcionam uma recuperacdo mais rapida ao paciente, mas, em casos mais
graves pode ser usada a plasmaférese (técnica de filtragdo do plasma para retirar anticorpos). A
decisdo para o melhor tratamento a seguir deve ser tomada pelo seu médico em conjunto com o
paciente, sua familia e equipe multidisciplinar. Associado ao tratamento farmacolégico especifico
deve-se estimular a reabilitacdo global, abrangendo varias necessidades do paciente como
fisioterapia, fonoaudiologia, terapia ocupacional, neuropsicologia e apoio psicolgico (LEONE et
al., 2018).

A Figura 5 resume a linha do tempo de desenvolvimento no tratamento de pacientes com

EM, com os principais marcos terapéuticos e drogas aprovadas pela FDA, até 2018.



Figura 5 — Linha do tempo de desenvolvimento no tratamento de pacientes com esclerose multipla
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JUSTIFICATIVA

A grande heterogeneidade dos fatores envolvidos na etiopatogenia da EM, como etnia,
idade, sexo, regido e variacdo latitudinal, fatores genéticos, epigenéticos, ambientais e
nutricionais, pode ser responsavel pela variabilidade dos fen6tipos clinicos, grau de incapacidade,
progressdo da incapacidade e resposta ao tratamento a doenca. Por isto, constituem os aspectos
mais estudados em pacientes com EM em diferentes populagdes.

No presente, ndo existe um método de diagndstico laboratorial especifico para a EM,
sendo necessario recorrer a um conjunto de testes que incluem exames neuroldgicos, RMN e
analise do LCR. Ainda assim, nem sempre este conjunto de testes permite diagnosticar a doenca
com seguranca. Por isso, € de grande interesse encontrar novos biomarcadores diagnosticos que
permitam distinguir a EM de outras doengas com sintomas semelhantes, assim como
biomarcadores para monitorar a atividade e a progressdo da doenca e avaliar a resposta dos
pacientes a terapia.

No entanto, estes biomarcadores tém sido avaliados, na sua maioria, de forma isolada, o
que limita sua acurécia, sensibilidade e especificidade para o auxilio no diagnéstico da EM. Do
mesmo modo, a avaliagdo de um biomarcador isoladamente ndo reflete as possiveis correlagdes
entre os diferentes biomarcadores, que poderia, em parte, contribuir para melhor entendimento
das alteracbes inflamatorias e de O&NS presentes na EM. Até o presente momento, ndo ha
estudos com base em modelo estatistico que tenham avaliado um conjunto de biomarcadores
inflamatdrios e de EO&N, que incluissem zinco e adiponectina em pacientes com EM.

Portanto, justificamos, com este estudo, a importancia da avaliacdo dos biomarcadores
inflamatorios TNF-a e seus receptores soliveis, em conjunto com biomarcadores anti-
inflamatdrios e antioxidantes como zinco, adiponectina, capacidade antioxidante total do plasma
e grupos SH em pacientes com EM comparados a individuos saudaveis, na tentativa de identificar

um modelo de biomarcadores que podera auxiliar no diagndstico da doenca.
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JUSTIFICATIVA

A grande heterogeneidade dos fatores envolvidos na etiopatogenia da EM, como etnia,
idade, sexo, regido e variacdo latitudinal, fatores genéticos, epigenéticos, hormonais, ambientais e
nutricionais, pode ser responsavel pela variabilidade dos fen6tipos clinicos, grau de incapacidade,
progressdo da incapacidade e resposta ao tratamento a doenca. Por isto, constituem os aspectos
mais estudados em pacientes com EM em diferentes populagdes.

No presente, ndo existe um método de diagndstico laboratorial especifico para a EM,
sendo necessario recorrer a um conjunto de testes que incluem exames neuroldgicos, RMN e
analise do LCR. Ainda assim, nem sempre este conjunto de testes permite diagnosticar a doenca
com seguranca. Por isso, é de grande interesse encontrar biomarcadores diagndsticos que
permitam distinguir a EM de outras doengas com sintomas semelhantes.

Os principais mecanismos envolvidos na fisiopatologia da EM, como variantes
genéticas, resposta inflamatoria, metabolismo e E&ON, tém sido objeto de estudos pelo nosso
grupo de pesquisa. Em estudos prévios, demonstramos a complexa rede de citocinas
inflamatdrias (como TNF-a e seus receptores soluveis, 1L-6 e IL-17) e anti-inflamatérias (como
IL-10), além do desequilibrio do estado redox em pacientes com EM, em associacdo com a
incapacidade e progressao da doenca. Outros estudos descritos na literatura demonstraram que
pacientes com EM apresentam diminuicdo de adiponectina, zinco, capacidade antioxidante total
do plasma e de grupos SH quando comparados a grupo de individuos saudaveis.

No entanto, estes biomarcadores tém sido avaliados, na sua maioria, de forma isolada, o
que limita sua sensibilidade, especificidade acuracia. Do mesmo modo, a avaliacdo de um
biomarcador isoladamente nao reflete as possiveis correlacbes entre os diferentes biomarcadores,
que poderiam, em parte, contribuir para melhor entendimento das alteracdes IO&NS na EM. Até
0 presente momento, ndo ha estudos, com base em modelo estatistico, que tenham avaliado um
conjunto de biomarcadores IO&N que incluissem zinco e adiponectina em pacientes com EM.

Portanto, justificamos, neste estudo, a importancia da validacdo dos biomarcadores
inflamatorios TNF-o. e seus receptores soluveis, em conjunto com biomarcadores anti-
inflamatdrios e antioxidantes como zinco, adiponectina, capacidade antioxidante total do plasma
e grupos SH em pacientes com EM comparados a individuos saudaveis, na tentativa de identificar

um modelo de biomarcadores que podera auxiliar no diagndstico da doenga.
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3 OBJETIVOS
3.1 Objetivo Geral

Avaliar os metais essenciais e biomarcadores inflamatérios e do estresse oxidativo e nitrosativo

em pacientes com esclerose multipla.

3.2 Objetivos Especificos

a) Revisar o papel dos metais essenciais zinco, cobre, ferro e manganés em doencas
neurodegenaerativas como Doenca de Alzheimer (DA), doenca de Parkinson (DP) e EM;

b) Comparar os niveis plasmaticos de biomarcadores IO&NS em pacientes com EM e individuos
saudaveris;

c) Determinar o tamanho do efeito do diagnostico de EM nos niveis dos biomarcadores IO&NS;

d) Determinar a importéancia relativa de cada biomarcador IO&NS avaliado na fisiopatologia da
EM;

e) Propor um modelo de biomarcadores IO&NS que possam auxiliar no diagnostico da EM.
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4 SUJEITOS E METODOS

4.1 Delineamento

Inicialmente, realizou-se um estudo de revisdo da literatura, com busca de artigos de
revisdo, originais e de metanalise na base de dados bibliogréficos de acesso publico PubMed/US
National Library of Medicine/National Institutes of Health/USA, em lingua inglesa, no periodo de
10 anos (2008 a 2018). Na busca foram utilizados os seguintes Medical Subject Headings
(MeSH): multiple sclerosis; multiple sclerosis relapsing remitting; multiple sclerosis primary
progressive; multiple sclerosis secondary progressive; zinc; copper; manganese; iron; oxidative
stress; nitrosative stress; adiponectin; toxicity.

Simultaneamente, realizou-se um estudo observacional, tipo caso-controle, para

contemplar objetivos propostos nesta tese.

4.2 Aspectos Eticos

O protocolo de pesquisa foi aprovado pelo Comité de Etica em Pesquisa Envolvendo
Seres Humanos (CEPE) da Universidade Estadual de Londrina, com o Parecer de Aprovagédo no.
159/10, CAAE no. 0140.0.268.000-10, em 30 de agosto de 2010 (ANEXO A). Todos 0s
individuos foram convidados a participar voluntariamente da pesquisa e assinaram o Termo de
Consentimento Livre e Esclarecido (TCLE) (APENCIDE A).

4.3 Amostras

As amostras foram obtidas por conveniéncia de tempo e local. Foram convidados a
participar do estudo todos os pacientes adultos com diagndstico de EM, de ambos 0s sexos,
atendidos no Ambulatorio de Especialidades do Hospital Universitario (AEHU) da Universidade
Estadual de Londrina (UEL), em Londrina, Parana. O convite foi realizado de forma prospectiva,
no periodo de janeiro de 2013 a dezembro de 2015. Foram inseridos no estudo 174 pacientes com
EM, diagnosticados segundo os critérios de McDonald (POLMAN et al., 2011) e classificados,
de acordo com as formas clinicas, como CIS, EMRR, EMSP e EMPP.
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O grupo controle foi composto de 182 individuos saudéveis selecionados,
consecutivamente, entre os doadores de sangue fidelizados do Hemocentro Regional de Londrina.
Os individuos deste grupo ndo apresentavam caracteristicas clinicas ou laboratoriais de doencgas
autoimunes, renais, cardiacas, hepéaticas ou infecciosas e reportaram ndo fazer uso de
medicamentos anti-inflamatdrios e suplementos antioxidantes.

Foram coletados dados demogréficos (sexo, idade e etnia), epidemioldgicos,
antropométricos (peso, altura e indice de massa corporal - IMC) e clinicos (formas clinicas e
terapia para EM), além do uso de medicamentos utizando-se um questionario padronizado
(Apéndice B).

As medidas antropométricas avaliadas nos pacientes foram peso corporal (Kg) e altura
(m), obtidas durante a aplicacdo do questionario. O IMC foi calculado como peso (Kg) dividido
pela altura (m) ao quadrado e expresso em kg/m?.

4.4  Coleta de Material Biologico

Apos jejum de 12 horas, amostras de sangue periféerico foram coletadas com e sem
anticoagulantes e encaminhadas ao laboratorio para registro, processamento e armazenamento.
As amostras ndo analisadas no dia da coleta do material foram aliquotadas e armazenadas em
freezer a -80°C até o momento de uso. Todas as amostras de casos e controles foram
identificadas por niameros e letras para garantir o anonimato e confidencialidade dos individuos e

dos resultados obtidos.

45  Determinacdo dos biomarcadores IO&NS

4.5.1 Determinacgao dos niveis plasmaticos de TNF-a, sSTNFR1 e sTNFR2

Os niveis plasmaticos de TNF-o, sTNFRI, sTNFR2 foram determinados por
imunofluorimetria utilizando kit multiplex (Novex Life Technologies, Frederick, MD, USA) para
plataforma Luminex® (MAGPIX®, Luminex Corp, Austin, TX, USA). Os resultados foram

expressos em pg/mL.
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4.5.2 Determinacao dos niveis plasmaticos de adiponectina

Os niveis plasméticos de adiponectina foram mensurados por ensaio de imunoabsor¢do
enzimatica em sanduiche (sandwich enzyme-linked immunosorbent assay - ELISA) usando um
ensaio comercial (Ready-Set Go! Set, e-Bioscience, San Diego, CA, USA). Os resultados foram

expressos em pg/mL.

4.5.3 Determinacao de hidroperéxidos lipidicos (CL-LOOH)

A avaliacdo de hidroperéxidos lipidicos (LOOH) por quimioluminescéncia (QL) foi
efetuada em uma adaptacdo da técnica descrita por Gonzales-Flecha et al. (1991). A reacédo
estimulada por t-butil hidroperoxido (CL-LOOH) foi empregada para analisar a integridade dos
mecanismos de defesa antioxidantes ndo enzimaticos e os niveis de hidroperoxidos lipidicos
presentes no plasma. O teste baseia-se na premissa de que um aumento de QL esta relacionado
com um estresse oxidativo prévio sofrido pelo tecido, levando ao consumo das defesas
antioxidantes de baixo peso molecular, como vitamina E, com formacdo de hidroperoxidos
lipidicos, resultando em um aumento da emissdo de fotons. O método de QL foi realizado em
luminémetro (GloMAXx 20/20 Single Tube Luminometer, Promega Corporation, WI, USA). Foram
realizadas 3900 leituras em cerca de 1 hora de reacdo, e a média destes valores foi expressa em
unidades relativas de luz (URL) (LOZOVOY et al., 2011).

4.5.4 Determinacéo dos produtos Avancados de Oxidacao Proteica (AOPP)

AOPP foram determinados no plasma usando o método semiautomatico descrito por
Witko-Sarsat et al. (1996). AOPP resultam da oxidacdo de residuos de aminoacidos, tais como a
tirosina, que sdo detectados espectrofotometricamente. As concentragdes foram expressas em

umol/L de equivalente de cloramina T.
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4.5.5 Determinacao de metabdlitos de NO (NOx)

A estimativa da concentracdo de NO nas amostras foi realizada pela determinacdo dos
metabdlitos do NO (NOXx) descrita por Navarro-Gonzalvez et al. (1998). O método baseia-se na
reducdo de nitrato a nitrito mediada por reacdes de oxirreducdo utilizando granulos de cadmio,
com posterior diazotacdo e deteccdo colorimétrica do azocomposto formado pela adicdo do
reagente de Griess a 550nm. Os resultados foram expressos em pM.

4.5.6 Determinacao dos niveis plasmaticos de grupamentos SH

O grupos SH das proteinas plasmaticas pode ter acdo antioxidante, contribuindo para
neutralizar o excesso de radicais livres e foram avaliados no plasma por um ensaio
espectrofotométrico baseado no &cido 2,2-ditiobisnitrobenzoico (DTNB) (HU, 1994). Os

resultados foram expressos em pM.

4.5.7 Capacidade Antioxidante Total do Plasma

A capacidade antioxidante total no plasma foi avaliada por meio do método de TRAP.
Neste método, avalia-se a acdo cumulativa de todos os antioxidantes (hidrossollveis e
lipossoluveis) presentes no meio que resulta em um parametro integrado capaz de revelar
alteracdes no delicado equilibrio redox existente in vivo. Baseia-se no principio da adi¢do de um
azoiniciador ao plasma, substancia capaz de gerar espécies reativas, que por sua vez, sdo
neutralizados pelos antioxidantes presentes no plasma. O tempo no qual a oxidacéo é inibida e,
consequentemente ndo aumenta a emissao de f'tons da reacdo, € comparada ao do Trolox® (New
Jersey, USA). O Trolox®, um analogo hidrossoluvel da vitamina E, é usado como antioxidante
de referéncia e quantitativamente relacionado a capacidade antioxidante total do plasma
(REPETTO et al., 1996).
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46  Dosagem de zinco sérico

Os niveis séricos de zinco foram quantificados por espectrofotometria de absorgdo
atdbmica-chama (EAA-chama). Todas as medidas foram realizadas com um EAA Varian®
SpectrAA 50 (Palo Alto, USA) e a chama de ar sintético-acetileno foi usada para atomizagdo das
amostras. Neste método, uma ldmpada de catodo oco impregnada de zinco emite luz
monocromatica no comprimento de onda de 213,9 nm, sob as condi¢Ges ideais de leituras de
comprimento de onda, largura de fenda e altura do queimador, recomendadas pelo fabricante e
resultados expressos em pg de zinco/dL de sangue.

4.7 Andlise Estatistica

As variaveis categdricas foram expressas como valores absolutos (n) e relativos (%) e
analisadas pelo teste de qui-quadrado (ou teste Exato de Fisher, quando apropriado). Variaveis
continuas foram expressas como media e + desvio padrdo (£ DP). Foi utlizada a analise de
variancia (ANOVA) para verificar as diferengas intergrupos nas varidveis continuas.
Empregamos o teste de adequacdo de Kolmogorov-Smirnov para avaliar a normalidade da
distribuicdo. Transformacdes logaritmicas (Ln) de dados continuos foram realizadas para
normalizar a distribuicdo de dados ou para ajustar a heterogeneidade da variancia entre 0s grupos
de estudo (conforme avaliado pelo teste de Levene).

