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RESUMO 
 

REIS, Angélica Schiavom. Implicações envelhecimento na neuropatia 
induzida por oxaliplatina: 7-cloro-4-(fenilseleno)quinolina como estratégia 
terapêutica. Orientadora: Ethel Antunes Wilhelm. 2021. 300 f. Tese (Doutorado 
em Ciências com ênfase em Bioquímica e Bioprospecção) - Centro de Ciências 
Químicas, Farmacêuticas e de Alimentos, Universidade Federal de Pelotas, 
Pelotas, 2021. 
 
Considerando a complexidade dos efeitos induzidos pela oxaliplatina e a falta 
de tratamento eficaz, principalmente para os idosos, tornam-se cada vez mais 
relevantes estudos que contribuam para a compreensão dos mecanismos 
envolvidos na neuropatia periférica induzida pela oxaliplatina (NPIO) e, que 
identifiquem novos alvos farmacológicos para o desenvolvimento de terapias 
eficazes e seguras para todas as idades. Neste contexto, destaca-se o 7-cloro-
4-(fenilselanil) quinolina (4-PSQ), um derivado de quinolina contendo selênio 
que tem sido amplamente estudado, dado que este apresenta promissores 
efeitos antioxidante e neuroprotetor. Portanto, o conjunto dos fatores citados 
nos conduziram a investigar a ação do 4-PSQ em um modelo de NPIO em 
diferentes idades. Nesse sentido, a 1a etapa deste estudo demonstrou que, 
apesar das defesas eficientes do sistema nervoso central (SNC), após a 
exposição à oxaliplatina ocorre um acúmulo de platina na medula espinhal de 
camundongos, o que amplia o conhecimento sobre a sua toxicidade. Ainda, foi 
proposto que o acúmulo de platina na medula espinhal pode causar danos 
oxidativos aos neurônios e prejudicar a função mitocondrial. Além disso, o 4-
PSQ reduziu a dor neuropática subjacente a NPIO. Na 2a etapa do estudo, foi 
demonstrada uma correlação significativa entre o comportamento ansioso e o 
prejuízo cognitivo, comorbidades associadas à NPIO. A administração de 
oxaliplatina aumentou os níveis de corticosterona plasmática e inibiu a 
atividade da enzima Na+, K+ - ATPase. O 4-PSQ reverteu as comorbidades e 
os seus efeitos farmacológicos parecem ser, principalmente, devido à 
modulação da enzima Na+, K+ - ATPase. Na 3ª etapa do estudo, demonstro-se 
pela primeira vez que a NPIO aguda foi exacerbada pelo envelhecimento por 
meio do aumento do dano oxidativo e modulação da Na+, K+ - ATPase. O 4-
PSQ reverteu os danos causados pela oxaliplatina, com destaque, para os 
potencializados pelo envelhecimento. Na 4ª etapa do estudo, foi evidenciado 
pela primeira vez que a NPIO crônica foi exacerbada pelo envelhecimento. 
Alterações na concentração de bioelementos, no estado redox e nas vias de 
neuroproteção e neuroplasticidade induzidas pelo envelhecimento parecem 
contribuir para a NPIO. A deposição de platina foi identificada pela primeira vez 
no cérebro de camundongos expostos à oxaliplatina, independentemente da 
idade. Na 5ª etapa do estudo, foi demonstrado que o 4-PSQ reverteu a NPIO 
crônica e suas comorbidades. A ação farmacológica do 4-PSQ neste modelo 
experimental parece envolver a modulação das enzimas Na+, K+ - ATPase e 
acetilcolinesterase e, principalmente, a promoção do equilíbrio redox. Na 6ª 
etapa do estudo, o potencial farmacológico e antioxidante do 4-PSQ 
destacaram-se em um modelo de dor oncológica. Este estudo é inovador, 
provendo uma perspectiva sobre o impacto do envelhecimento na NPIO e, 
evidências sobre os efeitos do 4-PSQ. 
Palavras-chave: Oxaliplatina, envelhecimento, platina, neurotoxicidade, dor. 
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ABSTRACT 

 
REIS, Angélica Schiavom. Implications of aging in oxaliplatin-induced 
neuropathy: 7-Chloro-4-(phenylselanyl) quinoline as a therapeutic 
strategy. Adviser: Ethel Antunes Wilhelm. 2021. 300 f. Thesis (Doctorate in 
Science with an emphasis on Biochemistry and Bioprospecting) - Centro de 
Ciências Químicas, Farmacêuticas e de Alimentos, Universidade Federal de 
Pelotas, Pelotas, 2021. 
 
Given the complexity of the effects induced by oxaliplatin and the lack of 
effective treatment, especially for the elderly, studies that contribute to the 
understanding of the mechanisms involved in oxaliplatin-induced peripheral 
neuropathy (NPIO) and that identify new pharmacological targets are becoming 
increasingly relevant for the development of effective and safe therapies for all 
ages. In this context, 7-chloro-4-(phenylselanyl) quinoline (4-PSQ) stands out, a 
quinoline derivative containing selenium, that has been widely studied, as it has 
promising antioxidant and neuroprotective effects. Therefore, the set of factors 
mentioned led us to investigate the action of 4-PSQ in an NPIO model at 
different ages. In this sense, the 1st stage of this study showed that, despite the 
efficient defenses of the central nervous system (CNS), after exposure to 
oxaliplatin, there is an accumulation of platinum in the spinal cord of mice, 
which increases the knowledge about its toxicity. Furthermore, it has been 
proposed that the accumulation of platinum in the spinal cord can cause 
oxidative damage to neurons and impair mitochondrial function. In addition, 4-
PSQ reduced the neuropathic pain underlying NPIO. In the 2nd stage of the 
study, a significant correlation was shown between anxious behavior and 
cognitive impairment, comorbidities associated with NPIO. Also, the 
administration of oxaliplatin caused an increase in plasma corticosterone levels 
and inhibition of the enzyme Na+, K+ - ATPase. 4-PSQ reversed comorbidities 
and its pharmacological effects seem to be mainly due to the modulation of the 
enzyme Na+, K+ - ATPase. In the 3rd stage of the study, it was demonstrated for 
the first time that acute NPIO was exacerbated by aging through increased 
oxidative damage and modulation of Na+, K+ - ATPase. The 4-PSQ reversed 
the damage caused by oxaliplatin, especially for those aggravated by aging. In 
the 4th stage of the study, it was shown for the first time that chronic NPIO was 
exacerbated by aging. Changes in bioelement concentration, oxidative status, 
and neuroprotection and neuroplasticity pathways seem to contribute to NPIO. 
Platinum deposition was first identified in the brain of mice exposed to 
oxaliplatin, regardless of age. In the 5th stage of the study, it was demonstrated 
that 4-PSQ reversed chronic NPIO and its comorbidities. The pharmacological 
action of 4-PSQ in this experimental model seems to involve the modulation of 
the enzymes Na+, K+ - ATPase and acetylcholinesterase and, mainly, the 
promotion of redox balance. In the 6th stage of the study, the pharmacological 
and antioxidant potential of 4-PSQ stood out in a cancer pain model. This study 
is innovative, providing a perspective on the impact of aging on NPIO and 
evidence on the effects of 4-PSQ. 
 
Keywords: Oxaliplatin, aging, platinum, neurotoxicity, pain. 
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1 INTRODUÇÃO 

A organização mundial da saúde (OMS) estima que 20% da população 

mundial terá mais de 60 anos em 2050 (FANE e WEERARATNA, 2020). O 

envelhecimento é um processo complexo caracterizado pelo declínio das 

funções fisiológicas, com degradação progressiva e redução da capacidade de 

reparo dos tecidos e sistemas orgânicos, levando a um risco aumentado de 

mortalidade. No entanto, com os crescentes avanços na saúde pública, a 

população mundial está vivendo mais e alcançando idades mais avançadas, 

aumentando a incidência de muitas doenças crônicas relacionadas à idade, 

incluindo doenças neurodegenerativas e cânceres (BHADRA et al., 2020). 

De fato, a maior incidência de câncer ocorre em pacientes com mais de 

60 anos (FANE e WEERARATNA, 2020). Em 2018, 13% dos casos novos de 

câncer no mundo ocorreram em indivíduos com 80 anos ou mais (PILLERON 

et al., 2020). De acordo com o banco de dados GLOBOCAN, o câncer 

colorretal é uma das doenças malignas mais comuns, uma das principais 

causas de morte relacionada ao câncer no mundo (FERLAY et al., 2019) e, é o 

terceiro tipo de câncer com maior incidência em idosos de ambos os sexos 

(PILLERON et al., 2020). Atualmente, apesar do progresso nos regimes 

quimioterápicos, que resultaram em melhorias substanciais para os pacientes, 

a quimioterapia leva a inúmeras alterações na estrutura e função celular, as 

quais estão associadas a toxicidade grave, duradoura ou irreversível.  

A oxaliplatina, um fármaco quimioterápico à base de platina, é um 

componente importante no tratamento do câncer colorretal que aumenta 

significativamente a taxa de sobrevida dos pacientes (NICHETTI et al., 2019). 

No entanto, a neurotoxicidade induzida pela administração da oxaliplatina é um 

efeito adverso grave e potencialmente permanente, inicialmente caracterizado 

por sintomas clínicos agudos que são exacerbados com a exposição contínua 

a oxaliplatina, resultando no estabelecimento de neurotoxicidade crônica e dor 

neuropática (STAROBOVA e VETTER, 2017; MCQUADE et al., 2018; 

CAVALETTI e MARMIROLI, 2020). Apesar dos avanços significativos na 

compreensão da neurotoxicidade induzida por oxaliplatina, diversas dúvidas 

ainda persistem, tanto em relação aos sintomas clínicos quanto à base celular 

e molecular. Na neuropatia periférica aguda induzida por oxaliplatina (NPAIO), 

a interferência reversível da oxaliplatina e seus metabólitos, como o oxalato, 
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nos canais iônicos foi descrita como mecanismo principal, mas o conhecimento 

sobre outros mecanismos envolvidos ainda é limitado. Em relação à neuropatia 

periférica crônica induzida por oxaliplatina (NPCIO), a hipótese mais aceita 

envolve a toxicidade mitocondrial. Este mecanismo tem sido extensivamente 

investigado por meio de alterações na morfologia mitocondrial, bioenergética e 

geração de espécies reativas (CAVALETTI e MARMIROLI, 2020).  

A neuropatia periférica induzida pela administração de oxaliplatina 

(NPIO) é a principal toxicidade limitante da dose, afetando negativamente a 

qualidade de vida dos pacientes e levando à descontinuação do tratamento 

(NICHETI et al., 2019). Pacientes com NPIO apresentam dor neuropática como 

um dos sintomas clínicos (FLATTERS et al., 2017) e comorbidades como o 

declínio cognitivo e o comportamento ansioso. Entretanto, a natureza e o 

impacto do conjunto dos mecanismos neurobiológicos envolvidos na NPIO não 

estão completamente caracterizados. De fato, os mecanismos patológicos 

subjacentes à neurotoxicidade induzida pela oxaliplatina constituem um 

problema clínico desafiador (MATSOS e JOHNSTON, 2019).  

Além disso, outros fatores biológicos podem ter um impacto negativo na 

fisiopatologia da NPIO e agravar a dor neuropática, como o processo 

degenerativo causado por doença ou envelhecimento. A experiência da dor 

resulta de um conjunto complexo de ações e interações entre o sistema 

nervoso central (SNC) e o sistema nervoso periférico (SNP). Em pacientes 

idosos, é necessário considerar o declínio da neurogênese com a idade 

(NGUYEN e EHRLICH, 2020), bem como a perda progressiva das funções 

orgânicas, principalmente, devido ao acúmulo de dano oxidativo às 

macromoléculas (LIGUORI et al., 2018). Assim, uma hipótese é que pacientes 

idosos em tratamento com a oxaliplatina são mais suscetíveis aos efeitos 

adversos, principalmente à dor. Nessa linha, novas abordagens terapêuticas 

devem considerar as peculiaridades do envelhecimento em busca de terapia 

segura e eficaz para o tratamento da NPIO. 

Nesse contexto, destaca-se o 7-cloro-4-(fenilselanil) quinolina (4-PSQ) 

(Figura 1), um composto amplamente estudado por nosso grupo de pesquisa. 

Primeiramente, foi demonstrada a ação antioxidante in vitro do 4-PSQ 

(SAVEGNAGO et al., 2013).  A partir disso, evidenciamos um importante 

potencial do 4-PSQ em modelos de nocicepção e inflamação em camundongos 
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(PINZ et al., 2016, VOSS et al., 2018). Além disso, o composto reduziu a 

inflamação aguda induzida por carragenina e apresentou ações neuroprotetora 

e ansiolítica em camundongos (REIS et al., 2017; SILVA et al., 2017; PINZ et 

al., 2018; VOGT et al., 2018). Nossos resultados sugerem que os efeitos 

farmacológicos do 4-PSQ estão associados à sua ação antioxidante e à 

modulação dos sistemas serotoninérgico, nitrérgico e glutamatérgico, ou seja, o 

4-PSQ é uma molécula multialvo (PINZ et al., 2016; REIS et al., 2017; SILVA et 

al., 2017; LUCHESE et al., 2020). Além disso, nosso grupo de pesquisa 

demonstrou que o tratamento com o 4-PSQ restaurou o comprometimento 

cognitivo causado pelo envelhecimento em ratos, uma vez que reestabeleceu 

os níveis de expressão das moléculas de adesão celular neural, que 

desempenham um papel fundamental na plasticidade sináptica e processos 

cognitivos (BARTH et al., 2019). E, recentemente, evidenciou-se que o 4-PSQ 

reverteu os danos renais e hepáticos induzidos por oxaliplatina (LEMOS et al., 

2020; da MOTTA et al., 2021).  

Assim, diante da necessidade de novas abordagens para a NPIO que 

considerem as especificidades de diferentes faixas etárias, este estudo teve 

como objetivo responder as seguintes questões/hipóteses: i) o envelhecimento 

altera a suceptibilidade à NPIO e suas comorbidades? ii) a platina se deposita 

no SNC e contribui para o dano oxidativo que desencadeia a NPIO? iii) 

alterações em vias oxidativas, neuroprotetoras e de neuroplasticidade; e na 

concentração de biolementos agravam a NPIO em idosos? iv) o 4-PSQ reduz a 

neuropatia e as comorbidades independente da idade devido ao seu potencial 

antioxidante? v) o 4-PSQ reduz a dor oncológica? Esta tese aborda um tema 

extremamente relevante para a saúde pública mundial, e poderá impactar 

significativamente na compreensão da neurotoxicidade subjacente a 

oxaliplatina.  

 

Figura 1. Estrutura química do 7-cloro-4-(fenilselanil) quinolina (4-PSQ) 
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OBJETIVOS 

2.1 Objetivo geral  

Investigar o papel do envelhecimento na neuropatia periférica induzida 

por oxaliplatina (NPIO) e elucidar o potencial farmacológico do composto 

sintético 7-cloro-4-(fenilseleno)quinolina (4-PSQ), a fim de evidenciar os 

mecanismos fisiopatológicos envolvidos na NPIO e buscar uma estratégia 

farmacológica segura e eficaz para o tratamento. 

 

2.2 Objetivos específicos  

 Avaliar se o envelhecimento altera a fisiopatologia, os sintomas, e as 

comorbidades emocionais e cognitivas da NPIO; 

 Investigar se a platina, após o tratamento com a oxaliplatina, é capaz de 

permear a barreira hematoencefálica (BHE) e se acumular no SNC;    

 Correlacionar as concentrações dos elementos selênio, cobre, potássio, 

fósforo, sódio, enxofre, magnésio, cálcio, manganês, zinco, ferro, cobalto 

e platina com o envelhecimento e, também, com a exposição à 

oxaliplatina em diferentes idades; 

 Determinar o impacto causado pela associação entre o envelhecimento 

e a exposição à oxaliplatina no equilíbrio redox do SNC e nervo ciático. 

 Comparar a expressão gênica e/ou atividade de proteínas envolvidas no 

equilíbrio oxidativo e na plasticidade sináptica em camundongos jovens 

e velhos expostos à oxaliplatina; 

 Investigar as vias do Nrf2 e do BDNF como potenciais alvos 

farmacológicos para o tratamento da NPIO considerando as 

peculiaridades da idade;  

 Investigar novos alvos farmacológicos, incluindo a modulação das 

enzimas Na+K+ - ATPase, Mg2+ - ATPase e acetilcolinesterase (AChE), 

para o tratamento da neurotoxicidade induzida pela oxaliplatina e suas 

comorbidades em diferentes idades; 

 Elucidar o potencial farmacológico do 4-PSQ na dor associada a NPIO e 

suas comorbidades em camundongos/ratos velhos e jovens. 

 Avaliar o potencial farmacológico do 4-PSQ na dor oncológica. 
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3 REFERENCIAL TEÓRICO 

3.1 Envelhecimento 

O envelhecimento é um processo complexo caracterizado pelo declínio 

da função fisiológica, com degradação progressiva e redução da capacidade de 

reparo dos tecidos e sistemas orgânicos, levando a um risco aumentado de 

doeças e mortalidade. A senescência é um processo metabólico ativo de 

envelhecimento celular associado ao processo de envelhecimento (BHADRA et 

al., 2020). As células senescentes exibem algumas propriedades do 

envelhecimento. 

De fato, diversas características do envelhecimento incluindo a 

disfunção mitocondrial, detecção desregulada de nutrientes, alterações em 

proteínas, e instabilidade genômica induzem células normais a se tornarem 

senescentes, o que por sua vez pode levar à senescência de células normais 

próximas. A indução de células normais à senescência, associado ao declínio 

na atividade do sistema imunológico em idosos, causa acúmulo de células 

senescentes no organismo. E, em indivíduos idosos, esse acúmulo contribui 

para a disfunção dos tecidos e aumenta o risco de desenvolvimento de 

doenças associadas à idade (BORGHESAN et al., 2020). 

Lesões ao ácido desoxirribonucleico (DNA), como as induzidas por 

estresse oxidativo, radiação, e agentes genotóxicos incluindo os 

quimioterápicos, ativam mecanismos de reparo celular, entretanto, a 

continuidade dos danos causa liberação de quimiocinas, citocinas, e proteases 

gerando inflamação celular e disfunção mitocondrial. Por sua vez, mitocôndrias 

disfuncionais induzem à senescência. A senescência associada à disfunção 

mitocondrial leva à hiperprodução de espécies reativas de oxigênio. A teoria do 

envelhecimento pela ação de espécies reativas é baseada na hipótese de que 

as perdas funcionais associadas à idade são devido ao acúmulo de danos 

oxidativos às macromoléculas (lipídios, DNA e proteínas). O mecanismo exato 

do envelhecimento induzido pelo estresse oxidativo ainda não está claro, mas 

provavelmente os níveis aumentados de espécies reativas levam à 

senescência celular, um mecanismo fisiológico que interrompe a proliferação 

celular em resposta aos danos que ocorrem durante a replicação 

(BORGHESAN et al., 2020).  
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O estresse oxidativo e a senescência celular estão envolvidos em vários 

processos patológicos, dada a estreita relação entre o estresse oxidativo, a 

inflamação e o envelhecimento. O envelhecimento é uma perda da homeostase 

devido a um estresse oxidativo crônico que afeta principalmente os sistemas 

reguladores, como os sistemas nervoso, endócrino e imunológico. A 

consequente ativação do sistema imunológico induz um estado inflamatório 

que cria um círculo vicioso em que o estresse oxidativo crônico e a inflamação 

se alimentam e, consequentemente, aumenta a morbimortalidade relacionada à 

idade (LIGUORI et al., 2018). 

Atualmente, os avanços na saúde pública aumentaram e a população 

mundial está envelhecendo, aumentando a incidência de muitas doenças 

relacionadas à idade, incluindo doenças neurodegenerativas e cânceres 

(BHADRA et al., 2020). Nesse contexto, torna-se mais emergente a 

necessidade de considerar o impacto que o envelhecimento causa na 

fisiopatologia das doenças, bem como considerar as peculiaridades do 

envelhecimento no desenvolvimento de novas terapias. 

 

3.2 A experiência da dor em idosos  

No Brasil, com as mudanças nas taxas de natalidade e mortalidade nas 

últimas décadas, estima-se que o percentual de pessoas acima de 60 anos em 

2050 corresponderá a cerca de 30% da população do país (IBGE, 2011; OMS, 

2015). Assim, o tema relacionado ao envelhecimento populacional tem 

chamado a atenção da comunidade científica e dos órgãos públicos, sendo a 

qualidade de vida da população idosa um desafio constante para a ciência e a 

sociedade em geral. Dentre as maiores adversidades para esse tema, 

encontram-se o aumento dos casos de doenças crônicas e de seus impactos 

psicológicos, sociais e ambientais (BEARD et al., 2016). 

A dor é uma experiência recorrente para muitos idosos e, atualmente, 

esforços significativos estão sendo empreendidos com o objetivo de melhorar a 

avaliação e o tratamento da dor em idosos (MORRISSEY et al., 2014; 

HORGAS, 2017; GLEASON et al., 2018). Essa iniciativa aumentou a 

conscientização sobre o problema, mas ainda há evidências de falhas no 

diagnóstico e gerenciamento da dor quando relacionados ao envelhecimento 

(HORGAS, 2017).  
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O manejo eficaz da dor nesta faixa etária baseia-se em uma avaliação 

abrangente e completa seguida por reavaliações frequentes. O diagnóstico da 

dor é composto por três componentes essenciais o autorrelato, avaliado 

através do uso de escalas, a compreensão e o estabelecimento de metas para 

o atendimento e tomada de decisões. Neste contexto, o autorrelato destaca-se 

diante da ausência de marcadores biológicos confiáveis e específicos para o 

diagnóstico da dor (HOGAN et al., 2016; GLEASON et al., 2018). No entanto, o 

autorrelato quando realizado por pacientes com idade avançada propende a 

ser minimizado quando relacionado a fatores como multimorbidade, 

polifarmácia e comprometimento cognitivo. De fato, estudos têm demonstrado 

que os idosos realizam um menor número de notificações relacionadas à dor, 

apesar desta condição apresentar-se frequentemente relacionada ao 

comprometimento funcional e psicológico nesta faixa etária (MORRISSEY et 

al., 2014; GLEASON et al., 2018). 

A dor tem início a partir de um estímulo nociceptivo, podendo apresentar 

tipos (aguda e neuropática) e características (oncológica e não-oncológica) 

diferentes. Os idosos, por serem mais susceptíveis, podem ser acometidos por 

diferentes tipos de dor, sendo assim estão sujeitos à sobreposição destas o 

que pode influenciar na recuperação e na reabilitação. Nesse sentido, as 

doenças crônicas oncológicas vêm atingindo de maneira expressiva a 

população idosa e isso ocorre especialmente em virtude do envelhecimento 

celular e da falta de proteção hormonal, que são características da idade 

avançada. Nesse contexto, o gerenciamento da dor, especialmente em 

pacientes idosos com câncer, pode ser de difícil execução. 

 

3.3 Dor 

 A dor é uma experiência sensorial e emocional desagradável associada 

a, ou semelhante àquela associada a, dano tecidual real ou potencial (IASP, 

2020). De fato, é uma experiência complexa que representa uma das causas 

mais expressivas de sofrimento e deficiência no mundo. Entretanto, a dor 

também é um importante sintoma clínico para a detecção de diferentes 

patologias, visto que, age como um mecanismo de defesa do organismo. 

 O componente sensorial da dor é denominado nocicepção, e refere-se 

somente à percepção do sinal no SNC, evocado pela ativação de nociceptores, 
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que são receptores sensoriais especializados, provenientes de um tecido 

danificado. A nocicepção é o componente fisiológico da dor e compreende os 

processos de transdução, transmissão e modulação do estímulo nociceptivo. 

Uma vez instalado o estímulo nociceptivo, diversas alterações neuroendócrinas 

acontecem, promovendo um estado de hiperexcitabilidade do SNC e SNP. 

Diante disso, entre a exposição inicial ao estímulo nocivo até a percepção da 

dor há uma série de mecanismos complexos envolvidos. Sendo assim, o 

estímulo nociceptivo está diretamente relacionado a ação de mediadores e, 

alguns destes, são comuns ao processo inflamatório, especialmente, em casos 

de dor crônica. Após a lesão tecidual os nociceptores são ativados através da 

liberação de vários neurotransmisssores e neuromoduladores, tais como, 

glutamato, bradicinina, prostaglandinas, histamina, serotonina e citocinas. 

Como resultado, ocorre a sensibilização de fibras aferentes primárias que, por 

sua vez, são responsáveis por transmitir a informação da dor para os neurônios 

do corno-dorsal e, posteriormente, para o centro superior do cérebro, 

resultando no estabelecimento da dor. Por fim, após a percepção da dor nas 

regiões superiores do encéfalo, o sistema de antinocicepção é ativado pelo 

organismo através de vias descendentes inibitórias. Essas influenciam a 

transmissão do estímulo nociceptivo dos neurônios aferentes primários para 

SNC. Logo, tal mecanismo é responsável pela restauração da homeostasia 

(COLLOCA et al., 2017). 

A dor tem início a partir de um estímulo nociceptivo, podendo ser 

classificada em aguda, crônica ou neuropática. A dor aguda é caracterizada por 

lesão tecidual provocada frequentemente por trauma, intervenção cirúrgica ou 

doença e pode durar de alguns dias a semanas, desaparecendo com a 

resolução da lesão. Por sua vez, a dor crônica permanece mesmo após a 

resolução do dano e pode durar de meses até anos, causando sofrimento e 

incapacidade (KING e FRASER, 2013; TAYLOR et al., 2016).  

A dor neuropática, uma condição debilitante que acomete em torno de 

10% da população mundial, é causada por meio de uma lesão ao sistema 

somatossenrorial, incluindo as fibras periféricas e/ou os neurônios centrais, de 

modo que o dano ocasionado, geralmente, excede a capacidade de reparo do 

organismo (SISIGNANO et al., 2014; FINNERUP et al., 2016; GILRON et al., 

2015). A dor neuropática prejudica a qualidade de vida dos pacientes, sendo 
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assim transtornos de ansiedade, depressão e distúrbios do sono são 

comorbidades frequentemente associadas que acometem, com maior 

incidência, as mulheres e os idosos (FINNERUP et al., 2016; COLLOCA et al, 

2017). 

Diversas patologias prejudicam o sistema somatossensorial, mais 

especificamente a medula espinhal e/ou cérebro, causando dor neuropática 

central.  Em contrapartida, a dor neuropática de origem periférica é comumente 

causada por patologias que acometem, principalmente, as fibras C não 

mielinizadas e as fibras A mielinizadas (COLLOCA et al., 2017). O manejo da 

dor neuropática é realizado com terapia medicamentosa e intervenções não 

medicamentosas, entretanto, na maioria das vezes, esses procedimentos são 

insuficientes para aliviar os sintomas. Uma vez que esse tipo de dor é 

frequentemente mais severo, as terapias clínicas disponíveis são muitas vezes 

inadequadas e sua eficácia é imprevisível, além de, na maioria dos casos 

apresentar efeitos adversos severos (KAMERMAN et al., 2015). Nesse sentido, 

o tratamento adequado e eficaz da dor neuropática é de difícil execução.  

 

3.4 Neuropatia periférica 

A neuropatia periférica é uma síndrome caracterizada por degeneração 

ou disfunção dos nervos periféricos (LUCZKOWSKA et al., 2018). A ampla 

variabilidade e elevada prevalência da neuropatia periférica estão relacionadas 

às suas diferentes causas (CALLAGHAN et al., 2015; MERKIES et al., 2015). 

Sabe-se que os diferentes padrões de neuropatias estão relacionados a 

mecanismos distintos, e que numerosos processos fisiopatológicos podem 

prejudicar a funcionalidade dos nervos periféricos. Processos metabólicos, 

imunológicos, traumáticos, genéticos, infecciosos, e tóxicos podem 

comprometer os nervos periféricos em múltiplos níveis e por meio de várias 

vias moleculares (CALLAGHAN et al., 2015; COLLOCA et al., 2017). O 

diabetes e o uso de agentes quimioterápicos estão entre as principais causas 

de polineuropatia sensorial distal (PAPANAS et al., 2011). De fato, com o 

aumento na incidência de câncer, a neuropatia periférica induzida por 

quimioterapia torna-se um problema cada vez mais relevante (FITZMAURICE 

et al., 2017; BARRELL e SMITH, 2019).  
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As patologias do sistema nervoso periférico são diversas e envolvem 

uma pluralidade de vias e mecanismos. Resumidamente, a neuropatia 

periférica altera as propriedades elétricas dos nervos sensoriais, o que conduz 

a um desequilíbrio entre a sinalização central excitatória e inibitória, de modo 

que neurônios inibitórios e sistemas de controle descendente são prejudicados. 

Por sua vez, a transmissão de sinais sensoriais e os seus mecanismos de 

desinibição são alterados (COLLOCA et al., 2017). Sob este aspecto, o 

diagnóstico da neuropatia periférica é baseado no reconhecimento de padrões, 

refletindo a localização neuroanatômica. As fibras de diâmetro menor, 

mielinizadas ou não mielinizadas, transmitem informações de dor térmica e 

mecânica. Nesse sentido uma lesão nestas fibras causa sensações de 

queimaduras, formigamentos, choques elétricos, hiperalgesia, ou seja, 

sensibilidade aumentada a estímulos dolorosos, e/ou alodinia, que é a 

sensação dolorosa causado por um estímulo inócuo. Por sua vez, as fibras 

mielinizadas com diâmetro médio ou grande transmitem sensações de vibração 

e posição articular, consequentemente um dano a estas fibras implica em 

dormência e desequilíbrio (STINO, 2017; BARRELL e SMITH, 2019).  

Considerando, as dificuldades impostas pela neuropatia periférica, 

devido à (i) elevada prevalência, principalmente em idosos; (ii) dificuldade em 

realizar um diagnóstico decisivo, apesar das escalas, testes e análises 

disponíveis; e (iii) falta de tratamento adequado; evidencia-se que há a 

necessidade de mais estudos para suprir as falhas na compreensão e manejo 

desta patologia. Uma possibilidade de suprir essas falhas é avaliar de forma 

separada os mecanismos envolvidos na origem de cada tipo de neuropatia 

periférica. 

