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RESUMO

O Uso de Substancias Antioxidantes no Tratamento de Neuropatia Periférica
Induzida por Quimioterapia em Modelos Experimentais. Larissa Feitosa Carvalho.
2017.

A Neuropatia Periférica Induzida por Quimioterapia (NPIQ) é caracterizada
pela acdo toxica de alguns medicamentos utilizados no tratamento do cancer sobre
0S nervos periféricos. Aproximadamente 48% dos pacientes tratados com multiplos
agentes tém algum grau de NPIQ e o0s principais sintomas envolvem:
enfraquecimento ou perda sensorial, dorméncia, formigamento, sensibilidade a
temperatura, alodinia e hiperalgesia, numa distribuicdo chamada de "bota e luva"
(nas maos e nos pés). Nao ha definicho de uma abordagem farmacologica
especifica para a NPIQ capaz de mostrar beneficio clinico relevante. Entretanto, nos
altimos anos uma série de possiveis drogas neuroprotetoras tem sido investigada
como alternativa de prevencao ou tratamento a NPIQ. Neste contexto, encontram-se
as substancias antioxidantes, que tém sido utilizadas ha séculos na medicina
preventiva e os estudos epidemioldgicos sustentam a ideia de que existe uma
relacdo inversa entre 0s niveis de antioxidantes em um organismo e o0
desenvolvimento de doencas neurodegenerativas. Diferentes estratégias para
prevenir e/ou tratar a NPIQ vem sendo desenvolvidas em modelos pré-clinicos com
animais. Entretanto, quando analisadas as metodologias empregadas neste tipo de
estudo, algumas fragilidades metodolégicas surgem e torna-se evidente a
necessidade de uma maior interacdo entre as metodologias desenvolvidas para os
estudos experimentais e os estudos clinicos. Desta forma, o objetivo do nosso
trabalho foi realizar uma revisdo da literatura sobre o uso de substancias
antioxidantes para o tratamento de neuropatia periférica induzida por quimioterapia,
em modelos experimentais. Foi realizada uma busca nas bases de dados SCOPUS,
PUBMED e SCIENCE DIRECT, nos meses de Fevereiro e Marco de 2016, que
abrangeu os trabalhos publicados a partir do ano de 2006. 25 artigos foram
utilizados para elaboracao da versao final da revisao.

Palavras-chave: Neuropatia Periférica. Quimioterapia. Antioxidantes.



ABSTRACT

The Use of Antioxidant Agents for Chemotherapy-Induced Peripheral Neuropathy
Treatment in Animal Models. Larissa Feitosa Carvalho. 2017.

Chemotherapy-Induced Peripheral Neuropathy (NPIQ) is characterized by the
toxic action of some medications used to treat cancer on the peripheral nerves.
Approximately 48% of patients treated with multiple agents have some degree of
NPIQ and the main symptoms involve: weakening or sensory loss, numbness,
tingling, temperature sensitivity, allodynia, and hyperalgesia in a ‘stocking and glove’
format distribution. There is no definition of a pharmacological approach specific to
NPIQ capable of showing relevant clinical benefit. However, in recent years a
number of possible neuroprotective drugs have been investigated as an alternative
for prevention or treatment of NPIQ. In this context, there are the antioxidant
substances that have been used for centuries in preventive medicine and
epidemiological studies support the idea that there is an inverse relationship between
the levels of antioxidants in an organism and the development of neurodegenerative
diseases. Different strategies to prevent and / or treat NPIQ have been developed in
pre-clinical models with animals. However, when analyzing the methodologies used
in this type of study, some methodological weaknesses arise and it becomes evident
the need for a greater interaction between the methodologies developed for the
experimental studies and the clinical studies. Thus, the objective of our study was to
review the literature on the use of antioxidant substances for the treatment of
peripheral neuropathy induced by chemotherapy in experimental models. A search of
the SCOPUS, PUBMED and SCIENCE DIRECT databases was carried out in
February and March 2016, which covered the works published since 2006. 25
articles were used to prepare the final version of the review.

Keywords: Peripheral Neuropathy. Chemotherapy. Antioxidants.



LISTA DE TABELAS E FIGURAS

Tabela 1. Exemplos de Espécies Reativas de Oxigénio e de Nitrogénio.................. 18

No artigo cientifico

Figure 1. The Molecular Actions of Antineoplastic Agents That Cause Peripheral

Nerve Damage

Table 1. Antioxidants Agents and Methodology Applied in Animal Models................ 33



LISTA DE ABREVIATURA E SIGLAS

DNA — Acido Desoxirribonucléico

ERNs — Espécies Reativas de Nitrogénio

EROs — Espécies Reativas de Oxigénio

IL-18 — Interleucina 1 Beta

IL-6 — Interleucina 6

HIV — Virus da Imunodeficiéncia Humana

MAPK — Proteina Quinase Ativada por Mitégeno
NMDA — N-Metil-D-Aspartato

NPIQ — Neuropatia Periférica Induzida por Quimioterapia
PKC — Proteina Quinase C

TNF-a — Fator de Necrose Tumoral Alfa

TRPV — Receptor Potencial Transitorio Vaniléide

No Artigo Cientifico

CIPN — Chemotherapy-Induced Peripheral Neuropathy

CISPLA — Cisplatin

CoQ10 — Coenzyme Q10

GJG - Goshajinkigan

IL-1B — Interleukin 1 Beta

IL-6 — Interleukin 6

LPO - Lipid Peroxidation

LPP1 - 3-[4-(3-Trifluoromethyl-Phenyl)-Piperazin-1-yl]-Dihydrofuran-2-One
OXALI — Oxaliplatin

PACLI — Paclitaxel

PC — Phosphatidylcholine

ROS — Reactive Oxygen Species

SOD - Superoxide Dismutase

TBARS - Thiobarbituric Acid Reactive Substances

TNF-a — Tumor Necrosis Factor Alpha

TRPAL - Transient Receptor Potential Cation Channel Subfamily A Member 1
TRPV1 - Transient Receptor Potential Cation Channel Subfamily V Member 1
VINCRI — Vincristin



SUMARIO

1. INTRODUGAO ..ottt ettt eaens 11
2. REVISAO DA LITERATURA ..coo oot oottt e e eeiea e 14
2.1 Neuropatia Periférica Induzida Por Quimioterapi  a.......ccccccvveeieeeeeeneeennnns 14
2.2 ANUOXIAANTES ..o e e 17
2.3 Modelos Experimentais na Pesquisa da NPIQ .... ....ooiiiiiiiiiiiiieeeeeeeeens 19
B, OBIET IV O . e, 22
IR RO o] =110 I =T - | REPUPRR 22
3.2 Objetivos ESPECITICOS.....uuuiiiiii s et 22
4. ARTIGO CIENTIFICO ..o ettt e et e e et e e e e eeaes 23
A1 INETOAUCTION <. e e e e e 23
4.2 Chemotherapy-Induced Peripheral Neuropathy - Me chanisms of

O AT ON e e 24
o R O 1 o] - 1] o P SSRPPPPPPPRN 24
A @) C: 1] ] = 1] PP 24
A.2.3 PACHAXEL. ..o oo 25
A AV AT Tod 1151 (] o NPT 26
4.3 Antioxidant Agents and Applied Methodology .... .o, 27
4.4 CONCIUSION <. e e e e 32
4 D RO O BN S . . e e e e 39
5. CONCLUSAO .ottt ettt e e e e e e eeeenaes 42
6. PERSPECTIVAS FUTUR AS ... et 43
REFERENCIAS ... oottt et ettt e e et e e e e e e e reeeee e, 44
APENDICE ...ttt et e e et e e e et 47



11

1 INTRODUCAO

Neuropatia € um termo que se refere a doencas ou mau funcionamento dos
nervos. Normalmente, € classificada de acordo com os tipos ou a localizacdo dos
nervos afetados em: neuropatia central, autonémica ou periférica [1]. A neuropatia
central é caracterizada por alteracdes neurolégicas no encéfalo e/ou na medula
espinhal [2]. A neuropatia autondmica afeta o sistema nervoso autdbnomo, que
controla o funcionamento de orgdos como: coracéao, pulmdes, estbmago, intestinos e
bexiga [3]. A neuropatia periférica € originada por danos no sistema nervoso
periférico (fibras e ganglios nervosos) [4].