Os coeficientes de correlacao de Pearson foram usados para examinar as associacdes entre
duas variaveis continuas. Usamos a analise multivariada de modelo linear geral (GLM) para
determinar os efeitos de variaveis independentes, como o diagnostico, sobre biomarcadores,
enquanto controlamos possiveis fatores de confusdo, incluindo idade, sexo e IMC.
Consequentemente, foram utilizados testes para efeitos entre individuos para verificar os efeitos
de variaveis explicativas sobre os biomarcadores separados e os valores médios marginais
estimados pelo modelo foram computados. Resultados de comparacdes mdaltiplas foram
corrigidos para taxa de descoberta falsa (BENJAMINI; HOCHBERG, 1995).

A andlise de regressdo logistica binaria foi empregada para avaliar as variaveis
significativas que predizem EM versus controles saudaveis usando biomarcadores como variaveis

explicativas. Calculamos o odds ratio (OR) e os intervalos de confianga de 95% (IC) de
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preditores significativos e usamos a anélise da curva de operacdo do receptor (ROC) para calcular
a area sob a curva ROC (AUC/ROC). As analises estatisticas foram realizadas usando o software
IBM SPSS Windows versao 24.

Como técnicas de aprendizado supervisionadas, usamos o0 modelo matematico Support
Vector Machine (SVM). O SVM com funcdo de base radial foi empregado para calcular o
treinamento e 10 vezes a precisdo de validacdo de uma segregacdo de 2 classes (pacientes versus
controles com os biomarcadores como variaveis explicativas. O SVM foi realizado usando o
Unscrambler® (CAMO®). Atualmente, o modelo mateméatico SVM é considerado um dos
melhores modelos para predizer biomarcadores candidatos ao diagnostico, progndstico e
monitorizacao do tratamento de doengas, incluindo as doencas neuroldgicas (GROLLEMUND et
al., 2019).

Os testes foram bicaudais e um nivel alfa de 0,05 foi utilizado para indicar um efeito

estatisticamente significativo.



52

5 RESULTADOS

Os resultados obtidos neste trabalho foram apresentados e discutidos em dois artigos
cientificos descritos a seguir.

O primeiro artigo com o titulo “The role of zinc, copper, manganese and iron in
neurodegenerative diseases” revisa o papel dos metais essenciais zinco, cobre, ferro e manganés
na Doenga de Alzheimer, Doenga de Parkinson e EM. Este artigo foi submetido ao
Neurotoxicology Journal (ISSN: 0161-813X), com fator de impacto 3.076, em fevereiro de 2019
e esta em fase de avaliacdo pelos revisores.

O segundo artigo (artigo original) com o titulo “Antioxidant and anti-inflammatory
diagnostic biomarkers in multiple sclerosis: a machine learning study” serd submetido a revista

Molecular Neurobiology com fator de impacto de 5,076.
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Highlights

e Excessive metal levels induce neurodegeneration by oxidative stress, disrupting mitochondrial
function, and cell death

e The role of zinc (Zn), copper (Cu), manganese (Mn), and iron (Fe) in Alzheimer disease,
Parkinson disease, and multiple sclerosis was reviewed.

e Zn deficiency and high levels of Cu, Mn, and Fe participate in the activation of nuclear factor
kappa B and induce inflammatory and oxidative stress

e High levels of Cu, Mn and Fe participate in the formation o-synuclein aggregates in
intracellular inclusions, called Lewy Body, a marker of Parkinson disease;

e Zn deficiency induces an imbalance of Thl and Th2 cell functions and a failure of Thl7

down-regulation, contributing to the pathogenesis of multiple sclerosis
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ABSTRACT

Metals are involved in different pathophysiological mechanisms associated with
neurodegenerative diseases (NDDs), including Alzheimer’s disease (AD), Parkinson’s disease
(PD) and multiple sclerosis (MS). The aim of this study was to review the effects of the essential
metals zinc (Zn), copper (Cu), manganese (Mn) and iron (Fe) on the central nervous system
(CNS), as well as the mechanisms involved in their neurotoxicity. Low levels of Zn as well as
high levels of Cu, Mn, and Fe participate in the activation of signaling pathways of the
inflammatory, oxidative and nitrosative stress (I0&NS) response, including nuclear factor kappa
B and activator protein-1. The imbalance of these metals impairs the structural, regulatory, and
catalytic functions of different enzymes, proteins, receptors, and transporters. Neurodegeneration
occurs via association of metals with proteins and subsequent induction of aggregate formation
creating a vicious cycle by disrupting mitochondrial function, which depletes adenosine
triphosphate and induces IO&NS, cell death by apoptotic and/or necrotic mechanisms. In AD, at
low levels, Zn suppresses P-amyloid-induced neurotoxicity by selectively precipitating
aggregation intermediates; however, at high levels, the binding of Zn to B-amyloid may enhance
formation of fibrillar B-amyloid aggregation, leading to neurodegeneration. High levels of Cu,
Mn and Fe participate in the formation a-synuclein aggregates in intracellular inclusions, called
Lewy Body, that result in synaptic dysfunction and interruption of axonal transport. In PD, there
is focal accumulation of Fe in the substantia nigra, while in AD a diffuse accumulation of Fe
occurs in various regions, such as cortex and hippocampus, with Fe marginally increased in the
senile plagues. Zn deficiency induces an imbalance between T helper (Th)l and Th2 cell
functions and a failure of Th17 down-regulation, contributing to the pathogenesis of MS. In MS,
elevated levels of Fe occur in certain brain regions, such as thalamus and striatum, which may be
due to inflammatory processes disrupting the blood-brain barrier and attracting Fe-rich
macrophages. Delineating the specific mechanisms by which metals alter redox homeostasis is
essential to understand the pathophysiology of AD, PD, and MS and may provide possible new

targets for their prevention and treatment of the patients affected by these NDDs.

Keywords: Alzheimer disease; Parkinson disease, multiple sclerosis; essentials metals; oxidative

stress.
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zinc; ZIP: Zrt-and-Irt-related protein ; ZnT: Zn transporter; Zrt: Zn transporter proteins.
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1. Introduction

Trace metals are defined as essential elements to life and, in general, are present in low
concentration in human organism. Essential metals, such as zinc (Zn), copper (Cu), manganese
(Mn) and iron (Fe) play a role as cofactors in the activity of a wide range of physiological
processes involved in cellular homeostasis and survival, as well as during organ and tissue
development [1,2].

It is well recognized that alterations in the homeostasis of oligoelements may result in
damage of the central nervous system (CNS), with neurodegeneration, disability and
neuroinflammation, contributing to the development of several neurodegenerative diseases
(NDDs) [3]. NDDs are characterized by progressive dysfunction and loss of neurons with
involvement of different functional systems and a wide spectrum of clinical presentations. There
are several pathways which contribute to the damage of neurons. A fundamental phenomenon in
most NDDs is the deposition of proteins with altered physicochemical properties, as has been
shown for Alzheimer disease (AD), Parkinson disease (PD), prion disease, tauopathies, and other
forms of proteinopathies. Chronic excitotoxicity has been discussed for progressive long-term
NDDs, including AD [4].

Moreover, microglia activation, neuroinflammation, formation of reactive oxygen species
(ROS), reactive nitrogen species (RNS), mitochondrial dysfunctions, autoimmunity and
demyelination are other mechanisms involved in the neurodegeneration [5]. Both the components
of immune system (innate and adaptative immunity) play important role in the generation of
neuroinflammation in different NDDS [6]. These different pathways interact with others, such as
those of energetic dysregulation, molecular damage, metabolic changes, dysregulation of ion
homeostasis, and adaptation [7].

The large majority of the NDDs has a multifactorial etiology with interactions between
genetic, lifestyle and environmental factors [8]. Among environmental risk factors of NDDs,
xenobiotic metals are gaining increasing attention because a larger percentage of population is
exposed to industrial pollution through food, air and water [9,10].

Neurotoxicity of metals has been demonstrated in vitro, as well as in vivo experimental
and epidemiological studies carried out on different populations exposed to trace elements and it

is likely that each metal could be toxic through specific mechanisms [11]. Excessive metal
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accumulation in the CNS may be toxic, inducing oxidative stress, disrupting mitochondrial
function, and impairing the activity of numerous enzymes with important structural, regulatory,
and catalytic functions in different types of proteins, receptors, and transporters. Moreover,
alteration in essential metal homeostasis has been suggested to cause neurodegeneration, e.g. in
AD via association of metals with proteins and subsequent induction of aggregate formation.
Metals can cause neurodegeneration in PD, AD and MS through a vicious cycle by disrupting
mitochondrial function, which depletes adenosine triphosphate (ATP) and induces ROS
production. Through these mechanisms, metals cause cell death by apoptotic and/or necrotic
mechanisms [3].

In this review, we discuss the role of these essential metals (Zn, Cu, Mn and Fe) on the
pathophysiology of some NDDs, including AD, PD and MS, as well as the mechanisms involved

in their neurotoxicity.

2. Essential Metals Responsible for Neurodegenerative Diseases

The inflammatory immune response and oxidative and nitrosative stress (I0&NS) are the
main pathways of ROS and RNS production, which are responsible for a serious and persistent
imbalance between the production of highly oxidative compounds and antioxidant defenses that
leads to tissue damage, including CNS [12]. The antioxidant defense system has the function of
inhibiting and/or reducing the damage caused by the deleterious free radicals and/or non-radical
ROS. The antioxidant defense is divided into enzymatic system, such as superoxide dismutase
(SOD), catalase (CAT) and glutathione peroxidase (GPx), as well as nonenzymatic system
through a variety of antioxidant substances, which may be endogenous or dietary, such as
ascorbic acid (vitamin C), alpha-tocopherol (vitamin E), carotenoids, and flavonoids. As an
integral part of their active sites, two major antioxidant enzymes, SOD and CAT, contain metal
ions to battle against toxic effects of metal-induced free radicals [13].

Some NDD, including AD, PD and MS, as well as the aging process show that the blood
brain barrier (BBB) is more vulnerable than it seems [14] and protects the CNS against chemical
insults through different complementary mechanisms. Toxic metal molecules can either bypass

these mechanisms or be sequestered in and, therefore, potentially be deleterious to BBB.
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Supportive evidence suggests that damage to blood—brain interfaces can lead to chemical-induced
neurotoxicity induced by metals [15].
The Figure 1 shows the role of Zn, Cu, Mn and Fe in the mechanisms of IO&NS in the

CNS.
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Figure 1 The role of zinc (Zn), copper (Cu), manganese (Mn), and iron (Fe) in the
mechanisms of inflammation, oxidative and nitrosative stress (IO&NS) in the central

nervous system (CNS). The role of Zn, Cu, Mn and Fe in the mechanisms of IO&NS in the CNS is visualized
in the following sequence: 1) the essential metals interact with different cell membrane receptors, such as the
divalent metal transporter-1 (DMT-1), transferrin receptor (TrF), Zn transporter (ZnT) and Zrt/Irt-related proteins
(ZIP), Cu transport protein 1 (CRT-1), to participate in a wide array of physiological and cellular functions; 2)
changes in the essential metal levels, including low levels of Zn, as well as high levels of Mn, Cu and Fe participate
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in the activation of signaling pathways involved in the IO&NS, including the nuclear factor Kappa B (NF-kB) and
activator protein-1 (AP-1). With the activation of the NF-kB and AP-1/c-jun transcriptional factors, the deleterious
effects of these metals are through the induction of proinflammatory cytokines interleukin (IL)-6, tumor necrosis
factor (TNF)-a, IL-17, and interferon (IFN)-y, as well as cyclooxygenase 2 (COX-2), inducible nitric oxide synthase
(iNOS), matrix metalloproteinases (MMP), and adhesion molecules that are key molecules in the brain damage; 3)
Fe and Cu participate in the Fenton reaction to generate free radicals for the innate immune response; on the other
hand, high levels of Fe contribute to the blood-brain-barrier (BBB) breakdown and deoxyribonucleic acid (DNA)
damage; 4) Zn participates in the modulation of the deleterious effects of these molecular and cellular events on
CNS, inhibits the DNA damage, inhibits the nicotinamide adenine dinucleotide phosphate (NADPH)-oxidase, as
well as Mn is for the catalase (CAT), Mn, Cu and Zn for the superoxide dismutase (SOD), important enzymes of the
antioxidant enzymatic system defense against toxic effects of metal-induced free radicals.

2.1 Mechanisms of Zn Neurotoxicity on AD, PD and MS

Zn is the second most abundant transition metal after Fe and is required for humans and
many other living organisms. Dietary Zn is absorbed in the small intestine (duodenum and
jejunum) and then distributed to peripheral tissues. The Zn excess is excreted through
gastrointestinal secretion, sloughing mucosal cells, and in tegument [16].

Zn has an impact on the immune system and possesses neuroprotective properties and
changes in plasma levels have consequences, particularly, on the CNS and the immune systems
[17]. Zn is a cofactor for over 300 enzymes and metalloproteins, including matrix
metalloproteinases (MMP). MMP are a group of proteases dependent of Zn for their proteolytic
activity and involved in remodeling of the extracellular matrix and modifying cell-matrix
interactions. Zn is a component of an even greater amount of proteins including myelin basic
protein (MBP), regulating gene transcription and the antioxidant response. The redox inert metal
Zn is an essential component of numerous proteins involved in the defense against oxidative
stress and depletion of its metal may enhance DNA damage via impairments of DNA
repair mechanisms [16].

Zn is widely used as a structural element in proteins than any other transition metal ion, is
a catalytic component of many enzymes, and acts as a cellular signaling mediator. The majority
of Zn is in the testes, muscle, liver, and brain [18]. Following the uptake of Zn by cells, it is
distributed within the cytoplasm (50%), nucleus (30%—-40%), and cell membrane (10%). Cellular
Zn is then available as four pools. First, it can bind tightly to metalloproteins, as a structural
component or to metalloenzymes as a cofactor; second, Zn binds to metallothioneins with a low

affinity, which can occupy 5%-15% of the total cellular Zn pool; third, it can be
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compartmentalized into intracellular organelles and vesicles for Zn storage and as a supply for
Zn-dependent proteins, which is mediated by Zn transporters; and fourth, a pool of cytosolic free
Zn is maintained at a very low concentration [19].

The importance of Zn to the function of the CNS is increasingly being established and has
been suggested as a key factor in the development of several NDDs, such as AD, PD and MS. In
the CNS, Zn occurs in two forms: the first being tightly bound to proteins and, secondly, the free,
cytoplasmic, or extracellular form found in presynaptic vesicles. Under normal conditions, Zn
released from the synaptic vesicles modulates both ionotropic and metabotropic post-synaptic
receptors. For Zn to perform its diverse bioactive roles, a number of specific systems to transport
Zn across the biological membrane are required [20].

Thus, Zn transport proteins are indispensable for the physiology of Zn. In particular, Zn
transporter (ZnT) and Zrt/Irt-related proteins (ZIP) contribute to a wide array of physiological
and cellular functions (e.g., immune, endocrine, reproductive, skeletal, and neuronal) by tightly
controlling Zn homeostasis. The mobilization of Zn into or out of the cytosol, therefore, is
directed though ZIP and ZnT and in the cytosol, MT bind Zn to reserve, buffer, and chelate. The
physiological importance of Zn homeostasis in humans, as well as ZIP and ZnT transporters
mutation in human genetic are demonstrated by the deleterious consequences of NDDs [21].
Excess levels of Zn, for example, suppresses Cu and Fe absorption, promoting ROS production
in the mitochondria, disrupting activities of metabolic enzymes, and activating apoptotic
processes [18].

Zn can influence the production and signaling of numerous inflammatory cytokines in a
variety of cell types. Plasma Zn concentrations rapidly decline during acute phase response to
different stimuli, such as stress, infection and trauma. Consequently, Zn is shuttled into cellular
compartments, where it is utilized for protein synthesis, neutralization of free radicals and to
prevent microbial invasion. The Zn redistribution during inflammatory events seems to be
mediated by cytokines. Therefore, patients with acute illnesses show hypozincemia along with
elevated cytokine production [22]. On the other hand, patients with chronic inflammation, which
is characterized by increased levels of inflammatory cytokine production, the Zn intake may
influence the cytokine production. Patients with lower Zn dietary intake present with lower

plasma and intracellular Zn concentrations along with upregulated gene expression of



61

inflammatory cytokines, including interleukin (IL)-la, IL-1pB, and IL-6, compared to patients
with higher Zn intake [23].