 

3.5 Neuropatia periférica induzida por quimioterapia 

As drogas quimioterápicas, atualmente, são a base do tratamento 

sistêmico do câncer. Entretanto, apesar da eficácia destes fármacos em limitar 

ou inibir o crescimento tumoral, a quimioterapia é frequentemente 

acompanhada de efeitos adversos. A neuropatia periférica induzida por 

quimioterapia torna-se um problema cada vez mais proeminente e oneroso, à 

medida que a incidência e a sobrevivência ao câncer aumentam. Este efeito 

adverso causado pelo tratamento com fármacos quimioterápicos é comum e 
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dependente da dose (DOUGHTY e BOWLEY, 2019; IBRAHIM e EHRLICH, 

2020). A neuropatia periférica pode comprometer a terapia, uma vez que leva a 

redução da dose ou descontinuação do tratamento, além de diminuir 

severamente a qualidade de vida dos pacientes, constituindo a principal causa 

de dor persistente em sobreviventes do câncer (IBRAHIM e EHRLICH, 2020). 

De fato, apesar de alguns pacientes apresentarem melhora nos sintomas da 

dor neuropática induzida por quimioterápicos, após a interrupção do 

tratamento, a reversão absoluta é infrequente.  

Os mecanismos envolvidos na ação antitumoral dos agentes 

antineoplásicos são relativamente bem compreendidos. Entretanto, os 

mecanismos subjacentes à neuropatia periférica induzida por quimioterapia, 

ainda não foram inteiramente elucidados (STAROBOVA e VETTER, 2017; 

IBRAHIM e EHRLICH, 2020). Inúmeros fatores são determinantes para a 

ocorrência da neuropatia periférica induzida pelos quimioterápicos, entre esses, 

a faixa etária dos pacientes e condições pré-existentes, como diabetes e 

obesidade, ou o estilo de vida, como tabagismo e uso crônico de álcool, são 

condições que podem aumentar o risco.  

Do mesmo modo, o fármaco quimioterápico utilizado é considerado um 

preditivo de neuropatia periférica, sendo os principais a cisplatina, a 

oxaliplatina, a vincristina, o paclitaxel e o bortezomibe (BOYETTE-DAVIS et al., 

2018). Os agentes antineoplásicos podem causar sintomas específicos que 

diferem em relação às características clínicas, a gravidade e a recuperação. 

Fármacos quimioterápicos, como os agentes à base de platina, taxanos, e 

alcalóides da vinca, que interferem no ciclo levando à morte celular e 

degradação do tumor, causam neuropatias periféricas graves (GRISOLD et al., 

2012; STAROBOVA e VETTER, 2017; BOYETTE-DAVIS et al., 2018).  

As diferenças na sintomatologia da neuropatia periférica, induzida por 

cada agente quimioterápico, não podem ser elucidadas exclusivamente através 

dos potenciais farmacológicos, metabólitos formados, e propriedades 

farmacocinéticas dos medicamentos. Nesse sentido, é fundamental que se 

compreenda especificamente os mecanismos envolvidos na neuropatia 

periférica induzida por cada um destes quimioterápicos. De modo geral, os 

processos fisiopatológicos subjacentes à neuropatia periférica induzida por 

quimioterapia são multifatoriais e envolvem disfunção mitocondrial, 
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mecanismos apoptóticos, alterações na homeostase do cálcio, degeneração do 

axônio e remodelação da membrana, além de processos imunes e 

neuroinflamatórios (ARETI et al., 2014; CALLAGHAN et al., 2015; 

STAROBOVA e VETTER, 2017).  

Como discutido anteriormente, a intervenção clínica em pacientes com 

neuropatia periférica ainda representa um desafio (BARRELL e SMITH, 2019), 

e este fato se estende a neuropatia periférica induzida por quimioterapia. Além 

disso, outro fator a ser considerado para a intervenção farmacológica é a idade, 

uma vez que o envelhecimento é um problema para o gerenciamento de 

pacientes com neuropatia periférica induzida por quimioterapia. Pacientes 

idosos utilizam maior número de medicamentos, e a polifarmácia associada ao 

protocolo quimioterápico representa uma limitação para a prescrição de 

medicamentos para o tratamento dos sintomas clínicos da neuropatia, 

principalmente devido a preocupação com interações medicamentosas. Além 

disso, a Associção Americana de Geriatria publicou uma lista de medicamentos 

que devem ser evitados por idosos, o que limita ainda mais o número de 

medicamentos a disposição dos prescritores para o tratamento dos sintomas 

da neuropatia periférica induzida por quimioterapia (GUERARD et al, 2017; 

STAROBOVA e VETTER, 2017; IBRAHIM e EHRLICH, 2020).  

De fato, inúmeros estudos têm sido realizados com o objetivo de 

encontrar um tratamento e/ou prevenção da neuropatia periférica induzida pela 

quimioterapia, entretanto até a presente data não houve transferências bem-

sucedidas de resultados pré-clínicos para a prática clínica em termos de 

abordagens preventivas ou terapêuticas (IBRAHIM e EHRLICH, 2020). 

Contudo, avanços importantes na compreensão dos mecanismos implícitos, no 

manejo, e abordagem terapêutica foram alcançados (BOYETTE-DAVIS et al., 

2018; CALLS et al., 2020; IBRAHIM e EHRLICH, 2020).  

É consenso que uma boa comunicação entre o médico e o paciente é 

decisiva para o gerenciamento desta patologia, principalmente quando os 

pacientes são idosos. Inicialmente, o gerenciamento é baseado na modificação 

do regime quimioterápico, incluindo alteração na dose, ciclos de tratamento, 

tempo, forma de dosagem e duração (BOYETTE-DAVIS et al., 2018; IBRAHIM 

e EHRLICH, 2020). No entanto, estes procedimentos prejudicam o efeito 

farmacológico do agente antineoplásico. Intervenções não farmacológicas se 
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baseiam no uso de produtos naturais e mudanças no estilo de vida. Outro 

procedimento disponível é a intervenção farmacológica, que consiste 

principalmente na prescrição de inibidores da recaptação de serotonina-

noradrenalina, fármacos indicados para o tratamento do transtorno bipolar, 

anticonvulsivantes e analgésicos. Com base no que foi exposto, diversas 

abordagens são utilizadas, entretanto, não fornecem um nível satisfatório de 

alívio nos sintomas para muitos pacientes, principalmente os idosos 

(STAROBOVA e VETTER, 2017; BOYETTE-DAVIS et al., 2018; IBRAHIM e 

EHRLICH, 2020).  

A neuropatia periférica induzida por quimioterápicos é uma condição 

recursiva, caracterizada por dor neuropática e prejuízo das funções, sensitiva e 

motora. Avaliando o número crescente de sobreviventes do câncer e 

reconhecendo as limitações das terapias disponíveis, medicamentosas ou não, 

para o manejo da neuropatia periférica, uma análise crítica da literatura bem 

como estudos inovadores são essenciais para compreensão e gerenciamento 

apropriado desta síndrome dolorosa. Nesse sentido, buscar as especificidades 

envolvidas em cada padrão de neuropatia, esclarecer os mecanismos 

envolvidos em cada tipo de indução, e elucidar as particularidades de cada 

agente indutor podem ser definitivos na busca da prevenção ou tratamento 

eficaz para as neuropatias periféricas, incluindo a causada por agentes 

quimioterápicos. 

 

3.6 Neurotoxicidade induzida pela oxaliplatina 

A oxaliplatina é considerada um agente alquilante que inibe a síntese e a 

replicação do DNA por meio de ligações cruzadas estabelecidas pelos 

complexos de platina com células tumorais (VANDAMME et al., 2014). No 

entanto, o tratamento com a oxaliplatina pode provocar anomalias na 

membrana neuronal bem como na atividade dos canais iônicos e, de tal modo, 

causar transtornos neuronais graves. Além disso, uma característica única da 

oxaliplatina é a geração do metabólito oxalato, uma das poucas características 

que a diferenciam da cisplatina, e este tem sido proposto como o mecanismo 

responsável pelas diferenças farmacológicas e, também, pela severa 

sensibilidade ao frio induzida pela oxaliplatina (MIYAKE et al., 2016; 

STAROBOVA e VETTER, 2017). 
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A oxaliplatina ao ser administrada sofre, primeiramente, uma reação de 

deslocamento do grupo oxalato provocada por nucleófilos fracos (CVITKOVIC, 

1998). A partir disso, reações não enzimáticas subsequentes originam 

intermediários instáveis, os quais tem o grupo 1,2-DACH-platina deslocado por 

hidrólise. Por fim, os metabólitos ativos formados são o monocloro-DACH 

platina, dicloro-DACH platina e monoaqua-1,2-DACH platina, moléculas que 

reagem com o DNA. Resumidamente, a oxaliplatina é convertida em oxalato e 

derivados de platina. Nos compostos derivados da platina, o grupo platina do 

metabólito ativo forma um complexo que se liga irreversivelmente às proteínas 

plasmáticas. Após a administração da oxaliplatina, 15% da platina é encontrada 

na circulação sistêmica, enquanto os 85% restantes estão distribuídos nos 

tecidos. Os complexos de platina, eliminados principalmente por via renal, 

apresentam um período de meia vida de 5 dias, entretanto, complexos de 

platina já foram identificados em pacientes décadas após a infusão (CALLS et 

al., 2020).   

Os pacientes submetidos ao tratamento com a oxaliplatina 

frequentemente apresentam sintomas neurológicos agudos, os quais iniciam-se 

durante a infusão do fármaco e atingem o pico nas primeiras 24 a 48 horas que 

transcorrem a administração. Os sintomas podem desaparecer dentro de 

aproximadamente uma semana, contudo, infusões subsequentes podem torná-

los crônicos (LEHKY et al., 2004). De fato, embora demonstrando uma eficiente 

atividade antitumoral, a oxaliplatina está associada com a neuropatia periférica 

grave. Diante disso, evidencia-se dois padrões de neurotoxicidade, a 

neurotoxicidade aguda que é compreendida como uma neuropatia sensorial 

caracterizada por sensibilidade ao frio, e a neurotoxicidade cumulativa tardia ou 

crônica que na maioria das vezes manifesta-se como parestesias dolorosas e 

dormência.   

 

3.6.1 Neuropatia periférica aguda induzida pela oxaliplatina (NPAIO) 

A NPAIO é uma síndrome neurotóxica aguda, transitória e, independe da 

dose administrada do fármaco, causa dor em aproximadamente 90% dos 

pacientes em tratamento com a oxaliplatina (STAROBOVA e VETTER, 2017). 

Os sintomas clínicos da NPAIO, que são caracterizados por parestesia grave, 

geralmente acometem a região oral, laringofaringe, mãos e pés. Além de 
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manifestarem-se logo nas primeiras horas de infusão do fármaco, os sintomas 

clínicos são intensificados pelo frio, e causam alterações na amplitude dos 

potenciais de ação dos nervos sensoriais.  

Além disso, os testes de vibração e limiar de percepção sensorial 

térmica, também costumam ser prejudicados, bem como os parâmetros de 

refratariedade e superexcitabilidade (CALLS et al., 2020). Disfunções sensitivas 

e motoras são relatadas, tais como fraqueza generalizada e outros sinais de 

hiperexcitabilidade de nervos periféricos (LEONARD et al., 2005). Estes 

sintomas clínicos representam algumas das principais queixas dos pacientes 

em tratamento com a oxaliplatina.  

As manifestações neurológicas agudas ocasionadas pela oxaliplatina 

podem apresentar resolução espontânea, o que é incomum, ou tornarem-se 

crônicas (CALLS et al., 2020). Estudos neurofisiológicos demonstraram que 

ocorre um aumento nos potenciais de ação motora na síndrome dolorosa da 

NPAIO, após um único estímulo elétrico, bem como descargas neuronais até 

48 horas após a infusão da oxaliplatina (LEHKY et al., 2004). A neurotoxicidade 

periférica induzida por esse fármaco pode se desenvolver rapidamente, logo no 

início do tratamento, mas também de forma tardia. O fenômeno é conhecido 

como "efeito de inércia" e ocorre quando os sintomas clínicos surgem ou 

agravam-se até 6 meses após o término ou a interrupção do tratamento 

(BRIANI et al., 2014; VELASCO e BRUNA, 2014). 

Evidências crescentes indicam que a hiperexcitabilidade dos neurônios 

sensoriais está relacionada a NPAIO, uma vez que, o tratamento com a 

oxaliplatina modula a atividade dos principais efetores da atividade elétrica 

neuronal. De fato, diversos estudos demonstraram que a oxaliplatina altera as 

propriedades eletrofisiológicas dos canais de sódio, potássio e cálcio 

dependentes de voltagem (GROLLEAU et al., 2001; SITTL et al., 2010; 

THIBAULT et al., 2012; CHIORAZZI et al., 2015; SCHMITT et al., 2018).  

Além disso, outro mecanismo envolvido na suscetibilidade ao frio 

causado pela oxaliplatina é decorrente do aumento da sensibilidade dos canais 

iônicos potencial receptor transiente (TRP) à ação das espécies reativas de 

oxigênio, aumentadas pelo oxalato. O aumento da produção de espécies 

reativas foi observado em neurônios do gânglio da raiz dorsal durante a dor 

neuropática induzida pelo tratamento com oxaliplatina, possivelmente devido a 
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disfunção mitocondrial (ZHENG et al., 2011; ARETI et al., 2014; MIYAKE et al., 

2016). De fato, inúmeras alterações são induzidas pelo tratamento com a 

oxaliplatina, entretanto a totalidade dos mecanismos moleculares envolvidos na 

NPAIO ainda não estão completamente elucidados. 

 

3.6.2 Neuropatia periférica crônia induzida pela oxaliplatina (NPCIO) 

A NPCIO é caracterizada por neurotoxicidade cumulativa ou crônica, que 

acomete em torno de 70% dos pacientes em tratamento com a oxaliplatina. 

Esta forma é dependende da dose da infusão de oxaliplatina, geralmente 

manifesta-se com doses acima de 540 mg/m2, e com as repetições dos ciclos 

de tratamento. Os sintomas clínicos assemelham-se com os da NPAIO e 

incluem sensibilidade à temperatura, parestesias e disestesias das mãos e pés. 

Além disso, as atividades que exigem coordenação motora fina podem ser 

alteradas, com doses cumulativas superiores a 780 mg/m2 (CERSOSIMO, 

2005). A NPCIO é a principal causa para o ajuste de dose ou interrupção do 

tratamento com oxaliplatina (NICHETI et al., 2019).  

Os compostos de platina apresentam elevada afinidade pelo sistema 

nervoso periférico, devido à dificuldade de permear a barreira 

hematoencefálica, o que faz com que os seus principais locais de depósito 

sejam os gânglios da raiz dorsal. Estudos têm demonstrado que o 

desenvolvimento da NPCIO pode ser em decorrência de exposições repetidas 

a oxaliplatina e, por episódios frequentes de NPAIO (STAROBOVA e VETTER, 

2017; WEICKHARDT et al., 2011). 

Nesse sentido, tem sido proposto que com as repetições no ciclo de 

tratamento, o conjunto de mecanismos que contribuem para o desenvolvimento 

da NPCIO incluem alterações na excitabilidade axonal e na homeostase do 

cálcio, assim como na sensibilização de canais TRP e dano oxidativo (ARETI et 

al., 2014; MILTENBURG e BOOGERD, 2014; STAROBOVA e VETTER, 2017; 

CALLS et al., 2020).  

 

3.6.3 Mecanismos subjacentes a NPIO 

A sensibilização dos canais de cátions TRPA1 é um dos principais 

mecanismos envolvidos na NPAIO. Diversos estudos sugerem que as 

proteínas da família TRP desempenham um papel decisivo no desenvolvimento 



 37 

de neuropatias periféricas, principalmente o canal TRPA1 na NPIO 

(STAROBOVA e VETTER, 2017; CHUKYO et al., 2018; CALLS et al., 2020) 

(Figura 2). O TRPA1 é um nociceptor polimodal ativado por ERO que 

desempenha um papel importante na geração da dor, uma vez que é um 

mediador da alodínia causada pelo frio (MIYAKE et al., 2016; NAZIROGLU e 

BRAIDY, 2017). O frio excessivo estimula a produção mitocondrial de ERO, 

contudo é necessária uma sensibilização prévia do canal, uma vez que 

somente as ERO não são capazes de ativar o TRPA1. Após a infusão da 

oxaliplatina, o metabólito oxalato causa inibição da atividade da proteína prolil 

hidroxilase, o que impede a hidroxilação do resíduo de prolina do TRPA1 e 

conduz a um estado potencializado da sensibilidade deste canal iônico. Assim, 

a indução da sensibilidade ao frio observada na NPAIO é causada, 

principalmente, por meio da associação entre dois fatores, o aumento da 

sensibilização do TRPA1, causado pelo oxalato, e o aumento da produção 

mitocondrial de ERO, provocado pela oxaliplatina (MIYAKE et al., 2016).  

 

Figura 2. Representação esquemática da hipersensibilidade aguda ao frio desencadeada pela 

oxaliplatina e mediada por TRPA1 (Adaptado a partir de MIYAKE et al., 2016). Espécies 

reativas de oxigênio (ERO); Prolil hidroxilase (PHD). 

 

Está bem estabelecido que a ativação do canal iônico TRPA1 está 

relacionada à sensibilidade térmica e dor neuropática induzida pelo frio na 

NPIO. Alem disso, foi demonstrado por CHUKYO e colaboradores (2018) que a 

infusão de oxaliplatina, além de potencializar a sensibilização do canal TRPA1, 

como descrito acima, também causa um aumento nos níveis de expressão 

deste canal catiônico em neurônios sensoriais presentes nos gânglios da raiz 

dorsal. Ainda, para corroborar a relação entre o TRPA1 e a dor neuropática 

observada na NPIO, os autores demonstraram que o aumento nos níveis de 
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expressão do canal iônico TRPA1 está diretamente relacionado à hiperalgesia 

causada pela NPIO, tanto mecânica quanto térmica (CHUKYO et al., 2018).  

Outra hipótese amplamente aceita, subjacente aos mecanismos 

envolvidos na NPIO, está relacionada à hiperexcitabilidade dos neurônios 

sensoriais, uma vez que, a oxaliplatina altera a cinética dos principais efetores 

da atividade neuronal elétrica (CALLS et al., 2020). Inúmeros estudos têm 

buscado elucidar as alterações que este fármaco causa nos canais de sódio, 

potássio e cálcio dependentes de voltagem. Nesse sentido, foi demonstrado 

que a oxaliplatina aumentou as correntes de sódio e alterou a dependência da 

voltagem do canal de sódio, conduzindo a potenciais mais hiperpolarizados no 

gânglio da raiz dorsal (Figura 3A) (CALLS et al., 2020).  

De fato, a NPIO está diretamente relacionada a ação do oxalato nos 

canais de sódio axonais (XIAO et al., 2012). O oxalato é capaz de quelar o 

cálcio extracelular, manter a abertura prolongada dos canais de sódio 

dependentes de voltagem, e, assim, interferir na despolarização dos neurônios 

sensoriais causando hiperexcitabilidade da membrana (GROLLEAU et al., 

2001). Os canais de sódio dependente de voltagem estão sendo investigados 

como alvo promissor na busca por um tratamento para dor neuropática 

causada por oxaliplatina. Neste contexto, foi demonstrado que o tratamento 

com antagonistas dos canais de sódio reverte temporariamente a hiperalgesia 

mecânica e fria induzida pela oxaliplatina (EGASHIRA et al., 2010; KAWASHIRI 

et al., 2012).  

Os canais de potássio dependente de voltagem, assim como os canais 

de sódio, são alvos importantes nos estudos envolvendo a NPIO. Estudos 

sugerem que a oxaliplatina altera a cinética dos canais de potássio 

dependentes de voltagem (Figura 3B) (KAGIAVA et al., 2008; SITTL et al., 

2010; THIBAULT et al., 2012). Nesse sentido, KAGIAVA e colaboradores 

(2008) sugeriram que os canais de potássio dependentes de voltagem são 

inibidos após a infusão da oxaliplatina, e, com isso, ocorre uma redução na 

corrente de potássio axonal o que favorece a hiperexcitabilidade neuronal. 

(STILL et al., 2010; CALLS, 2020). 

O trabalho desenvolvido por THIBAULT e colaboradores (2012) reitera 

esses resultados. Os autores demonstraram que, embora os mecanismos que 

levam a hiperexcitabilidade nos neurônios corticais observada na NPIO ainda 
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não tenham sido completamente elucidados, de fato a inibição dos canais de 

potássio voltagem dependente é um fator relevante para o desenvolvimento da 

dor neuropática causada pela NPCIO (THIBAULT et al., 2012).  

Ainda, a fim de elucidar particularmente o envolvimento dos canais de 

cálcio voltagem dependente na NPIO, foi demonstrado que o tratamento com a 

oxaliplatina aumentou as correntes de cálcio e os níveis de expressão dos 

canais de cálcio dependente de voltagem, nos neurônios do gânglio da raiz 

dorsal (Figura 3C) (SCHMITT et al., 2018). Além disso, uma relação positiva 

entre o aumento dos canais de cálcio dependes de voltagem e vias de 

apoptose mediada pela caspase-3 foi observada. O oxalato é um agente 

quelante de cálcio, e por isso na NPIO ocorre um aumento na condutância de 

sódio, redução do potencial limiar e da resistência da membrana. Como 

consequência desses fenômenos, a hiperexcitabilidade conduz à dor 

neuropática. O uso de cálcio e magnésio antes da infusão de oxaliplatina foi 

avaliado como uma estratégia de prevenção para a dor neuropática na NPIO, 

entretanto nenhum benefício clínico consistente foi observado (JORDAN et al., 

2016, STAROBOVA e VETTER, 2017). 

 

Figura 3. Representação esquemática das alterações causadas pela oxaliplatina nos 

canais de sódio (A), potássio (B) e, cálcio (C) dependentes de voltagem (Adaptado a partir de 

Calls et al., 2020). 

De fato, o distúrbio na homeostase do cálcio tem sido proposto como um 

dos mecanismos envolvidos na gênese da dor neuropática proveniente da 

NPIO. A manutenção da concentração do cálcio intracelular é de suma 

importância, uma vez que, os íons cálcio desempenham um papel fundamental 

na regulação de inúmeros processos celulares, entre esses, a liberação de 

neurotransmissores, excitabilidade da membrana, plasticidade sináptica, bem 

como, a ativação de vias de apoptose e morte celular (ARETI et al., 2014). 

Nesse sentido, é importante salientar que SCHULZE e colaboradores (2011) 
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demonstraram que exclusivamente a exposição crônica à oxaliplatina alterou a 

sinalização intracelular de cálcio. 

Recentemente foi sugerido que a apoptose é o principal mecanismo de 

morte celular envolvido na perda de neurônios sensoriais periféricos, posterior 

ao tratamento com a oxaliplatina. Diante disso, cabe salientar que a cascata 

apoptótica é iniciada, principalmente, a partir do dano estrutural não reparado 

ao DNA, devido aos adutos formados entre a platina e o DNA, bem como, em 

função de danos oxidativos ao DNA, causado por ERO que aumentam 

significativamente com a infusão de oxaliplatina (CALLS et al., 2020).  

De fato, estudos têm demonstrado que o aumento dos adutos entre o 

DNA e a platina se correlaciona com o aumento dos fenômenos apoptóticos e 

com a atrofia neuronal (TA et al., 2006; YAN et al., 2015). O reparo por excisão 

de nucleotídeo (NER) é o mecanismo responsável por restaurar os adutos 

formados entre a platina e o DNA, enquanto o reparo por excisão de base 

(BER) representa o principal mecanismo responsável pela correção dos danos 

oxidativos causados ao DNA. Entretanto, no caso do tratamento com fármacos 

derivados da platina a eficácia dos mecanismos de reparo NER e BER é 

deficiente. Neste contexto, a ineficiência dos mecanismos de reparo tem sido 

avaliada como um mecanismo subjacente a NPIO, visto que a quantidade de 

adutos formados nos neurônios do gânglio da raiz dorsal, ou seja, danos ao 

DNA devido a ineficiência dos mecanismos de reparo, foi diretamente 

relacionada à gravidade da neuropatia periférica (DZAGNIDZE et al., 2007; 

CALLS et al., 2020).  

De fato, o estresse oxidativo induzido pela disfunção mitocondrial 

destaca-se como um dos principais mecanismos envolvidos na NPIO. As 

mitocôndrias são organelas celulares responsáveis por diversos processos 

fisiológicos, incluindo a sinalização e armazenamento de cálcio, apoptose, 

regulação do potencial da membrana e produção de energia. A produção 

mitocondrial de adenosina trifosfato (ATP), via respiração aeróbica, é 

imprescindível para a manutenção das funções biológicas. Em condições 

normais, as mitocôndrias produzem ERO em quantidade necessária, uma vez 

que, essas moléculas/radicais desempenham funções importantes nas vias de 

sinalização celular. Entretanto, em condições patológicas, as mitocôndrias são 

um alvo para lesão induzida por ERO. De fato, uma correlação direta entre o 
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dano oxidativo e o comprometimento mitocondrial após o tratamento com a 

oxaliplatina e demais agentes de platina é amplamente aceita (Figura 4) 

(STAROBOVA e VETTER, 2017; CALLS et al., 2020). 

A mitocôndria é particularmente susceptível a ação dos derivados de 

platina, porque os mecanismos fisiológicos de reparo do DNA, incluindo NER e 

BER como discutido acima, não protegem o DNA mitocondrial de formar adutos 

com a platina (CALLS et al., 2020). Assim, muitos estudos têm buscado 

elucidar a relação entre o dano mitocondrial e a neuropatia periférica induzida 

pelos agentes de platina (PARK et al., 2000; DI CESARE MANNELLI et al., 

2013; KRUKOWSKI et al., 2017; STAROBOVA e VETTER, 2017; CALLS et al., 

2020). 

A oxaliplatina prejudica a replicação e a transcrição do DNA 

mitocondrial, levando à síntese proteica alterada e prejuízos funcionais na 

cadeia respiratória, causando aumento patológico na produção mitocondrial de 

ERO. Adicionalmente, o estresse oxidativo causa oxidação de biomoléculas 

intracelulares (enzimas, proteínas e lipídios). De fato, moléculas lipídicas, como 

as que compõe a bainha de mielina, são altamente susceptíveis ao dano 

oxidativo, por isso o tratamento com a oxaliplatina resulta em desmielinização 

dos nervos periféricos e crescente sensibilização dos processos de transdução 

de sinal (STAROBOVA e VETTER, 2017; CALLS et al., 2020). 

Os danos ao DNA mitocondrial causado por derivados de platina, além 

de causar aumento na produção mitocondrial de ERO, conduzem a ativação de 

vias de apoptose. Inúmeros estudos buscam elucidar os mecanismos 

envolvidos na ativação destas vias, entretanto, a grande maioria utiliza a 

cisplatina com fármaco de escolha para investigação (CALLS et al., 2020). 

Sendo que, a apoptose é, principalmente, iniciada através do dano ao DNA 

mitocondrial, causado pela formação dos adutos entre a platina e o DNA, 

considera-se que ambos os fármacos, oxaliplatina e cisplatina, provocam o 

mesmo tipo de comportamento. Contudo, nesse contexto observa-se uma 

limitação na literatura.    

ZANARDELLI e colaboradores (2015) demonstraram que o dano 

mitocondrial motivado pelo tratamento com a oxaliplatina, em células nervosas 

não tumorais, causou liberação citosólica do citocromo C, aumentou os níveis 

de radical ânion superóxido, e reduziu os níveis de expressão da proteína 
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antiapoptótica Bcl-2. Contudo, a oxaliplatina não alterou os níveis de expressão 

da capase-8, um dos principais iniciadores de apoptose. Neste estudo, os 

autores observaram que a oxaliplatina produz efeitos diferentes em células 

normais e tumorais.  Ao se investigar o efeito da oxaliplatina sobre as células 

tumorais, foi observado um aumento na atividade da caspase-8, ativando a 

apoptose extrínseca, e um aumento na expressão de Bcl-2, o que bloqueou o 

dano mitocondrial nas células tumorais. É importante ressaltar, que os 

resultados obtidos no estudo definiram que há diferença entre os mecanismos 

envolvidos no efeito farmacológico em relação à neurotoxicidade induzida pela 

oxaliplatina.  

Os dados acima citados sugerem que a ativação da via de apoptose 

mitocondrial prevalece nas células nervosas normais, após o dano induzido 

pela oxaliplatina, enquanto a via de apoptose extrínseca é ativada nas células 

tumorais. Esse fato pode indicar uma possível estratégia para o planejamento 

de novas terapias para o tratamento da NPIO sem alterar negativamente o 

efeito farmacológico da oxaliplatina (ZANARDELLI et al., 2015). 

 

Figura 4. Representaçao esquemática dos mecanismos subjacentes a neuropatia 

periférica induzida por oxaliplatina (Adaptado a partir de ARETI et al., 2016). Òxido nítrico (NO); 

Interleucina (IL); Fator de necrose tumoral α (TNFα); Citocromo C (Cit C); Canal iônico 

potencial receptor transiente (TRP). 