Diversas podem ser as condi¢cdes que provocam o quadro de neuropatia,
entre elas: doencas como Diabetes Mellitus, Artrite Reumatéide, Lupus ou Guillain-
Barre; infeccdes pelos virus HIV, Sifilis ou Varicela; alteracdes genéticas;
deficiéncias nutricionais; etilismo; trauma fisico; compressao tumoral, medicamentos
ou substéancias toxicas e causas idiopaticas [1].

A Neuropatia Periférica Induzida por Quimioterapia (NPIQ) é caracterizada
pela acao toxica de alguns medicamentos utilizados no tratamento do cancer sobre
0os nervos periféricos [5]. Farmacos como: Cisplatina, Oxaliplatina, Paclitaxel,
Docetaxel, Vincristina, Bortezomibe e Brentuximabe sdo amplamente utilizados no
tratamento de varios tumores soélidos e sanguineos. No entanto, a gravidade da
neuropatia periférica causada por estes agentes pode afetar a qualidade de vida do
paciente e pode resultar em reducdes de dose de quimioterapia e até mesmo
descontinuacgéo precoce do tratamento [6,7].

Aproximadamente 48% dos pacientes tratados com multiplos agentes tém
algum grau de NPIQ e a gravidade dos efeitos depende de fatores individuais, da
dose cumulativa, da duracdo, exposicdo ou estrutura quimica do agente
antineoplasico e das terapéuticas combinadas [8]. A NPIQ é uma neuropatia
predominantemente sensorial, que pode ser acompanhada por mudancas motoras e
autondémicas [6]. Semelhante a outras condi¢cdes de dor neuropatica, a dor na NPIQ
pode ser estimulo-dependente ou independente. Os principais sintomas envolvem:
enfraquecimento ou perda sensorial, dorméncia, formigamento, sensibilidade a
temperatura, alodinia e hiperalgesia, numa distribuicdo chamada de "bota e luva"
(nas maos e nos pés) [6,7,9,10].

Apesar da alta frequéncia da NPIQ durante o tratamento oncologico e das

limitacbes terapéuticas importantes que esta pode ocasionar, até o presente
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momento, ndo ha definida uma abordagem farmacoldgica especifica para a NPIQ
capaz de mostrar beneficio clinico relevante [7]. O uso de opibides,
anticonvulsivantes e antidepressivos para controle sintomatico provém de resultados
positivos destes medicamentos em outras neuropatias, como a diabética e a pos-
herpética, que apresentam sintomatologia e fisiopatologia diferentes da NPIQ [11].

Em algumas situagdes, tenta-se diminuir o quadro sintomatico, como ocorre
com o uso da Duloxetina, que é um antidepressivo da classe dos inibidores de
recaptacdo seletiva de serotonina e noradrenalina [7, 12]. Entretanto, nos ultimos
anos uma série de possiveis drogas neuroprotetoras tem sido investigada como
alternativa de prevencéo ou tratamento a NPIQ, mas a evidéncia obtida em ensaios
clinicos ainda € escassa, tanto em parametros relacionados a eficacia quanto a
seguranca [7].

O estresse oxidativo, que é caracterizado como um desequilibrio causado por
superproducdo de espécies radicais livres [13], esta intimamente associado ao
desenvolvimento de doencas neurodegenerativas, como é o caso da NPIQ,
promovendo danos moleculares em componentes celulares, como: oxidacdo de
proteinas, oxidacgao lipidica, oxidagdo de DNA e glicoxidacdo [14]. Em contrapartida,
substancias antioxidantes tém sido utilizadas ha séculos na medicina preventiva e 0s
estudos epidemiologicos sustentam a ideia de que existe uma relacdo inversa entre
0S niveis de antioxidantes em um organismo e o desenvolvimento de doencas
neurodegenerativas [14]. Considera-se como ‘antioxidante’ qualquer substancia,
presente em baixas concentragdes, quando comparada ao substrato oxidavel, capaz
de retardar efetivamente ou inibir a oxidagao do substrato [15].

Levando-se em consideracdo a importancia do tratamento quimioterapico
para um paciente com cancer, o uso de substancias neuroprotetoras, como é o caso
dos agentes antioxidantes, € considerada uma estratégia promissora; pois visam
diminuir a neurotoxicidade associada aos antineoplasicos, fornecendo protecdo para
o tecido saudavel sem comprometer a eficacia antitumoral [16].

Diferentes estratégias para prevenir e/ou tratar a NPIQ vem sendo
desenvolvidas em modelos pré-clinicos e, quando sdo obtidos resultados
promissores, algumas chegam a fase de ensaios clinicos. Quando ndo ha a
possibilidade de extrapolacdo da fase pré-clinica para a clinica, as razfes sao
justificadas pela presenca de eventos adversos, dificuldade na administracdo dos

farmacos, ou nos parametros farmacocinéticos [17]. Neste sentido, o objetivo do
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nosso trabalho foi realizar uma revisao da literatura sobre o uso de substancias
antioxidantes para o tratamento de neuropatia periférica induzida por quimioterapia,

em modelos experimentais.
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2 REVISAO DA LITERATURA

2.1 Neuropatia Periférica Induzida por Quimioterapi a

A alta frequéncia de Neuropatia Periférica Induzida por Quimioterapia (NPIQ)
configura-se em um objeto importante de pesquisas cientificas, pois esté relacionada
a um dos maiores problemas de saude publica mundial. O cancer é a segunda maior
causa de mortes no mundo e foi responsavel por mais de 8,8 milhdes de mortes em
2015 [18]. No Brasil, a estimativa de incidéncia para os anos de 2016/2017 foi de
600 mil casos [19].

A neuropatia periférica esta associada a um conjunto de sinais e sintomas
caracteristicos [1]. O dano aos nervos sensoriais ocorre e 0s sintomas geralmente
iniciam nos pés, com uma gradual perda sensorial, dorméncia, formigamento ou dor
e progresso em diregdo aos membros superiores, culminando numa distribuicdo
conhecida como “bota e luva” (do inglés: stocking and glove). A sensibilidade
extrema ao toque, ou alodinia, pode ser outro sintoma. Ha4 também quadros de
hiperalgesia, que é caracterizada pela exacerbacdo de estimulos dolorosos
[6,7,9,10].

Quando ocorrem danos nos nervos motores, 0s sintomas incluem: fraqueza,
perda de reflexos, perda de massa muscular, caibras ou perda de destreza [1]. No
caso da NPIQ, pode haver o desenvolvimento paralelo de neuropatia autonémica,
que afeta nervos que controlam a funcdo de orgdos e glandulas. Alguns sintomas
podem surgir como: nauseas, vOmitos, incontinéncia urinaria, impoténcia sexual,
tonturas, constipacdo ou diarreia, visdo turva, intolerancia ao calor, entre outros
[1,6].

A razado de muitos agentes antineoplasicos diferentes apresentarem perfis de
neuropatia semelhantes ndo estd clara. No entanto, os efeitos das citocinas pro-
inflamatoérias IL-1B, IL-6 e TNF-a nos tecidos neuronais, tais como neurdnios
sensoriais periféricos, sdo considerados como causa de NPIQ [6,20,21]. Sabe-se
que os agentes antineoplasicos produzem espécies reativas de oxigénio (EROS)
para induzir apoptose em células tumorais [22,23]. No entanto, o0 estresse oxidativo
gerado durante a quimioterapia pode interferir no funcionamento dos tecidos normais
e pode estar associado a varios eventos toxicos, como cardiotoxicidade,

nefrotoxicidade, neurotoxicidade, entre outros [20, 23].
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A auséncia de uma barreira vascular eficiente, o alto teor de fosfolipideos, alta
concentracdo de mitocondrias e um deficiente sistema de defesa antioxidante
tornam o sistema nervoso periférico, de maneira geral, mais suscetivel a injarias
provenientes de processos quimicos e estresse oxidativo. Danos em nervos
periféricos, associados ao Paclitaxel, Docetaxel, Vincristina e Bortezomibe, séo
caracterizados por varios mecanismos de estresse oxidativo como dano
microtubular, disfuncédo mitocondrial, apoptose neuronal, etc [6,20, 21,24].