Zn has been well known to be essential for the normal function of both innate and
adaptive immunity responding to pathogen or tissue damage and exerting anti-inflammatory and
antioxidant functions [19]. Zn exerts its antioxidant function through four different mechanisms.
First, by competition with Fe and Cu ions for binding to cell membranes and proteins, displacing
these redox active metals, which catalyze the production of hydroxila ((OH) from H.O>; second,
Zn binds to sulfhydryl (SH) groups of biomolecules protecting them from oxidation; third, by
increasing the activation of antioxidant enzymes, such as GSH, CAT, and SOD and also for
reducing the activities of oxidant-promoting enzymes, including inducible nitric oxide synthetase
(INOS) and nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, as well as inhibiting
the generation of lipid peroxidation products; and fourth, Zn induces the expression of
metallothioneins, which are very rich in cysteine and an excellent scavenger of ‘OH ions [24].

Moreover, Zn acts as anti-inflammatory element influencing major pro-inflammatory
signaling pathways. Zn prevents the dissociation of NF-kxB from its corresponding inhibitory
protein, thus preventing the nuclear translocation of NF-xB and inhibiting subsequent
inflammation. Zc also inhibits IL-6-mediated activation of STAT3 [22].

Homeostasis of Zn is essential for proper brain function (Zn and Fe are prevalent cerebral
metals) and changes in its levels are associated with AD, PD, and MS [25]. In these diseases, Zn
deficiency decreases the activity of serum thymulin (a thymic hormone), which is required for
maturation and differentiation of T helper (Th) cells. Thl cytokine profile is decreased but Th2
cytokine profile is not affected by Zn deficiency in humans. This shift of Thl to Th2 function
results in cell-mediated immune dysfunction and, because IL-2 production (a Thl cytokine) is
decreased, this leads to decreased activities of natural killer (NK) cells and T cytotoxic cells,
which are involved in host defense mechanisms. Zn deficiency may also decrease the generation
of new CD41" T cells from the thymus. On the other hand, Zn supplementation to patients with
AD, PD, and MS decreased the gene expression and production of pro-inflammatory cytokines
and decreased oxidative stress biomarkers [17].

AD and PD are the primary NDDs and, particularly, are two NDD that occur in an age-
related manner. For example, serum Zn levels were found to be significantly decreased in older

AD patients compared to control subjects. AD is characterized by the abnormal intracellular
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accumulation of the amyloid beta (AP) protein and/or its assembly into paired helical filaments
and extracellular accumulation in plaques. Possible causes of AD include increased levels of
oxidative stress in the brain, as well as the sequestration of Zn ions within amyloid plaques. Zn
can induce AP monomers to aggregate in different forms and is known to bind AB via its
histidine imidazole rings and accumulate within senile plaques. So, at low concentrations (a few
micromolar), Zn suppresses B-amyloid-induced neurotoxicity by selectively precipitating
aggregation intermediates. However, at high levels, the binding of Zn to f-amyloid may enhance
formation of fibrillar B-amyloid aggregation, leading to neurodegeneration [26].

The incidence of AD is increasing and major risk factors for AD are advancing age,
family history, heredity, besides modifiable factors as type 2 diabetes mellitus and obesity [27].
These factors, in turn, have been associated with an increased risk of dementia. In the brain, Zn
co-localizes with glutamate in synaptic vesicles, and modulates N-methyl-D-aspartate receptor
(NMDA) receptor activity [28]. Intracellular Zn is involved in apoptosis and fluctuations in
cytoplasmic Zn affect modulation of intracellular signaling [29].

Both increased and reduced levels of cytoplasmatic Zn have been implicated in AD
pathophysiology. Intracellular Zn depletion destabilizes microtubules, herby starting a cascade of
tau release, hyper-phosphorylation and formation of neurofibrillary tangles. Intracellular Zn
excess, occurring as consequence of AB aggregation and ROS generation, releases Zn from
metallothioneins and may affect mitochondrial function and induce apoptosis. One way to
reconcile these seemingly contradictory findings is to suggest that intracellular Zn must be tightly
regulated to avoid adverse molecular consequences reducing the amount of Zn available for
crucial intracellular processes [29].

In PD, in turn, a-synuclein aggregates in intracellular inclusions called Lewy Bodies,
which are associated with the degeneration of dopaminergic neurons in the substantia nigra pars
compacta. Patients with PD show significant decrease in Zn levels compared to control subjects
and oxidative stress is also implicated as a major causative factor for this NDDs [30].

In both AD and PD, disorders in Zn** and Cu?* homeostasis play a pivotal role in the
mechanisms of their pathogenesis. The interactions of Zn?* and Cu?* with amyloid precursor
protein (APP), B-amyloid and Tau proteins are considered, as well as the role of these
interactions in the generation of free radicals in AD and PD. The main factors of AD and PD

pathogenesis, such as oxidative stress, structural disorders and aggregation of proteins,
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mitochondrial dysfunction, energy deficiency that initiate a cascade of events resulting finally in
the dysfunction of neuronal networks, are mediated by the dishalance of Zn?* and Cu?* [31].

In its turn, MS is a prototypic chronic inflammatory immune-mediated disease of the
CNS, which is characterized by inflammation, oligodendrocyte depletion, reactive astrogliosis
and demyelination in the brain, optic nerve and spinal cord. Usually, occurs in adults and is more
common in women than men [32]. A disrupted Zn homeostasis affects the immune cells, leading
to impaired activation and maturation of lymphocytes, disturbed intercellular communication via
cytokines, and weakens innate host defense via phagocytosis and oxidative burst [33, 34]. Low
levels of Zn have been also reported to be associated with T cell-mediated autoimmunity [35].
Indeed, Zn deficiency is reported to induce an imbalance between Thl and Th2 cell functions and
between T regulatory (Treg) and pro-inflammatory T cells, as well as a failure of the Th17 down-
regulation, the major mechanisms that contribute to the pathogenesis of MS autoimmunity [35,
36].

The association between Zn deficiency and the development of MS has been supported by
numerous studies, especially in the relapsing-remitting MS (RRMS) clinical form [37, 38]. Other
studies showed lower levels of Zn in the plasma of MS patients compared to controls [17, 39-41].

The unbalanced immune response associated with Zn deficiency can, however, be
restored by Zn integration. It was shown that Zn supplementation induces Treg cells by inhibition
of Sirt-1 deacetylase [42]; as well as suppresses Thl7 development via inhibition of STAT3
activation [43].

In summary, Zn is a multipurpose metal that is vital for the growth and function of the
cells. The immune system is especially affected by the modification of Zn homeostasis, specially
the pathways associated with AD, PD and MS pathogenesis. Achieving an optimal immune
response to different stimuli and avoiding damage of tissues and organs is a delicate balance that
relies, amongst other factors, on the regulation of Zn in extracellular and intracellular

compartments [22].

2.2 Mechanisms of Copper Neurotoxicity

The balance between beneficial and harmful effects of free radicals is a very important

aspect of living organisms and is achieved by mechanisms called “redox regulation”. Redox
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regulation protects living organisms from various oxidative stress processes and maintains “redox
homeostasis” by controlling the redox status. In fact, the neurotoxic effects are attributed to
increased ROS production in CNS due to inherent redox properties of Cu ions [44]. Because of
its high metabolic rate and relatively capacity for cellular regulation compared with other organs,
brain is believed to be particularly susceptible to the damaging effects of ROS. Manifestation of
ROS damages and neurodegeneration has been related to essential metals, including Cu. The
excess of Cu is neurotoxic and has been implicated in the pathogenesis of AD and PD as well as
prion disease and other NDDs. Moreover, altered Zn and Cu homeostasis is implicated in several
conditions, such as high Cu/Zn ratio was observed in the elderly, particularly those with NDD
[45].

Cu is an essential element and an integral component of various enzymes, including
Cu/Zn-superoxide dismutase (Cu/Zn-SOD or SOD1), cytochrome c oxidase, dopamine f3
hydroxylase and monoamine oxidase, playing an important role in electron and oxygen
transport, protein modification, and neurotransmitter synthesis [46]. On the other hand, excess
amounts of Cu are toxic as it is a potential generator of free radicals via Fenton chemistry.
Thus, Cu homeostasis must also be strictly regulated in the systemic, cellular, and
subcellular levels as dysregulation causes severe consequences [47].

Dietary cupric Cu (Cu?*) needs to be reduced to cuprous Cu (Cu'*) before uptake
across the apical membrane by Cu transporter 1 (CTR1), a high affinity Cu uptake
transporter. The reduction is thought to be mediated by several reductases such as
ferrireductase, duodenal cytochrome or cytochrome b reductase 1 (DCYB) and six-
transmembrane epithelial antigen of the prostate-2 (STEAP2) metalloreductase. Cu'* is taken
up by CTR1, which localizes to the apical membrane, and early endosomes in the intestinal
epithelial cells. Cu exported from the intestinal epithelial cells binds to albumin or a2-
macroglobulin in the blood and is transported to the liver, where Cu loading onto
ceruloplasmin occurs for systemic circulation. The former is functional for loading Cu to
the SOD1, while the latter is necessary for Cu mobilization into the mitochondria. Excess Cu
in the cytosol binds to the metallothioneins, thereby reducing free Cu ions, which is thought
to be important for avoiding the toxicity caused by free Cu ions [47].

Since Cu is loosely bound to albumin, it is possible that Cu ions may be released

from albumin-bound moiety at the BBB and that these free Cu ions may subsequently be
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transported into the brain [47]. Two intracellular proteins, i.e., Cu-transporting P-type
ATPases (ATP7A and ATP7B) belonging to a subclass of ATPases, are responsible for ATP-
dependent transport of Cu across the BBB, but the distribution pattern of ATP7A and ATP7B in
the BBB are unknown. Under normal physiological conditions, the BBB is impermeable to Cu.
Movement of Cu across the BBB between two fluid compartments requires specific Cu
transport systems. Only under certain pathological conditions, in which BBB permeability is
compromised, Cu may enter the cerebrospinal fluid (CSF) through passive diffusion [48].

Regarding SOD1, this enzyme acts as a first line of defense against toxicity of superoxide
anion (O2+—) radicals. The enzyme may also participate in cell signaling where ROS have been
invoked. Although largely cytosolic, SOD1 also resides in the mitochondrial intermembrane
space, where the enzyme can directly remove superoxide (O2¢—) generated from the
mitochondrial respiratory chain [49].

AD is one of the biggest healthcare challenges in developed countries, which Cu and Fe
toxicity is implicated in the metal hypothesis of its pathogenesis. Aaseth and coworkers [50]
suggested that Fe and Cu promote AP formation/accumulation in AD plaques, and this deposition
in the CNS appears to promote the progression of the AP cascade. Inside of neurons, Fe and Cu
binding to hyperphosphorylated Tau protein precedes the formation of intracellular tangles. The
presence of free Fe?* or Cu'* species will induce deleterious Fenton reactions with ROS
generation and microinflammation [51].

The neurotoxic mechanism of action of Cu was classically viewed as its strong affinity to
AP to help its aggregation and increase oxidative stress via Fenton reaction. Thus, it has been
thought that accumulation of Cu mediates neurotoxicity and removing it from the brain prevents
or reverse AP plaque burden. However, recent evidence suggests that dyshomeostasis of Cu and
its valency in the body, instead of the accumulation and interaction with Ap, are major
determinants of its beneficial effects as an essential metal or its neurotoxic counterpart. This
notion is also supported by the fact that genetic loss-of-function mutations on Cu transporters
lead to severe neurological symptoms. Along with its altered distribution, it was proposed
novel mechanisms of Cu neurotoxicity mediated by non-neuronal cell lineages in the brain, such
as capillary endothelial cells, leading to development of AD neuropathology [1].

In its turn, Cu plays a dual role in PD. On one hand, free Cu is associated with increased

oxidative stress, oligomerization of a-synuclein protein, and formation of Lewy bodies via
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Fenton and Haber—Weiss reactions. On the other hand, Cu acts as a cofactor of important
antioxidant enzymes, such as Cu/Zn-SOD, which reduces oxidative stress. Studies of PD patients
have reported total serum or plasma Cu levels, rather than individual levels of the different pools
of Cu. Theoretically, as the concentration of non-ceruloplasmin bound Cu is very low relative to
total serum Cu concentrations, a clinically significant change in the highly reactive pool of non-
ceruloplasmin-bound Cu may not be apparent. Taken together, these findings suggest that Cu and
ceruloplasmin levels in the blood are unaltered in PD and, therefore, unlikely to represent a valid
diagnostic marker or prediction tool in PD [52].

The role of Cu in MS pathology is proposed to be via excessive Cu and subsequent
oxidative damage. The injury of mitochondrial electron transport system, cytochrome oxidase,
and activated glia increase Cu contents. However, according to Sheykhansari et al [34],
conflicting findings have also been reported. Previous results show that the elevated Cu levels
found in CSF and serum of MS patients could be due to serum ceruloplasmin reduction of
ferroxidase function. The latter could be the consequence, but also the triggering factor of the

higher oxidative environment found in MS subjects [53].

2.3 Mechanisms of Manganese Neurotoxicity

Mn is an essential ubiquitous trace element required for normal growth, development and
cellular homeostasis [54]. Daily intake of Mn through dietary sources provides the necessary
amount required for several key physiological processes, including blood sugar regulation, bone
formation, reproduction, metabolism of lipids, proteins and carbohydrates, antioxidant defense,
and immune response. In humans and animals, Mn functions as a cofactor for maintaining the
function and regulation of many biochemical and cellular reactions, including multiple enzymes,
such as glutamine synthetase (GS), pyruvate decarboxylase, serine/threonine protein phosphatase
I, Mn-SOD and arginase, which are required for neurotransmitter synthesis and metabolism, as
well as for neuronal and glial function [55, 56].

The routes of Mn exposure are mainly through dietary intake, dermal absorption, and
inhalation. Moreover, Mn in the diet is found mostly in whole grains, nuts, and seeds, tea,
legumes, pineapple, and beans. Ingested Mn is absorbed in the intestine; however, molecular

mechanisms of Mn uptake are not well characterized. It is thought that Mn can enter cells either
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through passive diffusion or active transport via divalent metal transporter 1 (DMT-1) [57]. The
gastrointestinal tract responds to dietary Mn levels to regulate Mn uptake. High Mn intake, either
through dietary or environmental exposure, leads the gastrointestinal tract to absorb less Mn while
the liver increases metabolism and biliary and pancreatic increases excretion, respectively. While
uncommon, Mn deficiency can contribute to birth defects, impaired fertility, bone malformation,
weakness, and enhanced susceptibility to seizures [58].

Mn exists in various chemical forms including oxidation states (Mn?*, Mn3*, Mn*" Mn®*,
Mn’"), salts (sulfate and gluconate), and chelates (aspartate, fumarate, succinate). However, Mn?*
and Mn®" are the two common species found in human body. Since Mn?* is chemically more
stable than Mn3* in the body, Mn is mainly incorporated into metalloenzymes in the form of
Mn?* [56]. Ceruloplasmin effectively oxidizes Mn?* to Mn®" and this trivalent oxidation state,
though a minor form of Mn in the circulation, has been shown to access the CNS via a
transferrin receptor (TfR)- mediated mechanism. In contrast to the Mn3*, Mn?* is readily
transported into the brain, either as a free ion species or as a nonspecific protein-bound
species [59].