 

3.7 4-PSQ como estratégia terapêutica para a NPIO e suas comorbidades  

Avanços significativos foram observados na compreensão dos 

mecanismos envolvidos na neurotoxicidade induzida pela oxaliplatina, 



 43 

entretanto, a complexidade dos eventos contribui para a falta de uma terapia 

eficaz e segura para o tratamento. O tratamento para NPIO não deve interferir 

com os efeitos antitumorais da oxaliplatina, além de fornecer neuroproteção e 

alívio dos sintomas. Nesse sentido, as estratégias de tratamento são 

predominantemente baseadas na modificação do regime de quimioterapia e no 

manejo sintomático usando abordagens farmacológicas. Os medicamentos 

indicados incluem, principalmente, anticonvulsivantes (gabapentina, 

carbamazepina, oxcarbazepina, lamotrigina, topiramato, pregabalina) e 

antidepressivos (venlafaxina). No entanto, esses fármacos além de induzirem 

inúmeros efeitos adversos incluindo náusea e tontura, também, precisam de 

ajuste da dose em casos de insuficiência hepática e/ou renal ou são 

contraindicados para pacientes idosos. Além disso, não fornecem um nível 

satisfatório de alívio para muitos pacientes com NPIO, tornando necessárias 

pesquisas adicionais para identificar novas abordagens terapêuticas. A dor 

neuropática, o prejuízo cognitivo e emocional, a falta de alvos seletivos e 

fármacos específicos para o tratamento representam as principais limitações 

para o manejo dos pacientes. Em particular, o tratamento da NPIO nos idosos 

é ainda mais complexo, além da suscetibilidade destes pacientes às 

comorbidades associadas ao tratamento com a oxaliplatina (BANACH et al., 

2017).  

Sob este aspecto, o estresse oxidativo é identificado como um dos 

responsáveis pelos danos neuronais causados pela oxaliplatina. A 

neurodegeneração mediada pelo estresse oxidativo pode ser executada por 

diferentes mecanismos, tais como, depleção de defesas antioxidantes, dano a 

biomoléculas, desmielinização, neuroinflamação e morte neuronal por apoptose 

(ARETI et al., 2014). Diante disto, antioxidantes podem representar uma 

alternativa promissora para o tratamento da NPIO, em especial em pacientes 

idosos. 

Neste sentido, destacam-se os compostos orgânicos de selênio que têm 

recebido a atenção dos pesquisadores por apresentarem síntese simples e 

atividades farmacológicas relevantes, visto que, alguns compostos possuem 

ação mimética à enzima glutationa peroxidase (BORTOLATTO et al., 2013; 

KUDVA et al., 2015; SARAIVA et al., 2016) e ações antioxidante, 

antinociceptiva e anti-inflamatória (NOGUEIRA e ROCHA, 2011; WILHELM et 



 44 

al., 2014). De fato, diversos estudos revelaram compostos orgânicos de selênio 

com potencial antioxidante e ações efetivas sobre a dor e processos 

inflamatórios em modelos experimentais (WILHELM et al., 2009, 2014; 

BRUNING et al., 2010; NOGUEIRA e ROCHA, 2011; PINZ et al., 2016; SILVA 

et al., 2017). 

Paralelamente aos compostos de selênio, a versatilidade da quinolina e 

seus derivados têm atraído grande atenção no campo do desenvolvimento de 

medicamentos. Uma variedade de derivados de quinolina tem sido utilizada 

como antiviral, anticâncer, antibacteriano, antifúngico, antiobesidade e agentes 

anti-inflamatórios (JUNG et al., 2012; MANTOVANI et al., 2014; MANERA et 

al., 2015). Especialmente, os derivados da 7-cloroquinolina são unidades 

biológicas ativas e exibem uma ampla gama de atividades farmacológicas (DE 

SOUZA et al., 2009; MACEDO et al., 2010; SINGH et al., 2012). Devido à sua 

importância como subestrutura em uma ampla variedade de produtos sintéticos 

e naturais, consideráveis esforços foram direcionados ao desenvolvimento de 

novas estruturas baseadas em 7-cloroquinolina. 

Com base nas principais propriedades farmacológicas dos derivados de 

quinolina e selênio, nosso grupo de pesquisa juntamente com o Laboratório de 

Síntese Orgânica Limpa (LASOL), planejou a síntese do 4-PSQ (Figura 4), uma 

molécula com o núcleo quinolínico e um substituinte organosselênio. Desde 

então, nosso grupo de pesquisa (LaFarBio) tem buscado elucidar as 

propriedades farmacológicas do 4-PSQ em diversos modelos experimentais 

(PINZ et al., 2016; REIS et al., 2017; SILVA et al., 2017; DUARTE et al., 2017; 

PINZ et al., 2018; VOGT et al., 2018; VOSS et al., 2018; BARTH et al., 2019; 

LEMOS et al., 2020; LUCHESE et al., 2020; PALTIAN et al., 2020; DA MOTTA 

et al., 2021; RODRIGUES et al., 2021). Além disso, outros pesquisadores 

também têm dedicado esforços ao estudo desta molécula (SAVEGNAGO et al., 

2013; SALGUEIRO et al., 2017; DE FREITAS COUTO et al., 2019; DE 

AQUINO SILVA et al., 2021). Inicialmente, o 4-PSQ apresentou efeito 

antioxidante in vitro (SAVEGNAGO et al., 2013). A partir disso, foi ampliada a 

investigação do potencial farmacológico do composto. O 4-PSQ demonstrou 

efeitos antinociceptivo, ansiolítico e, neuroprotetor em modelos animais e, as 

suas ações farmacológicas parecem estar relacionadas às propriedades 

antioxidante e anti-iflamatória e, também, à sua habilidade de modular os 
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sistemas serotoninérgico, nitrérgico, glutamatérgico e colinérgico (PINZ et al., 

2016; SILVA et al., 2017; REIS et al., 2017; VOGT et al., 2018; BARTH et al., 

2019; PALTIAN et al., 2020). Pinz e colaboradores (2016) evidenciaram a 

potente ação antinociceptiva e anti-inflamatória do 4-PSQ. Os resultados 

revelaram que o composto reduziu a nocicepção e a inflamação, em modelos 

animais agudos, com doses a partir de 0,1 mg Kg-1. REIS e colaboradores 

(2017) evidenciaram que o 4-PSQ reduziu a captação de glutamato no córtex 

cerebral e protegeu contra o comportamento relacionado à ansiedade. 

Importamtemente, estudos prévios demonstraram que a atividade antioxidante 

contribui significativamente para o efeito neuroprotetor do 4-PSQ (VOGT et al., 

2018; PINZ et al., 2018) e, para o seu efeito cicatrizante no tratamento de 

lesões cutâneas semelhantes a dermatite atópica (VOSS et al., 2018). O 4-

PSQ exerce ações de aprimoramento de memória em ratos velhos por meio da 

modulação do sistema colinérgico e, por meio da modulação da plasticidade 

sináptica, aumentando a molécula de adesão de células neurais (NCAM) e os 

níveis de polissialiltransferase (BARTH et al., 2019). O potencial antioxidante 

do 4-PSQ se destacou também contra o dano oxidativo relacionado à 

senescência (LUCHESE et al., 2020). Corroborando estudos anteriors, Paltian 

e colaboradores (2020) demosntraram que o 4-PSQ elicita ação ansiolítica 

modulando os sistemas serotoninérgico, gabaérgico, além de, vias de 

neuroproteção e plasticidade neuronal associadas ao fator neurotrófico 

derivado do cérebro (BDNF). Recentemente, foi demonstrado que o 4-PSQ 

reverteu o dano hepático e renal induzido pela oxaliplatina, por meio da 

modulação do sistema antioxidante (LEMOS et al., 2020; DA MOTTA et al., 

2021).  

De fato, evidências crescentes demonstram que o 4-PSQ é um 

composto multialvo, com um significativo potencial antioxidante, sendo 

promissor no campo de desenvolvimento de medicamentos, principalmente 

porque exerce ações farmacológicas relevantes sem causar distúrbios 

locomotores e toxicidade nos rins, fígado e cérebro (PINZ et al., 2016; REIS et 

al., 2017). Neste contexto, o 4-PSQ pode ser uma promissora estratégia na 

busca de novos compostos com propriedades proeminentes para o tratamento 

da dor neuropática e das comorbidades causadas pela NPIO.  
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4 CAPÍTULOS 

 

Os resultados que fazem parte desta tese estão divididos em capítulos e 

apresentados sob a forma de artigo e manuscrito. As seções materiais e 

métodos, resultados, discussão e referências encontram-se nos artigos e nos 

manuscritos, representando a íntegra deste estudo. Os estudos estão 

estruturados de acordo com as regras das revistas científicas. 
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Elucidação de mecanismos envolvidos na fisiopatologia da NPIO e do 

potencial farmacológico do 4-PSQ 

Inicialmente, a dor neuropática causada pela NPIO, bem como o 

potencial farmacológico do 4-PSQ foram investigados em camundongos (etapa 

1). Essa etapa do estudo foi fundamental para ampliar a compreensão sobre os 

mecanismos subjacentes a NPIO. Neste contexto, foi dada uma atenção 

especial ao impacto que a oxaliplatina causa nas defesas antioxidantes no 

SNC, uma vez que, o dano oxidativo causado pela oxaliplatina no SNP, 

principalmente no gânglio da raiz dorsal, tem sido amplamente estudado. 

Ainda, a modulação da via colinérgica na NPIO foi investigada por meio da 

enzima AChE. Destaca-se que o objetivo principal desta etapa foi definir se a 

oxaliplatina permeia a barreira hematoencefálica e, para isso a concentração 

de platina na medula espinhal dos camundongos foi determinada. Ainda, uma 

das principais metas desta etapa foi determinar o potencial farmacológico do 4-

PSQ em reduzir a dor neuropática associada à NPIO. 

Resultados relevantes obtidos pelo presente estudo ampliaram a 

compreensão sobre os mecanismos envolvidos na fisiopatologia NPIO, uma 

vez que, pela primeira vez, foi detectada platina na medula espinhal de 

camundongos tratados com a oxaliplatina. Portanto, aqui foi definido que a 

platina, proveniente da oxaliplatina, permeia o SNC através da barreira 

hematoencefálica (Figura 5). Nesta etapa, observou-se que o 4-PSQ reduziu a 

hipersensibilidade mecânica e térmica induzida pela administração da 

oxaliplatina. O 4-PSQ reverteu o aumento na produção de espécies reativas no 

SNC induzido pelo quimioterápico, principalmente por meio da modulação da 

atividade e expressão das enzimas antioxidantes glutationa peroxidase (GPx), 

superóxido dismutase (SOD) e, catalase (CAT). Foi observado que o 

tratamento com a oxaliplatina alterou a atividade e a expressão da AChE, 

sugerindo que a via colinernérgica pode estar implicada na fisiopatologia da 

neuropatia periférica induzida pela OXA. O 4-PSQ normalizou ambas atividade 

e expressão da AChE. De fato, o 4-PSQ apresentou resultados promissores 

frente ao dano induzido pela oxaliplatina. Portanto, o 4-PSQ pode ser um bom 

protótipo para o estudo de uma terapia mais eficaz para o tratamento da NPIO.  
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Figura 5. Representação esquemática dos principais resultados obtidos na etapa 1. 
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Artigo 1 

 

Os resultados deste capítulo da tese estão apresentados sob a forma de 

artigo científico, o qual se encontra assim organizado. Os itens Materiais e 

Métodos, Resultados, Discussão dos Resultados e Referências Bibliográficas 

encontram-se no próprio artigo. 

O artigo científico encontra-se publicado na revista Molecular 

Neurobiology. 
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Modulação farmacológica da Na+, K+ - ATPase para o tratamento 

das comorbidades associadas à NPIO: 4-PSQ como estratégia terapêutica 

Na etapa 2 desta tese, o objetivo principal foi investigar o envolvimento 

da enzima Na+, K+ - ATPase na neurotoxicidade induzida pela administração da 

oxaliplatina e propor a modulação desta enzima como alvo farmacológico para 

o tratamento das comorbidades associadas à NPIO. Esta proposta baseou-se 

no fato desta enzima, fundamental para a manutenção das funções cerebrais, 

ser particularmente vulnerável à ação de medicamentos. Ainda, considerando 

que a atividade disfuncional da enzima Na+, K+ - ATPase pode contribuir para a 

patogênese de diversas doenças do SNC, foi determinado o efeito da 

oxaliplatina sobre o comportamento ansiogênico e o déficit cognitivo em 

camundongos adultos jovens, como comorbidades relacionadas à NPIO. Além 

disso, considerando que: i) o 4-PSQ tem ação ansiolítica em camundongos 

jovens; ii) o 4-PSQ restaurou o declínio de memória causado pelo 

envelhecimento em ratos velhos e, iii) os promissores resultados observados 

na etapa 1; nesta etapa da tese foi determinado o efeito desta selenoquinolina 

sobre o comportamento ansiogênico e o déficit cognitivo relacionadas à NPIO. 

Neste contexto, a Na+, K+ - ATPase foi investigada como um novo alvo 

farmacológico para o tratamento das comorbidades associadas a NPIO. 

A hipótese desta etapa foi comprovada pelos resultados obtidos. De fato, 

a administração da oxaliplatina modulou o funcionamento da enzima Na+, K+ 

ATPase no SNC. A oxaliplatina inibiu a atividade e reduziu a expressão da 

enzima Na+, K+ - ATPase. Também, nessa etapa, ratificou-se a correlação 

positiva significativa entre o comportamento ansioso e o prejuízo cognitivo 

induzidos pelo tratamento com oxaliplatina. Corroborando a correlação 

demonstrada, a administração de oxaliplatina aumentou os níveis de 

corticosterona plasmática. Ainda, os resultados obtidos aqui confirmaram os 

promissores efeitos do 4-PSQ em reverter a neurotoxicidade causada pela 

administração da oxaliplatina. De fato, o tratamento com 4-PSQ reverteu o 

comportamento ansioso e o comprometimento cognitivo induzido pela 

exposição à oxaliplatina, por meio da modulação da enzima Na+, K+ - ATPase, 

bem como, pela normalização dos níveis de corticosterona (Figura 6). É 

importante reiterar que o 4-PSQ é uma molécula multialvo, o que certamente 

contribui para os efeitos relevantes demonstrados neste estudo. Nesta etapa 
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do estudo, os resultados novamente ajudaram a ampliar os conhecimentos 

sobre os mecanismos envolvidos na fisiopatologia da NPIO e suas 

comorbidades. 

 

Figura 6. Representação esquemática dos principais resultados obtidos na etapa 2. 
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Artigo 2 

Os resultados deste capítulo da tese estão apresentados sob a forma de 

artigo científico, o qual se encontra assim organizado. Os itens Materiais e 

Métodos, Resultados, Discussão dos Resultados, Conclusões e Referências 

Bibliográficas encontram-se no próprio artigo. 

O artigo científico encontra-se publicado na revista Brain Research 

Bulletin. 
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A influência da idade sobre a NPAIO: Novas perspectivas sobre a 

modulação da Na +, K + - ATPase, estresse oxidativo e terapia com 4-PSQ 

Considerando que em torno de 90% dos pacientes em tratamento com 

oxaliplatina desenvolvem neuropatia periférica aguda, na etapa 3 desta tese, o 

objetivo central consistiu em investigar o impacto causado pelo envelhecimento 

sobre os sintomas clínicos e mecanismos envolvidos na NPAIO e o potencial 

farmacológico do 4-PSQ. A fim de compreender essa relação e considerando 

os resultados obtidos anteriormente, aqui foi investigada a modulação da Na +, 

K + - ATPase, enzima susceptível a processos neurodegenerativos induzidos 

por ambos os fatores estudados, bem como, o efeito da associação entre 

envelhecimento e o tratamento com a oxaliplatina sobre a produção de 

espécies reativas e defesas antioxidantes no SNC. 

Os resultados obtidos demonstraram pela primeira vez que o 

envelhecimento exacerbou os sintomas clínicos observados na NPAIO, 

principalmente, por meio dos danos oxidativos progressivos causados pelo 

desequilíbrio redox, como evidenciado pela crescente produção de espécies 

reativas associada à redução das defesas antioxidantes e, também, por meio 

da modulação das enzimas Na+, K+ - ATPase e Mg+2 - ATPase. De fato, os 

resultados sugerem que os danos causados aos neurônios sensoriais no SNC 

pelo desequilíbrio redox e, também, pela falta de energia em decorrência da 

inibição da Na+, K+ - ATPase, podem estar relacionados ao aumento da 

hiperalgesia quando associado o tratamento com a oxaliplatina e a idade 

avançada. 

Novamente, nesta etapa do estudo, o tratamento com o 4-PSQ 

apresentou resultados promitentes diante dos danos induzidos pela 

administração da oxaliplatina e, neste protocolo, exacerbados pelo 

envelhecimento. O 4-PSQ reverteu a hipersensibilidade induzida pela 

administração da oxaliplatina e agravada pelo envelhecimento por meio da 

redução das espécies reativas e modulação das enzimas antioxidantes GPx e 

SOD. Ainda, o 4-PSQ restabeleceu parcialmente a atividade da Na+, K+ 

ATPase. Este estudo foi o primeiro desse tipo, aprovisionando uma nova visão 

sobre o impacto do envelhecimento nos mecanismos envolvidos na NPAIO 

(Figura 7). Além disso, este estudo corroborou as evidências sobre os efeitos 
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promissores do 4-PSQ na neurotoxicidade induzida pela oxaliplatina, agora, 

também considerando os agravantes induzidos pelo envelhecimento. 

 

 

Figura 7. Representação esquemática dos principais resultados obtidos na etapa 3. 
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Manuscrito 1 

Os resultados deste capítulo da tese estão apresentados sob a forma de 

manuscrito científico, o qual se encontra assim organizado. Os itens Materiais e 

Métodos, Resultados, Discussão dos Resultados, Conclusões e Referências 

Bibliográficas encontram-se no próprio manuscrito. 

O manuscrito 1 encontra-se aceito para publicação na revista Molecular 

Neurobiology. 
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Abstract 

Almost 90% of patients develop pain immediately after oxaliplatin (OXA)-treatment. 

Here, the impact of aging on OXA-induced acute peripheral neuropathy and the 

potential of 7-chloro-4-(phenylselanyl) quinoline (4-PSQ) as a new therapeutic strategy 

were evaluated. In Swiss mice, the oxidative damage, and its influence on Mg2+ - 

ATPase and Na+, K+ - ATPase activities were investigated.  The relationship between 

the reactive species (RS) and nitrate and nitrite (NOx) levels, the activity of glutathione 

peroxidase (GPx), and superoxide dismutase (SOD) with the development of OXA-

induced acute peripheral neuropathy was also studied. In this study, it was evidenced 

that OXA-induced acute peripheral neuropathy was exacerbated by aging through 

increased oxidative damage as well as Na+, K+ - ATPase, and Mg+2 - ATPase inhibition. 

4-PSQ reversed hypersensitivity induced by OXA and aging-aggravated by reducing RS 

and NOx levels, through modulation of GPx and SOD activities. 4-PSQ partially 

reestablish Na+, K+ - ATPase activity, but not Mg 2+ - ATPase activity. Locomotor and 

exploratory activities were not affected. This study is the first of its kind, providing new 

insight into the aging impact on mechanisms involved in OXA-induced acute peripheral 

neuropathy. Also, it provides evidence on promising 4-PSQ effects on this condition, 

mainly on aging. 
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Abbreviations 

4-PSQ, 7-chloro-4-(phenylselanyl) quinoline; OXA, Oxaliplatin; NMDA, N-methyl-D-

aspartate; RS, reactive species; GPx, glutathione peroxidase; SOD, superoxide 

dismutase; NOx, nitrate and nitrite; CNS, central nervous system; NADPH, β-

nicotinamide adenine dinucleotide 2′-phosphate reduced tetrasodium salt hydrate; 

GAPDH, Glyceraldehyde-3-phosphate dehydrogenase. 
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Introduction 

Oxaliplatin (OXA) is an important component in the treatment of colorectal 

cancer, which has significantly increased patient survival rates [1]. However, toxicity 

induced by OXA is associated with severe, frequently lasting, or permanent adverse 

effects. OXA-induced neurotoxicity is the major dose-limiting adverse effect leading to 

treatment discontinuation [1]. Of note, the OXA-induced neurotoxicity has been 

extensively investigated; however, significant challenges persist for the understanding 

of symptoms clinical and its cellular–molecular basis [1–3]. It is well-established that 

neurotoxicity induced by OXA causes initially the development of acute peripheral 

neuropathy and, posteriorly, continued exposure to OXA can lead to the development of 

chronic peripheral neuropathy.  

At present, the mechanisms underlying peripheral neuropathy induced by OXA 

also remain unclear. It has been proposed that the accumulation of platinum lead to 

increase of oxidative stress mainly caused by superoxide and nitrite species [4, 5]. In 

fact, in OXA-induced acute peripheral neuropathy the more accepted hypothesis is due 

to impaired mitochondrial function, principally for failure bioenergetics, and reactive 

species (RS) generation [6]. Also, it was postulated as mechanism-basic the reversible 

interference with ion channels, and alterations on neuronal lipid synthesis and 

metabolism, but knowledge about other involved mechanisms is still limited [2]. 

In addition, many biological factors could have a negative impact on 

physiopathology of OXA-induced acute peripheral neuropathy and aggravate 

neuropathic pain, as degenerative process caused by disease or aging. Nowadays, the 

advances in public health, enhance the number of people that live into old age. There is 

estimates that in 2050 one-fifth of the world population will be over the age of 60 [7]. 

Within this age bracket, occurs the greater incidence of cancers [7], with a highlight to 



 88 

colorectal cancer, principal cause of cancer-related death worldwide [8]. Indeed, aging 

is considered a risk factor for several chronic diseases, including neurodegenerative 

disorders and cancers. Aging-process occurs dynamically and progressively, and it is 

defined by a decline on repair capacity associated to decrease in physiological function 

and gradual deterioration of tissues and organ systems [9]. 

The experience of pain results from a complex set of actions and interactions 

between the central nervous system (CNS) and peripheral nervous system (PNS). In old 

age patients, is necessary to consider the neurogenesis declines with age [10], as well as 

progressive loss of tissue and organ function, particularly, due to the accumulation of 

oxidative damage to macromolecules [11]. Thus, old patients in OXA-treatment can be 

more susceptible to side effects, mainly pain. In this line, new therapeutic approaches 

should consider the aging-peculiarities in search for safe and effective therapy for OXA-

induced acute peripheral neuropathy treatment.  

Growing evidence has shown the importance of Na+, K+ - ATPase in basic 

cellular functions and, it has been suggested that dysfunctional activity of this enzyme 

can contribute to the pathogenesis of several CNS diseases. Indeed, previous studies 

suggested that dysfunctional Na+, K+ - ATPase activity throughout the aging-process 

renders neurons more susceptible to degeneration. Inhibited Na+, K+ - ATPase activity 

in neurons causes energy deficiency, increases intracellular Na+, which leads to hyper-

excitability cellular, thereby affecting neuronal functions. In turn, malfunction of this 

enzyme in astrocytes causes an increase in extracellular glutamate and rendering the 

CNS more vulnerable to the neurodegenerative processes  [12, 13]. Moreover, Na+, K+ - 

ATPase enzyme activity is particularly vulnerable to drugs' action including the OXA. 

Recently, our research group demonstrated that the treatment with OXA caused 

neurotoxicity mainly by inhibiting Na+, K+ - ATPase activity, and reducing its 
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expression [14]. In this context, Na+, K+ - ATPase modulators can be promising in the 

development of alternative therapy for the acute peripheral neuropathy induced by OXA 

exposure, mainly in the elderly. 

7-Chloro-4-(phenylselanyl) quinoline (4-PSQ) is an organoselenium compound 

and a quinoline derivative, which has been extensively studied by our research group [5, 

14–26] and others [27–31].  Our research group showed that 4-PSQ exerts a memory 

enhancer action by modulating the neuroplasticity and the acetylcholinesterase activity 

in aging rats [18]. Also, it was demonstrated that 4-PSQ reduced chronic pain and 

reversed oxidative damage in a model of OXA-induced chronic neuropathy peripheral 

[5]. 4-PSQ reduced OXA-induced anxious behaviour and cognitive impairment, and the 

effects seem to be due to the modulation of Na+, K+ - ATPase [14]. Furthermore, 4-PSQ 

reversed kidney and liver damage induced by OXA [19, 20].  

Given the promising effects of 4-PSQ against OXA-induced long-term toxicity, 

here we look for investigate whether this compound also mitigates OXA-induced acute 

peripheral neuropathy in mice. The aim of the present study also included to evaluate 

the  

impact of aging, highlighting the reduction of oxidative stress and the modulation of 

Mg2+ - ATPase and Na+, K+ - ATPase activities as a pharmacological target to reduce 

the  OXA-induced acute peripheral neuropathy in mice. 

 

Materials and Methods 

Animals 

All experiments were performed following the guidelines of the Committee on 

Care and Use of Experimental Animal Resources of the Federal University of Pelotas, 

Brazil (CEEA 4506-2017) and in accordance with the National Institute of Health 
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Guide for the Care and Use of Laboratory Animals (NIH publications no. 80-23, revised 

in 1996) [32] and International Guiding Principles for Biomedical Research Involving 

Animals. The tests were carried out using adult (2 months) and old (20 months) Swiss 

male mice. This species has been used in several neuropathic pain studies [33, 34].  The 

adult mice were housed five per cage in a colony, whereas old mice were housed one 

per cage. All animals were maintained at 22 ± 2 °C with free access to water and food, 

under a 12:12 h light/dark cycle (with lights on at 6:00 a.m.). Mice were acclimatized to 

the behavioural room for at least 1 h. All efforts were made to minimize the number of 

animals used and their discomfort. The number of animals and intensities of noxious 

stimuli used was the minimum needed to demonstrate consistent effects of the 

treatment. Allocation concealment was performed using a randomization procedure 

(http://www.randomizer.org/). Behavioural evaluations were performed blindly on drug 

administration. All experiments were carried out between 08:00 and 17:00 h.  

 

Drugs 

4-PSQ was prepared and characterized in our laboratory. Nuclear magnetic 

resonance analysis (1H and 13C) showed analytical and spectroscopic data in full 

agreement with its assigned structure. The chemical purity of 4-PSQ (99.9%) was 

determined by gas chromatography coupled with mass spectrometry (GC-MS) [27, 28]. 

4-PSQ and OXA were dissolved in canola oil and 5% glucose solution, 

respectively. OXA was obtained from Eurofarma pharmaceutical company. All other 

chemicals used in this study were of analytical grade and obtained from Sigma-Aldrich, 

(St. Louis, MO, USA). Mice received treatments by oral (p.o. - intragastric gavage) or 

intraperitoneal (i.p.) routes, at a constant volume of 10 mL kg-1 of body weight.  
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Experimental Design 

Firstly, mice were randomly divided into six groups (7 animals/group): i) 

Young, ii) Young+OXA, iii) Young+OXA+4-PSQ, iv) Old, v) Old+OXA, and vi) 

Old+OXA+4-PSQ. On days 0 and 2, mice of the Young and Old groups received a 5% 

glucose solution (10 mL kg-1, i.p.), whereas mice of the Young+OXA, Young+OXA+4-

PSQ, Old+OXA, and Old+OXA+4-PSQ groups received OXA (10 mg kg-1, i.p.) at a 

dose of 10 mg kg-1. On day 2 of the experimental protocol, 0.5 h after OXA-

administration, mice of the Young, Young+OXA, Old, and Old+OXA groups received 

canola oil (10 mL kg-1, p.o.), whereas mice of the Young+OXA+4-PSQ and 

Old+OXA+4-PSQ groups received a single administration of 4-PSQ (1 mg kg-1, p.o.). 

The behavioural tests were measured before (baseline values) and at 0.5 h after the 4-

PSQ treatment to evaluate the acute OXA-induced thermal and mechanical sensitivities 

in Swiss mice.  

Posteriorly, the animals were euthanized by inhalation of isoflurane anesthetic. 

The sciatic nerve, spinal cord, and cerebral cortex samples were rapidly dissected, 

weighed, and placed on ice then used for ex vivo assays (Fig. 1).  The operators in the 

behavioural tests and data analysis were blinded. The dose and the protocol of treatment 

with 4-PSQ were based on previous studies [5, 14]. Given that other studies evaluating 

the pharmacological actions of the 4-PSQ on the OXA-induced neurotoxicity have been 

carried out [5, 14], a dose-response curve was not performed in the present study to 

minimize the number of animals used. 

 

Behavioural tests 

Measurement of thermal sensitivity 
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 Thermal sensitivity was tested in mice as reported by Brusco et al. [33], with 

some modifications. Cold sensitivity was assessed by the acetone drop method. In this 

sense, a drop (20 μL) of acetone was applied three times in each right hind paw and 

cumulative scores were then generated following a 4-point scale: 0 = no response; 1 = 

quick withdrawal, flick or stamp of the paw; 2 = prolonged withdrawal or repeated 

flicking, and 3 = repeated flicking of the paw with licking directed at the ventral side of 

the paw. 

 

Measurement of mechanical sensitivity 

 Mechanical sensitivity was carried out in mice according to the method 

previously described by Alamri et al. [35], with some modifications. For this test, mice 

were placed individually inside acrylic cages with wire grid floors 30 min before the 

start of testing performed in a quiet room. Before paw stimulation, the animals were 

quieted, without exploratory movements and not resting on their paws. The test 

consisted of evoking a hind paw flexion reflex with a hand-held force transducer (digital 

aesthesiometer, Insight, São Paulo, Brazil) adapted with a polypropylene tip. The paw 

withdrawal threshold was measured by applying the polypropylene tip perpendicular to 

the middle of the plantar surface of the hind paw at constant progressive pressure until 

paw withdrawal, and the pressure value was automatically recorded.  

 

Assessment of locomotor and exploratory domains 

The open field test was performed to evaluate the general locomotor and 

exploratory behaviours of mice. The open field was made of plywood and surrounded 

by 30 cm-high walls. The floor of the open field, 45 cm long and 45 cm wide, was 

divided by masking tape markers into 9 squares (3 rows of 3). In this test, each animal 
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was placed at the center of the open field and observed for 4 min to record the 

locomotor (number of segments crossed with the four paws) and exploratory (number of 

rearing on the hind limbs) activities [36]. 

 

Ex vivo assays 

Based on the results of the behavioural tests, it was possible to elucidate the 

aging as well as 4-PSQ effects on pain caused by OXA-induced acute peripheral 

neuropathy. Posteriorly, ex vivo assays were performed to elucidate the aging targets 

that impact on OXA-induced acute peripheral neuropathy and, also, to the therapeutic 

effect of 4-PSQ. Sciatic nerve samples were collected to determine RS levels. 