Lesbes nos microtubulos provocam comprometimento na transmissao axonal
e disfuncdo mitocondrial, 0 que provoca a desregulacdo dos niveis de calcio e a
ativacdo de caspases, conduzindo assim a ceélula neuronal a apoptose. Estas
alteracdes, por conseguinte, estimulam as células da microglia a libertarem os
mediadores proé-inflamatérios e fatores de crescimento para as areas danificadas,
levando a sensibilizacdo periférica, provocando descarga espontdnea e
hiperexcitabilidade [6,20,21,24]. Desregulacdes no funcionamento dos canais idnicos
alteram a transducéo de estimulos sensoriais e provocam uma superabundancia de
neurofilamentos no corpo celular neuronal, contribuindo com as disestesias e
parestesias clinicas induzidas pelos antineoplasicos [25].

Os compostos derivados de platina como Cisplatina e Oxaliplatina podem
afetar o DNA mitocondrial, levando a disfuncdo mitocondrial e também induzir a
apoptose neuronal através da ativacdo da via de proteina quinase ativada por
mitdgeno (MAPK). Estes agentes quimioterapicos também s&o relatados como
causadores de sensibilizagdo periférica pela regulacdo ascendente de receptores de
N-metil-D-aspartato (NMDA), receptores vanildides (TRPV) e proteina kinase C
(PKC). A Oxaliplatina ainda altera a conduténcia de canais de sodio, atraveés da
quelacdo de calcio. Todos estes efeitos podem danificar os neurdnios sensoriais,
tais como as fibras Ad e C, o0 que conduz a dor neuropética [6,20,21].

Os neurdnios sensoriais podem ser classificados como: AB, Ad ou C, com
base no tamanho do corpo celular, diametro do axdnio, grau de mielinizacdo e
velocidade de conducéo do estimulo [26]. As fibras de tipo C sdo menores e mais
abundantes, com axoénios ndo mielinizados e uma velocidade de condugédo mais
lenta (0,2 — 2 m/s). As fibras Ad e AB possuem tamanhos de células média e grande,
respectivamente, e sdo mielinizadas. A velocidade de conducdo da fibra Ad é
considerada intermediaria e varia entre 5 — 30 m/s, enquanto que as fibras AP

possuem rapida conducdo, com velocidade entre 16 — 100 m/s [26,27]. A maioria
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das fibras de AB apresenta baixo limiar mecéanico, enquanto que as fibras Ad sao
nociceptores de respostas a estimulos nocivos mecanicos e térmicos. Por outro
lado, as fibras C respondem aos estimulos mecéanicos, mas ndo aos térmicos
[25,26].

O quadro de alodinia tétil, caracteristico da NPIQ, é ocasionado devido a
impulsos transportados ao longo de fibras residuais A, com sensibilizacdo do corno
dorsal. Além disso, a diminuicdo dos limiares mecanicos nos nociceptores
mielinizados, apos lesao periférica, também pode contribuir para a alodinia. Fibras C
hiperresponsivas desencadeiam significativamente mais potenciais de acado em
resposta a um estimulo mecanico e provavelmente contribuem para o quadro de
hiperalgesia. Além disso, a hiperatividade da fibra C pode sensibilizar os neurénios
do corno dorsal, tornando-os mais sensiveis a entrada de fibra A da periferia,
contribuindo indiretamente para a alodinia [25,26,28].

Em contrapartida, varios pesquisadores tentam elencar fatores de risco para o
desenvolvimento da NPIQ. Polimorfismos de nucleotideos simples associados a
disfuncbes em canais de sédio voltagem-dependente ou disfuncées em proteinas de
funcdo nas Células de Schwann, associacdo a receptores de coldgeno na superficie
celular, receptores envolvidos em apoptose neuronal ou a enzimas envolvidas no
metabolismo do Piruvato podem ser responsaveis pelos mecanismos moleculares
de formacao da NPIQ. Fatores de risco clinicos avaliados incluem: neuropatia basal,
historico de tabagismo e diminuicdo da depuracao da creatinina [8].

Infelizmente, ndo existe um tratamento padrédo para a NPIQ. Meta-analises de
ensaios clinicos para a prevencdo NPIQ apresentam resultados inconclusivos e as
opcOes de tratamento também sao limitadas [7]. Muitas classes de farmacos como
antidepressivos (Amitriptilina, Imipramina), antioxidantes (Vitamina E, Acido Alfa-
lipbico, Glutationa), anticonvulsivantes (Gabapentina, Pregabalina, Carbamazepina e
Oxcarbazepina), opidides (Oxicodona, Tramadol, Morfina, Metadona), agentes anti-
espasmadicos, canabindides e outros tém sido utilizados na pratica clinica, mas néo
ha comprovacgdes cientificas suficientes para provar a sua eficacia. Esses agentes
sao prescritos com base em dados que suportam a utilidade em outras condi¢ges de
dor neuropética [7,8,12,29].

Apenas um estudo controlado, randomizado, duplo-cego demonstrou melhora
nos sintomas da NPIQ apds 5 semanas de tratamento com Duloxetina, que é um

antidepressivo da classe dos inibidores de recaptacéo de serotonina e noradrenalina
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[7,29]. Esta é uma situacdo de extrema relevancia clinica, inclusive com orientagdes
delineadas pela American Society of Clinical Oncology (ASCO), que €é responsavel
pelo determinacdo de varios protocolos de tratamento oncolégico em nivel mundial.
Em documento de consenso, a ASCO reconhece que o tratamento com a Duloxetina
configura a melhor opcéo existente, porém sem conferir a condicdo de tratamento-
padrdo [7]. Ha também estudos que avaliam a eficacia de terapias alternativas,
como a Acupuntura, que apresentam alguns resultados significativos, mas ainda

insuficientes [30].

2.2 Antioxidantes

Substancias antioxidantes despertam grande interesse da comunidade
cientifica porque auxiliam na protecao do corpo humano contra danos causados pelo
estresse oxidativo. Uma ampla definicdo do termo ‘antioxidante’ caracteriza qualquer
substancia que, presente em baixas concentragcbes em relagdo ao substrato
oxidavel, retarda significativamente ou inibe a oxidacao deste [15]. Muitas vezes, 0
termo esta implicitamente restrito a inibidores de ruptura de cadeia da peroxidacao
lipidica; porém, os radicais livres gerados in vivo, decorrentes de diversos processos
fisiol6gicos, danificam outros alvos além de lipidios, incluindo proteinas, carboidratos
e DNA [15,22].

‘Radical livre’ é definido como um atomo ou molécula contendo um ou mais
elétrons ndo pareados. Geralmente sdo classificados em: espécies reativas de
oxigénio (EROs) ou espécies reativas de nitrogénio (ERNs) [22]. As EROs incluem
radicais livres que transportam oxigénio, bem como outras espécies reativas de
oxigénio, como peroéxido de hidrogénio, que ndo é um radical livre. Da mesma forma,
as ERNs incluem ambos, os radicais livres contendo nitrogénio e outras moléculas
reativas em que o centro de reatividade é o nitrogénio [22] (tabela 1). Tanto as EROs
guanto as ERNs sdo produtos do metabolismo celular normal e atuam como
mensageiros secundarios que controlam varias fungdes fisioldgicas do organismo. A
superproducao delas (por estimulacdo excessiva de NADPH por citocinas, pela
cadeia de transporte de elétrons mitocondrial ou xantina oxidase) € que resulta em

estresse oxidativo [31].
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Tabela 1. Exemplos de Espécies Reativas de Oxigénio e de Nitrogénio

Espécies Reativas de Oxigénio Espécies Reativas de Nitrogénio
Alcoxila Oxido Nitrico
. Hidroxila Peroxinitritos
Radicalares . o
Peroxila Nitritos
Superéxido Nitratos
Acido Hipocloroso Acido Peroxinitroso
Hipoclorito Acido Nitroso
N&o Radicalares Oxigénio Singleto Oxido Nitroso
Oz6nio

Peréxido de Hidrogénio

O organismo humano possui sistemas naturais, enzimaticos e nao
enzimaticos, de eliminacdo de radicais livres ou de impedimento de sua
transformacdo em produtos mais toxicos para as células. As defesas enzimaticas
incluem: Superoxido Dismutase, Glutationa Peroxidase, Catalase e Metionina-
Redutase. Os antioxidantes ndo enzimaticos, em sua maioria, sdo obtidos por fontes
exdgenas naturais ou sintéticas. Os principais podem ser divididos em: compostos
lipossollveis (Betacaroteno, Vitaminas A e E), compostos hidrossoluveis (Vitaminas
C e do Complexo B, Glutationa), oligoelementos (Zinco, Cobre, Selénio, Magnésio,
Manganés), horménios (estrogenos), derivados de plantas (terpenos, polifendis),
entre outros. Em condi¢gbes fisiologicas normais e através de obtengcdo por
alimentacdo apropriada, existe um equilibrio entre as atividades e o0s niveis
intracelulares desses antioxidantes [15,31].