The abundant manganoprotein glutamine synthetase (GS) is predominantly expressed in
astrocytes and synthesizes glutamine via the conversion of glutamate to glutamine. As Mn has
been suggested to regulate GS activity, low levels of Mn reduce GS activity in the brain. As
consequence, increased glutamate trafficking and glutamatergic signaling results in excitotoxicity
through an excessive amount of glutamate at the synapse [60].

Mn?* is a central component of some metalloenzymes and an activator of many metal-
enzyme complexes and activates these enzymes by binding the protein directly or by acting
through an intermediate interaction with a substrate, like ATP, to initiate a conformational change
and activate enzymatic activity. Mn®" is found in the essential enzymes like CAT and Mn
superoxide dismutase (MnSOD), both of which break down oxidants using the Mn®*" in their
reactive catalytic centers. Mn serves as a cofactor for MnSOD that catalyzes superoxide to
hydrogen peroxide through the Mn?*/Mn®* cycle and thereby detoxifies free radicals in the
mitochondria to prevent oxidative stress. On the other hand, the Mn?*/Mn®* cycle can trigger
dopamine auto-oxidation, which is one of proposed mechanisms for Mn-induced neurotoxicity
[61]. CAT converts hydrogen peroxide into oxygen and water, aiding in reducing oxidative

stress. MnSOD is involved in the dismutation of superoxide in mitochondria to decrease
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oxidative stress, which is also significant in Mn-induced dopaminergic (DAergic)
neurodegeneration [62, 63]. Therefore, the Mn redox cycle contributes to both nutritional
metabolism and toxic effects on biological function [64].

A growing body of literature indicates the role of Mn in NDDs [65]. Despite its
essentiality, Mn is toxic to the CNS at excessive levels. Overexposure from environmental
sources can result in a condition known as manganism that features symptomatology similar to
PD. Manganism is an extrapyramidal, parkinson-type movement disorder that presents with
debilitating motor and cognitive deficits that arise from a neurodegenerative process [66].

Despite its essential role in multiple metabolic functions, excessive Mn exposure can
accumulate in the brain and has been associated with dysfunction of the basal ganglia system that
causes a severe neurological disorder similar to PD. Although Mn-induced parkinsonism and PD
are pathologic and clinical distinct, both disorders share generalized bradykinesia and widespread
rigidity, as well as broadly similar pathophysiological mechanisms such as oxidative stress,
protein aggregation, impaired proteasomal and autophagy functions, excitotoxicity, aberrant
signal transduction, mitochondrial dysfunction and cell death pathways [64]. Mn overload affects
two vital organs, the brain and lungs; the latter results from inhalation [67]. The dystonic high-
stepping gait disturbance associated with Mn poisoning is easily distinguishable from the
shuffling gait of PD [68].

In PD, Mn toxicity is characterized by motor and sensory disturbances, as well as
neuropsychiatric and cognitive deficits. The motor impairments include hypertonia with
cogwheel rigidity, bradykinesia, “cock-gait”, rapid postural tremor, and tendency to fall when
walking backwards. In human patients and animal models, neurons of the globus pallidus appear
to be most sensitive to Mn-induced degeneration while the striatum is less severely affected.
Other brain areas that may be affected in Mn toxicity include the cerebellum, red nucleus, pons,
cortex, thalamus, and anterior horn of the spinal cord. So, this pathologic phenotype is distinct
from idiopathic PD, where dopaminergic neurons of the substantia nigra pars compacta are
specifically degraded [69].

Increasing evidence has shown that Mn is potentially involved in the progression of AD.
It has been reported that AD patients have a deregulated metabolism of Mn, and a dysfunction of
the Mn-SOD scavenger system, associated with the formation of senile plaques. Reduced

mitochondrial MnSOD activities have been found in the brain of neuropathology confirmed AD
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patients. Moreover, it has been reported that the transport of Mn across the BBB is regulated by
Fe, and perturbed Fe distribution has been implicated in the pathogenesis of AD [30].

In order to maintain a balance between its essentiality and neurotoxicity, several
mechanisms exist to properly buffer cellular Mn levels. These include transporters involved in
Mn uptake, and newly discovered Mn efflux mechanisms [70]. Mn is transported to the CNS
either as a free ion or as a non-specific protein-bound species. Transport of Mn?* is mediated, at
least in part, by the family of natural resistance-associated macrophage proteins, the DMT-1. In
the Mn?* oxidation state, Mn complexes with transferrin and, in a similar manner to Fe, is
transported by a Tf receptor-mediated mechanism. Genetics factors influence Mn toxicity, for
example, mutations in one of Mn exporters (SLC30A10) result in liver impairments and
neurological disfunction [70].

Mn accumulates primarily in the globus pallidus, y aminobutyric-acid (GABAergic)
neurons of the basal ganglia, but the effects of Mn on GABAergic neurotransmission are
controversial. Kuakye and coworkers [69] included a variety of results such no statistical
difference in the GABA levels in Mn-exposed groups. It’s possible that the conflicting effects of
Mn on GABA homeostasis are due to diverse experimental techniques used to examine the effect
of extracellular GABA homeostasis and transport dynamics, but more research is necessary to
establish the effect of Mn exposure on GABA neurotransmission. Actually, the basal ganglia
have been more studied because Mn intoxication patients often show symptoms that resemble
those of PD; therefore, the basal ganglia have been targeted as a putative location for studies
on Mn toxicity [71]. Among different sub-cortical structures, the basal ganglia have been
investigated as a putative anatomical biomarker in magnetic resonance imaging-based studies
of Mn toxicity. The striatum and the globus pallidus, structures of the basal ganglia, are
thought to be the primary targets of Mn accumulation in the brain. However, other brain areas
that may be affected in Mn toxicity include the cerebellum, red nucleus, pons, cortex, thalamus,
and anterior horn of the spinal cord [69].

Astrocytes accumulate higher levels of Mn than neurons and are therefore considered an
important target cell for transport of Mn into the brain as well as for initiating inflammatory
signaling during neuronal stress and injury. Astrocytes serve as the major homeostatic regulator
and storage site for Mn in the brain and are a prominent contributor to Mn-stimulated nitric oxide

(NO) production through inducible nitric oxide synthetase (INOS). Results of an experimental
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study with immunopurified cultures of primary microglia and astrocytes demonstrate that
microglia directly accumulate Mn and develop a mixed inflammatory phenotype characterized by
release of IL-6, TNF-a, and the CC chemokines CCL2 and CCLS5. The results show that products
from Mn-activated microglia are essential for neuroinflammatory activation of Mn-exposed
astrocytes and that NF-kB-dependent release of TNF-o from microglia is a key signaling event in
microglia regulating these glial-glial interactions [72, 73].

Compared with neurons, astrocytes have a greater tendency to accumulate Mn and its
neuroimmunotoxicity is associated with altered glial function and secondary impairment of
astrocyte-dependent neuronal functions [63]. Glial cells are an important target of Mn in the
brain, both for sequestration of the metal, as well as for activating inflammatory signaling
pathways that damage neurons through overproduction of numerous ROS and RNS, as well as
inflammatory cytokines [73].

Mitochondria is the primary storage site for intracellular Mn and the elevation of Mn
levels in this organelle can directly interfere with oxidative phosphorylation for inhibiting the
function of F1-ATPase and consequently with cellular ATP synthesis [62]. In turn, elevated
intra-mitochondrial Mn levels trigger oxidative stress generating the excessive ROS, causing
mitochondrial dysfunction. The transition of Mn*2 to Mn*® increases its pro-oxidant capacity.
Mn-induced oxidative stress leads to the opening of mitochondrial transition pore, resulting in
increased solubility to protons, ions and solutes, loss of the mitochondrial inner membrane
potential, impairment of oxidative phosphorylation and ATP synthesis and mitochondrial
swelling [74]. Furthermore, Mn exposure has also been linked to the activation of signaling
pathways involved in response to oxidative stress, including NF-kB and activator protein-1 (AP-
1) [75].

Besides, Mn has been shown to trigger apoptosis in dopaminergic neurons in a caspase-3-
dependent manner by activation of protein kinase C delta (PKC-3) and to cause apoptotic cell
death in astrocytes by mitochondrial pathways involving cytochrome c release and caspase
activation [76]. Mechanism of Mn toxicity also involves a proinflammatory role with the
activation of glial cells that is characterized by the release of non-neuronal derived ROS, such as
nitric oxide (NO), prostaglandins and hydrogen peroxide. Mn also cause increased release of
several cytokines, including tumor necrosis factor (TNF-a), IL-6, IL-1p from the activated glial

cells, so activating various transcription factors including NF-kB [63].
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In MS, the activation of microglia precedes astrogliosis and overt neuronal loss. Although
microgliosis is implicated in Mn neurotoxicity, the role of microglia and glial crosstalk in Mn-
induced neurodegeneration is poorly understood. Recent results provide evidence that NF-«xB
signaling in microglia plays an essential role in inflammatory responses in Mn neurotoxicity by
regulating cytokines and chemokines that amplify the activation of astrocytes [72].

Taken together, Mn has an important role in neurological homeostasis but in excess has
been associated with a neurological syndrome comprising cognitive deficit, neuropsychological
abnormalities and parkinsonism. For this reason, in the last decade there has been significant
progress using state-of-the-art neuroimaging and behavioral methodologies that have opened up a

new understanding of Mn neurotoxicology.

2.4 Mechanisms of Iron Neurotoxicity

In normal human plasma, Fe exists primarily in the Fe3* form and is complexed with the
high affinity iron binding protein transferrin in a 2:1 ratio. Inside the cell, free Fe in its reduced
form (Fe?*) constitutes the Fe pool, which supplies Fe?* molecules as cofactors for many Fe?*-
dependent enzymes in the cytosol, mitochondria, and nucleus [77]. Fe is essential for proper
physiological activities of all living organisms. It is commonly found in the form of heme
containing proteins, as a cofactor in Fe-sulfur cluster containing proteins, and as Fe ion
containing proteins [78]. Hemoglobin, cytochromes, catalases and peroxidases are examples of
proteins that consist of heme Fe [80]. Their main function includes oxygen transport, activation
and storage, electron transport and cellular respiration [79, 80]. CAT, one of the foremost
antioxidant enzymes in oligodendrocytes contains four heme groups; its production and
maintenance is therefore dependent on a constant supply of Fe. If the CAT antioxidant system
fails, oligodendroglial cell death may follow [81].

The absorption of metals from dietary sources occurs by a number of metal transporters to
provide specific needs for individual nutrient metals. In particular, the DMT-1 is a major Fe
transporter essential for its absorption from diet. Fe bioavailability is affected by valence state,
form, solubility, particle size, and complexation which in turn may be affected by the food
matrix. DMT-1 also plays an important role in the uptake of several other divalent metals,

including Mn. Since the expression levels of DMT-1 are regulated by several factors, such as
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body Fe status, gene polymorphism and inflammation changes in DMT-1 could also alter the
transport and neurotoxicity of metals. For example, Fe deficiency up-regulates intestinal DMT-1
levels and increases the absorption of Mn and neurotoxicity [82].

Fe is likely an integral part of metabolism because it can gain (ferric to ferrous, or Fe®* to
Fe?") or lose (Fe?* to Fe®") electrons relatively easy. Fe has a functional split personality in the
CNS where it is essential for life yet toxic if levels are perturbed. At the cellular level, Fe is
required for the cell growth; however, excessive Fe (Fe overload) causes oxidative stress and cell
death. Fe levels are tightly regulated in a process referred to as Fe homeostasis. The main
protective strategy to avoid Fe overload in the brain is the BBB, which limits Fe via highly
regulated, selective transport systems [77].

Within the brain, multiple feedback loops form an elaborate control system for cellular Fe
levels to ensure that a precisely balanced Fe level exists for normal function of the CNS. Fe-
induced oxidative stress is particularly dangerous because it can cause further Fe release from Fe-
containing proteins such as ferritin, heme proteins, and Fe-sulfur clusters, forming a destructive
intracellular positive-feedback loop that exacerbates the toxic effects of brain Fe overload. In the
brain, Fe uptake is through the BBB. Fe is taken up by the capillary endothelial cell TfR, in the
form of transferrin-Fe3* [77].

Fe is transported to cerebral compartment from the basolateral membrane of endothelial
cells and is then made available to neurons and glia. Of note, oligodendrocytes stained for most
of the detectable Fe in the brain. Transferrin is also found predominantly in these cells, which is
important for myelination formation. Although ependymal cells can mediate Fe absorption into
the brain from the blood, their contribution is thought to be rather small [13].

During aging, different Fe complexes accumulate in specific brain regions, which are
associated with motor and cognitive dysfunction, although the etiology of the deposits differs. In
AD, PD and MS changes in local Fe homoeostasis result in altered cellular Fe distribution and
accumulation, ultimately inducing neurotoxicity [60].

Bound Fe is considered safe, but free Fe is more likely to exchange electrons with nearby
molecules and produce free radicals. Normal metabolic processes in the mitochondria form
hydrogen peroxide as the result of molecular reduction of oxygen. Hydrogen peroxide alone is
not particularly toxic, but in the presence of free Fe a hydroxyl ('OH) is formed when free Fe

donates an electron to hydrogen peroxide via the Fenton reaction. This free radical can interact
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with oxygen and other molecules in the brain to form more free radicals propagating a deleterious
positive feedback loop. Hydroxyl radicals can attack proteins, DNA, and lipid membranes. This
process can disrupt cellular integrity and function eventually leading to oxidative stress and cell
apoptosis [83].

Fe deficiency can also enhance absorption of divalent metals, such as lead (Pb), cadmium
(Cd), aluminum (Al), and Mn. Fe deficiency can enhance brain Mn accumulation even in the
absence of excess Mn in the environment or the diet. For this event, the effects of Fe deficiency
on Mn transport have been documented. Previous studies have shown that Fe deficiency
increases blood levels of Mn in adults [84].

Fe and Mn, as well as other essential metals, are regulated within the CNS by influx into
the brain via transferrin and TfRs, as well as via DMT-1; as such, there is an inverse relationship
between Mn and Fe. Fe deficiency increases transferrin and DMT-1, facilitating Mn uptake.
Consequently, Fe deficiency can lead to increased Mn accumulation in the brain and vice versa.
Fe and Mn compete for the same carrier transport system; both TfR and DMT-1 regulate their
influx into the brain [85]. Likewise, other essential metals sharing the transporters may be altered
by imbalances in Fe and/or Mn [86]. Neonatal rats exposed to either a low-Fe diet (ID) or a low-
Fe diet supplemented with Mn (IDMn) via maternal milk during the lactation period had
decreased Fe and increased Cu brain levels; IDMn pups also had increased brain levels of several
other essential metals including Mn, chromium (Cr), Zn, cobalt (Co), Al, molybdenum (Mo), and
vanadium (V), as well as DMT-1 and TfR. The results of this study confirmed that there is
homeostatic relationship among several essential metals in the brain and not simply between Fe
and Mn. Indeed, Fe deficiency is a known risk factor for metal toxicity, resulting in enhanced
absorption and accumulation of divalent metals [87].

Fe deficiency is associated with increased accumulation of Mn in the brain in a region-
specific manner; elevated Mn levels observed with Fe deficiency are more pronounced in the
caudate putamen and globus pallidus. A clinical study evaluated the Mn level in the brain of Fe
deficient/anemic patients and the results showed that Fe deficiency was correlated with increased
Mn deposition in the basal ganglia. In contrast, Mn levels in the globus pallidus were minimally
affected in anemic humans. Moreover, dietary Fe deficiency up-regulated the expression of
DMT-1 in the intestine, resulting in increased basal levels of Mn in various tissues, including

brain, heart, kidney, testis, femoral muscle and tibia [64].
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Fe and its deregulated homeostasis have been proposed to have a role in the
pathogenesis of PD because of its pro-oxidant characteristics that may lead to ROS generation via
Fenton and Haber-Weiss reactions. However, epidemiological evidence concerning the possible
association between Fe and PD remains still controversial. In meta-analysis of available case-
control studies, Mostile and coworkers [88] state there are still not sufficient evidence supporting
higher or lower serum levels of Fe in PD patients as compared to controls, assuming this may be
related to metal exposure or pathological processes in such subjects.