Additionally, spinal cord and cerebral cortex samples were collected to determine 

oxidative stress markers, such as glutathione peroxidase (GPx) and superoxide 

dismutase (SOD) activities, as well as RS levels. Also, given that nitrate and nitrite 

(NOx) levels is an indicator of NO production, and it modulates Na+, K+ - ATPase 

activity, NOx levels were quantified in the spinal cord. 

Furthermore, given that a decrease in activity and expression level of Na+, K+-

ATPase in treatment with OXA has been reported [14], the involvement of the Na+, K+-

ATPase, and Mg2+ - ATPase on OXA-induced acute peripheral neuropathy  was 

evaluated in the spinal cord and cerebral cortex of mice. For these analyses, samples 

were homogenized in 50 mmol L-1 TrisHCl pH 7.4 centrifuged at 900 x g for 10 min to 

yield a supernatant (S1). Specifically for NOx levels, samples were homogenized in 200 

mM ZnSO4 and acetonitrile (96%), centrifuged at 13,000 x g at 4 °C for 30 min, and the 

S1 was collected. 

 

Involvement of oxidative stress 
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RS levels 

 The RS levels were determined by a spectrofluorimetric method, using 2’,7’-

dichlorofluorescein diacetate (DCHF-DA) assay according to Loetchutinat et al. [37]. S1 

(50 μL) was incubated with 20 μL of DCHF-DA (1 mmol L-1) and 2430 μL of Tris HCl 

(10 mmol L-1) in pH 7.4. The oxidation of DCHF-DA to fluorescent dichlorofluorescein 

(DCF) was measured for the detection of intracellular RS. The DCF fluorescence 

intensity emission was recorded at 525 nm (with 488 nm excitation) 60 min after the 

addition of DCHF-DA to the medium (Shimadzu RF-5301PC fluorometer). RS levels 

were expressed as arbitrary units of fluorescence. 

 

NOx levels  

NOx levels were assayed spectrophotometrically according to a previously 

published study by Miranda et al. [39]. Spinal cord samples were weighed and 

homogenized, the S1 was used to determine the nitrate and nitrite content, an indicator 

of nitric oxide (NO) production. NOx content was estimated in a medium containing 2 

% VCl3 (in 5 % HCl), 0.1 % N-(1-naphthyl) ethylene-diamine dihydrochloride and 2 % 

sulfanilamide (in 5 % HCl). After incubating at 37 °C for 60 min, nitrite levels were 

determined spectrophotometrically at 540 nm, based on the reduction of nitrate to nitrite 

by VCl3. Tissue nitrate/nitrite levels were expressed as nmol of NOx/mg of protein. 

  

Antioxidant enzymes 

GPx activity  

GPx activity was assayed spectrophotometrically by the method of Wendel  

[40], which involves monitoring of the dismutation of H2O2 in the presence of S1 at 340 

nm. S1 (50 µL) was added in a system composed of reduced glutathione 
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(GSH)/NADPH/glutathione reductase (GR), and the enzymatic reaction was initiated by 

the addition of H2O2 (100 µL). In this assay, the enzymatic activity is indirectly 

measured by NADPH decay. H2O2 is reduced and generates oxidized glutathione 

(GSSG) from GSH. GSSG is regenerated back to GSH by the GR present in the 

analysis medium at the expense of NADPH. The enzymatic activity was expressed as 

nmol/min/mg protein. 

 

SOD activity 

This method is based on the capacity of SOD to inhibit the autoxidation of 

epinephrine. SOD activity was measured spectrophotometrically according to Misra and 

Fridovich' s method [41]. S1 (6, 12, or 18 µL) was added to a 0.05 mol L-1 Na2CO3 

buffer, and the enzymatic reaction was started by adding epinephrine (30 µL). The color 

reaction was measured at 480 nm. One unit of the enzyme was defined as the amount of 

enzyme required to inhibit the rate of epinephrine autoxidation by 50% at 26 °C. The 

enzymatic activity was expressed as U/mg protein. 

 

Involvement of Na+, K+-ATPase and Mg2+ - ATPase activity 

For the Na+, K+-ATPase activity assay, a reaction mixture was used containing 

S1, 3 mM MgCl2, 125 mM NaCl, 20 mM KCl and 50 mM Tris/HCl, pH 7.4. The 

reaction was initiated by the addition of ATP to a final concentration of 3.0 mM. 

Control samplings were performed under the same conditions with the addition of 0.1 

mM ouabain. The samples were incubated at 37 °C for 30 min and the incubation was 

stopped by adding a 10 % trichloroacetic acid solution (TCA) with 10 mM HgCl2. Na+, 

K+-ATPase activity was calculated by the difference between the two assays. Released 
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inorganic phosphate (Pi) was measured according to Fiske and Subbarow [42]. Enzyme 

activity was expressed as nmol of Pi/mg of protein/min.  

For the Mg2+- ATPase activity assay, a reaction mixture was used containing S1, 

3 mM MgCl2, 125 mM NaCl, 20 mM KCl and 50 mM Tris/HCl, pH 7.4 [43]. Controls 

to correct for non-enzymatic substrate hydrolysis were prepared by adding sample 

preparations after the reactions were stopped with TCA. To determine the Mg2+-ATPase 

activity, ouabain (1 mM) was added to the reaction medium. The reaction was initiated 

by adding ATP and was stopped after 30 min of incubation by the addition of 10% 

TCA. Enzymatic activity was expressed as nmol of Pi/mg of protein/min. 

  

Protein determination 

The protein concentration was measured spectrophotometrically at 595 nm by 

the method of Bradford [44], using bovine serum albumin as the standard. It is a rapid 

and sensitive method for the quantitation of microgram quantities of protein utilizing 

the principle of protein-dye binding. The reaction mixture contained S1 (50 µL) and 

coomassie brilliant blue (2.5 mL). The reaction mixture was incubated for 10 min. The 

protein level was expressed as mg protein/mL. 

 

Data and statistical analysis 

The normality of the data was evaluated using the D' Agostino and Pearson 

omnibus normality test. Statistical analysis was performed using GraphPad Prism 6.0 

software (San Diego, CA, USA). Data were analyzed by two-way analysis of variance 

(ANOVA) followed by the Tukey test when appropriated for parametric data. Data were 

expressed as mean ± standard error of the mean (S.E.M.). Post hoc tests were performed 

only when the F-value achieved the necessary level of statistical significance (P < 0.05) 
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and when there was no significant variance in the homogeneity. All data were evaluated 

for outliers (ROUT (Q = 1.0 %)). The outliers were excluded from the results. The data 

and statistical analysis comply with the recommendations on experimental design and 

analysis in pharmacology [45].  

 

Results 

Sensitivity aging-caused exacerbate cold and mechanical hypersensitivities induced 

by OXA 

To establish the impact of aging on OXA-induced acute peripheral neuropathy 

and identify the molecular mechanisms underlying, it is necessary to consider cold and 

mechanical sensitivities. In this sense, we employed well-established tests of the 

acetone drop method and von Frey test, in Young and Old Swiss mice. Interestingly, we 

observed that older animals are more sensitive to cold stimulus (Fig. 2), as evidenced by 

the increase in the cumulative scores of the test scale; and to mechanical stimulus (Fig. 

3), as evidenced by the decrease in the paw withdrawal threshold. In this sense, old mice 

presented higher cold (around 500%) and mechanical (17%) sensitivity than young 

mice.  

Here, it was administrated a well-defined dose of OXA (10 mg kg-1, i.p.) to 

induced pain in mice. In fact, a stable and robust thermal (Fig.2) and mechanical 

sensitivities (Fig. 3) were observed. These acute effects were observed 0.5 h after OXA-

administration on day 2 of the experimental protocol. Old mice that received OXA 

showed an increase of 66% in the cumulative scores of cold sensitivity, whereas it was 

observed a reduction of 40% in the paw withdrawal threshold in the mechanical 

sensitivity test. In turn, after administration of OXA, young mice presented an increase 

of 560% in the cumulative scores of cold sensitivity, whereas the paw withdrawal 
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threshold decreased 35% in the mechanical sensitivity test. In addition, it was observed 

that the old mice that received OXA presented higher cold (54%) and mechanical (25%) 

hypersensitivities than young mice, also treated with OXA. Indeed, it was observed that 

older animals are more sensitive to a mechanical and thermal stimulus. Concomitantly, 

aging also increased the animals' vulnerability to effects OXA-induced acute peripheral 

neuropathy.  Overall, these results show that the OXA-administration (10 mg kg-1, i.p.) 

produced cold and mechanical hypersensitivities in Young and Old mice, however, Old 

mice were more susceptible to the toxic effects of OXA and presented higher 

sensitivity. 

 

4-PSQ reduces acute cold and mechanical sensitivities induced by OXA in aged 

and young mice 

Given the increase in the cold and mechanical sensitivities induced by aging 

and/or OXA, we subsequently aimed to investigate whether the treatment with 4-PSQ 

could restore pain sensitization. The old and young animals exposed to OXA (10 mg kg-

1, i.p.) that received 4-PSQ (1 mg kg-1, p.o.) demonstrated normalized sensitivity, the 

cold (Fig. 2) and mechanical (Fig. 3A) sensitivities of Old+OXA+4-PSQ and 

Young+OXA+4-PSQ groups were similar to the Young group (vehicle). These results 

revealed that the treatment with 4-PSQ protected against hypersensitivity induced by 

both OXA and aging.  

 

Locomotor and exploratory behaviours of young and old mice are not altered by 4-

PSQ and OXA 

The results of number of rearings and crossings in the open field test are 

presented in Fig. 3A and B, respectively. The data analysis revealed that treatment of 
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mice with 4-PSQ and/or OXA did not cause any significant change in the number of 

crossings or rearings in young and old animals. 

 

Oxidative stress contributes to acute peripheral neuropathy induced by OXA in 

mice and 4-PSQ exerts antioxidant effect 

To reinforce the contribution of oxidative stress to OXA-induced acute 

peripheral neuropathy, RS levels (Fig. 4), NOx levels (Fig.5), and activity of antioxidant 

enzymes (GPx and SOD) (Fig. 6) were evaluated in the sciatic nerve, spinal cord and/or 

cerebral cortex of mice. Aging led to increased levels of RS in the spinal cord (51%) 

(Fig. 5B) and cerebral cortex (38%) (Fig. 5C) of mice. Besides, it was observed 

increased levels of RS in the sciatic nerve, spinal cord, and cerebral cortex of the old 

and young mice that received OXA. In particular, old mice that received OXA showed 

higher values of RS, in the spinal cord and cerebral cortex, than Young+OXA mice. 

In turn, the results showed that treatment with 4-PSQ (1 mg kg-1, p.o.) reversed 

the increase in the RS levels induced by OXA in the sciatic nerve of old and young mice 

(Fig. 5A). Also, treatment with 4-PSQ reversed increased levels of RS induced by OXA 

in the spinal cord of young mice (Fig. 5B). However, 4-PSQ-treatment partially 

reversed the increase in the RS levels induced by OXA in the spinal cord of the old 

mice. In the cerebral cortex, the treatment with 4-PSQ reduced the RS levels induced by 

OXA in old and young mice (Fig. 5C). 

To determine whether especially RS of the nitrogen plays a key role in OXA-

induced acute peripheral neuropathy, NOx levels were evaluated. As shown in Fig. 6, 

aging increased the NOx levels in the spinal cord of mice. Also, OXA administration 

significantly increased NOx levels in the spinal cord of young and old mice. On the 

other hand, the analysis of the results revealed that the treatment with 4-PSQ reduced 
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the levels of NOx in the spinal cord of young and old mice exposed to OXA. However, 

we highlight that the old mice that received OXA showed higher values of the NOx in 

the spinal cord than young mice OXA-administrated. 

The results suggest that increased RS and NOx levels contribute to OXA-

induced acute peripheral neuropathy and, to elderly susceptibility for OXA-toxicity. 

Also, results indicate that the antioxidant effect of 4-PSQ can be involved in its 

analgesic action. Based on this, next, we examined whether antioxidants enzymes GPx 

and SOD contribute to OXA and 4-PSQ effects, and to the vulnerability of old to OXA. 

Fig. 7 summarizes the results obtained regarding the GPx and SOD activities 

analyzed after the administration of OXA (10 mg kg-1, i.p.) and/or treatment with 4-

PSQ (1 mg kg-1, p.o.) in old and young mice. OXA administration significantly 

increased GPx activity in the spinal cord (Fig. 7A) and cerebral cortex (Fig. 7B) of 

young mice, to 161% and 205%, respectively. In the spinal cord (Fig. 7A) and cerebral 

cortex (Fig. 7B) of Old, Old+OXA, and Old+OXA+4-PSQ mice groups no alteration in 

the GPx activity was observed after the treatments.  On the other hand, the analysis of 

the results revealed that the increase in the GPx activity induced by OXA in young mice 

was normalized in the cerebral cortex (Fig. 7B) and reversed partially in the spinal cord 

(Fig. 7A) after 4-PSQ treatment. 

As shown in Fig. 7, OXA (10 mg kg-1, i.p.) administration increased the SOD 

activity to 126% in the cerebral cortex (Fig. 7D) of young mice. However, old mice that 

received OXA did not modify SOD activity in the spinal cord and the cerebral cortex.  

An increase in the spinal cord (Fig. 7C) and cerebral cortex (Fig. 7D) SOD activity of 

young and old animals exposed to OXA and treated with 4-PSQ was observed.  
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Aging and/or OXA exposure modify Na+, K+ - ATPase, and Mg2+ - ATPase 

activities: target approaches of 4-PSQ  

 Aging significantly decreased the Na+, K+- ATPase activity in the spinal cord of 

mice (Fig. 8A). Also, in the spinal cord and cerebral cortex of mice, Mg+2 - ATPase 

activity was reduced by aging (Fig. 8C and 8D). In turn, a decreased in the spinal cord 

Na+, K+- ATPase activity of the young mice exposed to OXA was observed (Fig. 8A). 

OXA administration also reduced Na+, K+- ATPase activity in the cerebral cortex of 

young and old mice (Fig. 8B). Concerning the Mg+2 - ATPase activity, no alteration was 

evidenced on the spinal cord and cerebral cortex of old and young mice after treatment 

with OXA respectively (Fig. 8C and 8D).  

Despite this, we highlight that the treatment with the compound 4-PSQ partially 

reversed the effects caused by aging and OXA on the Na+, K+- ATPase activity in the 

spinal cord of young mice (Fig. 8A). Besides, the 4-PSQ-treatment reversed the effects 

caused by aging and OXA on the Na+, K+- ATPase activity in the spinal cord of old 

mice (Fig. 8A). 4-PSQ also reversed the effects caused by aging and OXA on the Na+, 

K+- ATPase activity in the cerebral cortex of young and old mice (Fig. 8B). No 

alteration was evidenced on the Mg+2 - ATPase activity in the spinal cord and cerebral 

cortex of old and young mice after treatment with OXA and 4-PSQ (Fig. 8C and 8D). 

 

Discussion 

Acute neuropathy is specifically caused by OXA, affects most patients 

undergoing treatment, and is mainly characterized by cold hypersensitivity and 

dysesthesia of the peripheral regions. Furthermore, there is no defined specific 

pathophysiology for the disease or appropriate diagnosis and treatment to date [6]. In 

the present study, it was demonstrated that aging exacerbates acute peripheral 
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neuropathy induced by treatment with OXA. Here, we evidenced that aging exacerbated 

cold and mechanical hypersensitivity OXA-induced, mainly through oxidative damage 

induced to PNS and CNS, and by inhibiting Na+, K+-ATPase activity. Importantly, also 

it was observed that treatment with 4-PSQ reversed cold and mechanical 

hypersensitivity OXA-induced in both ages evaluated. In this way, findings lead us to 

believe that the 4-PSQ modulated the pain and suppress the signaling pathways of 

OXA-induced acute peripheral neuropathy in the aged and young, mainly, through its 

antioxidant activity. Consequently, the 4-PSQ reduced the cold and mechanical 

hypersensitivity as well as normalized Na+, K+-ATPase enzyme activity. 

Indeed, it has been reported that oxidative stress contributes to the development 

of OXA-induced neurotoxicity [46, 47]. In this sense, recently our research group 

demonstrated, for the first time, that the treatment with OXA causes deposition of 

platinum in the spinal cord. On well-established model of OXA-induced chronic 

peripheral neuropathy in mice, we showed that the platinum crosses the blood-brain-

barrier and starting RS formation [5]. Besides, the key mechanism involved in OXA-

induced acute peripheral neuropathy is due to oxalate metabolites, which can alter the 

functional properties of voltage-gated Na+ channels, lead to hyper-excitability of dorsal 

root ganglion sensory neurons [48]. However, despite continued efforts for a better 

understanding of the mechanisms involved in the OXA-induced acute peripheral 

neuropathy, not all the physiopathology processes were completely understood. For a 

better understanding of the mechanisms involved in this condition, in the present study 

the impact aging-caused in OXA-induced acute peripheral neuropathy was investigated.  

Firstly, we showed that aging caused hypersensitivity (pain in response to 

innocuous stimuli) in the animals. Indeed, previous studies suggest that the impact 

caused by aging, mainly on the brain, contributes to the development of pain [49, 50]. In 
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addition, as previously reported aging can alter many aspects involved in the 

physiopathology of the pain, including increased oxidative damage, and decline of 

antioxidant defense [51]. Here, aging led to oxidative damage, as evidenced by the 

increase in the RS and NOx levels on CNS and spinal cord, respectively. Corroborating 

with the results of this study, previously published data demonstrated that the process of 

aging affects the production of RS and thus, the cellular redox state. Aging reduces the 

ability of the cell to maintain its proteome [52]. Here, the relationship between aging 

and inhibition of Mg2+ - ATPase enzyme activity in the spinal cord and cerebral cortex 

was observed. In this line, we can suggest that alterations in intracellular Mg2+ 

concentration on CNS also contribute to disorders associated with aging such as pain. 

The Mg2+ - ATPase enzyme is one of the Mg2+ transporting systems essential, which is 

localized mainly in the plasma membrane. It is known that Mg2+ plays a crucial role in a 

living organism’s functioning including protein synthesis and enzymatic cofactor 

involved in carbohydrate metabolism and DNA synthesis [53]. In turn, in the present 

study Na+, K+ - ATPase, SOD, and GPx activities were not changed by aging. 

Posteriorly, we highlight that the aging exacerbated OXA-induced mechanical 

and cold hypersensitivity. Indeed, cold hypersensitivity is one of the major 

characteristics of OXA-induced acute peripheral neuropathy, which is manifested 

clinically in patients as severe pain in response to a normal cold stimulation [48]. Here, 

we also demonstrated that OXA-administration caused oxidative damage in young 

mice, and enhancement oxidative damage in old mice, as evidenced by the increase in 

the RS levels, on PNS and CNS, as well as by an increase in the spinal cord NOx levels. 

In the present study, the response of the antioxidant system to oxidative damage 

caused by OXA was different between aged and young mice. Indeed, young animals 

exposed to OXA presented an increase in the SOD and GPx activities on the CNS. 
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Accordingly, Wang et al. [54] demonstrated that OXA is an activator of the Nuclear 

factor-erythroid-2 related factor 2 (Nrf2) signaling pathway, which is considered the key 

regulator of the body’s antioxidant response and is responsible for inducing the 

expression of genes encoding antioxidant proteins and enzymes such as SOD and GPx. 

However, results obtained in the present study highlight old mice, which also received 

OXA, did not present an increase in the activity of enzymatic antioxidant defenses 

evaluated. It is established that cellular functionality is modulated by balance redox, 

mainly because RS can seriously damage cellular macromolecule, including proteins as 

antioxidant enzymes. In this sense, considering our results, it was established that the 

deficiencies in the enzymatic antioxidant system caused by aging exacerbated the OXA-

induced acute peripheral neuropathy and could be related to aggravating 

hypersensitivity to pain observed in the old mice that received OXA. Corroborating 

with our results, recently the use of antioxidant molecules has been indicated as a 

potential strategy to manage pain [55, 56]. Antioxidants reduced mitochondria damage 

and pain induced by chemotherapeutic drugs supporting a pivotal role for oxidative 

stress in the pain [56].   

To explore other mechanisms involved in the OXA-induce acute neuropathic 

pain, possible changes in Mg2+ - ATPase and Na+, K+ - ATPase activities on CNS were 

evaluated. Although aging has inhibited Mg2+ - ATPase activity on CNS, treatment with 

OXA did not modify the activity of this enzyme. However, results obtained indicate that 

the treatment with OXA inhibited Na+, K+ - ATPase activity. In accordance with our 

results, increasing evidence suggests that occurs a negative interaction between Na+, K+ 

- ATPase enzyme and platinum-based chemotherapeutic agents [14, 57–59]. A 

reduction in the expression of β1 subunit in the Na+, K+ - ATPase protein is associated 

with OXA resistance in cancer cells [59]. Recently, our research group demonstrated 
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that treatment with OXA inhibited the Na+, K+ - ATPase activity in young mice [14]. 

Further, we also showed that the treatment with 4-PSQ reduced both anxious behaviour 

and cognitive impairment induced by OXA in young mice, mainly through the 

modulation of Na+, K+ - ATPase enzyme.  

Neuronal Na+, K+ - ATPase in both pre- and post-synaptic sites, and on 

astrocytes membrane is responsible for the maintenance of ionic gradient within the 

cells that form the CNS. Around 50% amount of ATP of a healthy brain is expensed to 

maintain Na+, K+ - ATPase activity. On the other hand, the inhibition of Na+, K+ - 

ATPase plays crucial role in several diseases on CNS, including neurological, 

neuropsychiatric, and neurodegenerative disorders [13]. OXA-induced acute peripheral 

neuropathy is a neurological disorder that causes mitochondrial dysfunction leading to 

accumulation of RS and oxidative damage [60, 61].  In this line, our findings are 

according to previously published data. Our data evidenced that the growing oxidative 

damage, as well as inhibition of Na+, K+ - ATPase, are mechanisms involved in OXA-

induced acute peripheral neuropathy, mainly in the aged. Importantly, it has been 

reported that oxidative stress indirectly affects Na+, K+ - ATPase activity. In several 

neurological diseases, the increased oxidative stress due to reduced mitochondrial 

activity, as OXA-induced, leads to reduced ATP – synthesis on the CNS, impairing the 

function of Na+, K+ - ATPase enzyme. Also, a reduction in Na+, K+ - ATPase activity 

was correlated with hyper-excitability due to increases intracellular Na+, increased 

glutamate-induced calcium influx, and neurodegeneration on CNS [13].  

On the other hand, Munhoz and contributors  [62] demonstrate that stimulation 

of NMDA receptor-NOS by glutamate leads to increased Na+, K+ - ATPase activity. 

Through Ca2+ influx induced by glutamate occurs the activation of neuronal NO 

synthase and, successively, increased production of NO. In turn, NO increases 
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concentrations of the second messenger cGMP, lead to up-regulating cGMP-dependent 

protein kinase (PKG). PKG modulates Na+, K+ - ATPase activity, both centrally and 

peripherally. Concerning OXA, this result can be explained by a pharmacological 

inhibition due to a negative interaction between OXA and Na+, K+ - ATPase. 

Considering aging, degenerative processes associated with aging could be responsible 

for a decrease in the Na+, K+ - ATPase activity. This hypothesis is supported by 

previous studies that demonstrated also a decline in Na+, K+ - ATPase activity aging-

induced, through of modulate in the glutamate-cGMP-PKG pathway [12]. 

The damage of sensory neurons caused by OXA leads to neuropathic pain, 

characterized by an increase in mechanical and thermal sensitivity [46]. Here, OXA 

produced a significant increase in the cold and mechanical sensitivity in young and 

mainly old mice, through growing oxidative stress that led to inhibiting of the Na+, K+ - 

ATPase. In turn, the management of OXA-induced acute neuropathic pain generally 

focuses on treating symptoms, since the cause of the OXA-induced acute neuropathic 

pain still cannot be treated. In view of promising effects of 4-PSQ on neurotoxicity 

induced by treatment with OXA, including reduced chronic pain [5], and, also,  anxious 

behaviour and cognitive impairment induced by OXA [14], this molecule was 

investigated for the first time as a possible therapeutic strategy for the treatment of 

OXA-induced acute peripheral neuropathy. 4-PSQ has been characterized as a 

promising compound with several pharmacological effects including antinociceptive 

[23] and anxiolytic [22, 25], also reduced aging-induced cognitive impairment [18]. 4-

PSQ elicits effects through antioxidant [16, 20, 27, 31], anti-inflammatory [26], and 

neuroprotective [14, 15] properties. Additionally, 4-PSQ modulates serotonergic, 

nitrergic, glutamatergic, and cholinergic systems [24, 25, 26,].  In this study, 4-PSQ 
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reversed the cold and mechanical hypersensitivity induced by OXA acute exposure, 

without impairing the locomotor and exploratory capacity of the animals.  

It is important to emphasize that 4-PSQ-effects on cold and mechanical 

hypersensitivity were no different in both old and young mice. Of particular importance 

in this study, 4-PSQ reversed the oxidative imbalance caused by OXA also in both ages 

analyzed, because it reduced levels of RS and NOx in all tissues evaluated. Beyond 

these processes, it is also known that OXA modulates the enzymatic antioxidant defense 

system. Indeed, we demonstrate that when administered to young mice, OXA causes an 

increase in the GPx and SOD activities on CNS to balance the increase of pro-oxidant 

molecules. In this case, the treatment with 4-PSQ partly or completely reversed GPx 

activity, as well as increased or did not change SOD activity in the spinal cord and 

cerebral cortex, respectively. This result can be explained by the antioxidant effect of 4-

PSQ because reducing pro-oxidant molecules lead to normalization of antioxidant 

defenses. Nevertheless, when aging mice received OXA did not any significant change 

in the activity of the antioxidant enzymes on CNS, even in front of an increase of pro-

oxidant molecules. In this case, the treatment with 4-PSQ induced an increase on SOD 

activity in the spinal cord and cerebral cortex but did not change the GPx activity was 

observed. Indeed, we reiterated that treatment with 4-PSQ reversed the increase of RS 

and NOx levels of aged that received OXA in all tissues analyzed. 

Consistent with these results, 4-PSQ protected against the inhibition in the 

activity of the Na+, K+ - ATPase caused by treatment with OXA on the CNS, in both 

aged and young. Consequently, the treatment with 4-PSQ reestablished the electric 

potential of brain cells and the ionic gradient to neuronal excitability, required for 

maintenance of the brain cellular processes. Although 4-PSQ did not reverse the 

inhibition of Mg2+ - ATPase induced by aging, this enzyme is seen not to be involved 
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with the mechanisms of OXA-induced acute peripheral neuropathy.  Based on the 

obtained results, it is possible to suggest that 4-PSQ is a promising molecule in search 

of a new therapeutic strategy for OXA-induced acute peripheral neuropathy because it 

acts on multiple targets that are altered in this pathology, regardless of age.  

 

Conclusions 

To summarize the current knowledge, this study helped to expand understanding 

about the mechanisms involved in the physiopathology of the OXA-induced acute 

peripheral neuropathy and advanced in the search for a new therapy. Here, the 

relationship between OXA-administration, aging, and the increase in the RS and NOx 

levels, and modulation of the enzymes SOD, GPx, Na+, K+ - ATPase, and Mg2+ - 

ATPase in the CNS was reported. In this sense, our findings demonstrated that 4-PSQ-

based therapy reduced cold and mechanical hypersensitivity caused by OXA. Besides, 

the effects of 4-PSQ seem to be due to antioxidant and neuroprotective effects, mainly 

for its ability to reestablish activity of the Na+, K+ - ATPase enzyme. These results 

suggest that 4-PSQ might be a good prototype for OXA-induced acute peripheral 

neuropathy treatment. 
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Captions of figures 

Fig. 1 Experimental Protocol  

Fig. 2. Effect of aging (Old), 7-chloro-4-(phenylselanyl) quinoline (4-PSQ) (1 mg kg-1, 

p.o.) and oxaliplatin (OXA) (10 mg kg-1, i.p.) on the cold sensitivity in the acetone test. 

Each point represents the mean of 7 mice in each group. (****) P < 0.0001 denotes 

significance levels when compared with the Young group; (##) P < 0.01 denotes 

significance levels when compared with the Old group; (+++) P < 0.001 denotes 

significance levels when compared with the Young+OXA+4-PSQ group; (&&&&) P < 

0.0001 denotes significance levels when compared with the Old+OXA+4-PSQ group. 

(Two-way ANOVA followed by the Tukey's test) 

 

Fig. 3 Effect of aging (Old), 7-chloro-4-(phenylselanyl) quinoline (4-PSQ) (1 mg kg-1, 

p.o.) and oxaliplatin (OXA) (10 mg kg-1, i.p.) on the paw withdrawal threshold to 

mechanical stimulus in the von Frey test. Each point represents the mean of 7 mice in 

each group. (****) P < 0.001 and (****) P < 0.0001 denote significance levels when 

compared with the Young group; (####) P < 0.001 and (####) P < 0.0001 denote 
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significance levels when compared with the Old group; (++++) P < 0.0001 denotes 

significance levels when compared with the Young+OXA+4-PSQ group; (&&&&) P < 

0.0001 denotes significance levels when compared with the Old+OXA+4-PSQ group. 