Os compostos antioxidantes também podem ser classificados com base em
seu mecanismo de acdo contra a espécies reativas de oxigénio (EROs) como
antioxidantes primarios e secundarios. Os antioxidantes primarios sdo aqueles que
guebram a reacdo em cadeia da oxidacéo por doacédo de hidrogénio e a geracao de
radicais mais estaveis. Os antioxidantes secundarios retardam a taxa de oxidacao
por varios mecanismos, incluindo a quelacdo de metais, regeneracdo de
antioxidantes primarios, decomposicdo de hidroperoxidos e eliminagdo de oxigénio,
entre outros [14,16].

Em condig¢@es fisioldgicas normais, as células preferem estar no estado redox,
e sua oscilacdo determina as funcbes celulares. A maioria dos tipos de células
provoca uma pequena explosdo oxidativa gerando baixa concentracédo de EROs e
ERNs quando estimuladas por citocinas, algumas interleucinas, TNF-a, angiotensina
Il ou diversos tipos de fatores de crescimento. Portanto, a iniciacdo e a funcéo da

transducdo de sinal dependem da acdo de EROs e ERNs como moléculas de
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sinalizacdo, desempenhando um papel fisiolégico importante como mensageiros
secundérios [22].

O equilibrio delicado entre o estresse oxidativo e a defesa antioxidante &
mantido pelo corpo humano para uma saude 6tima. Se o excesso de EROs e ERNs
nao puderem ser neutralizadas adequadamente pela defesa antioxidante do corpo, é
gerado 0 estresse oxidativo, que esta associado a muitas doencgas, incluindo
doencas cardiovasculares, varios tipos de cancer, diabetes e doencas
neurodegenerativas [22].

As evidéncias experimentais demonstram o0 envolvimento do estresse
oxidativo no desenvolvimento do dano do nervo periférico. O dano oxidativo aos
neurénios periféricos pode causar lesdes nas estruturas das mielinas, proteinas
mitocondriais e enzimas antioxidantes [20,22].

Devido as caracteristicas de seguranca e tolerabilidade, diversas substancias
antioxidantes sdo testadas, em relagdo a sua eficacia, para a prevencdo ou
tratamento da NPIQ. Estes agentes apresentam neuroprotecao significativa para a
neurotoxicidade induzida por quimioterapia através de mecanismos que incluem: a
diminuicdo do estresse oxidativo celular (eliminagdo de radicais livres e aumento
indireto das concentracdes sanguineas de enzimas antioxidantes), normalizagcdo das
funcBes mitocondriais e diminuicdo da producdo de mediadores pro-inflamatorios
[6,20,21]. A utilizacdo dos compostos antioxidantes, neste contexto, visa diminuir a
neurotoxicidade associada aos agentes antineoplasicos, fornecendo protecéo para o

tecido saudavel sem comprometer a eficacia antitumoral [5,16].

2.3 Modelos Experimentais na Pesquisa da NPIQ

Segundo Ferreira e colaboradores, modelos experimentais em pesquisa
podem ser definidos como “a materializacdo de uma parte da realidade, por meio da
representacdo simples de uma ocorréncia recente ou antiga”. Entre os modelos
experimentais descritos na literatura, os mais utilizados sdo as culturas de células e
tecidos (pesquisa in vitro), o uso de animais de laboratério (pesquisa in vivo) e 0s
estudos anatbmicos, geralmente em cadaveres de seres humanos [32].

O desenvolvimento de modelos experimentais torna-se importante na medida
em que permitem o melhor conhecimento da fisiopatologia das doencas, da acéo de
medicamentos ou dos efeitos de determinadas intervencdes. Isto posto, inferimos

gue os modelos animais podem ser utilizados em todos os campos da pesquisa
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biolégica. Entretanto, devem ser desenvolvidos de forma mais semelhante possivel
a condicdo que se objetiva estudar para que os resultados possam ser comparados
aos fendmenos humanos [32,33].

Assim como ocorre com outros tipos de neuropatias periféricas, o uso de
modelos experimentais € comum para o estudo da NPIQ [5,34]. Normalmente, sao
desenvolvidos modelos animais que tentam reproduzir as caracteristicas essenciais
da NPIQ e que apresentem medidas de resultado relevantes para a patogenia da
doenca [34]. Ensaios comportamentais sdo utilizados para avaliar as respostas
sensoriais, alodinia, hiperalgesia e coordenacdo sensoério-motora [35]. Neste grupo,
os testes mais utilizados sdo: Von Frey, placa quente, teste da Acetona, imersao da
cauda e Rota-rod.

Ha também uma série de métodos eletrofisiolégicos que podem ser usados
para avaliar a NPIQ. Os métodos utilizados para a realizacdo de testes
eletrofisiolégicos em modelos animais sdo baseados nos utilizados na pratica clinica.
Os estudos de conducéo nervosa fornecem uma medida de amplitude e laténcia da
resposta evocada, que pode entdo ser usada para calcular a velocidade de
conducgédo do impulso tanto em nervos motores quanto sensoriais [5,35]. Além disto,
alguns testes eletrofisiologicos avaliam a integridade de fibras mielinizadas e séo
Uteis no caso de drogas que provoquem desmielinizacdo ou degeneracdo de
axonios [34,35].

As andlises histopatologicas sdo utilizadas na avaliacdo do grau de
degeneragdo axonal ou alteragbes no corpo celular neuronal. Para tanto, s&o
utilizadas secdes de tecido coradas com métodos imunohistoquimicos ou com
métodos mais simples de coloracdo para andlise estrutural [35]. E importante
ressaltar que as avaliacdes histologicas precisam ser realizadas utilizando métodos
estereoldgicos (amostras sistematizadas, uniformes e aleatérias). Muitas vezes, 0s
pesquisadores realizam suas andlises sem método de amostragem aleatéria cega.

Nos ultimos anos, o foco vem sendo direcionado para o uso de testes e
medidas de resultado que possam ser reprodutiveis em ensaios clinicos e que
possibilitem a realizacdo de analises quantitativas [24,34]. Um exemplo desta pratica
€ a avaliacdo da inervacao epidérmica atraves de biopsia cutanea simples, que pode
ser realizada tanto em animais quanto em seres humanos e apresenta grande
utilidade no diagndstico das neuropatias periféricas. Além disto, é considerado um

teste de simples realizagcdo, pouco invasivo e que pode ser repetido no mesmo
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paciente para avaliar progressao da neuropatia e possiveis respostas terapéuticas
[34,36].

Para inducdo da NPIQ em modelo animal, € utilizada grande parte dos
medicamentos antineoplasicos que causam neuropatia periférica em pacientes com
cancer (Cisplatina, Oxaliplatina, Paclitaxel e Vincristina) [6,35]. No entanto, algumas
variaveis metodoldgicas ndo padronizadas podem resultar em possiveis fragilidades
guando sdo analisados os resultados. Ha pouca consisténcia nas caracteristicas dos
animais utilizados, como espécies, idade e pesos diferentes. Outra situagdo comum
é caracterizada pelas discrepancias de dosagem, modo de administracdo e duracdo

do protocolo de indugéo.
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3 OBJETIVOS
3.1 Objetivo Geral

Realizar uma revisdo da literatura sobre o uso de substancias antioxidantes
para o tratamento de neuropatia periférica induzida por quimioterapia, em modelos

experimentais.

3.2 Objetivos Especificos
v' Investigar quais substancias antioxidantes vem sendo utilizadas no
tratamento pré-clinico da Neuropatia Periférica Induzida por Quimioterapia;
v' Pesquisar os modelos experimentais aplicados no tratamento da Neuropatia

Periférica Induzida por Quimioterapia com substancias antioxidantes.
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4.1 Introduction

The Chemotherapy-Induced Peripheral Neuropathy (CIPN) is the most
common side effect caused by the antineoplastic treatment. Some drugs such as
Cisplatin, Oxaliplatin, Paclitaxel and Vincristin are widely used in the treatment for
several both solid and blood tumours. However, the severity of peripheral neuropathy
caused by these agents can affect the patient’'s quality of life and may result in
chemotherapy dose reductions and even early discontinuation [1,2]. Nearly, 38% of
patients treated with multiple agents have some degree of CIPN, and the gravity of
the effects depends on individual factors, cumulative dose, duration of exposure,
drug chemical structure of antineoplastic agent and combination therapies. CIPN
major symptoms involve: sensory loss, paresthesia, dysesthaesia, numbness,
tingling, temperature sensitivity, allodynia and hyperalgesia, in a “stocking and glove”
distribution [1-4].