Despite the important roles of Fe in the brain, there is evidence supporting a strong link
between high brain Fe concentrations and Fe-induced neurotoxicity. Fe accumulation has been
identified in the substantia nigra of PD patients. It acts as a co-factor for tyrosine hydroxylase,
enzyme that limits the dopamine synthesis, as well as free Fe is toxic to the cell [89]. In AD, a
diffuse accumulation of Fe occurs in various regions, for example, cortex and hippocampus, with
Fe marginally increased in the senile plaques. In MS, elevated levels of Fe occur in certain brain
regions, such as the thalamus and striatum, which may be due to inflammatory processes
disrupting the BBB and attracting Fe-rich macrophages. Moreover, reduced axonal clearance of
Fe has been postulated to promote disease activity by amplifying the activated microglia,
promoting mitochondrial dysfunction and catalyzing the production of ROS [51].

Oligodendrocytes need Fe for the extremely high energy requirements of producing and
maintaining the complex myelin sheath which is many times larger than the cell body, indicating
that Fe deficiency could seriously compromise the viability of these cells. Fe is essential for
many of biochemical reactions, such as cholesterol synthesis, which occurs at a higher rate in
oligodendrocytes than any other cell type in the brain. Fe is also a prerequisite for the maturation
of oligodendrocyte precursor cells into oligodendrocytes [90].

The death of oligodendrocyte in MS is associated with the demyelination, the content of
the extracellular milieu (the interstitial fluid) being increased, thereby amplifying oxidative stress
in axons has been postulated to promote disease activity by amplifying the activated microglia,
promoting mitochondrial dysfunction and catalyzing the production of ROS [91].

In MS, data is emerging indicating that this Fe could participate in pathogenesis by
various mechanisms, for example, promoting the production of ROS, increasing the production of
proinflammatory cytokines and accumulation with white matter injury [83]. Duck and Conor [92]

demonstrated that Fe across BBB both a transcytotic and an endocytic mechanism primarily
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transferrin-dependent by which Fe is released from transferrin in the endosome for export into
intercellular Fe pool.

Increased Fe deposition in cerebral deep gray matter has been considered a global marker
for neurodegeneration in MS. Cerebral Fe levels are highest in deep gray matter and are
associated with age, and disease duration and disability in MS [93]. Elevated levels of Fe
accumulation in deep gray matter nuclei in MS have been reported using different Fe-sensitive
magnetic resonance imaging measures, with studies focusing particularly on the large basal
ganglia nuclei (caudate, putamen, globus pallidus, and the thalamus). A study revealed that
increased Fe in the globus pallidus, measured using quantitative susceptibility mapping, was
moderately associated with a lower cognitive composite score in MS patients and suggested a
specific role of globus pallidus Fe accumulation in global cognitive functions, irrespective of
globus pallidus atrophy, implying that Fe accumulation in this structure may have a unique role
in globally affecting cognitive processes in MS [94].

Increased Fe3* in the vicinity of lesions in MS suggests the presence of proinflammatory
nonphagocytizing M1 macrophages. Conversely, actively demyelinating lesions contain a high
number of myelin laden M2 anti-inflammatory macrophages, which contain small amounts of
Fe3* [95]. One obvious source of immune uptake of free Fe in the vicinity of lesions is
oligodendrocyte destruction in MS, which contain profound amounts of Fe because of their role
in myelin production [96]. Elevated Fe in MS deep gray matter may occur as a compensation
mechanism for enhanced oxidative stress and may be uptaked in neurons via astrocyte end-feet
processes, passage through voltage-gated calcium channels, and/or ferritin uptake through heavy
chain subunit (H)-ferritin receptors. TfR upregulation could also account for elevated Fe levels in
patients with secondary progressive SPMS [97].

Some studies suggest that Fe insufficiency may play a role in MS disease progression as
MS patients display clinical improvement upon Fe supplementation. However, other studies
indicate improved disease outcome in Fe-limited MS patients. It is possible that inadequate Fe
levels (both low and high) may be harmful in MS since Fe excess might elevate oxidative stress,
while Fe reduction could decrease immune system function and cause an energy deficit due to
loss of mitochondria membrane potential [90].

So, although Fe is vital for normal neuronal metabolism and in excessive levels may be

harmful for life. It’s indisputable that the transport and metabolism of brain Fe and where it
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normally accumulates with aging and that the hypothesis that excessive brain Fe can lead to free
radical damage, lipid peroxidation, and cellular death. In conclusion, it is essential that the brain
remains in a homeostasis with low inflammation and low Fe content in order to sustain health and
longevity [51].

The Figure 2 shows the interaction of the essential metals Mn, Zn, Cu and Fe with the
CNS through the breakdown of the BBB, with emphasis on microglia activation, MMP cofactor
metals, Fe deposition in the brain, increased production of IO&NS, and neurodegeneration.
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Figure 2 Related events with the interaction of the essential metals zinc, copper, manganese
and iron with the central nervous system through the breakdown of the blood-brain

barrier. 1) The interaction of the essential metals zinc (Zn), copper (Cu), manganese (Mn), and iron (Fe) with the
Central Nervous system (CNS) through the breakdown of the blood-brain-barrier (BBB). 2) The inflammatory
immune response, as well as the oxidative nitrosative stress, lead to neurodegeneration through different
mechanisms, such as those mediated by blood cells recruitment; 3) matrix metalloproteinases (MMP), a family of
proteolytic zinc-containing enzymes involved in physiological as well as in pathological conditions; 4)
proinflammatory cytokines interleukin (IL)-1, IL-6, tumor necrosis factor (TNF)-a, IL-17, and interferon (IFN)-y
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released by microglia activated (M1); on the other hand, microglia M2 participates with the release of trophic factors
and anti-inflammatory cytokines IL-4, IL-10 and transforming growth factor (TGF)-B in order to mediate the
inflammation; 5) Moreover, the essential metals are involved in different injurious mechanisms in CNS. High or low
levels of Mn inhibit the gamma-aminobutyric acid (GABA) cycle, high levels of Mn and Fe activate the microglia,
high levels of Fe result in iron storage in the brain cells, Zn and Fe participate of the BBB breakdown; 6) the
immune-inflammatory through the proinflammatory cytokines and oxidative and nitrosative stress (O&NS)
molecules exert deleterious effect on the brain cells, such as Tau hyperphosphorylation with the formation of
neurofibrillary tangles, aggregates of hyperphosphorylated Tau protein are most commonly known as a primary
marker of Alzheimer disease (AD); 7) Demyelination and axonal injury; oligodendrocyte death; and mitochondrial
dysfunction; 8) Zn inhibits the formation of AP plaque, high levels of Fe, Mn and Cu participate in the formation a-
synuclein aggregates in intracellular inclusions, called Lewy Body, another marker of PD, that result in synaptic
dysfunction and interruption of axonal transport. All these metal-mediated events contribute to the enhancement of
the inflammatory and O&NS damage mechanisms.

3 Conclusions

As many of the NDDs are associated with aging, immunological causes, as well as
environmental factors and epigenetic modifications, the scientific community observes an
increased number of disabling patients; however, this fact is not being matched by advances in
understanding and treatment of these diseases. As we show, essential metals, such as Zn, Cu, Mn
and Fe probably exert critical roles in the pathophysiology of AD, PD and MS. These metals
accumulate in different brain regions at different levels. Therefore, it is difficult to isolate their
specific toxicity. So, the maintenance of homeostasis of these metals is critical as any substantial
change can lead to neurotoxic outcomes. A better comprehension of the possible mechanisms
associated with the disrupted homeostasis of these metals may improve the acceptance of
essential and heavy metals as key point in brain and NDDs.

Delineating the specific mechanisms by which metals alter redox homeostasis is essential
to understand the pathological processes of some NDDs and may provide possible new targets for
the prevention of AD, PD, and MS, as well as for the treatment of the patients affected by these
NDDs.
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Abstract

An imbalance of inflammatory/anti-inflammatory and oxidant/antioxidant molecules has been
implicated in the demyelination and axonal damage in multiple sclerosis (MS). The current study
evaluates serum tumor necrosis factor (TNF)-a, soluble TNF receptor (STNFR)1, STNFR2,
adiponectin, hydroperoxides, advanced oxidation protein products (AOPP), nitric oxide
metabolites, total plasma antioxidant capacity using the total radical-trapping antioxidant
parameter (TRAP), sulfhydryl (SH) groups, and zinc in 174 MS patients and 182 healthy
controls. MS is characterized by lowered levels of zinc, adiponectin, TRAP and SH groups and
increased levels of AOPP. Logistic regression showed that MS was best predicted by a
combination of lowered levels of zinc, adiponectin, TRAP and SH groups yielding an area under
the Receiver Operating Curve (AUC/ROC) of 0.986 (+£0.005). Neural network showed an
AUC/ROC of 0.997 and that TRAP, adiponectin and zinc are the most important predictors of
MS followed at a distance by sSTNFR2. Support vector machine with 10-fold validation
performed on the four antioxidants showed a training accuracy of 92.9% and a validation
accuracy of 90.56%. The results indicate that lowered levels of those four antioxidants increase
risk of MS and that these antioxidants are more important biomarkers of MS than TNF-a
signaling and nitro-oxidative biomarkers. Adiponectin, TRAP, SH groups, zinc and STNFR2 play
a role in the pathophysiology of MS. A combination of these biomarkers is useful as external
validating criteria for the diagnosis MS with high sensitivity, specificity, and accuracy. Drugs

that increase the antioxidant capacity may offer novel therapeutic opportunities for MS.

Keywords: multiple sclerosis; oxidative stress, TNF-a; TNF receptors; adiponectin; zinc
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Introduction

Multiple sclerosis (MS) is an immune-mediated inflammatory disease and the most
common chronic demyelinating disorder of the central nervous system (CNS) leading to
substantial disability in the patients. MS is mediated by a T-cell-dependent process in association
with macrophage-mediated demyelination driven by myelin specific autoantigens [1]. The
etiology of MS is the result of a complex interaction between multiple genetic, immune,
environmental and epigenetic factors [2].

Growing evidence indicates that inflammatory, oxidative and nitrosative stress (IO&NS)
mechanisms play a key role in the pathophysiology of MS by contributing to myelin and
oligodendroglia degeneration [3, 4]. Likewise, studies have provided evidence for the role of
tumor necrosis factor (TNF)-a and its two TNF receptors (TNFR1 and TNFR2) in the onset of
MS [5]. Soluble TNF-a (sTNF-a) and transmembrane bound TNF-a (tmTNF-a) signals are via
TNFR1 and TNFR2, whereas STNF-a signals mainly via TNFR1 [6]. While TNFR1 is
ubiquitously expressed and promotes mainly inflammation and apoptosis, TNFR2 is restricted
mainly to immune and endothelial cells and it is known to activate the pro-survival PI3K-
Akt/PKB signaling pathway and to sustain T regulatory (Treg) cells function [7]. Previously we
demonstrated that TNF-a levels are associated with progressive clinical forms of MS [8]; we also
demonstrated high levels of soluble TNFR1 (sTNFR1) and soluble TNFR2 (sTNFR2) in patients
with MS [9].

One of the regulatory mechanisms of TNF-a response is mediated by adiponectin, an
adipokine with anti-inflammatory effects, mainly on endothelial cells through the inhibition of
TNF-induced adhesion-molecule expression. In addition, adiponectin inhibits the transcription
nuclear factor kappa B (NF-kB) activation in endothelial cells and interferes with the function of
macrophages [10, 11]. The main anti-inflammatory function of adiponectin might be related to its
capacity to suppress the synthesis of TNF-a and interferon (IFN)-y and to induce the production
of anti-inflammatory cytokine interleukin (IL)-10 and IL-1 receptor antagonist (IL-1ra) [12].
Antioxidant activities of adiponectin were also demonstrated [13, 14]. Moreover, low levels of
adiponectin have been demonstrated in patients with MS compared to controls [15-18].

A redox imbalance has been reported in MS and has been implicated in demyelination and

axonal damage. Oxidation of plasma proteins, mainly fibrinogen and aloumin, leads to formation
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of advanced oxidized protein products (AOPP). The increase in AOPP and decrease in total
thiol group level in serum of clinically isolated syndrome (CIS) and the relapsing-remitting
MS (RRMS) patients was previously reported [19]. Similarly, Adamczyk and Adamczyk-
Sowa [20] demonstrated that IO&NS biomarkers such as plasma levels of lipidic hydroperoxides,
AOPP, oxide nitric metabolites (NOXx), and total antioxidant capacity of plasma measured by total
radical-trapping antioxidant parameter (TRAP) might be considered potential predictive
biomarkers of high disability in MS and were associated with different aspects of disease
progression. Previously, we observed higher levels of oxidant biomarkers including lipid
hydroperoxides, carbonyl proteins as well as lower levels of antioxidant biomarkers, such as
sulfhydryl (SH) groups of proteins and TRAP in patients with MS compared to controls [21].

Antioxidant deficiencies may occur during the clinical course of MS as result of chronic
inflammation that is accompanied by increased oxidative stress. Decrease total antioxidant
capacity of plasma observed in MS patients is a result of changes in other plasma low-weight
antioxidant molecules, such as decrease SH groups [9, 22]. Furthermore, low levels of zinc, an
important cofactor for the antioxidant enzymes, are associated with MS [23].

To the best of our knowledge, no study evaluated whether a combination of these IO&NS
biomarkers may contribute to the prediction of MS diagnosis. Hence, the current research was
conducted to delineate a) whether antioxidant (zinc, adiponectin, SH groups and TRAP) and
oxidative and nitrosativo stress (AOPP, lipid hydroperoxides and NOXx) biomarkers play a role in
MS beyond and above the effects of TNF-a signaling; and b) the diagnostic performance of the
oxidative and nitrosative stress (O&NS) biomarkers as compared with that of TNF-a, STNFR1
and STNFR2 levels.

Methods
Subjects

The study included 174 patients with MS recruited from the Demyelinating Diseases
Outpatient Department of the University of Londrina, Londrina, Parana, Southern Brazil. The MS
diagnosis was established according to the McDonald criteria [24]. Among them, 5 presented the
clinical isolated syndrome (CIS), 144 presented relapsing-remitting MS (RRMS) and 25
presented progressive clinical forms of MS (ProgMS), including 5 with primary progressive MS

(PPMS) and 20 patients with secondary progressive MS (SPMS). The majority of the patients
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were treated with interferon beta (IFN-B, n=104), glatiramer acetate (n=45), natalizumab (n=10),
glucocorticoids (n=28), and fingolimod (n=1). Patients without treatment (n=13) were those who
abandoned therapy or were drug naive at the time of blood collection. As controls, the study
enrolled 182 healthy individuals selected among blood donors of the Regional Blood Bank of
Londrina. None of the participants in the study was placed on a specific diet and was receiving
antioxidant supplements and none of them presented clinical symptoms or laboratory markers of
heart, thyroid, and renal, hepatic, gastrointestinal, or oncological diseases.

Baseline characteristic of MS patients and controls were obtained using a standard
questionnaire on admission. The ethnicity was self-reported as Caucasians and non-Caucasians
(Black, Afro-Brazilian, and Asiatic) [25]. Body mass index (BMI), waist circumference, systolic
blood pressure (SBP) and diastolic blood pressure (DBP) values were measured.

The protocol was approved by the Institutional Research Ethics Committees of University
of Londrina, Parana, Brazil (CAAE n° 0140.0.268.000-10), and all of the individuals invited were

informed in detail about the research and gave written informed consent.