(Two-way ANOVA followed by the Tukey's test) 

 

Fig. 4 Effect of aging (Old), 7-chloro-4-(phenylselanyl) quinoline (4-PSQ) (1 mg kg-1, 

p.o.) and oxaliplatin (OXA) (10 mg kg-1, i.p.) on the (A) number of rearings and the (B) 

number of crossings in the open field test. Each point represents the mean of 7 mice in 

each group. (Two-way ANOVA followed by the Tukey's test) 

 

Fig. 5  Effect of aging (Old), 7-chloro-4-(phenylselanyl) quinoline (4-PSQ) (1 mg kg-1, 

p.o.) and oxaliplatin (OXA) (10 mg kg-1, i.p.) on the RS levels in the (A) sciatic nerve, 

(B) spinal cord and (C) cerebral cortex of mice. Each point represents the mean of 7 

mice in each group. (*) P < 0.05, (***) P < 0.001 and (****) P < 0.0001 denote 

significance levels when compared with the Young group; (#) P < 0.05 and (##) P < 0.01 

denote significance levels when compared with the Old group; (+++) P < 0.001 denotes 

significance levels when compared with the Young+OXA+4-PSQ group; (&&) P < 0.01, 

(&&&) P < 0.001 and (&&&&) P < 0.0001 denote significance levels when compared with 

the Old+OXA+4-PSQ group. (Two-way ANOVA followed by the Tukey's test) 

Fig. 6 Effect of aging (Old), 7-chloro-4-(phenylselanyl) quinoline (4-PSQ) (1 mg kg-1, 

p.o.) and oxaliplatin (OXA) (10 mg kg-1, i.p.) on the nitrate and nitrite (NOx) levels in 

the spinal cord of mice. Each point represents the mean of 7 mice in each group. (*) P < 

0.05 and (***) P < 0.001 denote significance levels when compared with the Young 

group; (#) P < 0.05 denotes significance levels when compared with the Old group; (+) P 

< 0.05 and (+++) P < 0.001 denote significance levels when compared with the 
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Young+OXA+4-PSQ group; (&) P < 0.05 and (&&&) P < 0.001 denote significance 

levels when compared with the Old+OXA+4-PSQ group. (Two-way ANOVA followed 

by the Tukey's test) 

 

Fig. 7 Effect of aging (Old), 7-chloro-4-(phenylselanyl) quinoline (4-PSQ) (1 mg kg-1, 

p.o.) and oxaliplatin (OXA) (10 mg kg-1, i.p.) on glutathione peroxidase activity in the 

(A) spinal cord and (B) cerebral cortex, and on superoxide dismutase in the (C) spinal 

cord and (D) cerebral cortex of mice. Each point represents the mean of 7 mice in each 

group. (*) P < 0.05, (**) P < 0.01, (***) P < 0.001 and (****) P < 0.0001 denote 

significance levels when compared with the Young group; (#) P < 0.05 and (##) P < 0.01 

denote significance levels when compared with the Old group; (++++) P < 0.0001 denotes 

significance levels when compared with the Young+OXA+4-PSQ group; (&) P < 0.05 

and (&&&) P < 0.001 denote significance levels when compared with the Old+OXA+4-

PSQ group. (Two-way ANOVA followed by the Tukey's test)  

 

Fig. 8 Effect of aging (Old), 7-chloro-4-(phenylselanyl) quinoline (4-PSQ) (1 mg kg-1, 

p.o.) and oxaliplatin (OXA) (10 mg kg-1, i.p.) on Na+, K+ - ATPase activity in the (A) 

spinal cord and (B) cerebral cortex, and on and Mg2+ - ATPase activity in the (C) spinal 

cord and (D) cerebral cortex of mice. Each point represents the mean of 7 mice in each 

group. (*) P < 0.05, (**) P < 0.01, (***) P < 0.001 and (****) P < 0.0001 denote 

significance levels when compared with the Young group; (#) P < 0.05 and (####) P < 

0.0001 denote significance levels when compared with the Old group; (++) P < 0.01 

denotes significance levels when compared with the Young+OXA+4-PSQ group; (&) P 

< 0.05 and (&&) P < 0.01 denote significance levels when compared with the 

Old+OXA+4-PSQ group. (Two-way ANOVA followed by the Tukey's test) 
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Elucidação do papel do envelhecimento nos mecanismos 

subjacentes à NPCIO  

Está bem estabelecido que muitos fatores contribuem para a incidência 

ou exacerbação da NPIO. Nesta tese, foi primeiramente demonstrado que, 

apesar das defesas eficientes do SNC, após a exposição ao medicamento 

oxaliplatina ocorre um acúmulo de platina na medula espinhal de 

camundongos, o que ampliou o conhecimento sobre sua toxicidade. O acúmulo 

de platina na medula espinhal pode causar danos oxidativos aos neurônios e 

prejudicar a função mitocondrial. De fato, foi demonstrado complementarmente 

que a administração da oxaliplatina causa estresse oxidativo devido ao 

aumento na produção de espécies reativas e, colapso das defesas 

antioxidantes. Corroborando os achados citados e, igualmente relevante, foi 

demonstrado que a enzima Na+, K+ - ATPase é um alvo da oxaliplatina e, sua 

inibição está envolvida na gênese da NPIO, de fato, o aumento na produção de 

espécies reativas, também, pode levar a inibição da atividade desta enzima 

fundamental para o funcionamento do SNC. Concomitantemente, foi 

evidenciado pela primeira vez nesse estudo que o avanço da idade agrava os 

mecanismos e sintomas clínicos da NPAIO.   

Considerando os resultados relevantes obtidos nos capítulos 1, 2 e 3, 

buscou-se elucidar a influência dos mecanismos subjacentes ao 

envelhecimento sobre a NPCIO. A etapa 4 desse estudo foi decisiva para 

contemplar um dos objetivos principais desta tese, que envolve a compreensão 

dos mecanismos e alvos alterados pelo envelhecimento que aumentam a 

suscetibilidade à neurotoxicidade induzida pela oxaliplatina. Esta etapa foi 

desenvolvida a fim de identificar alvos farmacológicos promissores, além de, 

buscar uma terapia eficaz e segura para o tratamento da NPIO, considerando 

as particularidades dos idosos. Para investigar os mecanismos envolvidos na 

NPCIO e a influência causada pelo envelhecimento, a concentração de 

bioelementos e platina e sua influência no dano oxidativo, neuroproteção e vias 

de neuroplasticidade foram avaliadas. 

Os resultados obtidos na etapa 4 desta tese, demonstraram que o 

tratamento com a oxaliplatina exacerbou a dor, o comportamento ansioso, mas 

não o comprometimento cognitivo causado pelo envelhecimento. A deposição 

de platina foi identificada na medula espinhal e, pela primeira vez, no cérebro 
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de camundongos expostos a oxaliplatina, independentemente da idade. 

Alterações na concentração de bioelementos, dano oxidativo e nas vias de 

neuroproteção e neuroplasticidade induzidas pelo envelhecimento parecem 

contribuir para a NPCIO (Figura 8). Os resultados buscaram prover uma base 

para intervenções terapêuticas na NPCIO, considerando as especificidades da 

idade. 

 

Figura 8. Representação esquemática dos principais resultados obtidos na etapa 4. 
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Manuscrito 2 

Os resultados deste capítulo da tese estão apresentados sob a forma de 

manuscrito científico, o qual se encontra assim organizado. Os itens Materiais e 

Métodos, Resultados, Discussão dos Resultados e Referências Bibliográficas 

encontram-se no próprio manuscrito. 

O manuscrito 2 será submetido à revista Progress in Neurobiology. 
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Abstract  

Many factors can contribute to the incidence or exacerbation of peripheral neuropathy 

induced by oxaliplatin (OXA). Recently, the accumulation of platinum in spinal cord 

of mice after exposure to OXA, despite the efficient defenses of the central nervous 

system, has been demonstrated by our research group, which expands the knowledge 

about its toxicity. One hypothesis is platinum accumulation in spinal cord causing 

oxidative damage to neurons and impairing mitochondrial function. Thus, the main 

aim of this study was to investigate the relationship between aging and OXA-induced 

neuropathic pain and its comorbidities including anxious behavior and cognitive 

impairment. Using Swiss mice OXA-induced peripheral neuropathy model, platinum 

and bioelements concentration and their influence on oxidative damage, 

neuroprotection and neuroplasticity pathways were evaluated. As results, OXA-

treatment exacerbated pain and anxious behavior, but not cognitive impairment aging-

induced. Platinum deposition in spinal cord and, for the first time, in brain of mice 

OXA-exposed, age-independently, was identified. Alterations in bioelements 

concentration, oxidative damage and neuroprotection and neuroplasticity pathways 

induced by aging contribute to OXA-induced peripheral neuropathy. Our results strive 

to provide a basis for therapeutic interventions to peripheral neuropathy induced by 

OXA considering age specificities.   

Keywords: Neuropathy; aging; oxaliplatin; platinum; Nrf2; BDNF 
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Abbreviations 

OXA, Oxaliplatin; RS, reactive species; CAT, catalase; GPx, glutathione peroxidase; 

SOD, superoxide dismutase; AChE, acetylcholinesterase; CNS, central nervous system; 

NADPH, β-nicotinamide adenine dinucleotide 2′-phosphate reduced tetrasodium salt 

hydrate; GAPDH, Glyceraldehyde-3-phosphate dehydrogenase; ICP-MS/MS, 

inductively coupled plasma-tandem mass spectrometry. 
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1. Introduction 

 Aging is a complex process characterized by the physiological function decline 

with progressive degradation stage and by the reduction of repair capacity of tissues and 

organ systems, leading to an increased risk of mortality. Around 20% of the world’s 

population will be over 60 age by 2050 (Fane and Weeraratna, 2020). Advances in 

public health have increased the life expectancy and the world population will reach 

older ages in the next years. These facts will be accompanied by the increase of many 

chronic age-related diseases incidence, such as those neurodegenerative and cancers 

(Bhadra et al., 2020). The highest incidence of cancers occurs in patients over 60 age 

(Fane and Weeraratna, 2020). In 2018, around 2.3 million new cancer cases worldwide 

were in 80 age or older individuals (13% of all cancer cases) (Pilleron et al., 2020).  

According to the GLOBOCAN database, colorectal is one of the most common 

malignancies cancer worldwide (Ferlay et al., 2019). Colorectal cancer is among the 3rd 

most common cancer in oldest females and males (Pilleron et al., 2020). Currently, 

despite progress in chemotherapeutic regimens resulting in substantial improvements in 

the long-term outcome, chemotherapy treatments have led numerous cellular 

structure/function changes associated with severe, sometimes long-lasting, or 

irreversible, side effects. Oxaliplatin (OXA), a platinum-based chemotherapeutic agent 

widely used in colorectal cancer treatment, induces various side effects, including 

peripheral neuropathy (Cavaletti and Marmiroli, 2020).  

Neurotoxicity induced by OXA-administration is a severe and potentially 

permanent side effect, initially characterized by acute clinical symptoms that are 

exacerbated resulting in the establishment of chronic neurotoxicity and neuropathic 

pain. Despite significant advances in the understanding of OXA-induced neurotoxicity, 
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several challenges persist in both clinical level and cellular–molecular basis. The 

reversible interference with ion channels was postulated as mechanism-basic to the 

acute neuropathy, but the knowledge about chronic neuropathy mechanisms is still 

limited. Hypothesis more accepted is due to the mitochondrial toxicity. This mechanism 

has been extensively investigated through the changes in mitochondrial morphology, 

bioenergetics, and reactive species (RS) generation (Cavaletti and Marmiroli, 2020).  

In the case of elderly patients, associated to the OXA-induced neurotoxicity side 

effects, neurogenesis declines with age (Nguyen and Ehrlich, 2020) and with 

progressive loss of tissue and organ function, particularly due to the oxidative damage 

accumulation to the macromolecules (Liguori et al., 2018). In this context, some new 

approaches can be helpful to elucidate molecular-mechanisms innovative investigations 

involving OXA-induced peripheral neuropathy, considering mainly the aging 

peculiarities.  

Nuclear factor-erythroid-2 related factor 2 (Nrf2) is a master regulator of the 

oxidative stress response, highlighting its effect in the mitochondrial quality control in 

oxidative stress conditions (Kasai et al., 2019). In some studies considering Nrf2 effects 

have been pointed its modulation as an interesting strategy to treatment of OXA-

induced peripheral neuropathy (Yang et al., 2018) and losses of cellular protection 

response during aging (Silva-Palacios et al., 2018). However, more studies are 

necessary to evaluate both effects in the same patient.  

In the same context, the identification of biomarkers to enhance cell survival can 

be a strategy against establishing of OXA-induced peripheral neuropathy in the elderly 

(Nguyen and Ehrlich, 2020) considering the restoring neurons lost due to daily wear and 

tear by neurogenesis and the reduction of neurogenesis as a common factor in aging and 

neurodegenerative diseases. Thus, the brain-derived neurotrophic factor (BDNF) is a 
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neurotrophin secreted into the extracellular environment to promote neurogenesis. 

Understand BDNF-TrkB pathway changes is an important tool to outline OXA-induced 

peripheral neuropathy impact in elderly patients.  

Some studies have been concentrated on effects of chemotherapeutic agent OXA 

on central (CNS) and peripheral (CNP) nervous systems in adult animals  (Areti et al., 

2014; Cavaletti and Marmiroli, 2020; Reis et al., 2020b). Major advances have been 

made in better understand the determinant factors for the development of OXA-induced 

neuropathy. Nevertheless, there are few studies exanimating the interaction between 

OXA-induced neuropathy and aging. Thus, the hypothesis of the present study seeks to 

answer the following questions: i) Does age influence OXA-induced peripheral 

neuropathy in mice? ii) Are OXA-induced peripheral neuropathy comorbidities altered 

by the aging? iii) Can changes in the concentration of different bioelements, the 

deposition of platinum, and its influence on oxidative damage and neuroprotection and 

neuroplasticity pathways contribute to the aggravation of symptoms of OXA-induced 

neuropathy?  

 

2. Materials and Methods 

2.1 Animals 

All experiments were performed in accordance with the guidelines of the 

Committee on Care and Use of Experimental Animal Resources of the Federal 

University of Pelotas, Brazil (CEEA 4506-2017) and in accordance with the National 

Institute of Health Guide for the Care and Use of Laboratory Animals (NIH publications 

no. 80-23, revised in 1996) (Book, 1996) and International Guiding Principles for 

Biomedical Research Involving Animals. The tests were carried out using adult (2 

months) and old (20 months) Swiss male mice. This species has been used in 
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neuropathic pain studies (Bobinski et al., 2019; Brusco et al., 2019). All animals were 

maintained at 22 ± 2 °C with free access to water and food, under a 12:12 h light/dark 

cycle (with lights on at 6:00 a.m.). Mice were acclimatized to the behavior room for at 

least 1 h. All efforts were made to minimize the number of animals used and their 

discomfort. The number of animals and intensities of noxious stimuli were the 

minimum needed to demonstrate consistent effects of the treatment. Allocation 

concealment was performed using a randomization procedure 

(http://www.randomizer.org/). Behavioral evaluations were performed blindly on drug 

administration. All experiments were carried out between 08:00 and 17:00 h.  

 

2.2 Drugs 

OXA was obtained from Eurofarma pharmaceutical company (São Paulo, 

Brazil), and this drug was dissolved in 5% glucose solution. All other chemicals used in 

this study were of analytical grade from Sigma-Aldrich (St. Louis, MO, USA). Mice 

received OXA by intraperitoneal (i.p.) route at a constant volume of 10 mL kg-1 of body 

weight.  

 

2.3 Treatment scheme 

Mice were randomly divided into the following four groups (7 animals/group): i) 

Young, ii) Young + OXA, iii) Old and iv) Old + OXA. On days 0 and 2, mice of the 

Young and Old groups received a 5% glucose solution (10 mL kg-1, i.p.), whereas mice 

of the Young + OXA and Old + OXA groups received OXA (10 mg kg-1, i.p.). From 

day 5 to day 13 of the experimental protocol (Fig. 1), mice were subjected to behavioral 

tests. On day 14, the animals were euthanized by inhalation of isoflurane anesthetic and, 

spinal cord, cerebral cortex and hippocampus samples were rapidly dissected, weighed, 
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and placed on ice, then used for ex vivo assays. OXA exposure caused a mortality 

around 8% and 40% in young and old mice, respectively. Given that the damage caused 

by OXA in regions such as dorsal root ganglion and peripheral nerves is known, other 

regions mainly involved in pain pathways were investigated in the present study. In the 

behavioral tests and data analysis the operators were blinded. 

 

2.4 Behavioral tests 

2.4.1 Measurement of mechanical sensitivity 

 Mechanical sensitivity was carried out in mice according to the method 

previously described in the literature with some modifications (Alamri et al., 2018). 

Mechanical sensitivity was evaluated on the fifth, eighth, and twelfth days of the 

experimental protocol. Around 30 min before starting the test in a quiet room, mice 

were individually placed inside acrylic cages with wire grid floors. Before paw 

stimulation, the animals were quieted without exploratory movements and not resting 

their paws. The test consisted of evoking a hind paw flexion reflex with a hand-held 

force transducer (digital aesthesiometer, Insight, São Paulo, Brazil) adapted with a 

polypropylene tip. The paw withdrawal threshold was measured by applying the 

polypropylene tip perpendicular to the middle of the plantar surface of the hind paw at a 

constant progressive pressure until paw withdrawal, and the pressure value was 

automatically recorded. Data of the withdrawal threshold were expressed in gram (g).  

 

2.4.2 Measurement of thermal sensitivity 

 Thermal sensitivity was tested in mice as reported in the literature with some 

modifications (Woolfe and MacDonald, 1944). Hot-plate test is a model of acute non-

inflammatory nociception to investigate the central effect of analgesic drugs. Thermal 
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sensitivity was evaluated on the sixth, ninth, and thirteenth days of the experimental 

protocol. Animals were placed in a glass box on a heated metal plate maintained at 52 ± 

1 °C. The latency of nociceptive responses such as licking or shaking one of the paws or 

jumping was recorded as the reaction to a noxious thermal stimulus. To avoid animals 

paw damage, time standing on the plate was limited to 45 s. Data of the latency were 

expressed in the seconds (s). 

 

2.4.3 Assessment of locomotor and exploratory domains 

The general locomotor and exploratory behaviors of mice was evaluated by open 

field test. The open field was made of plywood and surrounded by 30 cm-high walls. 

The floor of the open field, 45 cm long and 45 cm wide, was divided by masking tape 

markers into 9 squares (3 rows of 3). Mice were observed in the open field test on the 

seventh day of the experimental protocol. Each animal was placed at the center of the 

open field and observed for 4 min to record the locomotor and exploratory activities 

(Walsh and Cummins, 1976). The arena was cleaned with 40% ethanol after each 

session and each mouse was tested only once. Data of the locomotor and exploratory 

activities were expressed as number of segments crossed with the four paws and, 

number of rearings on the hind limbs, respectively. 

 

2.4.4 Assessment of cognitive domain 

The object recognition task was carried out according to the method previously 

described in the literature (Stangherlin et al., 2009). This task has been widely used to 

evaluate short-term (STM) and long-term (LTM) memories. The task was performed in 

an open field apparatus on the tenth and eleventh days of the experimental protocol. On 

the day of the task each animal was submitted to a habituation session in the absence of 
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objects for 5 min. Posteriorly, four objects named as A1 and A2 (balls), B (cube) and C 

(square) were used. The objects were made of plastic material, measuring 10 x 10 cm 

(length x height) as following color pattern: blue, red, and yellow. During the training, 

the animals were placed for 5 min in the arena containing two identical objects (A1 and 

A2). Exploration was accounted when the animal directed its nose - sniffing, touching, 

or looking - around 2 cm of the object. In the presence of a familiar object (A1) and a 

new object (B), 1.5 h after training, the STM of mice was evaluated.  The time to 

explore was defined in 5 min, enough to measure learning and recognition memory. In 

turn, LTM was assessed in 24 h after training. The mice were placed to explore a 

familiar object (A1) and a new object (C) for 5 min. Time spent exploring each object 

was reported. Data were expressed as a percentage of the exploratory preference and 

calculated as follows: Training = (A2/(A1+A2))×100; STM = (B/(A1+B))×100; LTM = 

(C/(A1+C))×100. 

 

2.4.5 Assessment of anxiety-like behavior 

The elevated plus-maze apparatus consists of two opposed open arms (16 cm x 5 

cm) and two opposed closed arms (16 cm x 5 cm x 10 cm) mounted at an angle of 90º, 

all facing a central platform (5 cm x 5 cm) elevated 50 cm from the floor. This test is 

widely validated to measure anxiety in rodents (Pellow et al., 1985). On the fourteenth 

day, all animals were evaluated in the elevated plus-maze test. Each animal was 

individually placed at the center of the apparatus facing one of the open arms. The 

frequency of entries into either open or closed arms and the time spent in each type of 

arm were measured for 5 min. The anxiolytic effect of a drug is illustrated by a 

significant statistical increase of parameters in open arms. Data were expressed as a 

percentage of the number of entries and of the time spent in the open arms. 
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2.5 Ex vivo assays 

Ex vivo assays were performed to extend the knowledge about the influence of 

aging in the development of OXA-induced peripheral neuropathy. Neuropathic pain 

induced by OXA is a debilitating condition, whose brain circuit remains poorly 

understood. There is some experimental evidence about the functioning alteration of 

spinal cord and supraspinal regions (including the hippocampus and cerebral cortex) 

caused by neuropathic pain induced by OXA . The development of neuropathic pain 

includes several mechanisms extend from the periphery to the CNS through connections 

of spinal cord (Deng et al., 2019; Widerström-Noga, 2017).  Disturbance in cerebral 

cortex areas pain-modulation circuits may be crucial for the maintenance of neuropathic 

pain (Chen et al., 2019; Huang et al., 2019), as well as neuroinflammatory responses in 

hippocampus (Fiore and Austin, 2018; Li et al., 2019). Thus, spinal cord, hippocampus 

and/or cerebral cortex tissues were selected for these investigations. 

On the fourteenth day, after plus-maze test, animals were killed by isoflurane 

anesthetic inhalation. Spinal cord and brain were collected aiming to determine 

platinum and biolements concentration. Additionally, cerebral cortex was collected 

aiming to determine oxidative stress markers, such as catalase (CAT), glutathione 

peroxidase (GPx), superoxide dismutase (SOD) activities, and RS levels. Furthermore, 

given that a decrease on cholinergic neurotransmission in neuropathic pain condition 

has been reported (Ferrier et al., 2015), the activity and/or expression of 

acetylcholinesterase (AChE) in cerebral cortex and hippocampus were evaluated. 

Samples were homogenized in 50 mmol L-1 TrisHCl, pH 7.4, or specifically for AChE 

activity in 0.25 mol L-1 sucrose buffer (1:10 w v-1) and centrifuged at 900 x g for 10 min 

- supernatant (S1). Spinal cord, hippocampus, and/or cerebral cortex were also used 
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aiming to determine CAT, GPx, SOD, Nrf2, phosphoinositide 3-kinase (PI3K), 

activating transcription factor 4 (ATF4), factor nuclear kappa B (NF-ĸB), BDNF and 

cAMP response element binding protein (CREB) expressions using the qRT-PCR 

technique. 

 

2.5.1 Determination of platinum and bioelements in the spinal cord and brain 

Only high-purity reagents were used for the determination of platinum derived 

from oxaliplatin and of other bioelements in spinal cord and brain. Ultra-pure water 

(resistivity > 18.2 MΩ cm) was obtained from a Milli-Q Element water purification 

system (Millipore, France). Pro-analysis purity level 14.4 mol L-1 HNO3 (ChemLab, 

Belgium) further purified by sub-boiling distillation and ultra-pure 9.8 mol L-1 H2O2 

(Sigma Aldrich, Belgium) were used for sample digestion. Appropriate dilutions of 1 g 

L-1 single element standard solutions of Ca, Co, Cu, Fe, Ga, Mg, Mn, Na, P, Pt, S, Se, 

Y, and Zn (Instrument solutions, The Netherlands) were used for method development, 

optimization, and calibration purposes. For quantitative element determination, external 

calibration was relied on as calibration approach (0, 0.5, 1.0, 5.0, 10, 25, 50 and100 μg 

L-1 for Ca, Co, Cu, Fe, Mg, Mn, Na, Pt and Zn; 0, 1.0, 5.0, 10, 25 and 50 μg L-1 for K; 

0, 0.05, 0.1, 0.5 and 1 μg L-1 for Se; and 0, 5.0, 10, 25 and 50 μg L-1 for P and S; all 

standard solutions were prepared in 0.35 mol L-1 HNO3) with Ga and Y (5 μg L-1) as 

internal standards (IS) to correct for instrument instability, signal drift and matrix 

effects.  

(Ultra-)trace element determination was carried out using an Agilent 8800 ICP-

MS/MS instrument (ICP-QQQ, Agilent Technologies, Japan). The sample introduction 

system is equipped with a concentric nebulizer (MicroMist, 400 µL min-1) mounted 

onto a Peltier-cooled (2 °C) Scott-type spray chamber. This instrument is equipped with 
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a tandem mass spectrometry configuration (MS/MS mode) consisting of two 

quadrupole units (Q1 and Q2) and a collision/reaction cell (CRC) located in-between 

both quadrupole mass filters (the configuration is Q1-CRC-Q2). The double mass 

selection offered by ICP-MS/MS instrumentation provides a better control over the ion-

molecule processes occurring within the CRC, thus resulting in an improvement over 

the in-cell chemistry (chemical resolution). ICP-MS/MS provides additional means to 

deal with spectral overlap in a more straightforward way compared to traditional single-

quadrupole ICP-MS instrumentation (Balcaen et al., 2015; Bolea-Fernandez et al., 

2017). In this work, the CRC was pressurized with NH3/He (10% NH3 in He) and O2 

as reaction gases to promote the formation of reaction product ions. This approach, 

called mass-shift, has been used to remove spectral interferences efficiently and 

selectively in the context of the determination of challenging elements at (ultra-)trace 

concentration levels via ICP-MS/MS (the instrument settings are shown in Table 1) 

(Resano et al., 2020). The product ion scanning (PIS) tool available for ICP-MS/MS 

instrumentation was used for the identification of the best suited reaction product ions 

for each of the target analytes. To maximize the sample throughput, two multi-element 

methods were developed for the simultaneous determination of (i) Ca, Co, Cu, Fe, Mg, 

Mn, Na, Pt and Zn and (ii) P, S and Se, while K was determined in a monoelement 

method (see Table 1).  

Prior to ICP-MS/MS analysis, the samples were acid-digested in Teflon Savillex 

beakers, which had been pre-cleaned with HNO3 and HCl and subsequently rinsed with 

Milli-Q water. The digestion procedure was performed using approx. 300 mg of brain 

and 100 mg of spinal cord (the sample mass was accurately weighed for appropriate 

quantification), 4 mL of 14.4 mol L-1 HNO3 and 1 mL of 9.8 mol L-1 H2O2. The 

mixture was heated at 110 °C on a hot plate for approx. 24 h. The digested samples 
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were appropriately diluted with Milli-Q water or HNO3 until a final volume of 20 mL 

and an acid concentration of 0.35 M. Six independent experiments were performed for 

each group. The results are expressed considering wet spinal cord/brain weight 

(nanograms of element per gram of spinal cord/brain weighted). The limits of detection 

(LODs) were calculated as 3 times the standard deviation on 10 consecutive 

measurements of a blank solution divided by the slope of the calibration curve. A 

certified reference material NIST CRM 8414 (Bovine Muscle Powder) was also 

analyzed for quality assurance and quality control (QA/QC) of the analytical method. 

 

2.5.2 Involvement of oxidative stress 

2.5.2.1 RS levels 

 RS levels were determined using a spectrofluorimetric method, 2’,7’-

dichlorofluorescein diacetate (DCHF-DA) assay (Loetchutinat et al., 2005). S1 (50 μL) 

was incubated with 20 μL of DCHF-DA (1 mmol L-1) and 2430 μL of Tris HCl (10 

mmol L-1) in pH 7.4. The oxidation of DCHF-DA to fluorescent dichlorofluorescein 

(DCF) was measured using a quartz cuvette for the detection of intracellular RS. The 

DCF fluorescence intensity emission was recorded at 525 nm (with 488 nm excitation) 

60 min after the addition of DCHF-DA to the medium (Shimadzu RF-5301PC 

fluorometer). RS levels were expressed as arbitrary units of fluorescence. 

 

2.5.2.2 CAT activity 

  CAT activity was spectrophotometrically measured monitoring the consumption 

of H2O2 in the presence of S1 at 240 nm (Aebi, 1984). The enzymatic reaction was 

initiated by adding an aliquot of S1 (100 µL) and the substrate (H2O2, 105 µL) until 0.3 

mmol L-1 in a medium containing 50 mmol L-1 potassium phosphate buffer, pH 7.0. The 
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enzymatic activity was expressed in U/mg protein (1 U decomposes 1 mmol L-1 of H2O2 

per minute at pH 7 at 25 °C). 

 

2.5.2.3 GPx activity  

GPx activity was spectrophotometrically assayed monitoring the dismutation of 

H2O2 in the presence of S1 at 340 nm (Wendel, 1981). S1 (50 µL) was added in a system 

composed by reduced glutathione (GSH)/NADPH/glutathione reductase (GR), and the 

enzymatic reaction was initiated by H2O2 (100 µL). The enzymatic activity is indirectly 

measured by NADPH decay. H2O2 is reduced, generating oxidized glutathione (GSSG) 

from GSH. GSSG is back regenerated to GSH by GR present in the analysis medium at 

the expense of NADPH. The enzymatic activity was expressed as nmol/min/mg protein. 

 

2.5.2.4 SOD activity 

SOD activity was spectrophotometrically measured based on the capacity of 

SOD to inhibit autoxidation of epinephrine (Misra and Fridovich, 1972). S1 (6, 12, or 18 

µL) was added to 0.05 mol L-1 Na2CO3 buffer, and the enzymatic reaction was started 

by adding epinephrine (30 µL). The color reaction was measured at 480 nm. One unit of 

enzyme was defined as the amount of enzyme required to inhibit the rate of epinephrine 

autoxidation by 50% at 26 °C. The enzymatic activity was expressed as U/mg protein. 

 

2.5.3 Involvement of AChE enzyme 

AChE activity was assayed based on the formation of the 5,5′-dithio-bis-acid 

nitrobenzoic, yellow anion, measured spectrophotometrically at 412 nm during 2 min. 