The explanation to many different chemotherapeutic agents resulting in similar
neuropathy profiles it is still unclear. However, the effects of pro-inflammatory
cytokines — IL-1B, IL-6, TNF-a — on neuronal tissues such as peripheral sensory
neurons are regarded as a potential cause of CIPN. Some studies also suggest
anatomical and/or functional changes of nerve fibres and involvement of glial cells.
Damage of some intracellular organelles such as mitochondria may also contribute to
the neurotoxicity caused by chemotherapy [1].

Unfortunately, there is not a gold-standard treatment for CIPN. Many drug

classes (i.e antidepressants, anticonvulsant, antispastic agents and others) have



24

been used in clinical practice, but there is no scientific evidence to prove their
effectiveness [2]. Antioxidant agents have shown a protective effect against free
radical damage, what can be the cause of many diseases. In order to find out a
successful treatment for CIPN, animal studies (since pharmacological and
mechanical tests until histopathological and immunohistochemical analyses) have
been developed to try to determinate the action of antioxidant agents [3, 5-22].

This systematic review provides an overview of the major antioxidant agents
recently investigated to treat CIPN, as well as the animal models used for this
purpose. The search identified 815 files. In total 786 files were excluded for duplicity
or lack of relevance after title and abstract analysis. We assessed the eligibility of the

26 resulting files after full reading. At last, 25 articles were included in the study.

4.2 Chemotherapy-Induced Peripheral Neuropathy — Me  chanisms of Formation
4.2.1 Cisplatin

Cisplatin-based chemotherapy is used for the treatment of several solid
tumours, such as colorectal, ovarian, testicular, bladder, oesophagus, stomach and
lung cancer. It is a representative drug in the platinum class, which has been used for
four decades. The neurotoxicity induced by this drug is characterized by a dose-
dependent painful or non-painful sensory neuropathy, mechanical and cold allodynia
and ataxia. The range of neuropathy is between 24% and 92% of the patients and
20% of them are forced to stop treatment. Nevertheless, the mechanisms of
Cisplatin-induced (CISPLA) peripheral neuropathy are still unclear [5,9].

Some studies have suggested indirect effects on the sodium channel function.
Those may also be involved in the injury and death of sensory neurons, affecting
large myelinated sensory nerve fibres signalling apoptosis. Another possibility
involves the effects of CISPLA on the mitochondrial function through the action of
reactive oxygen species (ROS). Several mechanisms including hypoxia,
inflammation, lipid peroxidation and apoptosis induced by free radicals are thought to
be involved. In the spinal cord, CISPLA produces long-term elevation of the cytokine
IL-188 located in astroglia cells [5,9,10,14,20].

4.2.2 Oxaliplatin
Oxaliplatin (OXALI) is a third-generation organoplatinum agent used in

combination with other antineoplastic drugs, such as 5-fluorouracil and leucovorin, in
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the treatment of gastrointestinal tract cancer, colorectal liver metastasis, ovarian
cancer and non-small cell lung cancer. OXALI has a better safe profile than do
Cisplatin and Carboplatin for auditory, hematologic and renal systems. However, it
causes severe acute and chronic peripheral neuropathies, found in 85-95% of all
patients exposed to OXALI. Acute neuropathy occurs within hours of injection and is
characterized by acral paresthesias enhanced by exposure to cold; it also sensitizes
C-fibre afferents producing long-lasting hyperalgesia. Those symptoms are probably
caused by the impairment of cellular voltage-gated potassium channels. The acute
effects can also be caused by Oxalate (metabolite agent of OXALI) involved in a
chelation of extracellular calcium producing an increase in sodium concentration
resulting in an increase in the amplitude and duration of action potentials on neuron
membranes and synapses [3,7,11, 24].

Joseph et al demonstrated that the acute painful peripheral neuropathy can be
also induced by the action of OXALI on IB4-positive nociceptors. Another possible
explanation for acute symptoms is that OXALI activates the Fos expression in dorsal
horn neurons. Fos is a protein found low under basal conditions in neuronal nuclei,
but only changes in afferent inputs or changes in external stimuli resulting in
phenotypic reprogramming of the cell. The other metabolite, Platinum (Pt), causes
the chronic neuropathy, observed in 10-15% of patients after cumulative injections of
OXALI and characterized by sensory and motor neuropathy. Chronic neuropathy is
caused by morphological changes of Pt-DNA, such as damage of cell bodies,
nucleus and nucleolus, atrophy in neurons of the dorsal root ganglia and cell death
[16, 23, 24].

Oxidative stress has also been suggested to be the direct cause of
neurotoxicity, probably yielded by the formation of ROS, but its full mechanism is still
insufficient. Kim et al demonstrated that sciatic nerves of animals treated with OXALI
showed axonal degeneration and decreased density of myelinated fibres. Another
hypothesis for OXALI-induced peripheral neuropathy include the impairment of
cellular mitochondrial oxygen consumption, lipid peroxidation and glutamate release
[16-24].

4.2.3 Paclitaxel
Paclitaxel (PACLI) is a taxane-derived antineoplastic, used as a first-line

treatment for solid tumours such as breast cancer and ovarian cancer. The main
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adverse effect of PACLI is a chronic peripheral neuropathy, predominantly sensory,
that occurs in a “stocking and glove distribution”. These symptoms continue for
months or years even after treatment ends. As with all drugs cited until now, the
mechanism of PACLI neuropathy is complex and poorly understood. Animal models
showed signs of cold, heat and mechanical hypersensitivity. PACLI contributes to
ROS formation (superoxide, hydroxyl radical, nitric oxide and hydrogen peroxide)
through changes in neuronal mitochondria (swollen and vacuolated) that are involved
in nerve injury-induced and inflammatory pain through TRPAL channels [3,13]. The
administration of PACLI also results in the production of interleukin-1 beta (IL-18) and
other proinflammatory cytokines and their release from microglia cells [25].
PACLI-treated mice subjected to the capsaicin test showed the involvement of
TRPV1 channels in heat hyperalgesia. Mast cells adjacent to the sensory nerves
release histamine upon activation, initiating the release of substance P which is
potentiated by sensitization of TRPV1 channels. Some studies suggested that
mechanical hypersensitivity and heat hyperalgesia are induced by different nerve
fibres. The first one may be mediated through large-diameter afferent A-d fibres and

the second one is mediated through small-diameter unmyelinated C-fibres [3,13, 26].

4.2.4 Vincristin

Vincristin (VINCRI) is one of the most common antineoplastic agents used to
treat several types of cancer (i.e leukaemia, lymphomas and sarcomas). VINCRI
possesses neurotoxicity as anticancer action and painful peripheral neuropathy is the
main dose-limiting side effect, characterized by disturbance of both sensory and
motor functions. The symptoms include mild tingling, spontaneous painful burning
paresthesia and hyperalgesia. The mechanism through which VINCRI produces
CIPN are still unclear, but it is known that VINCRI-induced neuropathic pain is due to
neuronal toxicity and/or neurological disorder [6,8,12].

Abad et al showed that VINCRI promotes inflammatory reactions in peripheral
tissues and changes in spinal cord affecting A-fibres. Pain behaviour due to VINCRI
may also be associated with dysfunction and increase in the discharge of C-fibres,
but there is not much evidence [6]. VINCRI also modulates calcium channels,
generation of free radicals (calpain and calmodulin) and displayed functional loss,
oxidative stress (generation of ROS) and increased TNF-a and IL-6 in sciatic nerve.