Immuno-inflammatory, oxidative and nitrosative stress biomarkers

After fasting for 12 h, venous blood sample was obtained with ethylenediaminetetracetic
acid (EDTA) as anticoagulant and without EDTA. All samples were centrifuged at 3,000 rpm for
15 min; plasma and serum samples were aliquoted and stored at -80 °C for subsequent analysis.
Plasma levels of TNF-a, STNFR1 and STNFR2 were determined using immunofluorimetric assay
(Novex Life Technologies, Frederick, USA) for Luminex plataform in MAGPIX® instrument
(Luminex Corp. TX, USA). Plasma levels of adiponectin were determined using a sandwich
enzyme-linked immunosorbent assay (ELISA, Duo Set, R&D 207 System, Minneapolis, USA).

The O&NS biomarkers were determined as reported elsewhere [21]. Briefly, lipid
hydroperoxides were evaluated by tert-butyl hydroperoxide-initiated chemiluminescence (CL-
LOOH) [26]. AOPP were determined and the results were expressed as micromoles per liter
(umol/L) of chloramine T equivalents [27]. Nitric oxide (NO) was estimated by measuring the
NO metabolites (NOx) nitrites (NO2) and nitrates (NO3z") [28]. Plasma SH groups were
evaluated using a spectrophotometric assay based on 2,2-dithiobisnitrobenzoic acid (DTNB), as
previously reported [29]. The total plasma antioxidant capacity was determined using the TRAP

as reported previously [30].
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Serum levels of zinc were determined using flame atomic absorption spectrometer
(FASS) (Varian® Model SpectrAA Palo Alto, CA, USA). The air-acetylene flame was used for
analysis. The zinc hollow cathode lamp, which emitted a light of wavelength as 213.9 nm, was
used for the apparatus under the conditions such as wavelength, slit width, and burner height, as

recommended by the manufacturer.

Statistical Analysis

Categorical variables were expressed as the absolute (n) and relative (%) values and
analyzed using chi-square test (or Fisher Exact test when appropriate). Continuous variables were
expressed as mean and + standard deviation (£SD). We used analysis of variance (ANOVA) to
check intergroup differences in continuous variables and the Kolmogorov—Smirnov goodness test
to assess normality of distribution. Logarithmic (Ln) transformations of continuous data were
performed to normalize data distribution or to adjust for heterogeneity of variance between study
groups (as assessed with the Levene test). Pearson’s correlation coefficients were used to
examine the associations between two scale variables. We used multivariate general linear model
(GLM) analysis to ascertain the effects of independent variables, such as diagnosis, on
biomarkers while controlling for possible confounders, including age, sex and BMI.
Consequently, we used tests for between-subject effects to check the effects of explanatory
variables on the separate biomarkers and model-estimated estimated marginal mean values were
computed. Results of multiple comparisons were corrected for false discovery rate [31]. Binary
logistic regression analysis was employed to assess the significant variables that predict MS
versus controls using biomarkers as explanatory variables. We computed the odds ratio (OR) and
95 % confidence intervals (Cl) of significant predictors as well as receiver operating curve
(ROC) analysis to calculate the area under the ROC (AUC/ROC).

As supervised learning techniques we used Neural Network analysis and Support Vector
Machine (SVM). SVM has been used to develop automated classification of diseases and to
improve methods for detecting disease in the clinical setting [32, 33]. SVM with radial basis
function (RBF/SVM) was employed to compute training and 10-fold validation accuracy of a 2-
class segregation (MS versus controls) with the biomarkers as explanatory variables. SVM was
performed using The Unscrambler® (CAMO®). Multilayer perceptron (MLP) Neural Network

analysis was employed to discover the effects of complex nonlinear relationships among input
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variables predicting MS versus controls. The relative numbers of cases assigned to the training
(to estimate the network parameters), testing (to prevent over-fitting) and holdout (to evaluate the
final network) sets were 7, 3 and 5 respectively. Stopping rule was one consecutive step with no
further decrease in the error term. The input layer of the feedforward architecture model
contained the biomarkers whilst the output layer contained the diagnoses. We trained one or two
hidden layers with a variable number of nodes (2-7). Error and relative error were computed as
well as the (relative) importance of each of the input variables in sensitivity analyses. Statistical
analyses were performed using IBM SPSS Windows version 24. Tests were 2-tailed, and an
alpha level of 0.05 indicating a statistically significant effect.

Results
Subject data

Table 1 shows the socio-demographic and 10&NS biomarkers data of 174 MS patients
and 182 healthy controls. There were no significant differences between both groups in age, sex,
ethnicity, BMI, smoking, SPB and DBP. Patients with MS showed lower levels of zinc,
adiponectin, TRAP, SH groups (all p=0.001) and higher levels of AOPP (p=0.041), NOXx
(p=0.046), TNF-a (p<0.001), and STNFR2 (p<0.001) than controls. These results were obtained
from simple ANOVAs performed with the biomarker data without any adjustment for the effects
of confounding variables and without p-correction.

In order to delineate different multivariate models based on the IO&NS biomarkers, we
first analyzed their correlation matrices. The intercorrelation matrix showed that zinc was
positively correlated with adiponectin (r=0.329, p<0.001, n=303), TRAP (r=0.351, p<0.001,
n=351), SH groups (r=0.203, p<0.001, n=341) and negatively with TNF-a (r=-0.243, p<0.001,
n=211). Adiponectin was positively correlated with TRAP (r=0.351, p<0.001, n=351), SH groups
(r=0.203, p<0.001, n=341) and negatively correlated with TNF-a (r=-0.243, p<0.001, n=211) and
STNFR2 (r=-0.209, p=0.002, n=211). TRAP was negatively correlated with TNF-o (r=-0.220,
p=0.001, n=209), while SH groups were negatively correlated with sSTNFR2 (r=-0.215, p=0.002,
n=207). TNF-a was positively correlated with STNFR1 (r=0.324, p<0.001, n=211) and sTNFR2
(r=0.307, p<0.001, n=2011), as well as a positive correlation was observed between both
STNFR1 and sTNFR2 levels (r=0.527, p<0.001, n=211).
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Table 2 shows the results of two multivariate GLM analysis with the IO&NS biomarkers
as dependent variables and diagnosis (namely MS versus healthy controls) as explanatory
variable, while adjusting for background variables including sex, age, and BMI. The TNF-a data
were assessed separately because they were assayed in a subset of the participants, which would
yield a considerable lowered number of degrees of freedom, and also because they reflect another
construct. Multivariate GLM analysis #1 shows that diagnosis (MS patients versus controls)
exerts the highest effect on O&NS biomarkers levels explaining 68.2% of the variance of their
values, while sex and age showed moderate effect (14.9% and 14.0%, respectively) and BMI
showed a weak effect (9.3%). With the analysis between subject effects, we observed that MS
diagnosis showed strong effect on zinc (36.8% of the variance), on adiponectin (45.1% of the
variance), and on TRAP (36.8% of the variance), but a weak effect on SH groups (4.5% of the
variance) and AOPP (2.7% of the variance). The MS diagnosis was not associated with NOx and
CL-LOOH.

We have also examined possible effects of the MS therapy and clinical forms of MS on
the results obtained in regression #1. Introducing MS treatment in regression #1 showed that
glucocorticoids (F=0.84, df=7/246, p=0.552), glatiramer acetate (F=0.44, df=7/246, p=0.875),
IFN-B (F=0.55, df=7/246, p=0.797) and natalizumab (F=0.30, df=7/246, p=0.954) had no
significant impact on the results. In addition, there were no significant differences in adiponectin,
TRAP, SH groups, CL-LOOH and AOPP between RRMS and ProgMS, while zinc was
significantly lower (F=7.78, df=1/143, p=0.006) in patients with the ProgMS compared with
those with RRMS (data not shown).

Multivariate GLM regression #2 shows that MS was significantly associated with
increased the TNF-o variables explaining 27.5% of the variance. Tests for between-subject
effects showed that 14.7% of the TNF-a variance as well as 16.7% of the sSTNFR2 variance was
associated with MS. Introducing MS therapy in the analysis showed no significant effects of
glatiramer acetate (F=0.23, df=3/193, p=0.876), IFN-B (F=0.22, df=3/193, p=0.884) and
natalizumab (F=2.42, df=3/193, p=0.068). There was, however, a modest but significant
suppressive effect of glucocorticoids on TNF-a (F=2.91, df=3/193, p=0.036). Moreover,
introducing clinical forms of MS in this analysis showed that there were no significant
differences of these three TNF variables among patients with RRMS when compared to ProgMS

(data not shown).
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Figure 1 shows the values of the IO&NS biomarkers in controls (Group 0) and MS
patients (Group 1). All data are in z scores computed on the logarithmic natural (Ln)
transformation of the measurements. Table 3 shows the model-generated estimated marginal
mean values of the biomarkers (thus after adjusting for sex, age and BMI). The four antioxidants
(zinc, adiponectin, TRAP and SH groups) were significantly lower in MS patients than in

controls, whilst AOPP, TNF-a, and STNFR2 were significantly higher in MS than controls.

Diagnostic biomarkers of MS

In order to examine the best diagnostic biomarkers of MS, we have carried out binary
regression analysis with MS as dependent variable and controls as reference group. Table 4
regression #1 shows the results of binary regression analysis with all seven O&NS biomarkers
(adiponectin, zinc, TRAP, SH, AOPP, LOOH and NOXx) as explanatory variables. MS was best
predicted by a combination of the four antioxidants, including zinc, adiponectin, TRAP and SH
groups with zinc being the most important (x?=282.32, df=4, p<0.001, Nagelkerke=0.889);
95.5% of all subjects were correctly classified with a sensitivity of 95.7% and a specificity of
95.1%. The AUC/ROC based on these four antioxidants was 0.986 (+0.005). We have rerun the
analysis now with inclusion of TNF-a, STNFR1 and sTNFR2 and the results showed that a
combination of the four antioxidants and STNFR2 yielded the best prediction for MS diagnosis
(x?=162.29, df=5, p<0.001, Nagelkerke=0.919) and that 97.4% of all subjects were correctly
classified with sensitivity of 98.7% and specificity of 91.7%. The AUC/ROC based on these five
variables was 0.990 (+£0.006). Nevertheless, adiponectin, TRAP and zinc were again the most
important variables. As such, lowered levels of zinc, adiponectin, TRAP and SH groups and
increased levels of STNFR2 were associated with increased risk of MS.

In order to assess the validation accuracy of the four antioxidant levels, we carried out
SVM analysis. Figure 2 shows the results of 10-fold validation accuracy obtained with SVM,
Radial Basis Function. The training accuracy was 93.51% and the validation accuracy was
92.03%. This figure shows the separation of the data when using adiponectin and TRAP as input
variables.

Table 5 shows the results of Neural Network analysis. We trained the network predicting
MS and controls (output or target variables) using the O&NS and TNF data as input variables.

We trained the network using 2 hidden layers with each 5 units, with hyperbolic tangent as
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activation function in hidden layer 1, and identity in the output layer. Table 5 shows that the sum
of squares error term was lower in the testing than in the training set and that the percentage of
incorrect predictions were relatively constant among the training, testing and holdout samples
showing that the model is not overfitted. The training results of the machine learning network in
the holdout sample showed a sensitivity of 98.2% with a specificity of 83.3%. The AUC/ROC
was 0.997. Figure 3 shows the relative importance of the input variables, namely TRAP and
adiponectin are the most important predictors followed at a distance by zinc and again at a
distance by STNFR2.

Discussion

The present study demonstrated that patients with MS showed higher levels of AOPP,
TNF-o and sTNFR2, as well as lower levels of zinc, SH groups, adiponectin and TRAP than
controls. Total plasma antioxidant capacity, adiponectin, zinc, and sSTNFR2 were the most
important diagnostic biomarkers associated with MS. We demonstrated that MS diagnosis was
highly associated with the oxidant/antioxidant profile, explaining 68.2% of the variance of their
levels, with a particularly strong impact on adiponectin (45.1%), zinc (36.8%) and TRAP
(36.8%), as well as a moderate effect on STNR2 (16.7%) and TNF-a (14.7%) variance levels. The
combination of the four antioxidant biomarkers (adiponectin, zinc, TRAP, and SH groups) and
STNFR2 showed the best diagnostic model to externally validate the MS diagnosis with a
sensitivity of 98.7% and specificity of 91.7%. These results also emphasize the important
network involving inflammatory/oxidant and anti-inflammatory/antioxidant pathways in the
pathophysiology of MS.

Previously, we demonstrated that high levels of AOPP and low levels of TRAP could be
considered as diagnostic biomarkers for MS [21]. Proteins are major targets of reactive oxygen
species (ROS) and reactive nitrogen species (RNS) attacks [19]. In our study, lowered TRAP was
significantly associated with MS diagnosis The TRAP method involves the cumulative action of
all antioxidant molecules, such as uric acid, proteins, ascorbate and vitamin E, providing an
integrated evaluation of all parameters rather than the simple sum of measurable antioxidants
[20]. Indeed, the decrease in the TRAP values observed in MS patients may be due to changes in

other low-weight antioxidant molecules in the plasma, such as decreased SH groups. Low SH
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group levels are observed both in plasma and cerebrospinal fluid (CSF) of MS patients and may
be ascribed to excessive redox dependent changes affecting respiratory chain complex activity
[19].

In the present study, the positive correlation between TNF-o and both sTNFR1 and
STNFR2 is in agreement with results of Fissolo et al [34]. While TNFR1 is ubiquitously
expressed and promotes mainly inflammation and apoptosis, TNFR2 is restricted mainly to
immune and endothelial cells and it is known to activate the pro-survival PI3K-Akt/PKB
signaling pathway and to sustain Treg cells function [7]. The spectrum and potency of
biochemical activities initiated by TNFR1 and TNFR2 are also distinct [35-37]. TNFR1 and
TNFR2 induce strong and rapid activation of MAP kinase- and NF-kB-dependent cellular
responses [6]. However, TNFR1 may effectively stimulate apoptotic and necroptotic cell death as
well, whereas TNFR2, which lacks death domain, cannot. Genetic ablation of TNFR2, in
experimental autoimmune encephalomyelitis (EAE), an animal model of human MS, resulted in
exacerbated immune reactivity and chronic disease course [38], which generate by chronic
inflammation like MS.

Our results are in agreement with some previous studies that demonstrated higher levels
of TNF-a levels in MS patients than in controls [39, 40]. But according to Fissolo et al [34] the
concentrations of their soluble receptors have received little attention. In fact, the cytokine TNF-a
plays an important role in the propagation of inflammation due to the activation and recruitment
of immune cells via the STNFR1. Moreover, STNFR1 can directly induce oxidative stress by the
activation of ROS and RNS producing enzymes. Therefore, TNF-a plays a dual role in MS, since
stimulation via the STNFR2 exerts neuroprotective function and promotes tissue regeneration [6,
41]. It is possible that the increase in STNRF2 levels observed in the present study may reflect an
attempt to maintain the immunomodulation of TNF-a in patients with a chronic inflammatory
disease, such as MS [42].

The lower levels of adiponectin observed in MS patients than controls of the present
study, are consistent with previous reports [15-17] and may reflect the imbalance between the
inflammatory/anti-inflammatory response toward Th17/Thl cytokines profile in MS [43].
Moreover, the main variance observed in the adiponectin levels of MS patients and controls
enrolled in the present study was explained by the presence of MS, as well as they were the

second relative important biomarker in the MS diagnosis.
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ATTENTION HAS BEEN PAID TO THE CLOSE ASSOCIATION BETWEEN
INFLAMMATION AND ADIPOSE TISSUE, WHERE SOME ADIPOCYTOKINES, SUCH AS
ADIPONECTIN, ARE SYNTHESIZED [44]. ADIPONECTIN IS THE MOST ABUNDANT
ANTI-INFLAMMATORY ADIPOKINE IN THE PLASMA AND MODULATES
NEGATIVELY THE ACTIVATION OF THE PRO-INFLAMMATORY NF-KB SIGNALING
PATHWAY [11], DECREASING THE EXPRESSION OF PRO-INFLAMMATORY
CYTOKINES SUCH AS TNF-A, IL-6, AND IFN-I" AND INCREASING THE EXPRESSION
OF ANTI-INFLAMMATORY MOLECULES, SUCH AS IL-10 AND IL-1RA [12].
ADIPONECTIN SUPPRESSES THE ACTIVATION AND PROLIFERATION OF T AND B
LYMPHOCYTES AND EXERTS SOME PROTECTIVE FUNCTION AGAINST THE
DEVELOPMENT OF NUMEROUS INFLAMMATORY CONDITIONS, SUCH AS MS [45].