This method was based in the literature with some modifications using acetylthiocholine 

as substrate (Ellman, 1959). The reaction mixture (2 mL final volume) contained as 
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following: S1 (100 µL), 100 mM K+-phosphate buffer, pH 7.5 and 1 mM 5,5′-dithio-bis-

nitrobenzoic acid (DTNB). The enzyme was pre-incubated for 2 min at 25 °C. The 

reaction was initiated by the addition of 0.8 mmol L-1 acetylthiocholine iodide. The 

enzymatic activity was expressed as μmol/h/mg protein.  

 

2.5.4 RNA extraction, cDNA synthesis and quantitative real-time polymerase chain 

reaction (PCR) 

 Total mRNA was extracted from 50 and 70 mg thawed samples of spinal cord, 

hippocampus and/or cerebral cortex using TRIzol reagent (Invitrogen™, Carlsbad, 

USA), followed by DNase treatment with DNase I Amplification Grade (Invitrogen™, 

Carlsbad, USA) to ensure minimum DNA contamination. Total RNA isolated was 

quantified, and its purity (260/280 and 260/230 ratios) examined using a NanoVue 

spectrophotometer (GE, Fairfield, CT, USA).   

cDNA synthesis was performed using High-Capacity cDNA Reverse 

Transcription (AppliedBiosystems™, UK) according to the manufacturer’s protocol. 2 

μg of total RNA was used in a reaction volume of 20 μL. The amplification was made 

using GoTaq® qPCR Master Mix (Promega, Madison, WI) in Agilent Mx3005P qPCR 

System (Agilent Technologies Inc., Santa Clara, California). The sequence of primers is 

indicated in Table 2. The qPCR conditions were as following: 10 min at 95 °C to 

activate the hot-start Taq polymerase, followed by 35 cycles of denaturation for 15 s at 

95 °C, primer annealing for 60 s at 60 °C, and extension for 30 s at 72 °C (fluorescence 

signals were detected at the end of every cycle). Baseline and threshold values were 

automatically set by Stratagene MxPro software. 

The number of PCR cycles to reach the fluorescence threshold in each sample 

was defined as Ct value, and each sample was analyzed in duplicate to obtain an 
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average Ct. The 2-ΔΔCT method was used to normalize the fold change in gene 

expressions (Livak and Schmittgen, 2001) using glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) as housekeeping gene.  

   

2.5.5 Protein determination 

The protein concentration was spectrophotometrically measured at 595 nm using 

bovine serum albumin as standard (Bradford, 1976). This is a rapid and sensitive 

strategy for the microgram quantities quantitation of protein using protein-dye binding 

principle. The reaction mixture containing S1 (50 µL) and Coomassie brilliant blue (2.5 

mL) was incubated for 10 min. Several biochemical analyses rely on accurate protein 

concentration quantitation. The protein level was expressed as mg protein/mL. 

 

2.5.6 Data and statistical analysis 

The normality of the data was evaluated using D' Agostino and Pearson omnibus 

normality test. Statistical analysis was performed using GraphPad Prism 6.0 software 

(San Diego, CA, USA). Data were analyzed by two-way analysis of variance (ANOVA) 

followed by the Tukey’s test when appropriated for parametric data. Data were 

expressed as mean ± standard error of the mean (S.E.M.). Post hoc tests were performed 

only when F-value achieved necessary level of statistical significance (P < 0.05) and 

when there was no significant variance in homogeneity. All data were evaluated for 

outliers (ROUT - Q = 1.0 %) and outliers were excluded. Data and statistical analysis 

comply with the recommendations on experimental design and pharmacology analysis 

(Curtis et al., 2018).  

 

3. Results 
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3.1 Aging induces neuropathy and exacerbates mechanical and thermal 

hypersensitivities induced by OXA exposure 

 Initially, to establish the aging impact in OXA-induced peripheral neuropathy 

and to identify the molecular mechanisms underlying, the behavior of animals through 

mechanical and thermal sensitivities should be considered. Well-established tests (von 

Frey and hot plate) in young and old Swiss mice were employed. Interestingly, OXA 

exposure produced robust growth in mechanical and thermal sensitivities in both ages 

(Fig. 2). These effects started in 5 or 6 days post OXA administration during 

mechanical and thermal sensitivities, respectively, and lasted in least 12 or 13 days, 

respectively. 

Moreover, mechanical (Fig. 2A) and thermal (Fig. 2B) sensitivities were 

compared between young and old mice controls. Old animals were more sensitive to 

mechanical and thermal stimulus than young animals. Concomitantly, aging also 

increased the animal’s vulnerability to the several effects caused by OXA-induced 

peripheral neuropathy. A reduction in the paw withdrawal threshold (Fig. 2A) and in the 

latency time (Fig. 2B) was observed in older animals exposed to OXA on days 12 and 

13 of the experimental protocol, respectively. Overall, these results indicate OXA-

administration as producing mechanical and thermal hypersensitivity in young and old 

mice. However, the toxic effects of OXA are more pronounced in old mice and these 

animals are more sensible than young mice. 

 

3.2 The magnitude comorbidities of OXA-induced peripheral neuropathy is 

modified by aging 

 Beyond the seriously debilitating effects of neuropathic pain caused by OXA-

treatment, the presence of multiple comorbidities including anxiety and cognitive 
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impairment (Reis et al., 2020a) can complicate several challenges during oncologic 

treatment. Thus, OXA-exposure caused anxious behavior in young and old mice (Fig. 

3). Aging-induced anxious behavior in mice was established by reduction of the entries 

(Fig. 3A) and time spent (Fig. 3B) in the open arms in the elevated plus-maze. 

Interestingly, anxious behavior in old mice was exacerbated during the treatment with 

OXA. A reduction in both entries (Fig. 3A) and time spent (Fig. 3B) in the open arms in 

the elevated plus-maze test was observed in old mice exposed to OXA comparing with 

young mice exposed to the chemotherapy.  

OXA-exposure also induced a cognitive impairment in young mice (Fig. 3C and 

D). Nevertheless, aging caused a decline in cognitive function, and old mice presented a 

deficit in STM (Fig. 3C) and LTM (Fig. 3D) evidenced by decreasing in the exploratory 

preference for the new object in the object recognition task. Cognitive damage aging-

induced was not aggravated by OXA-treatment. The effect of OXA and/or aging on 

locomotor and exploratory behaviors of mice was determined. The number of crossings 

and rearings in the open field is presented in Figures 3E and 3F, respectively. There was 

no significant change in the evaluated parameters considering the treatment and the 

aging. 

 

3.3 Platinum deposition occurs in both the spinal cord and the brain after exposure 

to OXA 

 OXA-exposure can cause an opening of blood-brain-barrier (BBB) starting from 

RS formation (Branca et al., 2018). Recently, our research group (Reis et al., 2020b) has 

demonstrated, for the first time, the platinum deposition in spinal cord of young mice 

submitted to OXA treatment. These results establishes the platinum from OXA-

treatment crossing the BBB. In order to complement the existing knowledge, the present 
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study revealed, for the first time, high platinum concentration in brain of mice exposed 

to OXA (10 mg kg−1, i.p.), regardless of age (Fig. 4). Furthermore, platinum 

concentration in spinal cord of young mice exposed to OXA was higher than old mice 

exposed to the chemotherapy (Fig. 4).  

 

3.4 Aging, OXA treatment and, its interaction impact the bioelements 

concentration in the CNS 

 Appropriate levels of bioelements are crucial for the physiological condition 

maintenance in CNS. Bioelements imbalance caused by neurotoxic activities are linked 

with decreased enzymatic activities, increased proteins aggregation, and oxidative 

stress. These processes can result in neurodegeneration and cell death (Kabir et al., 

2021). The concentration of some bioelements in CNS was determined to investigate 

the role of aging in the OXA-induced peripheral neuropathy. The concentration of 

calcium, cobalt, copper, iron, magnesium, manganese, potassium, phosphorus, 

selenium, sodium, sulfur, and zinc was measured in spinal cord and brain in young and 

old mice (Table 3).  

According to the data, the concentration of sodium and cobalt in spinal cord was 

increased by aging while the concentration of manganese in spinal cord was decreased 

by aging. In brain, the concentration of manganese was reduced while the concentration 

of cobalt and copper was increased. Any changes in manganese and copper levels can 

lead to redox imbalance considering their cofactors function in antioxidant enzymes 

SOD (MnSOD and CuZnSOD) and CAT (Leyssens et al., 2017; Żwierełło et al., 2020). 

An increase sodium concentration can change the body fluid and electrolyte 

homeostasis (Begg, 2017). High systemic cobalt levels are related with complex clinical 
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syndrome characterized by neurological, cardiovascular, and endocrine deficits 

(Leyssens et al., 2017). 

Imbalance in some bioelements concentration was observed considering OXA-

treatment. Calcium concentration in spinal cord of young mice exposed to OXA was 

higher than in young. Phosphorus, sulfur, selenium, magnesium, manganese and cooper 

levels in spinal cord of old OXA-treatment mice was higher than in old. An increase on 

phosphorus, sulfur, selenium, magnesium, iron, cobalt, and copper in spinal cord of old 

OXA-treatment mice was observed comparing with young OXA-treatment mice. 

Elemental concentration in brain revealed a manganese concentration reduction in 

young mice exposed to OXA and a potassium, phosphorus and copper reduction in old 

mice exposed to OXA, comparing both with same age without OXA. Cobalt and copper 

concentration of old OXA-treatment mice was higher than in young OXA-treatment 

mice. 

Many bioelements are necessary cofactors for properly metabolism function. 

These elements play an important key in both survival and longevity. Magnesium 

presents crucial roles in several cellular mechanisms, such as synaptic plasticity and 

energy metabolism (Kabir et al., 2021). Copper, iron, manganese, selenium and zinc are  

cofactors enzymes required for important organism functions, such as antioxidant 

system performance and redox balance maintenance (Mehta and Gowder, 2015). 

Vitamins and minerals deficiencies are associated with chronic disease and premature 

aging (Ames, 2018; Kabier et al., 2021). Phosphorus deficiencies can lead to muscle 

weakness, and selenium deficiency to muscular diseases. Calcium, magnesium, and 

selenium are important to prevent and/or treat sarcopenia, age-related muscle mass 

losses, muscle strength, and physical performance, besides support healthy aging 
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without pain (van Dronkelaar et al., 2018). Considering aging and chronic diseases 

possibility, pain is constantly experienced (Watkins, 2018).  

In summary, old OXA-treatment mice presented cobalt, copper, iron, 

magnesium, phosphorus, selenium, and sulfur levels in CNS higher than in young 

OXA-treatment mice. These results demonstrate for the first time bioelements 

imbalance concentration in CNS caused by OXA treatment. This mechanism can be 

involved in the high vulnerability of the old mice to OXA-induced peripheral 

neuropathy. These results indicate the need for caution about nutritional 

supplementation of old during OXA treatment to avoidance toxicity caused by high 

bioelements concentration. 

 

3.5 Oxidative stress plays pivotal role on the increased pain sensitization on the 

OXA-induced peripheral neuropathy of elderly mice 

Bioelemental concentration evaluation infers aging and/or OXA exposure as 

influencers in platinum and bioelements concentration imbalance in CNS. Moreover, 

alteration in antioxidant enzymes and bioelements levels have been frequently related to 

oxidative stress (Koekkoek and Van Zanten, 2016). The physiopathology process of the 

OXA-induced peripheral neuropathy is multi-factorial, and oxidative stress contributes 

to their development (Areti et al., 2014). Oxidative stress-mediated cell damage has 

been recognized as a fundamental mechanism to the OXA-induced peripheral 

neuropathy pathophysiology (Colloca et al., 2017). However, despite continued efforts 

for better understanding OXA-induced peripheral neuropathy mechanisms, the 

physiopathology processes are still not fully understood. This issue remains a big 

challenge and an important question to be resolved.  
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To expand the mechanisms underlying OXA-induced peripheral neuropathy 

knowledge, the different possible ways considering the changes associated with this 

pathology and aging should be investigated. For these reasons, in the present study, RS 

levels and activity of antioxidant enzymes (CAT, GPx, and SOD) were firstly 

determined and, these results in cerebral cortex of mice are summarized in Figure 5. As 

results, an increase in RS levels was observed in cerebral cortex of old mice comparing 

with young (Fig. 5A) and an increase in RS levels was observed in young and old mice 

both treated with OXA, comparing same age without chemotherapy (Fig. 5A).  

RS levels in cerebral cortex of old OXA-treatment mice were higher than in 

young OXA-treatment mice. RS increase levels in aging-induced was aggravated by 

OXA treatment (Fig. 5A). However, RS levels in young OXA-treatment and old 

without OXA-treatment were quite similar. Despite RS levels increase, the aging 

decreases CAT enzyme activity (Fig. 5C). Nevertheless, the highest SOD (Fig. 5B) and 

GPx (Fig. 5D) activities, different of CAT activity, was observed in young OXA-

treatment mice. In turn, no alteration was observed in the activity of antioxidant 

defenses analyzed in the cerebral cortex of old OXA-treatment mice compared with 

same age without OXA treatment. 

Oxidant production is increased during the aging while enzymatic antioxidant 

defenses are decreased (Zhang et al., 2015). Several factors may influence cellular 

redox status. The balance between oxidant and antioxidant is constantly maintained 

through the regulation of the antioxidant levels in response to oxidative stress, mainly 

through of signaling pathway of Nrf2. Recently, a reduction in the expression of SOD, 

CAT, and GPx in cerebral tissues of mice caused by OXA-treatment has been reported 

by our research group (Reis et al., 2020b). Other studies have shown the damage in 

some enzymes caused by the excessive oxidative stress, resulting in antioxidant 
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defenses losses (Birben et al., 2012; Griess et al., 2017). However, the aging was still 

not considered. An increase in RS levels and a modification in antioxidant enzymes 

activity (SOD, CAT, and GPx) in cerebral cortex of mice in both aging and/or OXA-

treatment induced support the hypothesis that expression levels of antioxidant defenses 

can be modified. To confirm this hypothesis, expression levels of antioxidant enzymes 

(SOD, CAT, and GPx) were evaluated in spinal cord, cerebral cortex, and hippocampus 

of mice (Fig. 6). 

A reduction in SOD expression levels in hippocampus (Fig. 6B) and cerebral 

cortex (6C) of old OXA-treatment and young OXA-treatment mice was observed 

comparing the same age without chemotherapy. CAT expression levels were reduced 

considering only the aging in spinal cord (Fig. 6D) and in cerebral cortex (Fig. 6F). On 

the other hand, CAT expression levels in spinal cord (Fig. 6D) of old OXA-treatment 

and young OXA-treatment mice were lower than those in same age mice without 

treatment. A decrease in the CAT enzyme expression was detected in hippocampus 

(Fig. 6E) and cerebral cortex (Fig. 6F) of old and young mice both OXA-treatment 

comparing with young mice. Still, young mice OXA-treatment presented similar CAT 

expression levels in cerebral cortex while old OXA-treatment mice presented a 

reduction CAT expression levels in cerebral cortex, both compared with old mice 

without OXA-treatment (Fig. 6F). A reduction in GPx expression levels in spinal cord 

(Fig. 6G), hippocampus (Fig. 6H), and cerebral cortex (Fig. 6I) was observed in mice 

with chemotherapy in both ages.  

Thus, considering the antioxidant enzymes expression (SOD, CAT, and GPx) in 

CNS tissues, aging and OXA treatment cooperatively decreased the expression levels of 

CAT in spinal cord (Fig. 6D) and in cerebral cortex (Fig. 6F). Indeed, these results 

demonstrate aging and/or OXA-treatment augmenting the oxidative stress, evidenced by 
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increase RS production and antioxidant enzymatic defenses activity (SOD and GPx), 

and decrease SOD, CAT, and GPx expression levels. Importantly, the oxidative stress 

aging-induced was aggravated by OXA-treatment. Considering Nrf2/EpRE signaling as 

regulator of many antioxidant enzymes expression, including SOD, CAT and GPx, as 

well as NRf2 and ATF4 as important role in the mitochondrial homeostasis 

maintenance (Zhang et al., 2015; Yang et al., 2018), the impact between aging and 

OXA-treatment on NRf2, PI3K and ATF4 molecules signaling was also investigated to 

expand the knowledge involving oxidative stress in OXA-induced peripheral 

neuropathy and aging.  

As shown in Fig. 7, the Nrf2 expression levels in hippocampus (Fig.7B) and in 

cerebral cortex (Fig. 7C) was decreased by aging, as well as PI3K in hippocampus 

(Fig.7E) and in cerebral cortex (Fig. 7F), and ATF4 in spinal cord (Fig. 7G) and in 

hippocampus (Fig. 7H), all of them without chemotherapy. Nrf2 expression in spinal 

cord (Fig. 7A) and in hippocampus (Fig. 7B) was reduced in animals with OXA 

administration in same age while Nrf2 expression in cerebral cortex was increased (Fig. 

7C). The treatment with OXA increased PI3K expression levels in spinal cord (Fig. 7E) 

in young mice comparing same age without OXA-treatment.  

PI3K expression was reduced in spinal cord of old OXA-treatment mice 

comparing same age without chemotherapy and young mice with chemotherapy. The 

PI3K expression in old mice OXA-treatment was decreased in hippocampus (Fig. 7E) in 

relation to young mice and increased in cerebral cortex (Fig. 7F) in relation to old mice, 

both without chemotherapy. A reduction in ATF4 expression was observed in spinal 

cord (Fig. 7G) of both ages OXA-treatment mice. As can be seen in Fig. 7H, the lowest 

reduction in ATF4 expression levels in hippocampus was observed in young. In cerebral 

cortex (Fig. 7I), both ages OXA-treatment mice presented levels of ATF4 lower than 
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young mice while old OXA-treatment mice presented ATF4 in the cerebral cortex lower 

than in same age mice without OXA treatment (Fig 7I).    

Based on the evidence from the present study, the alterations in the Nrf2 

pathway induced by OXA can be correlated with the age and tissue analyzed. Nrf2/ARE 

signaling system is regulated in several levels (Kasai et al., 2019). Indeed, findings of 

this study indicate the neuroprotective effects associated with Nrf2 pathway as an 

interesting target for ameliorating the OXA-induced neuropathic pain during aging. 

 

3.6 BDNF signaling pathway is involved in OXA-induced peripheral neuropathy 

and in the changes aging-mediated 

 Neuropathic pain is usually associated with several comorbidities such as 

anxiety, depression, and disability. Neuropathic pain represents a unique challenge to 

the primary provider caring for the patient (Wang and Mullally, 2020). OXA-induced 

peripheral neuropathy causes neuropathic pain in young and exacerbated pain in old. 

Associated with OXA-induced neuropathic pain, anxious behavior in young and old 

mice as well as cognitive impairment in young mice were observed in this study. To 

better understand the relationship between OXA-induced neuropathic pain and its 

comorbidities, mainly observed during aging, BDNF signaling pathway was also 

investigated. BDNF is a neurotrophin containing high expression level that regulates 

brain synapses. In addition to its well-established neurotrophic action, BDNF also plays 

other important neuroprotective effects including antioxidant (Pradhan et al., 2019). 

From data obtained in this study, aging has increased susceptibility of OXA toxic 

effects in peripheral neuropathy and other comorbidities mainly due to oxidative stress. 

Thus, aging and/or OXA-treatment influence in BDNF, CREB and NF-ĸB expression 

levels was studied. 
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BDNF (Fig. 8A) and CREB (Fig. 8C) expression levels in the hippocampus 

were not changed by aging while BDNF (Fig. 8B) and CREB (Fig. 8D) expression 

levels in cerebral cortex were reduced. The role of BDNF/TrkB pathway in pain 

perception has been extensively studied; however, not yet completely elucidated. At 

brain level, BDNF promotes the nociceptive facilitation due to increased plasticity and 

indirectly stimulation of descending nociceptive inhibition. Data indicate BDNF 

involved as far in the initial sensitization of pain as its increase. Sustained release of 

BDNF can lead to chronic pain (Cappoli et al., 2020; Nijs et al., 2015). CREB regulates 

BDNF-gene transcription.  

According to the results, NF-ĸB expression levels in hippocampus (Fig. 8E) and 

cerebral cortex (Fig. 8F) of mice was increased by aging. On the other hand, OXA-

treatment reduced BDNF levels in hippocampus (Fig. 8A) and cerebral cortex (Fig. 8B), 

and CREB levels in cerebral cortex (Fig. 8D) in both age OXA-treatment mice. Old 

OXA-treatment mice presented a reduction in BDNF expression levels in hippocampus 

(Fig. 8A) and cerebral cortex (Fig. 8B), and also CREB in cerebral cortex (Fig. 8D), 

comparing with old mice without OXA-treatment. A reduction in BDNF (Fig. 8B) and 

CREB (Fig. 8D) expression levels in cerebral cortex in old OXA-treatment mice was 

also observed comparing young OXA-treatment mice.  

The nuclear transcription factor NF-κB is a regulator role in innate and acquire 

immunity, inflammatory response, and tumors progression (Wang et al., 2019). NF-ĸB 

expression in hippocampus (Fig. 8E) and cerebral cortex (Fig. 8F) was increased during 

OXA treatment in both ages compared with only young mice. Indeed, NF-κB signaling 

pathway is activated by RS excessive production (Wang et al., 2019), as caused by 

OXA-treatment and aging.  
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3.7 Cortical AChE is modulated by OXA exposure, but not by aging 

 Reis and collaborators (2020b) demonstrated an increased activity and a reduced 

expression level of AChE enzyme in cerebral cortex of mice exposed to OXA. In this 

sense, to understand the involvement of cerebral AChE on OXA-induced peripheral 

neuropathy during aging, in the present study, the activity and the AChE expression 

level were evaluated in young and old mice. Firstly, alteration of AChE activity or 

expression levels in cerebral cortex of old mice exposed to OXA is still not reported. 

The results obtained in this study corroborate with those previously published. Indeed, 

OXA-treatment induced an increase in the activity (insert Fig. 9B) and a reduction in 

AChE enzyme expression (Fig. 9B) in cerebral cortex of young and old mice comparing 

the same aging without chemotherapy. However, no difference in AChE expression 

levels in hippocampus was observed. 

 

4. Discussion 

The present study establishes aging exacerbating peripheral neuropathy induced 

by OXA. Bioelements play an important role in aging which can cause an imbalance in 

their concentration, as demonstrated in this study. Although bioelements role is no clear 

in the OXA-induced peripheral neuropathy, a link between both was evidenced in this 

study. Imbalances of intracellular bioelements homeostasis are linked with some factors 

such as oxidative damage, reduction synaptic plasticity, deficit neurological, and 

premature aging. Old OXA-treated and young OXA-treated mice presented different 

concentrations of several bioelements in CNS, including calcium, cobalt, copper, iron, 

magnesium, manganese, phosphorus, potassium, selenium, sulfur, and zinc. However, 

the results are inquiring comparing the alterations in spinal cord and brain induced by 

OXA in young and old mice. OXA-exposure modified the levels of cobalt, copper, iron, 
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magnesium, phosphorus, selenium, and sulfur in old mice, while OXA-exposure 

modified only the levels of calcium and manganese in young mice. Considering these 

results, a hypothesis could be that some bioelements may not be being used by certain 

enzymes, and for this reason they may be migrating more easily between tissues.   

Indeed, the bioelements level differences induced by OXA-treatment was still 

not clear. Our evidence suggests the occurrence of facts leading changes during aging. 

Then, a nutritional intervention in old requirement during OXA-treatment deserves 

attention. Bioelements accomplish decisive functions to human health, deficiency of 

them can lead undesirable pathological conditions. Nevertheless, supplementation 

should be carefully controlled, given several toxic effects ascribed to them in quantities 

exceeding those required for accomplishing biological functions (Fraga, 2005, Kaur et 

al., 2019; Miquel et al., 2018)). Considering the results obtained, the bioelemental 

changes observed can contribute to the peripheral neuropathy induced by OXA, 

predominantly during aging.  

Association between aging and OXA-treatment increases the pain sensitivity and 

its comorbidities, mainly through oxidative damage induced in CNS due to platinum 

accumulation, as well as by reduced neuroprotection and neuroplasticity.  OXA-

treatment caused platinum accumulation in spinal cord. This data corroborate with those 

previously published (Bernocchi et al., 2015; Branca et al., 2018; Reis et al., 2020b). 

However, stand out that only in this study the results demonstrated, for the first time, 

OXA-treatment causing platinum accumulation in brain. Toxic platinum compounds 

effects to the CNS has been mainly reported considering oxidative stress mediated by 

RS (Bernocchi et al., 2015; Branca et al., 2018; Reis et al., 2020b). Platinum can affect 

mitochondrial DNA leading mitochondrial dysfunction, such as DNA mutations, 

decreasing mitochondrial respiratory function, and inducing neuronal apoptosis (Areti et 
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al., 2014; Girolimetti et al., 2017).  

The evidence from the current study suggests platinum deposition in CNS 

undetermined by aging. Young and old mice exposed to OXA presented platinum 

deposition; however, oxidative stress was directly affected by aging. In this sense, RS 

levels are exacerbated by mitochondrial dysfunction induced by platinum, but other 

pathways contribute to this difference between ages. Indeed, results highlight different 

enzymatic antioxidant defense responses in young and old mice exposed to OXA. To 

maintain redox balance after RS formation induced by OXA-treatment, an increase in 

SOD and GPx activities in cerebral cortex of young mice exposed to chemotherapy was 

observed. However, this increase in the activity of antioxidant enzymes was not 

observed to old OXA-treatment mice, leading to a high oxidative damage caused by 

OXA. The redox state impacts significantly cellular functionality and RS present well-

established able to damage cellular macromolecule as proteins, which are abundant in 

the cells.  

Corroborating with the present study, the influence of aging and the RS 

production effects - the cellular redox state – has been previously demonstrated in 

published data.  Aging reduces the ability of the cell to maintain its proteome (Korovila 

et al., 2017). Basal and inducible expression levels of antioxidant enzymes including the 

SOD, CAT, and GPx, are regulate by Nrf2 transcription factor. OXA exposure caused a 

reduction in the antioxidant enzymes expression levels in spinal cord, hippocampus, 

and/or cerebral cortex of young and old mice. This raises the possibility that the 

deficiencies in the antioxidant system caused by aging exacerbated the OXA-induced 

peripheral neuropathy. This consequence could be correlated to the increasing of the 

sensitivity to pain in the old OXA-treatment mice. Recently, inhibiting oxidative stress 

has been indicated as a potential strategy to manage neuropathic pain (Ge et al., 2018; 
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Khasabova et al., 2019). Antioxidants reduced mitochondria damage and pain induced 

by chemotherapeutic drugs, supporting a role for oxidative stress in the neuropathic pain 

(Khasabova et al., 2019).  

Given redox imbalance caused by OXA-induced neurotoxicity was enhanced by 

aging, an immediate question was the association of both factors with the Nrf2 pathway 

change. Nowadays, Nrf2 role in the oxidative imbalance related to aging is still not 

clearly established (Silva-Palacios et al., 2018); however, some reports suggest OXA as 

an effective activator of Nrf2 pathway (Fang et al., 2020). Interestingly, aging per se 

reduced the Nrf2 expression in brain. On the other hand, OXA effects on Nrf2 

expression levels dependent of the tissue analyzed. Downregulates Nrf2 expression 

levels are in accordance with SOD, CAT and GPx enzymes expression reduction, since 

Nrf2 controls the genes expression whose products include antioxidant enzymes. 

However, divergent results were observed in cerebral cortex. Findings suggest that 

Nrf2-mediated antioxidant response failed to protect young and old mice against OXA 

neurotoxicity. There is a strong indication the elucidation of this pathway signaling, as 

protective mechanism particularly to old patients, will help to develop novel therapeutic 

interventions to prevent or treat the peripheral neuropathy and its comorbidities induced 

by OXA. 

Previous studies demonstrate have found that Nrf2 positive regulators like PI3K 

decrease with age (Yamamoto et al., 2018; Zhang et al., 2015). The results of this study 

confirmed a reduction of PI3K expression in hippocampus and cerebral cortex, but not 

in spinal cord, during aging. In turn, OXA-treatment regulated PI3K expression in 

spinal cord according with age - young over expression and old down expression. In this 

aspect, mitochondrial disturbances, like OXA-caused, can indirectly activate PI3K 

(Kasai et al., 2019) as way to defenses. Here, in the old mice, this mechanism was 
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activated only in cerebral cortex. In the current context, despite the associations between 

aging, oxidative stress, and Nrf2 pathway, the hypothesis is that Nrf2 presents an impact 

on OXA-induced neuropathy peripheral in old and this fact has not been sufficiently 

investigated. In this respect, the present study demonstrated that aging and OXA 

downregulate ATF4 expression.  

These findings are consistent with the results published by Hussain and Ramaiah 

(2007). Results suggest, despite the increase in PI3K expression, the low levels of Nrf2 

in spinal cord could be related to reduced ATF4 level. Supporting this notion, recent 

data demonstrated Nrf2 knockout aggravated OXA-induced peripheral neuropathy, 

mainly through the increase RS production, decrease mitochondrial membrane potential 

which led to abnormal intracellular calcium levels, and induce cytochrome c-related 

(Cyt C) apoptosis, and overexpression the transient receptor potential (TRP) protein 

family (Yang et al., 2018). This suggests Nrf2 pathway may play a critical role in pain 

management associated with OXA-induced peripheral neuropathy, particularly during 

aging. 

BDNF levels play a crucial role as neuromodulator in pain transmission which is 

also widely accepted for its involvement in cellular processes underlie cognition and 

other complex behaviors as anxiety (Notaras and van den Buuse, 2020). After an initial 

increase in BDNF levels favoring neuroplasticity and leading chronic pain as defined in 

previous studies (Cappoli et al., 2020; Nijs et al., 2015), BDNF levels decrease in 

hippocampus and cerebral cortex reducing neuroplasticity and supporting chronic pain 

maintenance. Our results suggest the reduced BDNF levels were caused by OXA-

treatment and aging related to nociceptive effects, cognitive impairment, and anxious 

behavior. Data also highlight the importance of BDNF on the aggravated pain in old 

OXA-treated mice. This hypothesis is supported by results recently published by 
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Cappoli and collaborators (2020). The authors reported, despite some evidence that 

BDNF released by neurons determines nociceptive response, the exogenous BDNF 

leads to an antinociceptive effect with the microglial cells involvement. Thus, low 

expression of BDNF could be related to pain maintenance. Reduced BDNF levels were 

associated with high depressive and anxiety-like behaviors and working memory 

impairment due to reduced neuroplasticity. 