Jain et al investigated the histopathological changes in spleen, which revealed an
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increase in white pulp area and gives a suggestion of inflammation as one of the
important reasons behind VINCRI-induced peripheral neuropathy [8,15].
Figure 1 summarizes the molecular actions that cause peripheral nerve

damage induced by antineoplastic agents.
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Figure 1.The molecular actions of antineoplastic agents that cause peripheral nerve
damage. Mitochondrial dysfunction occurs due to the opening of the transition pore of
mitochondrial permeability, formation of oedema and vacuolization, which causes
activation of caspases, thus leading the neuronal cell to apoptosis. Cisplatin and
Oxaliplatin also can affect both mitochondrial and neuronal DNA, leading to
apoptosis. These changes stimulate microglial cells, which release proinflammatory
mediators and growth factors into the damaged areas. Other proinflammatory
mediators are also capable of damaging the myelin sheath. Oxaliplatin also alters
Na" channel conductance through Ca*" chelation. These antineoplastic agents are
also reported to cause peripheral sensitization through up regulation of N-methyl D-
aspartate (NMDA) receptors, potentially translucidic vanilloid channels (TRPV) and
protein kinase C (PKc).

4.3 Antioxidant Agents and Applied Methodology

Several antioxidant compounds have been tested for CIPN treatment. That
occurs because antioxidants had shown amelioration of the neurotoxicity by reducing
oxidative stress. Many of these substances are derived from medicinal herbs. For

example, Matricaria chamomilla (MC) is an herb that is rich in glycosides and
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flavonoids, and is used for sedation, pain management, antispasmodic, anti-
inflammatory and antipyretic properties, wound healing and antioxidant agent in
traditional medicine. Their hydroalcoholic extract could decrease pain responses of
Cisplatin-induced peripheral neuropathy in both phases of Formalin test, indicating
that the MC extract could have central nervous system and peripheral effects. In
comparison with Morphine, MC extract has more anti-inflammatory effects in the
second phase, but fewer analgesic effects in the first phase [5].

Another study used the Salvia officinalis (SO), also rich in flavonoids, which
presented antioxidant and anti-inflammatory properties. The effects of SO
hydroalcoholic extract showed a decrease in Vincristin-induced peripheral
neuropathy pain in the second phase of the Formalin test, presenting better results in
comparison with Morphine [6].

The fruit extract of Momordica charantia L (MC) also demonstrated positive
responses on Vincristin-induced peripheral neuropathy in terms of behavioural,
biochemical, histophatological and antinociception evaluations. The administration of
standardized fruit powder of MC produced antinociceptive action over injury-induced
neuropathic pain in rodents via PPARYy agonistic activity, TNF-a and IL-6 inhibition
(superior to Gabapentin), INOS and nNOS inhibiting property, anti-inflammatory and
antioxidant potential [15].

Lee and co-workers used Green Tea extracts, which contain polyphenol
catechins (gallocatechin, epigallocatechin, epicatechin and epigallocatechin-3-
gallate) and present the ability to prevent chemotherapy-induced toxicities. After the
assessment of Sensory Thresholds, Tail-Flick test, Electrophysiology and Tunel
method, they seem to have a temporary effect on neurotoxicity, but did not prevent
morphometric and electrophysiological alterations induced by Oxaliplatin. Green Tea
extracts may be a useful adjuvant to alleviate sensory symptoms in the early stage of
Oxaliplatin-induced PN [18]. Goshajinkigan (GJG), a blend compound with 10
Japanese traditional medicinal herbs, has been used to treat symptoms such as
numbness, vibration, cold sensation and limb pain associated with diabetic
neuropathy. Sometime later, GJG showed a decrease in Oxaliplatin-induced
neuropathy but without protection against axonal degeneration in sciatic nerves.
Acetone and Von Frey tests showed that GJG reduced cold hyperalgesia and

mechanical allodynia [22].



29

Lately, there is a growing interest in the medicinal potential of phytochemicals.
Scientific evidence has indicated that flavonoids have anti-inflammatory, analgesic
and antioxidants effects. Some studies with Rutin and Quercetin on Oxaliplatin-
induced peripheral neuropathy demonstrated that lipid peroxidation and tyrosine
nitrosylation and hepatotoxicity were prevented with the flavonoid treatment through
Von Frey test, histopathological analysis, immunohistochemistry analyses and
myeloperoxidase activity [7,21]. Quercetin also ameliorates Paclitaxel-induced
neuropathic pain by stabilizing mast cells. Heat hyperalgesia and mechanical
allodynia were evaluated by Gao et al. Spinal cords and dorsal root ganglia tissues
were harvested for analyzing PKCe and TRPV1 expression levels. The plasma
histamine levels also were assessed [26].

Nariginin, which presents many biological properties such as antiradical agent,
antilipid peroxidation, anti-inflammatory and antimutagenic effects, should be used as
part of a therapeutic regimen to prevent against Cisplatin-induced peripheral
neuropathy and cognitive deficits. The results were obtained from behavioural tests
and biochemical analysis of the hippocampus [10]. A Silybum marianum-derived
flavonoid, Silibinin, exhibits antihyperalgesic activity, protective effects in hepatic
diseases and in neurodegenerative disorders; it's also inhibits the overprodution of
ROS and prevents oxidative modification of low-density lipoproteins. Silibinin was
able to reduce Oxaliplatin-induced peripheral neuropathy in rodents, through Von
Frey test, cold plate test, rota-rod test, tissue processing, TBARS (Thiobarbituric Acid
Reactive Substances), carbonylated protein evaluation and DNA oxidation [19].

Curcumin, a poliphenolic non-flavonoid compound isolated from the traditional
herb Curcuma longa, is a common oriental spice used to manage various disorders
over thousands of years. Curcumin has been reported as a strong antioxidant, anti-
inflammatory, anticancer, antidepressant and neuroprotective agent. Besides, it
presents antinociceptive effects in different animal models of pain, including diabetic
neuropathic pain and CIPN. These results may also be attributed to
Tetrahydrocurcumin that is one more bioavailable and potent metabolite of Curcumin.
The analyses involved behavioural tests, biochemical estimation, formalin test,
determination of sciatic functional index and neurophysiological study [8,12,20].

Resveratrol is a polyphenol found in grapes and red wine, commercially
available as a safe dietary supplement, and it has been reported to have

antineoplastic activities. Resveratrol has also been shown to prevent the formation of
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free radicals inhibiting the lipid peroxidation, and to have anti-inflammatory
properties. It is also a neuroprotective agent against excitotoxicity. The combination
of these activities is useful to protect against Cisplatin-induced peripheral
neuropathy, and is what has been tested through behavioural studies,
electrophysiology and biochemical estimation; it also protects against Oxaliplatin-
induced neuropathic pain, that has been tested through Von Frey test,
immunohistochemistry analyses and myeloperoxidase activity [9,21].

The isoflavone Rotenone (mitochondrial complex | inhibitor) and Antimycin A
(mitochondrial complex Il inhibitor) were tested by Grffiths and Flatters, through Von
Frey and rota-rod tests, for pharmacological modulation of mitochondrial ROS-
producing sites and thus to produce antinociceptive effects on Paclitaxel-induced
neuropathy. However, only the complex Il activity inhibition showed positive results
[13]. Ferulic Acid (a phenolic phytochemical commonly found in fruits and
vegetables) and Matrine (an alkaloid found in plants from the Sophora genus) were
able to reduce the signs of Vincristin-induced peripheral neuropathy. The results
were found through behavioural, electrophysiological, biochemical and
histopathological analyzes [27, 28].

Antioxidant agents from several sources presenting positive effects against
CIPN symptons have been studied, such as Coenzyme Q10 (CoQ10), which is an
oil-soluble, vitamin-like substance present in the mitochondria. It has shown
protective effects against neuronal loss in animal models of neurodegenaration,
regenerating other antioxidants, stimulating cell growth and inhibiting cell death.
Alpha-lipoic is a natural dithiol compound also synthesized in the mitochondria. It
reacts with ROS, decreases lipid peroxidation and generate a neuroprotective role.
Monosodium Glutamate is the sodium salt of Glutamic Acid and contributes as an
important role in the biosynthesis of several key amino acids. Glutamate is involved
in the modulation of microtubules, that affect the intracellular transport, exerting an
indirect effect on these after interacting with a receptor found only in neural cells,
acting as neuroprotectant. Through behavioural studies, electrophysiology and
biochemical estimation, the combination of these substances demonstrated
protection against Cisplatin-induced neurotoxicity [9].