The antioxidant role of adiponectin, has also been demonstrated in experimental studies
when this adipokine downregulated oxidative stress by increasing endothelial nitric oxide
synthase (eNOS) mRNA expression in the mouse aorta, increased the activity of superoxide
dismutase (SOD), and reduced levels of malondialdehyde (MDA), a biomarker of lipid
peroxidation [14]. Adiponectin exerts antioxidant effects by inhibition of phosphorylation of
mitogen-activated protein kinase (MAPK). Moreover, it affects the activation of peroxisome
proliferator-activated receptor (PPAR)-a which is related to the oxidation of fatty acid stimulated
by adiponectin. The activation of PPAR-a can regulate the redox state in the cells to inhibit the
signal transduction of NF-kB, which is sensitive to oxidation-reduction [14]. In our study,
adiponectin was the second most important biomarker in the diagnosis of MS.

Following TRAP and adiponectin biomarkers, the present study demonstrated that zinc
serum levels have a relative importance in the MS diagnosis. The lower levels of zinc among the
MS patients than controls underscored the role of this metal in the development of MS. Low
levels of zinc also have been reported to be associated with T cell-mediated autoimmunity [46].
The association between zinc deficiency and the development of neurodegenerative diseases,
such as MS, has been supported by previous studies, especially in the RRMS patients [47, 48].
Indeed, zinc deficiency is reported to induce an imbalance between Thl and Th2 cell functions
and hinder down-regulation of Th17 lymphocytes, which have been suggested to be major

mechanisms contributing to the pathogenesis of MS autoimmunity [49]. Underscoring these



99

previous reports, meta-analysis studies also revealed the possible role of zinc deficiency in MS
patients [50, 51].

Zinc has been well known to be essential for the normal function of both innate and
adaptive immune response, responding to pathogen or tissue damage and exerting antioxidant and
anti-inflammatory functions [23]. So, a disrupted zinc homeostasis affects the immune cells,
leading to impaired activation, and maturation of Ilymphocytes, disturbed intercellular
communication via cytokines, and weakened innate host defense via phagocytosis and oxidative
burst [52]. Prasad [53] demonstrated that the oxidative stress biomarkers were decreased by zinc
supplementation in elderly and young adult human subjects including those with
neurodegenerative diseases. At least, zinc exerts an antioxidant effect through four different
mechanisms. First, by competition with iron and cooper ions forbinding to cells membranes and
proteins, displacing these redox active metals, which catalyze the production of ‘OH from H2O..
Second, zinc binds to SH groups of biomolecules protecting them from oxidation. Third, by
increasing activation of antioxidant proteins and enzymes, such as glutathione (GSH), catalase,
and SOD, as well as by reducing the activities of oxidant-promoting enzymes, including iNOS
and NADPH oxidase and inhibiting the generation of lipid peroxidation products. Fourth, zinc
induces the expression of a metal-binding protein metallothionein, which is very rich in cysteine
and is an excellent scavenger of ‘OH ions [54].

Some limitations of this study should be considered. The case-control design does not
allow inferences on the causal relationship between the evaluated biomarkers and the occurrence
of MS. However, the study has as strength, a robust statistical analysis with adjustment of the
results for confounding variables, as well as the use of machine learning models, including SVM,
Neural Network, training tests and validation of accuracy. Currently these are the best models to
predict candidate biomarkers for the diagnosis, prognosis and monitoring the treatment of

diseases, including neurological diseases [33].

Conclusion

Taken together, our results demonstrated that MS patients have lower levels of
antioxidant biomarkers adiponectin, total antioxidant capacity of plasma, zinc and SH groups, as
well as higher levels of inflammatory biomarkers TNF-o and sTNFR2 compared to controls,

independently of sex, age, and BMI. To our knowledge, this is the first report demonstrating that
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a combination of aforementioned biomarkers, including adiponectin, TRAP, SH groups, zinc and
STNFR2, may be useful for MS diagnosis with high sensitivity, specificity, and accuracy.
Therefore, this panel of biomarkers could be incorporated in the diagnostic biomarkers for MS in
combination with clinical and radiological disease diagnostic criteria to improve the sensitivity
and specificity of diagnosis. The results also suggest that the pathways involved with these
biomarkers may be further evaluated as potential targets for a personalized therapy of MS
patients.
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Table 1 Socio-demographic, clinical and biomarker data in multiple sclerosis (MS) patients

and controls

Controls

MS

Variables (n=182) (n=174) F/X? df P value
Age (years) 39.5(9.8) 41.9 (13.2) 3.62 1/354 0.058
Sex n (%)

Female/Male 128 (70)/54 (30) 121 (70)/53 (30) 0.03 1 0.871
Ethnicity n (%)

Caucasian/NC 140 (77)/42 (23) 138 (79)/36 (21) 0.06 1 0.810
Smoking n (%)

No/ Yes 163 (89)/19 (11) 154 (88)/20 (12) 0.14 1 0.707
BMI (kg/m?) 25.8 (9.6) 25.7 (5.2) 0.07 1/341 0.790
SBP (mmHg) 116.2 (18.8) 115.0 (13.0) 0.42  1/299 0.520
DBP (mmHg) 74.6 (12.4) 75.2 (9.2) 0.20 1/299 0.657
Zinc (pg/dL) 154.0 (44.2) 109.0 (25.4) 136.58 1/353  <0.001
Adiponectin 7.51 (3.96) 3.01(1.81) 171.70  1/302 <0.001
(ng/mL)

TRAP (uM Trolox) 928.0 (161.7) 726.2 (132.3) 163.72 1/350  <0.001
AOPP (umol/L of 128.1 (54.6) 141.0 (58.2) 419 1/322  0.041
chloramine T

equivalents)

NOX (LM) 13.3 (7.4) 15.3 (11.0) 4.03 1/339 0.046
CL-LOOCH (RLU) 191.5 (172.9) 178.5 (94.3) 0.76  1/345 0.385
SH groups (uM) 338.9 (98.3) 284.9 (65.3) 35.97 1/340  <0.001
TNF-a (pg/mL 10.3 (39.8) 62.1 (343.3) 36.76  1/209  <0.001
STNFR1 (pg/mL) 927.6 (280.0) 1051.0 (402.6) 258  1/209 0.110
STNFR2 (pg/mL) 1390.0 (360.6) 2026.7 (676.2) 43.68 1/209  <0.001

All the results of analyses of variance (F values). X?: results of analyses of contingency tables. Continuous variables
were expressed as mean and standard deviation (SD) and categorical variables were expressed as absolute number
(n) and percentage (%). df: degree of freedom; NC: No Caucasian; BMI: body mass index; SBP: systolic blood
pressure; DBP: diastolic blood pressure; TRAP: total radical-trapping antioxidant parameter; AOPP: advanced
oxidation protein products; NOX: nitric oxide metabolites; CL-LOOH: tert-butyl hydroperoxide-initiated
chemiluminescence; RLU: relative light unit; SH groups: sulfhydryl groups; TNF-o: tumor necrosis factor o;
STNFR1.: soluble tumor necrosis factor receptor 1; sTNFR2:soluble tumor necrosis factor receptor 2.
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Table 2 Results of multivariate GLM analysis with the oxidative and nitrosative stress
biomarkers as dependent variables and diagnosis, namely multiple sclerosis (MS) versus
healthy controls, as primary explanatory variable

Tests Dependent variables Ei(/glr?ggltgsry F df vaFI>ue SZ?JQ;ZLIE(%)
Multivariate Zinc, Adiponectin, MS 78.21  7/255  <0.001 0.682
#1 TRAP, SH groups, Sex 6.36  7/255 <0.001 0.149
AOPP, NOX, Age 5.93 7/255  <0.001 0.140
CL-LOCH BMI 3.74  7/255  0.001 0.093
Zinc MS 152.03 1/261 <0.001 0.368
Adiponectin MS 21436 1/261 <0.001 0.451
Between- TRAP MS 152.30 1/261 <0.001 0.368
subject SH groups MS 12,36 1/261  0.001 0.045
effects AOPP MS 7.34  1/261  0.007 0.027
NOXx MS 3.19 1/261  0.075 0.012
CL-LOOH MS 0.73 1/261  0.395 0.003
Zinc Sex 954  1/261  0.002 0.035
Adiponectin Sex 21.86 1/261 <0.001 0.077
TRAP Sex 463 1/261  0.032 0.017
SH groups Sex 8.14  1/261  0.005 0.030
Adiponectin Age (-) 14.02 1/261 <0.001 0.051
SH groups Age (-) 13.12 1/261 <0.001 0.048
AOPP Age 4.04 1/261  0.045 0.015
NOXx Age 566  1/261  0.018 0.021
Adiponectin BMI 6.31 1/261  0.013 0.024
TRAP BMI 1421 1/261 <0.001 0.052
AOPP BMI 543 1/261 0.021 0.020
Multivariate TNF-o MS 25.64 3/203 <0.001 0.275
#2 STNFR1 Sex 0.08  3/203 0.972 0.001
STNFR2 Age 480 3/203  0.003 0.066
BMI 451  3/203 0.004 0.063
Between- TNF-o MS 35.45 1/205 <0.001 0.147
subject STNFR2 MS 41.03 1/205 <0.001 0.167

effects
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All the results of analyses of variance (F values); df: degree of freedom; BMI: body mass index; TRAP: total radical-
trapping antioxidant parameter; AOPPs: advanced oxidation protein products; NOXx: nitric oxide metabolites; CL-
LOOH: tert-butyl hydroperoxide-initiated chemiluminescence; SH groups: sulfhydryl groups; TNF-a: tumor necrosis

factor a; STNFR1: soluble tumor necrosis factor receptor 1; STNFR2: soluble tumor necrosis factor receptor 2.
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Table 3 Model-generated estimated marginal mean values (z values) with standard error

obtained by general linear model analysis (see regression #1, Table 2), namely data were
adjusted for age, sex and body mass index

Variables (in z values) Controls Multiple sclerosis patients
Zinc +0.727 (0.085) -0.539 (0.067)
Adiponectin +0.649 (0.076) -0.703 (0.060)
TRAP +0.676 (0.083) -0.567 (0.065)
AOPP -0.272 (0.102) +0.062 (0.080)
NOx -0.143 (0.104) +0.081 (0.081)
CL-LOOH -0.100 (0.097) +0.000 (0.076)
SH groups +0.238 (0.100) -0.187 (0.078)
TNF-a -0.705 (0.147) +0.224 (0.080)
STNFR-1 -0.140 (0.155) +0.063 (0.089)
STNFR-2 -0.715 (0.137)

+0.217 (0.075)

TRAP: total radical-trapping antioxidant parameter; AOPP: advanced oxidation protein products; NOX: nitric oxide

metabolites; CL-LOOH: tert-butyl hydroperoxide-initiated chemiluminescence; SH groups: sulfhydryl groups; TNF-a.:

tumor necrosis factor a; sSTNFR-1: soluble tumor necrosis factor receptor 1; STNFR-2: soluble tumor necrosis factor

receptor 2.



111

Table 4 Results of binary logistic regression analysis with multiple sclerosis as dependent

variable and laboratory biomarkers as explanatory variables

Regression Ei(/zlr?gg[:sry Wald df P value (r)aci?s 95% CI
#1 MS Zinc 22.50 1 <0.001 0.102 0.4-0.262
Adiponectin 29.84 1 <0.001 0.023 0.006-0.090
TRAP 24.47 1 <0.001 0.055 0.017-0.173
SH groups 5.13 1 0.023 0.443 0.219-0.896
#2 MS Zinc 6.90 1 0.009 0.102 0.019-0.560
Adiponectin 9.10 1 0.003 0.011 0.001-0.209
TRAP 9.54 1 0.002 0.019 0.001-0.233
SH groups 5.00 1 0.025 0.223 0.006-0.831
STNFR2 5.79 1 0.016 5.60 1.38-22.83

df: degree of freedom; CI: confidence interval; MS: multiple sclerosis patients; TRAP: total radical-trapping
antioxidant parameter; SH groups: sulfhydryl groups; sTNFR-2: soluble tumor necrosis factor receptor 2. #1 MS
95.5% of all subjects were correctly classified with sensitivity of 95.7%, specificity of 95.1%, and area under curve
(AUC) of receiver operating curve (ROC) of 0.986 (x0.005). £2 MS 97.4% of all subjects were correctly classified
with sensitivity of 98.7% specificity of 91.7%, and AUC/ROC of 0.990 (+0.006).
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Table 5 Results of Neural Network (NN) analysis with multiple sclerosis and healthy

controls (HC) as output variables and biomarkers as input variables

NN NN Error: %
Outputs sample Sumof  Incorrect Diagnosis Predicted AUC/ROC
MS/HC squares predictions
Training  2.017 2.0% MS 97.6%
HC 100.0%
Testing  0.766 3.2% MS 100.0% 0.997
HC 83.3%
Holdout - 4.7% MS 98.1%
HC 83.3%

NN: neural network; MS: multiple sclerosis; HC: healthy controls; AUC: area under curve; ROC: receiver operating

curve
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Figure 1 Values of the laboratory biomarkers in healthy controls (Group 0) and patients

with multiple sclerosis (Group 1). Values of the laboratory biomarkers in healthy controls (Group 0) and

patients with multiple sclerosis (Group 1). All data are in z scores computed on the logarithmic natural (Ln)
transformation of the measurements. Adipo: adiponectin; TRAP: total radical-trapping antioxidant parameter; SH
groups: sulfhydryl groups; AOPPs: advanced oxidation protein products; NOx: nitric oxide metabolites; CL-LOOH:
tert-butyl hydroperoxide-initiated chemiluminescence; TNF-o: tumor necrosis factor o; STNFR-1: soluble tumor

necrosis factor receptor 1; STNFR-2: soluble tumor necrosis factor receptor 2.
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Figure 2 Results of 10-fold validation accuracy obtained with support vector model (SVM,

Radial basis Function) with the adiponectin, TRAP, zinc and SH groups as input variables.
This plot shows the separation in a two dimensional plot with adiponectin and TRAP displayed on the axes. MS
patients (red dots) and healthy controls (blue squares). zLhnTRAP: z score of total radical-trapping antioxidant

parameter; zLnAdipo: z score of adiponectin (both in Ln transformation).
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Figure 3 Relative importance of the input variables in the multiple sclerosis diagnosis. The

values are expressed as z scores. TRAP: total radical-trapping antioxidant parameter; Adipo: adiponectin; SH
groups: sulfhydryl groups; AOPPs: advanced oxidation protein products; NOXx: nitric oxide metabolites; CL-LOOH:
tert-butyl hydroperoxide-initiated chemiluminescence; TNF: tumor necrosis factor; TNFR1: tumor necrosis factor

receptor 1; TNFR2: tumor necrosis factor receptor 2.
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6 CONCLUSOES

Os resultados obtidos no artigo 1 da presente tese de doutorado permitem as seguintes

conclusdes:

e AlteracGes na homeostase zinco, cobre, manganés e ferro resultam em danos no SNC que
influenciam o curso de doencgas neurodegenerativas, como a DA, DP e EM;

e AlteracBes nos niveis de metais essenciais, incluindo baixos niveis de zinco, bem como
altos niveis de cobre, manganés e ferro participam da ativacdo de vias de sinalizacdo
envolvidas na resposta IO&NS, incluindo o NF- kB e proteina ativadora-1 (AP-1).