The transcription factor CREB mediates the transcription of genes essential for 

survival and neurons differentiation and for BDNF transcription (Lima Giacobbo et al., 

2019). Our results demonstrated that aging reduced CREB expression in cerebral cortex 

of mice. Additionally, OXA-treatment reduced CREB expression in both ages. 

However, the old presented CREB levels lower than young. These findings corroborate 

with those refer to BDNF expression achieved in this study. BDNF can promote anti-

inflammatory action of microglia and neurological recovery through TrkB signaling. 

BDNF-TrkB pathway determines the upregulation of different anti-inflammatory 

microglial markers and regulation of the NF-κB pathway (Cappoli et al., 2020; Yin et 

al., 2020). 

Aging increased NF-κB level in both hippocampus and cerebral cortex of mice. 

These results corroborate with other data obtained in this study, demonstrating 

increased RS level and reduced BDNF expression caused by aging. Results suggest that 

NF-κB pathway is activated by aging, mainly through oxidative stress. In turn, OXA-

treatment increased NF-κB expression in both tissues analyzed only in young mice, 

despite of high RS level exhibited in old OXA-treatment mice. On the other hand, NF-

κB expression contributes to increase the production and release of proinflammatory 

cytokines (Wang et al., 2019). Consecutively, an increase of proinflammatory mediators 

leads to peripheral sensitization mainly through TRP vanilloid activation (Areti et al., 
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2014), supporting our results about the role of aging in the increase of mechanical 

sensitivity.  

The RS play a major role in intracellular signaling. However, the redox 

imbalance leading to the progression of neurodegenerative disorders. The Nrf2 

increases antioxidant defenses neutralizing RS, thus reduces RS-mediated NF-κB 

activation. Also, the Nrf2 reduces NF-κB nuclear translocation and transcription of pro-

inflammatory genes. On the other hand, NF-κB can inhibit Nrf2 activity preventing 

antioxidant gene transcription (Sivandzade et a., 2019). Here, our findings demonstrated 

that in the hippocampus occurred an increase of the NF-κB expression level and a 

reduction in the Nrf2 expression level. By contrast, Nrf2 and NF-κB gene transcription 

increased in the cerebral cortex. 

Cognitive impairment aging-induced is mainly mediated by neuroinflammation 

and cholinergic dysfunction (Benfante et al., 2019). In this study, the involvement of 

NF-κB in neuroinflammation associated with aging and its relationship with cognitive 

decline were demonstrated. Indeed, in the proinflammatory states associated with the 

aging process occurs an upregulation of NF- κB (Xia et al., 2016). OXA-treatment 

induced neuroinflammation in young mice and cognitive decline through NF-κB 

expression regulation. In addition, old mice exposed to OXA presented cognitive 

impairment and NF-κB levels similar with those in old without chemotherapy. Thus, the 

cholinergic dysfunction occurrence in old with OXA-induced peripheral neuropathy 

should be investigated.  

Our research group has demonstrated the reduction of AChE expression and the 

increase of AChE activity in the cerebral cortex of young mice caused by OXA (Reis et 

al., 2020b). The results of this study corroborate with these data, and similar results 

were observed in old mice treated with OXA. Cholinergic neurotransmission is altered 
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during aging, and this fact can lead to cognitive impairment, mainly through neuronal 

degeneration development and normal neural circuitry disruption (Richardson et al., 

2020). These findings supporting the aging role in the cognitive impairment observed; 

however, considering part of cholinergic neurotransmission, in particular the activity 

and expression levels of AChE, OXA effects were not altered by aging.  

To summarize the current knowledge, the present research helped to expand the 

understanding of the mechanisms underlying the physiopathology of OXA-induced 

peripheral neuropathy, highlighting aging role. Indeed, aging exacerbated the pain and 

anxious behavior caused by OXA-treatment and the deposition of platinum in brain of 

mice treated with OXA was reported for the first time. Taken together, the results 

suggest important modulated targets for OXA-induced peripheral neuropathy 

prevention or treatment, considering the peculiarities aging-mediated. 
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Captions of figures 

Fig. 1 Schedule of experimental protocol. 

 

Fig. 2 Effect of aging (Old) and oxaliplatin (OXA) (10 mg kg-1, i.p.) on the (A) paw 

withdrawal threshold to mechanical stimulus in the von Frey test and (B) on the latency 
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to thermal stimulus in the hot plate test. Each point represents the mean of 7 mice in 

each group. (*) P < 0.05, (***) P < 0.001, and (****) P < 0.0001 denote significance levels 

when compared with the Young group; (#) P < 0.05, (###) P < 0.001, and (####) P < 

0.0001 denote significance levels when compared with the Old group; (+) P < 0.05, and 

(++++) P < 0.0001 denote significance levels when compared with the Old + OXA group 

(Two-way ANOVA followed by the Tukey's test). 

 

Fig. 3 Effect of aging (Old) and oxaliplatin (OXA) (10 mg/kg, i.p.) on the (A) 

percentage of entries in the open arms and (B) percentage of time spent in the open arms 

in the elevated plus-maze; (C) percentage of exploratory preference - short-term and (D) 

percentage of exploratory preference - long-term memories in the object recognition 

task; (E) number of crossings and (F) number of rearings in the open field test. Each 

column represents the mean ± S.E.M. of 7 mice in each group. (*) P < 0.05, (**) P < 

0.01, (***) P < 0.001, and (****) P < 0.0001 denote significance levels when compared 

with the Young group; (#) P < 0.05, (###) P < 0.001, and (####) P < 0.0001 denote 

significance levels when compared with the Old group; (+) P < 0.05 denotes significance 

levels when compared with the Old + OXA group (Two-way ANOVA followed by the 

Tukey's test). 

 

Fig. 4 Effect of aging (Old) and oxaliplatin (OXA) (10 mg kg-1, i.p.) on the deposition 

of platinum in the spinal cord and brain of mice. Each column represents the mean ± 

S.E.M. of 5 mice in each group. (****) P < 0.0001 denotes significance levels when 

compared with the Young group; (####) P < 0.0001 denotes significance levels when 

compared with the Old group; (+) P < 0.05 denotes significance levels when compared 
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with the Old + OXA group and (≤ LOD) denotes below detection limit (Two-way 

ANOVA followed by the Tukey's test). Limit of detection: 0.1 ng g-1. 

 

Fig. 5 Effect of aging (Old) and oxaliplatin (OXA) (10 mg kg-1, i.p.) on the (A) reactive 

species levels, (B) superoxide dismutase activity, (C) catalase activity, and (D) 

glutathione peroxidase activity in the cerebral cortex of mice. Each column represents 

the mean ± S.E.M. of 7 mice in each group. (*) P < 0.05, (**) P < 0.01, (***) P < 0.001, 

and (****) P < 0.0001 denotes significance levels when compared with the Young group; 

(#) P < 0.05, (##) P < 0.01, and (####) P < 0.0001 denotes significance levels when 

compared with the Old group; (+) P < 0.05, (++) P < 0.01, and (++++) P < 0.0001  denotes 

significance levels when compared with the Old + OXA group (Two-way ANOVA 

followed by the Tukey's test). 

 

Fig. 6 Effect of aging (Old) and oxaliplatin (OXA) (10 mg kg-1, i.p.) on the superoxide 

dismutase expression levels in the spinal cord (A), hippocampus (B) and cerebral cortex 

(C); catalase expression levels in the spinal cord (D), hippocampus (E) and cerebral 

cortex (F); and glutathione peroxidase expression levels in the spinal cord (G), 

hippocampus (H) and cerebral cortex (I) of mice. Each column represents the mean ± 

S.E.M. of 6 - 7 mice in each group. (*) P < 0.05, (**) P < 0.01, and (****) P < 0.0001 

denotes significance levels when compared with the Young group; (#) P < 0.05, (##) P < 

0.01, (###) P < 0.001, and (####) P < 0.0001 denotes significance levels when compared 

with the Old group; (+) P < 0.05, and (++) P < 0.01 denotes significance levels when 

compared with the Old + OXA group (Two-way ANOVA followed by the Tukey's test). 
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Fig. 7 Effect of aging (Old) and oxaliplatin (OXA) (10 mg kg-1, i.p.) on the Nrf2 

expression levels in the spinal cord (A), hippocampus (B) and cerebral cortex (C); PI3K 

expression levels in the spinal cord (D), hippocampus (E) and cerebral cortex (F); and 

ATF4 expression levels in the spinal cord (G), hippocampus (H) and cerebral cortex (I) 

of mice. Each column represents the mean ± S.E.M. of 6 mice in each group. (*) P < 

0.05, (**) P < 0.01, (***) P < 0.001, and (****) P < 0.0001 denotes significance levels 

when compared with the Young group; (#) P < 0.05, (##) P < 0.01, (###) P < 0.001, and 

(####) P < 0.0001 denotes significance levels when compared with the Old group (Two-

way ANOVA followed by the Tukey's test). 

 

Fig. 8 Effect of aging (Old) and oxaliplatin (OXA) (10 mg kg-1, i.p.) on the NF-ĸB 

expression levels in the hippocampus (A) and cerebral cortex (B); BDNF expression 

levels in the hippocampus (C) and cerebral cortex (D); and CREB expression levels in 

the hippocampus (E) and cerebral cortex (F) of mice. Each column represents the mean 

± S.E.M. of 6 - 7 mice in each group. (*) P < 0.05, (**) P < 0.01, and (****) P < 0.0001 

denotes significance levels when compared with the Young group; (##) P < 0.01 and 

(###) P < 0.001 denotes significance levels when compared with the Old group; (++) P < 

0.01 denotes significance levels when compared with the Old + OXA group (Two-way 

ANOVA followed by the Tukey's test). 

 

Fig. 9 Effect of aging (Old) and oxaliplatin (OXA) (10 mg kg-1, i.p.) on the AChE 

expression levels in the (A) hippocampus and (B) cerebral cortex of mice. Inserts show 

the effect of aging (Old) and OXA (10 mg kg-1, i.p.) on the AChE activity. Each column 

represents the mean ± S.E.M. of 7 mice in each group. (***) P < 0.01 and (****) P < 

0.0001 denotes significance levels when compared with the Young group; (#) P < 0.05 
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and (####) P < 0.0001 denotes significance levels when compared with the Old group 

(Two-way ANOVA followed by the Tukey's test). 

 

Fig. 10 Mechanisms involved in the exacerbation of symptoms OXA-induced 

peripheral neuropathy aging-caused.  
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Tables 

 

Table 1. Instrumental settings for the Agilent 8800 ICP-QQQ instrument. 

Conditions in ICP-MS/MS    

Reaction gas NH3 NH3 O2 

Scan type MS/MS MS/MS MS/MS 

Plasma mode Low matrix Cold plasma Low matrix 

RF power (W) 1550 600 1550 

Extract 1 (V)    

Q1 bias (V) -1 V -1 V -1 V 

Reaction gas flow rate setting (mL min-1)   0.30 

Q1→Q2 Na: 23→40 

Mg: 24→75 

Mg: 25→76 

Ca: 40→57 

Mn: 55→89 

Fe: 56→90 

Fe: 57→91 

Co: 59→93 

Cu: 63→97 

Zn: 64→98 

Cu: 65→99 

Zn: 66→100 

Pt: 194→245 

Pt: 195→246 

Ga (IS): 71→71 

Y (IS): 89→89 

 

K: 39→39 

Ga (IS): 71→71 

Y (IS): 89→89 

 

S: 31→47 

S: 32→48 

S: 34→50 

Se: 80→96 

Ga (IS): 71→71 

Y (IS): 89→89 

 

Octopole bias (V) −5 −5 −5 

Energy discrimination (V) −8 −8 −8 

Extract 2 (V)    

Q2 QP bias (V) −13 −13 −13 

Wait time offset (ms) 2 2 2 

Sweeps / replicate 100 100 100 

Integration time / mass (s) 1 1 1 

Replicates 10 10 10 

Total analysis time/sample (s)    

 

 

 

 



 183 

Table 2. Primers used for quantitative real-time polymerase chain reaction. Listed are the 

forward and reverse primer sequences used to amplify each target gene as well as the GAPDH 

endogenous control. 

Primer Name Sequence Reference 

CAT Forward 5’AGAGAGCGGATTCCTGAGAGA3’ 

d’Avila et al., 2018 

CAT Reverse 5’ACCTTTCCCTTGGAGTATCTG3’ 

SOD Forward 5’GGACCTCATTTTAATCCTCAC3’ 

SOD Reverse 5’TGCCCAGGTCTCCAACATG3’ 

GPx Forward 5’TGTGGAAATGGATGAAAGTCCAG3’ 

Zhang et al., 2015 

GPx Reverse 5’CATGGGACCATAGCGCTTCAC3’ 

Nrf2 Forward 5’CTCGCTGGAAAAAGAAGTG3’ 

Li et al., 2004 

Nrf2 Reverse 5’ CCGTCCAGGAGTTCAGAGG3’ 

PI3K Forward 5’ CTCTCCTGTGCTGGCTACTGT3’ 

Bellaver et al., 2016 

PI3K Reverse 5’GCTCTCGGTTGATTCCAAACT3’ 

ATF4 Forward 5’ TCGATGCTCTGTTTCGAATG3’ 

Mesclon et al., 2017 

ATF4 Reverse 5’ AGAATGTAAAGGGGGCAACC3’ 

BDNF Forward 5’ AAGGACGCGGACTTGTACAC3’ 

Fukuchi et al., 2017 

BDNF Reverse 5’ CGCTAATACTGTCACACACGC3’ 

CREB Forward 5’AAGCTGAAAGTCAACAAATGACAGTT3’ 

Shankar et al., 2005 

CREB Reverse 5’ TGGACTGTCTGCCCATTGG3’ 

NF-ĸB Forward 5’ AGAGAAGCACAGATACCACTAAG3’ 

Li et al., 2017 

NF-ĸB Reverse 5’ CAGCCTCATAGAAGCCATCC3’ 

AChE Forward 5’TTAGGGCTGGGATATAATACGAC3’ Silverman et al., 2014 

 AChE Reverse 5’GCCCCTAGTGGGAGGAAGT3’ 

GAPDH Forward 5’TGCGACTTCAACAGCAACTC3’ 

Turabelidze et al., 2010 

GAPDH Reverse 5’ATGTAGGCAATGAGGTCCAC3’ 

 

 



 

 

184 

Table 3. Effect of aging (Old) and oxaliplatin (OXA) (10 mg kg-1, i.p.) on elements concentration. 

 
ELEMENT 

 

CONCENTRATION (NG G-1) 

Spinal cord Brain 

 Young Young + OXA Old Old + OXA Young Young + OXA Old Old + OXA 
POTASSIU

M 

3062.0±39.7 3883.0±344.5 3586.0±91.3 4426.0±577.7 4049.0±150.5 4112.0±166.0 4585.0±245.7 3471.0±271.4# 

PHOSPHO

RUS 

613.0±56.1 556.6±29.98+++ 694.8±28.1 969.7±70.9***## 689.6±24.1 649.0±18.8## 694.2±11.6 531.6±18.3*** #### 

SULFUR 291.6±26.6 248.4±5.6+++ 321.9±7.3 424.5±37.4**# 421.0±16.2 397.5±13.5 406.3±10.1 368.0±20.9 

SELENIU

M 

94.7±1.8 97.0±2.3++ 98.8±1.9 130.4±11.5**## 135.8±4.6 128.5±4.7 142.9±2.3 131.2±1.9 

SODIUM 1452.0±32.5 1583.0±34.2 2036.0±118.8* 1930.0±204.4 1423.0±68.9 1301.0±48.7 1337.0±40.9 1483.0±156.3 

MAGNESI

UM 

145.8±2.0 154.4±5.2++ 154.8±1.4 200.1±15.7**## 151.2±6 132.2±5.3 142.2±3.3 140.2±8.8 

CALCIUM 50.6±0.9 125.0±29.2* 79.5±6.9 80.3±2.8 59.1±4.4 50.5±2.1 57.5±2.4 61.8±4.7 

MANGAN

ESE 

419.5±9.7 394.2±10.7# 299.5±10.8** 392.8±32.0# 368.0±8.0 314.8±15.6* 289.1±7.1*** 289.9±11.2*** 

IRON 11.7±0.1 11.8±0.3+ 13.2±0.7 14.9±1.1* 18.1±0.8 15.7±0.3 19.0±3.3 20.1±0.6 

COBALT 4.7±0.1 3.8±0.3### ++++ 8.5±0.2** 10.4±1.1**** 4.8±0.4 4.3±0.1#### ++++ 11.8±1.3**** 11.3±0.7*** 

COPPER 1.8±0.1 1.9±0.1+ 2.3±0.1 2.9±0.2***### 2.6±0.1 2.3±0.1#### ++++ 4.2±0.1**** 3.5±0.1****### 

ZINC 4.5±0.1 5.2±0.3 5.3±0.5 7.14±0.7** 7.1±0.2 6.6±0.2 7.1±0.2 8.0±0.7 

Each column represents the mean ± S.E.M. of 5 mice in each group. (*) P < 0.05, (**) P < 0.01, (***) P < 0.001, and (****) P < 0.0001 denotes significance 

levels when compared with the Young group; (#) P < 0.05, (##) P < 0.01, (###) P < 0.001, and (####) P < 0.0001 denotes significance levels when compared 

with the Old group; (+) P < 0.05, (++) P < 0.01, (+++) P < 0.001, and (++++) P < 0.0001 denotes significance levels when compared with the Old + OXA group 

(Two-way ANOVA followed by the Tukey's test).
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Figures 

Fig. 1. Schedule of experimental protocol 
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Fig. 2. 
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Fig. 3.  
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Fig. 5. 
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Fig. 6. 
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Fig. 7 

 

 

 

 

 



191 

 

 

Fig. 8 

 

 

 

Fig. 9 
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Fig. 10 
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Highlights 

 

 Aging exacerbates the OXA-induced peripheral neuropathy. 

 Association between aging and OXA enhances anxiety and oxidative damage. 

 Spinal cord and brain Pt deposition after OXA-exposed occurs age-independently. 

 OXA-induced imbalance in CNS bioelements levels is exacerbated by aging. 

 OXA impairs neuroprotection and neuroplasticity pathways in aged mice. 
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4-PSQ reduz sintomas clínicos da NPIO e suas comorbidades 

independentemente da idade  

O processo fisiopatológico da NPIO é multifatorial. Por meio dos 

resultados obtidos, foi evidenciado que o estresse oxidativo contribui para o 

desenvolvimento da NPIO, no entanto, nem todos os processos fisiopatológicos 

envolvidos na sua gênese foram completamente compreendidos e, isso é um 

problema clínico desafiador. 

É importante ressaltar que, a pesquisa desenvolvida nesse estudo, 

contribuiu de forma significativa para ampliar a compreensão dos mecanismos 

envolvidos na NPIO. A partir das evidências obtidas aqui, foi definido que a 

platina, proveniente do metabolismo da oxaliplatina, permeia a barreira 

hematoencefálica, se acumula no SNC e, causa extenso dano oxidativo nesses 

tecidos. Anteriormente, os estudos indicavam que os metabólitos da 

oxaliplatina se acumulavam a causavam danos diretos apenas ao SNP. Além 

disso, ressaltamos que a oxaliplatina, também, altera a funcionalidade do SNC 

por meio da inibição da enzima Na+, K+ - ATPase. Resumidamente, foi 

identificado que o aumento do dano oxidativo prejudicou as funções do SNC, 

como evidenciado pela inibição da Na+, K+ - ATPase. Desta forma, uma 

hipótese é que a administração da oxaliplatina conduziu à uma redução da 

produção de energia no SNC. 

Mesmo diante das modificações biológicas causadas pelo 

envelhecimento aos tecidos e sistemas orgânicos, este fator tem sido 

negligenciado nas pesquisas que envolvem a toxicidade induzida pelo 

tratamento com a oxaliplatina. Nas etapas anteriores deste estudo, foi definido 

que somente o envelhecimento aumentou a sucetibilidade à dor, através do 

estresse oxidativo, evidenciado pelo aumento na produção de espécies 

reativas. Além disso, os processos de neurodegeneração causados pelo 

envelhecimento foram observados por meio da redução na atividade de 

enzimas cerebrais. 

De fato, quando associado os dois fatores, envelhecimento e tratamento 

com a oxaliplatina, foi observado um agravamento significativo dos sintomas 

clínicos da NPIO e de suas comorbidades. Principalmente, o dano oxidativo 
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excessivo ao SNC foi destacado por meio do aumento das espécies reativas, 

colapso das defesas antioxidantes, alteração das funções do SNC e, 

modulação das vias relacionadas à neuproteção (Fator nuclear eritroide 2 

relacionado ao fator 2 (Nrf2)) e neuroplasticidade (Fator neurotrófico derivado 

do cérebro (BDNF)). A concentração de bioelementos, necessários para a 

manutenção adequada das funções biológicas, foi alterada como observado na 

etapa 4 do estudo. 

Nas etapas anteriores, o potencial farmacológico do 4-PSQ foi 

investigado. De fato, os promissores efeitos do composto se destacaram ao 

longo do estudo. O 4-PSQ reverteu a sensibilidade induzida pela oxaliplatina e, 

também, reduziu as comorbidades associadas. O 4-PSQ é uma molécula 

multialvo com um significativo potencial antioxidante e neuroprotetor. Embora o 

4-PSQ não tenha impedido ou reduzido o acúmulo de platina no SNC, a sua 

ação antioxidante ficou em evidência nesse estudo e, este composto modulou 

diferentes mecanismos envolvidos na NPIO, tanto aguda quanto a crônica. O 

tratamento com o 4-PSQ reduziu os níveis de espécies reativas, modulou 

positivamente as defesas antioxidantes diante dos danos induzidos pela 

oxaliplatina e, reestabeceu o funcionamento adequado da enzima Na+, K+ - 

ATPase. De fato, os dados sugerem que o tratamento com o 4-PSQ pode 

contribuir para o reestabelimento das funções cerebrais, prejudicadas pela 

administração da oxaliplatina. 

Baseado nos fatos descritos, o objetivo da etapa 5 foi avaliar os efeitos 

do 4-PSQ na NPCIO, considerando as especificidades do envelhecimento. Os 

resultados obtidos demonstraram que o tratamento com a oxaliplatina 

exacerbou a dor, o comportamento ansioso, e, também, o comprometimento 

cognitivo causado pelo envelhecimento em ratos. Corroborando os resultados 

anteriormente obtidos, o desequilíbrio redox causado pelo envelhecimento 

também foi elevado pela administração de oxaliplatina. Além disso, a 

associação dos fatores, alterou o funcionamento adequado do SNC, como 

demonstrado através da atividade das enzimas Na+, K+ - ATPase e AChE. 

O tratamento com o 4-PSQ, por sua vez, reverteu o desequibrio 

oxidativo. De fato, a redução dos danos oxidativos ao SNC pode explicar o 
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efeito analgésico evidenciado pelo 4-PSQ diante dos danos causados pela 

oxaliplatina (Figura 9). Considerando o conjunto de evidências coletadas nesse 

estudo a respeito do potencial farmacológico do 4-PSQ, pode-se sugerir que 

esta molécula é promissora para o desenvolvimento de uma nova terapia para 

o tratamento da NPIO e suas comorbidades.  

É importante ressaltar que, algumas análises previstas para serem 

realizadas nessa etapa 5, principalmente, por meio de parceria com outros 

laboratórios da UFPel e outras universidades brasileiras e do exterior, foram 

atrasadas devido à pandemia mundial do coronavirus (Covid 19) que acomete 

o Brasil de forma devastadora. As análises incluem uma busca por microRNA, 

moléculas que podem ser utilizadas como marcadores genéticos para os danos 

induzidos pela associação dos fatores; a expressão de marcadores como Nrf2 

e BDNF, pela técnica de qRT-PCR; bem como, a quantificação de 

bioelementos, necessários para a manutenção adequada do organismo. Essas 

análises serão realizadas, o que representa uma conquista diante da situação 

que enfrentamos, mas, infelizmente não farão parte deste documento, mesmo 

tendo sido pensadas como parte deste estudo. 

 

 

Figura 9. Representação esquemática dos principais resultados obtidos na etapa 5. 
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Manuscrito 3  

Os principais resultados deste capítulo da tese estão apresentados sob 

a forma de manuscrito, o qual se encontra assim organizado. Os itens Materiais 

e Métodos, Resultados, Discussão dos Resultados e Referências Bibliográficas 

encontram-se no próprio manuscrito. 

O manuscrito 3 será submetido à revista Biogerontology. 
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Abstract  

The underlying mechanisms of oxaliplatin (OXA)-induced peripheral neuropathy 

remain uncertain, however, oxidative damage significantly contributes to its 

development. On the other hand, aging is characterized by a progressive deterioration 

of tissues and organ systems, concurrently followed by an increase in oxidative stress. 

Thus, in the current study, the association between these factors and the potential of 7-

chloro-4-(phenylselanyl) quinoline (4-PSQ) as a new therapeutic strategy were 

investigated. The administration of OXA to old Wistar rats aggravated pain sensibility, 

anxious behavior, and cognitive impairment through increased oxidative damage in the 

nervous system central (CNS) and peripheral (PNS), as well as by Na+, K+ - ATPase 

and acetylcholinesterase (AChE) activities inhibition. Locomotor and exploratory 

activities were not affected. 4-PSQ-treatment reversed pain sensibility, emotional and 

cognitive impairment, mainly through reducing oxidative damage. 4-PSQ reduced 

reactive species (RS) and lipid peroxidation, also increased non-protein thiols (NPSH) 

levels, and modulated the activity of glutathione peroxidase (GPx) and superoxide 

dismutase (SOD) in the CNS and/or PNS. 4-PSQ reestablished the activity of Na+, K+ - 

ATPase, but not of AChE enzyme. Mg 2+ - ATPase activity was not changed. This 

study is the first to provide insight into the antioxidant potential of 4-PSQ in the 

oxidative damage to PNS in an OXA-induced peripheral neuropathy model in aged 

rats. 4-PSQ highlights as a good prototype for the development of a more effective 

drug for the treatment of OXA-induced peripheral neuropathy, regardless the age.  

  

Keywords: Neuropathy; aging; oxaliplatin; oxidative damage; 4-PSQ 
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Abbreviations 

OXA, Oxaliplatin; RS, reactive species; GPx, glutathione peroxidase; SOD, superoxide 

dismutase; AChE, acetylcholinesterase; CNS, central nervous system; PNS, peripheral 

nervous system; NADPH, β-nicotinamide adenine dinucleotide 2′-phosphate reduced 

tetrasodium salt hydrate; GAPDH, Glyceraldehyde-3-phosphate dehydrogenase; BBB, 

blood brain-barrier 
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1. Introduction 

Oxaliplatin (OXA)-induced peripheral neuropathy is a severe and potentially 

permanent adverse effect, initially characterized by acute clinical symptoms which are 

exacerbated resulting in the establishment of chronic peripheral neuropathy. Several 

factors and mechanisms contribute to the incidence or aggravation of peripheral 

neuropathy induced by OXA, however, at present many of these yet remain unclear 

(Cavaletti and Marmiroli 2020). In this context, considering the highest incidence of 

cancers in patients over the age of 60 (Fane and Weeraratna, 2020), age is an important 

factor to be considered in the exacerbation of OXA-induced peripheral neuropathy. 

Indeed, was estimated that by 2050 one-fifth of the world population will be over the 

age of 60 (Fane and Weeraratna, 2020).  

Besides, the management of OXA-induced peripheral neuropathy clinical is 

generally focused on treating symptoms because the causes can be rarely treated. In 

aged patients, is necessary to consider also many particular features, including the 

neurogenesis declines, progressive loss of tissue and organ function, and imbalance 

redox (Nguyen and Ehrlich, 2020; Liguori et al. 2018). Indeed, one hypothesis is that 

elderly people could be more susceptible to the side effects of OXA. Thus, new 

therapeutic approaches for OXA-induced peripheral neuropathy treatment should 

consider the aging-peculiarities. 

Recently, several studies of the our research group investigated the 

physiopathology of  adverse effects of OXA and the pharmacological effect of 7-chloro-

4-(phenylselanyl) quinoline (4-PSQ) (Figure 1) for its treatment (Reis et al. 2020a, b; 

Lemos et al. 2020; da Motta et al. 2021). It is well established the susceptibility of the 

peripheral nervous system (PNS) to oxidative damage induced by metabolites of the 
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OXA, mainly platinum derivatives (Cavaletti and Marmiroli; Areti et al. 2014; 

Starobova and Vetter 2017). However, recently our data established that platinum from 

OXA crosses the blood-brain-barrier (BBB), accumulating in the CNS, and causing 

oxidative damage (Reis et al. 2020a). This study demonstrated the involvement of the 

cholinergic pathway in OXA-induced neurotoxicity. Besides, our research group 

showed for the first time the potential antioxidant of 4-PSQ to reverse the redox 

imbalance induced by treatment with OXA in the CNS and thus reduce the pain 

sensitivity.  

Based on the aforementioned facts, and given that the neurotoxicity OXA-

induced is mediated mainly by oxidative damage in the CNS, we investigated the 

pharmacological modulation of Na+, K+-ATPase as a potential target for the 

development of new therapies (Reis et al. 2020b). Indeed, the Na+, K+ - ATPase enzyme 

is particularly vulnerable to reactive species (RS) (Shrivastava et al. 2020). In this 

sense, it was initially demonstrated a correlation between anxiety and cognitive decline, 

both caused by the administration of the OXA. As hypothesized, the treatment with 

OXA inhibited Na+, K+ - ATPase activity and, also, reduced the expression levels of this 

enzyme in the CNS. Corroborating with the results of the first study, the treatment with 

4-PSQ restored the emotional and cognitive impairment caused by the administration of 

the OXA. 4-PSQ effects seem to be due the regulation of the hypothalamic-pituitary-

adrenal axis, reduction of plasmatic corticosterone and mainly due to it is ability to 

reestablish activity and expression of the Na+, K+-ATPase enzyme. These results 

contribute to establishing Na+, K+-ATPase enzyme as a promising target for the 

treatment of the OXA-induced neurotoxicity and, in addition, to demonstrate that the 
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modulation of the Na+, K+- ATPase had a fundamental role in the effects of the 4-PSQ 

against neurotoxicity caused by OXA administration (Reis et al. 2020b). 