Mangafodipir, a quelate of Manganese and Vitamin B6 derivative ligand
Fodipir, can protect a variety of cells from oxidative stress and act upon voltage-

gated potassium channels. It has been shown to be able to prevent Oxaliplatin-
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induced neuropathy, through rota-rod, Von Frey test, cold plate, electrophysiology
and morphological study of sciatic nerve sections [11]. MnL4 (polyamine-
polycarboxylate-Mn" complex 4,10-dimethyl-1,4,7,10-tetraazacyclododecane-1,7-
diacetic acid Mn") is a small lipophilic molecule that is able to enter cells easily. It
contains the Mn (lIl) ion, which determines a potent mimetic activity of superoxide
dismutase enzymes (SOD) capable of reducing ROS toxicity. Slow and continuous
administration of MnL4 in animals treated with Oxaliplatin improved the neuropathic
symptoms compared to the group receiving only the antineoplastic agent. The
animals were evaluated using the paw pressure, Von Frey, cold plate and rota-rod
tests [23].

The 3-[4-(3-trifluoromethyl-phenyl)-piperazin-1-yl]-dihydrofuran-2-one (LPP1)
is an efficacious antiallodynic, antihyperalgesic and analgesic compound. In
combination with Pregabalin, LPP1 was shown to very effectively decrease tactile
allodynia in Oxaliplatin and Paclitaxel neuropathic pain, through cold water test,
mechanical stimulation, hot plate test, rota-rod test and capsaicin test [3].
Phosphatidylcholine (PC), a major constituent of cell membranes, has antioxidant
and anti-inflammatory effects and prevents lipidic peroxidation. Kim et al evaluated
the protective effect of PC by recording the thermal nociception in Oxaliplatin-induced
peripheral neuropathy and found positive results that may be attributed to a
neuroprotective properties [17].

Three classic antioxidant agents, Acetyl-L-Carnitine, a-Lipoic Acid and Vitamin
C were studied by Joseph et al. They produced significant attenuation of acute
hyperalgesia induced by Oxalipaltin, according to behavioural tests and
immunohistochemistry [16]. However, Vitamin C and Sodium Bicarbonate did not
show superior results when compared to the treatment with Morphine or Ibuprofen in
Cisplatin-induced peripheral neuropathy, through Von Frey test and acetone test [14].
a-Lipoic Acid as also been studied by Kahng and co-workers for treatment of
Vincristin-induced peripheral neuropathy. It was able to reduce mechanical and cold
allodynia using Von Frey and Acetone tests [29].

Carvedilol is an antihypertensive drug that also presents antioxidant and
mitoprotective properties. Areti and co-workers shown that co-treatment with
Carvedilol exhibited free radical scavenging activity against Oxaliplatin-induced

oxidative stress in neuronal cells, reducing the levels of nitrotyrosine and improving
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the mitochondrial superoxide dismutase expression in both sciatic nerve and dorsal
root ganglia tissues [24].
Table 1 summarizes all antioxidant agents that were used and tests that were

applied in each study.

4.4 Conclusion

In an attempt to obtain an effective treatment for CIPN, the use of animal
models has been fundamental to provide the survey archetype reproducible. As
many drugs can cause CIPN, studies must take into account the particularities of the
symptoms caused by each of them. Furthermore, it is increasingly necessary to
understand the formation's mechanisms of peripheral neuropathy on what the
treatment targets are better defined. With an increasing amount of substances being
studied, especially antioxidant agents, and the development of accurate techniques
and tests, it is expected that soon the CIPN will be a treatable medical condition, with
defined protocols, and postponement or interruption of antineoplastic treatment will

no longer be necessary.
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Antioxidant agents and methodology applied in animal models
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Antineoplastic Reference Substances

Tests

Cisplatin Abad et al. (2011), Matricaria chamomilla

flower alchoholic extract

Formalin test

Bhadri et al. (2013)
Resveratrol
Alpha-lipoic Acid
Coenzyme Q10

Monosodium Glutamate

Tail immersion (50°C)

Grip strength meter

Rota-rod

Isolation of sciatic nerve

Measurement of nerve conduction velocity

Biochemical estimation (sciatic nerve homogenate preparation,
TBARS, reduced glutathione, catalase)

Chtourou et al. (2015) Naringin

Open field

Elevated plus maze

Biochemical analysis of the Hippocampus (TBARS, protein
carbonyl, hydroperoxide assay, reduced glutathione, acid
ascorbic, catalase, superoxide dismutase, glutathione
peroxidase, nitric oxide, nitric oxide synthase, ROS,
acetylcholinesterase, Na*, K*, Ca®*, Mg*, ATPase, protein
guantification)

Guindon et al. (2014)  Vitamin C
Sodium Bicarbonate
Resveratrol

Von Frey

Acetone test

Measurement of creatinine, ketone and glucose levels
Quantification of lumbar spinal cord and kidneys mRNA

Moundhri et al. (2013)  Curcumin

Locomotor and behavioural activity
Rota-rod
Cold water tail-flick test
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Tail-flick test

Paw pressure test

Histological evaluation of sciatic nerve

Biochemical measurements (neurotensin, platinum)

Oxaliplatin

Areti, Komirishetty and
Kumar (2017)

Carvedilol

Nerve conduction velocity

Eddy’s cold plate

Acetone test

Von Frey

Estimation of oxidative/nitrosative stress markers
Assessment of mitochondrial functions
Immunohistochemical analysis

Azevedo et al. (2013)

Rutin
Quercetin

Von Frey

Tail immersion (10°C)

Histopathological analysis and immunohistochemistry of
lumbar spinal cord

Histopathological analysis and immunohistochemistry of hind
paw skin

TBARS

Coriat et al. (2014)

Mangafodipir

Rota-rod

Cold plate

Von Frey

Electrical stimulation

Morphological study of sciatic nerve
Oxidative stress in the serum

Joseph et al. (2008)

Acetyl-L-carnitine
Alpha-lipoic Acid
Vitamin C

Randall-Selitto test

Von Frey

Heat stimulation (Hargreaves method)

Tail immersion (5°C, 10°C, 15/C)

Rota-rod

Immunohistochemistry of spinal cord segments
Single-fibre in vivo electrophysiology




Kim et al. (2015)

Phosphatidylcholine

35

Paw pressure test

Hot plate

Tail flick test

Histopathological and immunohistochemical evaluations of
sciatic nerve and lumbar spinal cord

Biochemical measurements (lipid peroxidation, total

glutathione, glutathione peroxidase, superoxide dismutase)
Lee et al. (2012) Greent tea extracts Von Frey

Tail-flick test

Electrical stimulation
TUNEL method

Mannelli et al. (2012)

Silibinin

Paw pressure test

Von Frey

Cold plate

Rota-rod

TBARS

Carbonylated protein evaluation
DNA oxidation

Mannelli et al. (2016)

polyamine-polycarboxylate-
Mn" complex 4,10-dimethyl-
1,4,7,10-
tetraazacyclododecane-1,7-
diacetic acid Mn" (MnL4)

Paw pressure test
Von Frey

Cold plate
Rota-rod

Moundhri et al. (2013)

Curcumin

Locomotor and behavioural activity

Rota-rod

Cold water tail-flick test

Tail-flick test

Paw pressure test

Histological evaluation of sciatic nerve

Biochemical measurements (neurotensin, platinum)

Salat et al. (2014)

3-[4-(3-
trifluoromethylphenyl)-

Cold water test
Von Frey
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piperazin-1-yl]-dihydrofuran- Hot plate
2-one (LPP1)
Schwingel et al. (2014) Resveratrol Von Frey
Rutin Histopathological analysis of lumbar spinal cord
Quercetin Immunohistochemistry for c-Fos and caspase-3

Quercetin nanoemulsion

Measurement of myeloperoxidase activity
Serum analysis os aspartate-aminotransferase and alanine-
aminotransferase

Ushio et al. (2011) Goshajinkigan Acetone test
Von Frey
Histopathological analysis of sciatic nerve
Paclitaxel Gao et al. (2016) Quercetin Hot water tail-flick test
Von Frey
Estimation of the plasma histamine level
Western blot
Immunohistochemistry
Griffiths and Flatters Rotenone Von Frey
(2015) Antimycin A Rota-rod
Salat et al. (2014) 3-[4-(3- Rota-rod
trifluoromethylphenyl)- Locomotor and behavioural activity
piperazin-1-yl]-dihydrofuran- Capsaicin test
2-one (LPP1) Allyl isothiocyanate-induced pain
Vincristin Abad et al. (2011), Salvia officinalis leaf Formalin test

alchoholic extract

Babu et al. (2014)