e Os efeitos deletérios desses metais sdo ocasionados pela inducdo de citocinas pro-
inflamatdrias como TNF-a, IL-6, IL-17 e IFN-y, bem como ciclooxigenase 2 (COX-2),
INOS, MMP e moléculas de adesao que sao chaves no dano no SNC;

e O zinco é um cofator para mais de 300 enzimas e metaloproteinas, incluindo a PBM e as
MMP, proteinas com importante envolvimento na patogénese da EM.

e Na resposta imue adaptativa, a deficiéncia de zinco pode levar a atrofia do timo, reducéo
da atividade da timulina, diminuicédo da proliferacdo de LT, modulagdo para uma resposta
Th2 e falha na regulacdo negativa das células Thl7, principais mecanismos que
contribuem para a patogénese da autoimunidade da EM;

e O aumento do cobre leva ao aumento das ERO, microinflamacdo, disfungbes do
transporte de elétrons na mitocondria (por interferéncias na citocromo oxidase) e ativacao
das células da glia;

e Manganés é cofactor de enzimas essenciais para 0 SNC, como a glutamina sintetase (GS),
piruvato decarboxilase e Mn-superoxido dismutase (Mn-SOD), requeridas para a sintese
de neurotransmissores e regulacdo da excitoxicidade no SNC. O aumento do manganés
promove aumento da excitoxicidade no SNC, aumenta a ativacdo da micrdglia e as
disfuncdes mitocondriais, levando ao aumento do EO&N, danos e morte celular;

e O aumento do ferro leva ao aumento da producdo de ERO e de citocinas proé-
inflamatdrias, com deposicdo do metal e danos celulares, em especial na massa branca

cerebral.
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Os resultados obtidos no artigo 2 da presente tese de doutorado permitem as seguintes

conclusdes:

Os resultados do estudo caso-controle ressaltaram que a EM é caracterizada por niveis
elevados de oxidantes e niveis diminuidos de antioxidantes;

O diagnostico de EM exerceu um forte efeito nos niveis dos biomarcadores do estresse
oxidativo e nitrosativo, sendo responsavel por 68,2% da variancia dos niveis de zinco,
adiponectina, TRAP, grupos SH, NOx, AOPP e CL-LOOH, mesmo apds o ajuste por
sexo, idade e BMI;

O diagnéstico de EM exerceu um efeito moderado sobre niveis de TNF-a, sTNFR1 e
TNFR2, sendo responsavel por 27,5% da varidncia desses trés biomarcadores em
conjunto; isoladamente, o diagnostico de EM foi responsavel por 14,7% e 16,7% das
variagdes dos niveis séricos de TNF-a e sSTNFR2, respectivamente;

Niveis baixos de zinco foram associados com maior probabilidade de desenvolvimento de
EM, bem como de adiponectina e grupos SH. Por outro lado, niveis elevados de STNFR2
foram associados com maior probabilidade de desenvolvimento de EM (OR: 5,60, IC
95%: 1,38-22,83, p = 0,016).

A combinacdo de quatro biomarcadores antioxidantes (TRAP, adiponectina, zinco e
grupos SH) com o biomarcador inflamatorio STNFR2 constitui um modelo preditor que
pode contribuir para o diagndstico de EM. Com este modelo, 97,4% dos individuos foram
corretamente classificados, com sensibilidade de 98,7%, especificidade de 91,7% e
acuracia de 92,92% (training) e 90,56% (validacéo).

Os biomarcadores TRAP e adiponectina foram os mais importantes neste modelo,

seguidos a distancia pelo zinco e STNFR2.
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7 CONSIDERACOES FINAIS

A EM é uma doenca grave que, até o presente momento, ndo possui cura, e que atinge,
principalmente, jovens adultos em idade produtiva. Atualmente, h4 disponibilidade de ampla
gama de medicamentos, que devem ser adequados ao paciente de acordo com sua
heterogeneidade clinica. A grande heterogeneidade clinica apresentada pelos pacientes com EM
pode ser resultado do desequilibrio dos diferentes mecanismos envolvidos, como inflamacg&do/anti-
inflamacdo e oxidantes/antioxidantes. A busca por biomarcadores que auxiliem o diagndstico
bem como identifiquem as alteracdes mais predominantes nos diferentes mecanismos lesivos
presentes em cada um dos pacientes pode contribuir para a utilizagdo de medicina personalizada,
em especial aos pacientes que ndo respondem aos medicamentos atualmente disponiveis. Alem
disto, a identificacdo destes biomarcadores pode sugerir novos alvos terapéuticos que, associados
aos classicos, podem contribuir para melhora na qualidade de vida do paciente.

Neste estudo, algumas limitacfes devem ser consideradas. O delineamento transversal
caso-controle ndo permite inferéncias sobre relagdo causal entre os biomarcadores avaliados e a
ocorréncia de EM. No entanto, este estudo tem como pontos fortes, uma analise estatistica
robusta, com o ajuste dos resultados para variaveis confundidoras, incluindo idade, sexo, IMC e
terapia para EM. O estudo emprega analises com modelos matematicos como SVM, rede neural,
testes de treinamento e de validacdo da acuracia. Atualmente, esses sdo considerados os melhores
modelos para predizer biomarcadores candidatos preditores do diagnostico, prognéstico e
monitoramento do tratamento de uma doenca.

Os resultados do presente estudo apontam a importancia da manutencdo da homeostase
dos metais zinco, cobre, manganés e ferro como um dos fatores envolvidos na fisiopatologia de
doencas neurodegenerativas, como a DA, DP e EM, o que pode justificar a avaliacdo laboratorial
destes metais nos pacientes acomentidos por estas doencas. Além disto, os resultados sugerem
que a capacidade total antioxidante do plasma, adiponectina, zinco, grupos SH e sTNFR2
desempenham um papel importante na fisiopatologia da EM e sua combinacdo poderia ser
incorporada aos atuais biomarcadores de diagnostico da EM. Além disso, as vias envolvidas com
esses biomarcadores podem ser avaliadas como potenciais alvos para uma terapia individualizada

de pacientes com EM.
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APENDICE A

Termo de Consentimento Livre e Esclarecido (TCLE)

Por favor, leia cuidadosamente este consentimento e ndo hesite em perguntar sobre qualquer
davida que tenha.

Vocé esta sendo convidado (a) a participar, voluntariamente, de um projeto de pesquisa
com o titulo “AVALIACAO DE BIOMARCADORES BIOQUiMICOS E DE ESTRESSE
OXIDATIVO EM PACIENTES COM ESCLEROSE MULTIPLA”, coordenado pela
Professora Dra. Edna Maria Vissoci Reiche e com a participacdo de outros docentes
pesquisadores da Universidade Estadual de Londrina. Cabe ao senhor (a) decidir se pretende
participar ou ndo. Caso ndo tenha condicdes de ler e/ou compreender as informagbes contidas
neste termo, o mesmo poderd ser assinado e datado por um membro da sua familia ou
responsavel legal.

Vocé esta tendo a opcdo de participar de uma pesquisa que tem o objetivo de saber
quantos pacientes com Esclerose Multipla apresentam alteragcbes no sangue como exames
bioguimicos e os que compdem o estresse oxidativo, com énfase no estudo da importancia e agao
dos radicais livres na Esclerose Mdultipla. Para participar do projeto, serd necessaria a coleta dos
dados como peso, altura e calculo do indice de massa corporea (IMC = peso/altura?);
circunferéncia abdominal e medida de pressdo arterial. Também sera necessaria a coleta uma
pequena amostra de sangue (20mL) para realizacdo das provas bioquimicas e avaliacdo do
estresse oxidativo. A coleta dos dados e da amostra de sangue sera efetuada no mesmo dia em
que o senhor (a) sera atendido pelo servigo especializado para a realizacdo dos exames de rotina
do monitoramento do seu tratamento. Nao havera necessidade de agendar outros dias para coletas
especificas para este projeto de pesquisa.

Os dados pessoais fornecidos e os resultados do exame realizado serdo mantidos sob
sigilo e somente serdo utilizados para fins de pesquisa. Durante todas as etapas do projeto, 0s
participantes serdo identificados por um numero codificado que sera utilizado nas analises
posteriores para garantir a preservacao da integridade do individuo, garantir o anonimato e evitar
a quebra de confidencialidade. Ao final do projeto, os resultados serdo divulgados em forma de
artigos cientificos e comunicacBes em eventos cientificos, sempre mantendo o sigilo da
identidade dos participantes e as amostras de material bioldgico coletadas serdo descartadas em
local apropriado de descarte de material biolégico (sangue, soro, plasma) dos laboratdrios
envolvidos, seguindo as normas de biosseguranca padronizada no Hospital Universitario.

Declara que esta completamente esclarecido sobre a forma como a pesquisa sera
realizada, ndo tenho nenhuma duvida sobre sua natureza e os procedimentos, sem risco, aos quais
sera submetido. Declara também que esta ciente de que sua participacdo é voluntaria, de que sera
informado sobre os resultados dos exames realizados, de ndo tera nenhum énus e de que podera
se recusar ou abandonar a pesquisa em qualquer momento sem que haja penalizacdo ou prejuizo
algum para seu atendimento e tratamento. Esta ciente também que o seu tratamento continuara
sendo conduzido pelo seu médico e que nenhum pagamento ou beneficio sera feito ao
participante ou aos familiares pela participagdo no presente estudo.
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Eu estou disposto a participar dessa pesquisa e compreendi as condigdes acima descritas,
concordo voluntariamente a participar desse estudo.
Assinaturas
Paciente ou representante legal (caso o paciente esteja impossibilitado de assinar ou compreender
0 conteudo deste TCLE
Nome:
Assinatura:
Local e data:

Profissional que obteve o TCLE
Nome:

Assinatura:

Local e data:

Pesquisador responsavel

Nome: Professora Dra. Edna Maria Vissoci Reiche

Endereco: Departamento de Patologia, Analises Clinicas e Toxicologicas do Centro de Ciéncias
da Saude, Hospital Universitario de Londrina. Av. Robert Koch, 60, Vila Operaria, CEP 86038-
440.

Fone: 43-3371-2321 (Imunologia)

Comité de Etica em Pesquisa em Seres Humanos da Universidade Estadual de Londrina  Fone:
43-3371-2490



APENDICE B

Questionario para coleta de dados demograéficos, clinicos e terapéuticos

Dados demogréficos

N° no projeto:

Nome

Endereco

Telefone:

Data de nascimento

Imunomodulador

( )IFN-Bla ( )IFN-B1b ( ) Glatiramer

() Natalizumab

Corticoide

() Pulsoterapia ( ) Corticéide oral > mg

Outros medicamentos

Doencas associadas

Etnia

() Caucasiano

( ) Negro

( ) Mulato () Asiatico

Cor da pele

( )Branca ( )Negra ( )Pardo

() Amarela

Exposicdo solar diaria

() Né&o se expbe ao sol diariamente
) Baixa exposi¢do ( <20 min/dia )
) Exposic¢do solar adequada (> 20 min/dia)

(

(
Usa protetor solar? ( )Sim ( )Ndo  Frequéncia
Tabagismo ( )Sim () Nao
Consumo de alcool () Sim () Nao

Profissao

Habitos de dieta

() Suplementacdo alimentar ( ) Antioxidante ( ) Vitamina
() Dieta especifica

Obs.:

Dados Clinicos

IMC: Peso: Altura: Circunferéncia:
Forma clinica ()RR ()SP ()PP ()CIS () ndo definida
EDSS 2013
Atividade da doenca ( )Remissdo () Surto  N° de surtos/ ano:

N° lesBes: ()Gd+ ()Gd- | Data RMN:
RMN -

Local: Tipo de RMN:
Inflamacéo/ Infeccédo ( )Sim ( )Nao Qual?

Pds Menopausa

( )Sim ( )Nao

Data ultima menstruac&o:
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ANEXO A
Parecer do Comité de Etica em Pesquisa Envolvendo
Seres Humanos/HUUEL

~i7)
‘.‘. Univensidade

Estadual de Londrina
CO‘I'( i 3 (m (.”m

COMITE DE ETICA EM PESQUISA ENVOLVENDO SERES HUMANOS
Universidade Estadual de Londrina/ Hospital Universitario Regional Norte do Parana
Registro CONEP 268

Parecer de Aprovagdo N° 159/10
CAAE N° 0140.0.268.000-10 Londrina,30 de agosto de 2010.
FOLHA DE ROSTO N° 355660 '

PESQUISADORA: EDNA MARIA VISSOCI REICHE

Prezada Senhora:

O “Comité de Etica em Pesquisa Envolvendo Seres Humanos da Universidade
Estadual de Londrina/ Hospital Universitirio Regional Norte do Parana” (Registro CONEP 268)-
de acordo com as orientagdes da Resolugdo 196/96 do Conselho Nacional de Saide/MS e
Resolugdes Complementares, avaliou o projeto:

“AVALIACAO DE BIOMARCADORES BIOQUIMICOS E DE ESTRESSE OXIDATIVO EM PACIENTES COM
ESCLEROSE m’JmPu\"

Situaggo do Projeto: APROVADO

[ »

Informamos que deverd ser comunicada, por escrito, qualquer modificacdo que ocora no
desenvolvimento da pesquisa, bem como devera apresentar ao CEP/UEL relatoério final da pesquisa.

Atenciosamente,

Prof®. Dra. Alexandrina A;':arecida Maciel
Coordenadora i
Comité de Etica em Pesquisa-CEP/UEL

g Usiiversitirie: Eadwia el Garcia O (7R 445), ko 359 - ¥ ene (905) 3734000 PARK - Fux 3254000 - Calm Poutel G801 - CLF S6051-999— Mnbermet Mipc//wersw e

LONDRINA - PARANA - ERASH

Foom SBHTL



	BANCA EXAMINADORA - TITULARES
	BANCA EXAMINADORA - SUPLENTES
	AGRaDECIMENTOS
	lista de abreviaturas e Siglas
	sumário

	Artigo 1
	Antioxidant and anti-inflammatory diagnostic biomarkers in multiple sclerosis: a machine learning study
	Baseline characteristic of MS patients and controls were obtained using a standard questionnaire on admission. The ethnicity was self-reported as Caucasians and non-Caucasians (Black, Afro-Brazilian, and Asiatic) [25]. Body mass index (BMI), waist cir...
	The protocol was approved by the Institutional Research Ethics Committees of University of Londrina, Paraná, Brazil (CAAE no 0140.0.268.000-10), and all of the individuals invited were informed in detail about the research and gave written informed co...

	Attention has been paid to the close association between inflammation and adipose tissue, where some adipocytokines, such as adiponectin, are synthesized [44]. Adiponectin is the most abundant anti-inflammatory adipokine in the plasma and modulates ne...
	42. Mccann FE, Perocheau DP, Ruspi G, Blazek K, Davies ML, Feldmann M, Dean JL, Stoop AA, Williams RO (2014) selective tumor necrosis factor receptor i blockade is anti-inflammatory and reveals immunoregulatory role of tumor necrosis factor receptor i...
	HALLIWELL, B.; GUTTERIDGE, G.M.C. Free Radicals in Biology and Medicine.  5th edition. NY: New York, Oxford, 2015.
	KALLAUR, A. P. et al. Profile in patients with progressive multiple sclerosis and its association with disease progression and disability. Mol Neurobiol, v. 54, p. 2950-2960, 2017b.
	YOKOTA, T. Adiponectin, a new member of the family of soluble defense collagens, negatively regulates the growth of myelomonocytic progenitors and the functions of macrophages. Bloom, v.96, n.5, p.1723-1732. 2000.
	YOUSEFIAN M, et al. Gender-Specific Association of leptin and adiponectin genes with
	multiple sclerosis. Am J Med Sci, v. 356, n.2, p.159-167, 2018.
	ZHANG, D. et al. Adiponectin exerts neurotrophic effects on dendritic arborization, spinogenesis, and neurogenesis of the dentate gyrus of male mice. Endocronology, v. 157, n. 7, p. 2853-2689. 2016. doi: 10.1210/EN.2015-2078.
	AnEXO A