Curcumin

Hot plate

Cold plate

Pin prick test

Rota-rod

Determination of sciatic functional index
Formalin



37

Biochemical estimation (superoxide dismutase, catalase,
glutathione peroxidase, reduced glutathione, LPO levels, nitric
oxide, total protein content, total calcium)

Greeshma et al. (2015) Tetrahydrocurcumin

Hot plate

Cold plate

Randall-Selitto test

Rota-rod

Determination of sciatic functional index

Formalin test

Neurophysiological study

Biochemical estimation (superoxide dismutase, catalase,
glutathione peroxidase, reduced glutathione, LPO levels, nitric
oxide, total protein content, total calcium, TNF-alpha)

Gong et al. (2016)

Matrine

Von Frey

Cold plate

Hot plate

Paw pressure

Rota-rod

Sciatic functional index

Sensory nerve conduction velocity

Sensory nerve action potential

Biochemical estimation (malondialdehyde, total antioxidant
capacity, superoxide dismutase, glutathione peroxidase, total
calcium, myeloperoxidase)

Histopathological Evaluation

Western blot

Jain et al. (2015)

Momordica charantia fruit
extract

Acetone test

Pin prick test

Hot plate

Paint-brush test

Walking track test

Measurement of spleen white pulp
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Histopathological evaluation of sciatic nerve

Biochemical estimation (protein content, TBARS, reduced
glutathione, cytokines level, myeloperoxidase activity, nitrite,
mitochondria isolation and mitochondrial complex estimation)

Kahng et al. (2015)

Alpha-lipoic Acid

Von Frey
Acetone test

Vashistha, Sharma
and Jain (2016)

Ferulic Acid

Pin prick test

Hot plate

Acetone test

Paint-brush test

Biochemical estimation (total protein content, TBARS, reduced
glutathione, MPO activity, total calcium, cytokines level)
Determination of motor nerve conduction velocity
Determination of sensory nerve conduction velocity
Histopathological evaluation of sciatic nerve
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5 CONCLUSAO

Por se tratar de uma condicao clinica que ndo possui tratamento especifico,
0s estudos que avaliam alternativas de tratamento para a Neuropatia Periférica
Induzida por Quimioterapia apresentam relevancia cientifica significativa. Atrelado as
caracteristicas de seguranca e tolerabilidade, o uso de substancias antioxidantes
para a prevencdo ou tratamento da NPIQ configura-se como uma estratégia
interessante, ja que estes agentes apresentam atividade neuroprotetora comprovada
através de diversos mecanismos, fornecendo protecdo para os tecidos saudaveis,
aparentemente, sem comprometer a eficacia antitumoral do tratamento

antineoplasico.
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6 PERSPECTIVAS FUTURAS

A utilizacdo direcionada de compostos antioxidantes, através de uma
abordagem baseada em mecanismos farmacologicos e interacdo clinica, nos
ajudard a elaborar novas estratégias terapéuticas de prevencdo e tratamento da
Neuropatia Periférica Induzida por Quimioterapia. Muitas substancias promissoras,
com possiveis efeitos sobre a NPIQ foram identificadas nos ultimos anos, porém, o
conhecimento dos mecanismos de acdo deve ser ampliado e ha a necessidade de
uma maior interacdo entre as metodologias desenvolvidas para os estudos
experimentais e os estudos clinicos. A realizagdo de ensaios clinicos € necessaria
para validar resultados encontrados nos estudos experimentais, que dependem de
sintomas clinicos ou achados de exames em pacientes.

Espera-se que n&o apenas 0S mecanismos de acao dos compostos
antioxidantes sejam descritos, como também as interacbes destes com o0s agentes
antineoplasicos devem ser investigadas e analisadas em profundidade. Visto que a
NPIQ apresenta varios mecanismos possiveis de degeneracdo neuronal, uma
combinacgao de substancias pode ser uma oportunidade promissora de prevencgao e
tratamento, com foco em mudltiplos alvos de degeneracdo ou ativacdo da
regeneracao neuronal.

Além disso, quando analisadas as metodologias empregadas em estudos pre-
clinicos com animais na NPIQ, algumas fragilidades metodoldgicas surgem. Seria
interessante que o0s estudos apresentassem metodologia padronizada, com
dosagem padrdo quando utilizado o mesmo agente antineoplasico e mesmo periodo
de tempo de inducdo e tratamento. Também seria interessante considerar a
possibilidade de definicdo de uma melhor combinacdo de medidas de resultado,
entre os diversos tipos de analises que podem ser realizadas (comportamentais,
eletrofisioldgicas, histopatoldgicas, quantificacdo de estresse oxidativo e de fatores
desencadeadores de neuroinflamacédo, entre outras). Por fim, entendemos que a
preocupacao com a utilizacado de testes que possam ser reprodutiveis em ensaios
clinicos deveria ser constante. Um dos principais desafios relacionados aos testes
utilizados atualmente é a comprovacado da eficacia para avaliagdo das disestesias e
parestesias dolorosas espontaneas, que sdo queixas frequentes dos pacientes

submetidos a tratamento quimioterapico.
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APENDICE

METODOLOGIA

Foi realizada uma busca nas bases de dados SCOPUS, PUBMED e
SCIENCE DIRECT, nos meses de Fevereiro e Mar¢co de 2016, com 0s seguintes
descritores: antioxidant AND (prevention OR treatment) AND neuropathy AND
chemotherapy. O periodo da busca abrangeu os trabalhos publicados a partir do ano
de 2006.

Foram excluidos os artigos escritos em lingua diferente do Portugués, Inglés
ou Espanhol e os artigos repetidos. De um total de 805 trabalhos, apds analise de
titulo e abstract, foram selecionados 20 e, ap0s leitura completa, foram utilizados 19
artigos para elaboracéo da revisao.

Em Janeiro de 2017, foi realizada uma atualizagdo da busca, com acréscimo
de 1 artigo. Uma segunda atualizagdo foi realizada em Maio de 2017 e foram

acrescentados 5 trabalhos, totalizando 25 artigos na verséo final da revisao.
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Carta de Aceite - Clinical and Experimental Pharmacology and Physiology.

Dear Dr. Carvalho,
Ms id: CEPP-17-0042.R1
Ms title: The use of antioxidant agents for chemotherapy-induced peripheral

neuropathy treatment in animal models

We are delighted to confirm that your manuscript is now suitable for
publication in Clinical and Experimental Pharmacology and Physiology.

Your manuscript will be published online as an ‘accepted article’ within the
next few days. Please respond immediately if you do not want your manuscript to be
published as an accepted article.

Your paper will be produced by our professional production editors and you
can expect to receive page proofs of your manuscript in one to three months. You will
first be contacted by the copy editor with some initial questions and then the
typesetter, Scientific Publishing Services Limited (SPS), will send you proofs. We
would appreciate it if you could respond promptly on both occasions.

Proofs will be sent as an Acrobat PDF (portable document format) file.
Acrobat Reader will be required in order to read this file. This software can be
downloaded (free of charge) from the following Web

site: http://www.adobe.com/products/acrobat/readstep2.html. This will enable the file

to be opened, read on screen, and printed out in order for any corrections to be
added. Further instructions will be sent with the proof.

Your article cannot be published until you have signed the appropriate license
agreement. Within the next few days you will receive an email from Wiley's Author
Services system which will ask you to log in and will present you with the appropriate
licence for completion.

If you believe that your images (either in your paper or prepared separately)
may be appropriate for use on the cover of Clinical and Experimental Pharmacology
and Physiology, please email the Production Editor (Edmar Mendoza
at CEPPproduction@wiley.com) with your suggestions and images (600 dpi for line

art and 300 dpi for color image). Please note that there is a charge to compensate

the production cost and the Editor-in-Chief will provide the final approval. There is no
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guarantee that your images will be chosen. A payment form will be forwarded to you
by the Production Editor.

We would like to take this opportunity to invite you to submit names of your
associates who might be interested in purchasing reprints of your article or any
company that might be interested in having an advertisement in the same issue in
which your article will appear. Please forward this information to Sophie Price

at sprice@wiley.com so that our Corporate Sales team can follow up with them.

Thank you for submitting your paper to CEPP.

Yours sincerely,

Prof. Jun-Ping Liu

Editor-in-Chief, Clinical and Experimental Pharmacology and Physiology