OXA is a chemotherapy drug effective in cancer therapy. However, their clinical 

benefit is constantly challenged by side effects on the many organ systems including the 

brain, kidney, and liver. The imbalance redox induced by metabolites of OXA on the 

liver (Lemos et al. 2020) and kidney (da Motta et al. 2021) causes injury on the organs 

and loss functions. Against the OXA-induced hepatic injury, the treatment with the 4-

PSQ normalized the plasmatic activity of the aspartate and alanine aminotransferase, 

both markers of damage hepatic. In addition, 4-PSQ reduced OXA-induced hepatic 

injury, due to a decrease in the oxidation of lipids and proteins. This study corroborated 

the antioxidant action of 4-PSQ in OXA-induced toxicity (Lemos et al. 2020). 

Experimental evidences support the involvement of RS in OXA-induced renal injury 

(da Motta et al. 2021). Indeed, the OXA-treatment also inhibited Na+, K+ -ATPase 

enzyme in the kidney. Moreover, 4-PSQ acted on the oxidative balance, reestablishing 

Na+, K+-ATPase activity in mice exposed to OXA. Thus, 4-PSQ treatment reestablished 

renal cell functionality. 

Considering the important effects of 4-PSQ against neurotoxicity, hepatic injury, 

and damage renal induced by OXA, in the current study the 4-PSQ effects against 

OXA-induced chronic peripheral neuropathy and its comorbidities were investigated in 

aging rats.  

 

2. Materials and Methods 

2.1 Animals 
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All experiments were performed in accordance with the guidelines of the 

Committee on Care and Use of Experimental Animal Resources of the Federal 

University of Pelotas, Brazil (CEEA 4506-2017) and in accordance with the National 

Institute of Health Guide for the Care and Use of Laboratory Animals (NIH publications 

no. 80-23, revised in 1996) (Book 1996) and International Guiding Principles for 

Biomedical Research Involving Animals. The tests were carried out using adult (2 

months) and old (20 months) male Wistar rats. All animals were maintained at 22 ± 2 

°C with free access to water and food, under a 12:12 h light/dark cycle (with lights on at 

6:00 a.m.). Rats were acclimatized to the behavior room for at least 1 h. All efforts were 

made to minimize the number of animals used and their discomfort. The number of 

animals and intensities of noxious stimuli used were the minimum needed to 

demonstrate consistent effects of the treatment. Allocation concealment was performed 

using a randomization procedure (http://www.randomizer.org/). Behavioral evaluations 

were performed blindly on drug administration. All experiments were carried out 

between 08:00 and 17:00 h.  

 

2.3 Drugs 

OXA was obtained from Eurofarma pharmaceutical company, and it was 

dissolved in 5% glucose solution. All other chemicals used in this study were of 

analytical grade and obtained from Sigma-Aldrich, (St. Louis, MO, USA). Rats 

received OXA by intraperitoneal (i.p.) route at a constant volume of 1 mL kg-1 of body 

weight. 

4-PSQ was prepared and characterized according to previous studies (Savegnago 

et al. 2013; Duarte et al. 2017) in our laboratory and analysis of the 1H NMR and 13C 
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NMR spectra showed analytical and spectroscopic data in full agreement with its 

assigned structure. The chemical purity of 4-PSQ (99.9 %) was determined by GC/MS. 

4-PSQ was dissolved in canola oil. Rats received 4-PSQ or its vehicle by per oral route 

with intragastric (i.g.) gavage at a constant volume of 1 mL kg-1 of body weight. 

 

 

Figure 1. Chemical structure of 4-PSQ. 

 

2.3 Treatment scheme 

In this study, rats were randomly divided into four experimental groups (n = 10 

animals/group): i) Young, ii) Old, iii) Old+OXA, and iv) Old+OXA+4-PSQ. From day 

1 up to day 5, rats of the Young and Old groups were treated with 5% glucose solution 

(10 mL kg-1, i.p.), whereas OXA (2 mg kg-1) was administered by i.p. route to rats of the 

Old+OXA and Old+OXA+4-PSQ groups. On day 5, 30 min after the treatment with 

OXA, up to day 14, rats of the Young, Old, and Old+OXA groups received canola oil 

(10 mL kg−1, i.g. route), whereas the rats of the Old+OXA+4-PSQ group were treated 

with 4-PSQ (5 mg kg-1) by i.g. route. From day 5, rats were subjected to behavioral 

tests. On day 15, the animals were euthanized by inhalation of isoflurane anaesthetic 
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and, tissue samples of the CNS and PNS were rapidly dissected and stored to be used 

for ex vivo assays. In the behavioral tests and data analysis, the operators were blinded. 

 

Figure 2. Schedule of experimental protocol 

 

2.4 Behavioral tests 

 The tests were performed on the days indicated in the experimental protocol 

schedule (Figure 2). 

 

2.4.1 Measurement of mechanical sensitivity 

 Mechanical sensitivity was carried as reported by Alamri et al. (2018). The test 

consisted of evoking a hind paw flexion reflex with a hand-held force transducer (digital 

aesthesiometer, Insight, São Paulo, Brazil) adapted with a polypropylene tip. The paw 

withdrawal threshold was measured by applying the polypropylene tip perpendicular to 

the middle of the plantar surface of the hind paw at a constant progressive pressure until 
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paw withdrawal, and the pressure value was automatically recorded. Data of the 

withdrawal threshold were expressed in gram (g). 

 

2.4.2 Measurement of thermal sensitivity 

 Thermal sensitivity was tested according to Woolfe and Macdonald (1944). In 

the hot-plate test, animals were placed in a glass box on a heated metal plate maintained 

at 52 ± 1 °C. The latency of nociceptive responses such as licking or shaking one of the 

paws or jumping was recorded as the reaction to a noxious thermal stimulus. To avoid 

damage to the paws of animals, time standing on the plate was limited to 45 s. Data of 

the latency were expressed in the seconds (s). 

 

2.4.3 Assessment of locomotor and exploratory domains 

The open field test evaluated the general locomotor and exploratory behaviors of 

rats. The open field was made of plywood and surrounded by 30 cm-high walls. The 

floor of the open field, 45 cm long and 45 cm wide, was divided by masking tape 

markers into 9 squares (3 rows of 3). Rats were evaluated in the open field test on the 

ninth day of the experimental protocol. In this test, each animal was placed at the center 

of the open field and observed for 4 min to record the locomotor and exploratory 

activities (Walsh and Cummins 1976). The arena was cleaned with 40% ethanol after 

each session and each rat was tested only once. Data of the locomotor and exploratory 

activities were expressed as number of segments crossed with the four paws and, 

number of rearings on the hind limbs, respectively. 

 

2.4.4 Assessment of cognitive domain 
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The object recognition task was performed according to Stangherlin et al. 

(2009). It is widely used to evaluate short-term (STM) and long-term (LTM) memories. 

The task was performed in an open field apparatus on the ninth and tenth day of the 

experimental protocol. On the day of the task each animal was submitted to a 

habituation session in the absence of objects for 5 min. Posteriorly, four objects were 

used: A1, A2, B and C. The A1 and A2 objects were two identical balls, the B object 

was a cube, and the C object was a square. The objects used were made of plastic 

material, measuring 10 x 10 cm (length x height) and had the following color pattern: 

blue, red, and yellow. During the training, the animals were placed for 5 min in the 

arena containing two identical objects (objects A1 and A2) to explore. Exploration was 

accounted when the animal directed its nose around 2 cm of the object while sniffing, 

touching, or looking at it. In the presence of a familiar object (A1) and a new object (B), 

1.5 h after training, the STM of rats was evaluated.  The time to explore was defined in 

5 min, enough to measure learning and recognition memory. In turn, LTM was assessed 

24 h after training. For this, the rats were placed to explore a familiar object (A1) and a 

new object (C) for 5 min. Time spent exploring each object was reported. Data were 

expressed as a percentage of the exploratory preference and calculated as follows: 

Training = (A2/(A1+A2))×100; STM = (B/(A1+B))×100; LTM = (C/(A1+C))×100. 

 

2.4.5 Assessment of anxiety-like behavior 

The elevated plus-maze apparatus consists of two opposed open arms (50 cm x 

10 cm) and two opposed closed arms (50 cm x 10 cm x 40 cm) mounted at an angle of 

90º, all facing a central platform (10 cm x 10 cm) elevated 50 cm from the floor. This 

test is widely validated to measure anxiety in rodents (Pellow et al. 1985). On the 
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twelfth day, all animals were evaluated in the elevated plus-maze test. Each animal was 

placed individually at the center of the apparatus facing one of the open arms. The 

frequency of entries into either open or closed arms and the time spent in each type of 

arm were measured for 5 min. The anxiolytic effect of a drug is illustrated by a 

significant statistical increase of parameters in open arms. Data were expressed as a 

percentage of the number of entries and of the time spent in the open arms. 

 

2.5 Ex vivo assays 

Considering behavioral tests results, ex vivo assays were performed aiming to 

understand the 4-PSQ effects and their role in the treatment of the OXA-induced 

peripheral neuropathy in aged rats. On the 15th day of the experimental protocol, 

animals were killed by inhalation of isoflurane anaesthetic. Sciatic nerve, spinal cord, 

cerebellum, cerebral cortex, and hippocampus samples were collected to determine 

oxidative stress markers, such as RS, lipid peroxidation through thiobarbituric acid 

reactive species (TBARS), and non-protein thiols (NPSH) levels, also, antioxidant 

enzymes activities as superoxide dismutase (SOD) and glutathione peroxidase (GPx). 

Moreover, given that a decrease on cholinergic neurotransmission in neuropathic pain 

conditions has been reported (Ferrier et al., 2015; Reis et al., 2020), the activity of 

AChE in the spinal cord, cerebellum, and cerebral cortex of rats was evaluated. Also, 

considering that Na+, K+-ATPase enzyme is a target for OXA toxicity (Reis et al. 

2020b), here Na+, K+-ATPase and Mg2+ - ATPase activities were evaluated. For these 

analyses, samples were homogenized in 50 mmol L-1 TrisHCl pH 7.4 or, specifically for 

AChE activity, in 0.25 mol L-1 sucrose buffer (1:10 w v-1) and centrifuged at 900 x g for 

10 min to yield a supernatant (S1). 
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2.5.1 Involvement of oxidative stress 

2.5.1.1 RS levels 

 The RS levels were determined using a spectrofluorimetric method, using 2’,7’-

dichlorofluorescein diacetate (DCHF-DA) assay according to Loetchutinat et al. (2005). 

S1 (50 μL) was incubated with 20 μL of DCHF-DA (1 mmol L-1) and 2430 μL of Tris 

HCl (10 mmol L-1) in pH 7.4. The oxidation of DCHF-DA to fluorescent 

dichlorofluorescein (DCF) was measured for the detection of intracellular RS. The DCF 

fluorescence intensity emission was recorded at 525 nm (with 488 nm excitation) 60 

min after the addition of DCHF-DA to the medium (Shimadzu RF-5301PC 

fluorometer). RS levels were expressed as arbitrary units of fluorescence. 

 

2.5.1.2 Lipid peroxidation assay (TBARS method) 

TBARS assay was performed to indirectly determine the malondialdehyde 

(MDA) levels, an important lipid peroxidation marker. As previously described by  

Ohkawa et al. (1979), MDA reacts with 2-thiobarbituric acid (TBA) under acidic 

conditions and high temperatures to yield the chromogen. The S1 aliquots were 

incubated with 0.8% TBA, acetic acid buffer (pH 3.4) and 8.1% sodium dodecyl sulfate 

(SDS) for 2 h at 95ºC. The color reaction was measured at 532 nm and the results were 

expressed as nmol of MDA/mg of tissue. 

 

2.5.1.3 NPSH assay 

NPSH levels were determined as described of Ellman (1959). An aliquot of S1 

was mixed (1:1) with 10 % trichloroacetic acid (TCA) and centrifuged at 900 x g for 10 
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min. After the centrifugation, the protein pellet was discarded and free –SH groups were 

determined in the clear supernatant. An aliquot of S1 was added in 1 M potassium 

phosphate buffer, pH 7.4, and 10 mM 5,5-dithiobis (2-nitrobenzoic acid) (DTNB). The 

color reaction was measured at 412 nm. NPSH levels were expressed as µmol NPSH/g 

tissue. 

 

2.5.1.4 GPx activity  

GPx activity was assayed spectrophotometrically by the method of Wendel  

(1981), which involves monitoring of the dismutation of H2O2 in the presence of S1 at 

340 nm. S1 (50 µL) was added in a system composed by reduced glutathione 

(GSH)/NADPH/glutathione reductase (GR), and the enzymatic reaction was initiated by 

the addition of H2O2 (100 µL). In this assay, the enzymatic activity is indirectly 

measured by NADPH decay. H2O2 is reduced and generates oxidized glutathione 

(GSSG) from GSH. GSSG is regenerated back to GSH by the GR present in the 

analysis medium at the expense of NADPH. The enzymatic activity was expressed as 

nmol/min/mg protein. 

 

2.5.1.5 SOD activity 

SOD activity was measured spectrophotometrically according to Misra and 

Fridovich (1972) method. This method is based on the capacity of SOD to inhibit 

autoxidation of epinephrine. S1 (6, 12 or 18 µL) was added to a 0.05 mol L-1 Na2CO3 

buffer, and the enzymatic reaction was started by adding epinephrine (30 µL). The color 

reaction was measured at 480 nm. One unit of enzyme was defined as the amount of 
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enzyme required to inhibit the rate of epinephrine autoxidation by 50% at 26 °C. The 

enzymatic activity was expressed as U/mg protein. 

 

2.5.2 Involvement of AChE enzyme 

The AChE activity was assayed following a modified method of Ellman (1959), 

using acetylthiocholine as the substrate. The reaction mixture (2 mL final volume) 

contained S1 (100 µL), 100 mM K+-phosphate buffer, pH 7.5 and 1 mM 5,5′-dithio-bis-

nitrobenzoic acid (DTNB). The method is based on the formation of the yellow anion, 

5,5′-dithio-bis-acid nitrobenzoic, measured spectrophotometrically at 412 nm during 2 

min. The enzyme was pre-incubated for 2 min at 25 °C. The reaction was initiated by 

adding 0.8 mM acetylthiocholine iodide. The enzymatic activity was expressed as 

μmol/h/mg protein.  

 

2.5.3 Involvement of Na+, K+-ATPase and Mg2+ - ATPase activities 

For the Na+, K+-ATPase activity assay, a reaction mixture was used containing 

S1, 3 mM MgCl2, 125 mM NaCl, 20 mM KCl and 50 mM Tris/HCl, pH 7.4. The 

reaction was initiated by the addition of ATP to a final concentration of 3.0 mM. 

Control samplings were performed under the same conditions with the addition of 0.1 

mM ouabain. The samples were incubated at 37 °C for 30 min and the incubation was 

stopped by adding a 10 % trichloroacetic acid solution (TCA) with 10 mM HgCl2. Na+, 

K+-ATPase activity was calculated by the difference between the two assays. Released 

inorganic phosphate (Pi) was measured according to Fiske and Subbarow (1925). 

Enzyme activity was expressed as nmol of Pi/mg of protein/min.  
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For the Mg2+- ATPase activity assay, a reaction mixture was used containing S1, 

3 mM MgCl2, 125 mM NaCl, 20 mM KCl and 50 mM Tris/HCl, pH 7.4 (Teixeira et al., 

2020). Controls to correct for non-enzymatic substrate hydrolysis were prepared by 

adding sample preparations after the reactions were stopped with TCA. To determine 

the Mg2+-ATPase activity, ouabain (1 mM) was added to the reaction medium. The 

reaction was initiated by adding ATP and was stopped after 30 min of incubation by the 

addition of 10% TCA. Enzymatic activity was expressed as nmol of Pi/mg of 

protein/min. 

    

2.5.5 Protein determination 

The protein concentration was measured spectrophotometrically at 595 nm by 

the method of Bradford (1976), using bovine serum albumin as the standard. It is a rapid 

and sensitive method for the quantitation of microgram quantities of protein utilizing 

the principle of protein-dye binding. The reaction mixture contained S1 (50 µL) and 

Coomassie brilliant blue (2.5 mL). The reaction mixture was incubated for 10 min. 

Several biochemical analyses rely on accurate quantitation of protein concentration. The 

protein level was expressed as mg protein/mL. 

 

2.5.6 Data and statistical analysis 

The normality of the data was evaluated using the D' Agostino and Pearson 

omnibus normality test. Statistical analysis was performed using GraphPad Prism 6.0 

software (San Diego, CA, USA). Data were analyzed by two-way analysis of variance 

(ANOVA) followed by the Tukey’s test when appropriated for parametric data. Data 

were expressed as mean ± standard error of the mean (S.E.M.). Post hoc tests were 
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performed only when the F-value achieved the necessary level of statistical significance 

(P < 0.05) and when there was no significant variance in homogeneity. The data and 

statistical analysis comply with the recommendations on experimental design and 

analysis in pharmacology (Curtis et al. 2018).  

 

3. Results 

3.1 Mechanical and thermal hypersensitivities induced by aging are are aggravated 

by OXA-induced chronic peripheral neuropathy 

Aging decreased the mechanical (Figure 3A) and thermal (Figure 3B) 

sensitivities in response to force transducer and hot plate tests, respectively, featuring 

allodynia. Mechanical and thermal allodynia induced by aging, were observed on the 

first day before of the OXA-administration. Aging promoted a reduction of 23% of the 

mechanical threshold and, decrease 25% of the latency time (Figure 3). 

Interestingly, when OXA (2 mg kg-1, i.p.) was administered to aging rats, an 

aggravating of the allodynia was observed, followed by robust growth in the mechanical 

(43%) and thermal (23%) sensitivities (Figure 3).  These effects started from day 7th 

and worsened for until last day 14th of the experimental protocol. Of note, OXA 

increased the animals' vulnerability to effects of aging. 

 

3.2 4-PSQ reverses allodynia caused by OXA-induced chronic peripheral 

neuropathy in aging rats 

 The effects of 4-PSQ against OXA-induced chronic peripheral neuropathy in 

rats was evaluated in the present study considering the aging specificities.  Here, 4-PSQ 

administration reversed the mechanical hypersensitivity, with a maximum inhibition of 
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39% and 143% on days 7 and 14, respectively, evidencing, a growing and powerful 

analgesic effect on mechanical hypersensitivity caused by chronic peripheral 

neuropathy induced by aging and aggravated by OXA treatment (Figure 3A). 
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Figure 3. Effect of 7-chloro-4-(phenylselanyl) quinoline (4-PSQ) (5 mg kg-1, p.o.), 

aging (Old) and oxaliplatin (OXA) (2 mg kg-1, i.p.) on the (A) paw withdrawal 

threshold to mechanical stimulus in the von Frey test and (B) on the latency to thermal 

stimulus in the hot plate test. Each point represents the mean of 10 rats in each group. 

(*) P < 0.05, (**) P < 0.01, and (****) P < 0.0001 denote significance levels when 

compared with the Young group; (##) P < 0.01 and (####) P < 0.0001 denote significance 

levels when compared with the Old group; (++++) P < 0.0001 denotes significance levels 

when compared with the Old+OXA group (Two-way ANOVA followed by the Tukey's 

test).  

  

Also, treatment with 4-PSQ reversed the thermal sensitivity caused by aging and 

maximized by OXA. The treatment with the compound increased the latency time by 

28% and 62%, on days 7 and 14, respectively (Figure 3B). Based on these results 

(Figure 3A and 3B), the subsequent experiments were all performed aiming to elucidate 

4-PSQ effects on comorbidities of the OXA-induced chronic peripheral neuropathy in 

aged rats. 

 

 3.3 4-PSQ reduces comorbidities of chronic peripheral neuropathy induced by 

OXA-administration in aging rats 

 Recently, our research group demonstrated comorbidities including emotional 

and cognitive impairment induced by OXA neuropathy, and the beneficial effects of 4-

PSQ treatment (Reis et al. 2020b). Complementing this data, here it was demonstrated 

that aging provoked anxious behavior in rats and we highlighted that when OXA was 

administered to old rats, the anxious behavior was exacerbated, as demonstrated by the 
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reduction in the percentage of entries in the open arms (Figure 4A), percentage of time 

spent in the open arms (Figure 4B), and the number of dives (Figure 4C), all parameters 

evaluated in the elevated plus-maze, a test widely used to determinate anxious behavior. 

Moreover, when 4-PSQ effects were investigated on cognitive impairment in old rats 

that received OXA, data revealed that the 4-PSQ reversed the reduction in the 

percentage of exploratory preference in the short-term (Figure 4D) and long-term 

(Figure 4E) memories in the object recognition task. According to the results, the 

evaluated parameters on the open field test, number of rearings (Figure 4F), and 

crossings (Figure 4G) were not significantly changed by 4-PSQ, OXA, and/or aging. 
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Figure 4. Effect of 7-chloro-4-(phenylselanyl) quinoline (4-PSQ) (5 mg kg-1, p.o.), 

aging (Old) and/or oxaliplatin (OXA) (2 mg kg-1, i.p.) on the (A) percentage of entries 

in the open arms, (B) percentage of time spent in the open arms, and (C) number of 

dives in the elevated plus-maze; (D) percentage of exploratory preference - short-term 

and (E) percentage of exploratory preference - long-term memories in the object 

recognition task; (F) number of crossings and (G) number of rearings in the open field 

test. Each column represents the mean ± S.E.M. of 10 rats in each group. (*) P < 0.05, 

(**) P < 0.01, and (****) P < 0.0001 denote significance levels when compared with the 

Young group; (#) P < 0.05, (##) P < 0.01, (###) P < 0.001, and (####) P < 0.0001 denote 

significance levels when compared with the Old group; (+++) P < 0.001 and (++++) P < 

0.0001 denote significance levels when compared with the Old+OXA group (Two-way 

ANOVA followed by the Tukey's test). 
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3.4 Oxidative stress plays a central role in the development and advancement of 

OXA-induced chronic peripheral neuropathy, mainly in the aged rats: highlighting 

the potential antioxidant of the 4-PSQ  

 Despite the efficient defenses of the CNS, it was proposed that exposure to OXA 

lead to an opening of the BBB starting RS formation (Branca et al. 2018) in the CNS. In 

this sense, recently our research group corroborated this hypothesis, given that we 

demonstrated that the OXA-administration causes an accumulation of platinum in the 

spinal cord of mice (Reis et al. 2020a). 

Based on the above considerations, here we investigated 4-PSQ antioxidant 

effects on oxidative damage caused by the association between exposure to OXA and 

aging. At first, we observed that in all tissues of the CNS investigated, it was evidenced 

an increase in the RS levels caused by aging, and we highlight that this increase was 

exacerbated by administration of OXA in the spinal cord (Figure 5A), cerebral cortex 

(Figure 5G), and hippocampus (Figure 5J). Thus, the elderly exposed to OXA showed 

the highest RS levels. Also, corroborated the increase in the RS levels, an increase in 

the lipid peroxidation levels on the spinal cord (Figure 5B), cerebellum (Figure 5E), and 

cerebral cortex (Figure 5H) induced by aging was observed. In the cerebellum and 

cerebral cortex, the lipid peroxidation was aggravated when old rats received OXA. 

Here, aging did not change the NPSH levels in the tissues analyzed (Figure 5), but in 

the cerebellum (Figure 5F) and hippocampus (Figure 5L) of the old rats treated with 

OXA a reduction in the NPSH levels was observed. GSH is the most abundant thiol-

containing molecule in the cytosolic proteome of human cells and the major molecule 

measured in the NPSH test. 
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Figure 5. Effect of 7-chloro-4-(phenylselanyl) quinoline (4-PSQ) (5 mg kg-1, p.o.), 

aging (Old) and/or oxaliplatin (OXA) (2 mg kg-1, i.p.) on the levels of (A) RS, (B) 

TBARS, and (C) NPSH in the spinal cord of the rats; (D) RS, (E) TBARS, and (F) 

NPSH  in the cerebellum of the rats; (G) RS, (H) TBARS, and (I) NPSH  in the cerebral 

cortex of the rats; (J) RS, (K) TBARS, and (L) NPSH in the hippocampus of the rats. 

Each column represents the mean ± S.E.M. of 10 rats in each group. (*) P < 0.05, (**) P 

< 0.01, (***) P < 0.001, and (****) P < 0.0001 denote significance levels when compared 

with the Young group; (#) P < 0.05, (##) P < 0.01, and (####) P < 0.0001 denote 

significance levels when compared with the Old group; (+) P < 0.05, (++) P < 0.01, (+++) 

P < 0.001, and (++++) P < 0.0001 denote significance levels when compared with the 

Old+OXA group (Two-way ANOVA followed by the Tukey's test). 

In addition, here the 4-PSQ antioxidant effect was the highlight of the results set. 

In the spinal cord of old rats treated with OXA, the administration of the 4-PSQ 

reversed the oxidative damage, as evidenced by a reduction in the RS (Figure 5A) and 

lipid peroxidation (Figure 5B) levels and increase in the NPSH (Figure 5C) levels. In 

the cerebellum and cerebral cortex the 4-PSQ treatment reduced to control levels the 

increase in the RS and lipid peroxidation induced by OXA in the old rats. In the cerebral 

cortex, the 4-PSQ also reversed the oxidative stress since reduced RS (Figure 5G) and 

lipid peroxidation (Figure 5H) levels in the old rats that received OXA. In the 

hippocampus of old rats OXA-administrated, the RS (Figure 5J) and NPSH (Figure 5L) 

levels were normalized by treatment with 4-PSQ. Indeed, 4-PSQ reduced the oxidative 

damage induced by aging and exacerbated by OXA-treatment, in an OXA-induced 

chronic peripheral neuropathy model in rats. 
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3.4 4-PSQ, aging and OXA modulate enzymatic antioxidant defenses in the CNS 

The degree of oxidative stress is determined by the imbalance between RS 

production and antioxidant defenses. In the CNS, appropriate levels of RS are crucial 

for the maintenance of physiological conditions. Indeed, redox imbalance can result in 

neurodegeneration and cell death (Korovila et al. 2017). Here, it was demonstrated that 

OXA administration to old rats induced extensive oxidative damage, and concurrently, 

4-PSQ exerted the antioxidant effect. Indeed, the enzymatic antioxidant defenses play 

an important role in the maintenance of redox balance in this model.  

Old rats exposed to OXA exhibited an inhibition in the GPx activity in the 

cerebellum (Figure 6D) and hippocampus (Figure 6H). However, despite SOD be 

already known as the most important line of the antioxidant enzyme defense system in a 

cell the interaction of the factors changed not SOD activity, in neither tissue analyzed. 

Here, one more time, the treatment with 4-PSQ reversed the changes induced by aging 

and OXA given that 4-PSQ normalized GPx activity in both tissues, cerebellum, and 

hippocampus.  
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 Figure 6. Effect of 7-chloro-4-(phenylselanyl) quinoline (4-PSQ) (5 mg kg-1, 

p.o.), aging (Old) and/or oxaliplatin (OXA) (2 mg kg-1, i.p.) on the activity of the 

enzymes (A) SOD and (B) GPx in the spinal cord of the rats; (C) SOD and (D) GPx in 

the cerebellum of the rats (E) SOD and (F) GPx in the cerebral cortex of the rats; (G) 

SOD and (H) GPx in the hippocampus of the rats. Each column represents the mean ± 

S.E.M. of 10 rats in each group. (*) P < 0.05, (**) P < 0.01, (***) P < 0.001, and (****) P < 

0.0001 denote significance levels when compared with the Young group; (#) P < 0.05, 

(##) P < 0.01, and (####) P < 0.0001 denote significance levels when compared with the 

Old group; (+) P < 0.05, (++) P < 0.01, (+++) P < 0.001, and (++++) P < 0.0001 denote 

significance levels when compared with the Old+OXA group (Two-way ANOVA 

followed by the Tukey's test). 

  

 

3.5 Na+, K+ - ATPase is a target of the 4-PSQ in the OXA-induced chronic 

peripheral neuropathy treatment in old rats 

Recently, our research group demonstrated that modulation of Na+, K+-ATPase 

enzyme is a promising target for OXA-induced neurotoxicity treatment (Reis et al. 

2020b). However, this previous study did not consider the aging factor.  Moreover, 

imbalance redox also can modulate the activity of the Na+, K+ - ATPase (Shrivastava et 

al. 2020), leading to impairment mitochondrial activity and reduced ATP  synthesis.  

In this view, here the activity of the Na+, K+ - ATPase was investigated. In the 

present study, Old rats that received OXA showed an inhibition of the Na+, K+-ATPase 

activity in the cerebral cortex (Figure 7C), corroborating the results previously 

demonstrated (Reis et al. 2020b). Also, 4-PSQ normalized the Na+, K+-ATPase activity 
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in the cerebral cortex. As demonstrated in Figures 7E-H, 4-PSQ, aging, OXA-treatment, 

and the interaction between the factors did not cause any significant change in the 

activity of the Mg2+ - ATPase in all tissues analyzed. 
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Figure 7. Effect of 7-chloro-4-(phenylselanyl) quinoline (4-PSQ) (5 mg kg-1, 

p.o.), aging (Old) and/or oxaliplatin (OXA) (2 mg kg-1, i.p.) on the activity of the Na+, 

K+ - ATPase in the (A) spinal cord, (B) cerebellum, (C) cerebral cortex, and (D) 

hippocampus; and of the Mg2+ - ATPase in the (E) spinal cord, (F) cerebellum, (G) 

cerebral cortex, and (H) hippocampus of the rats. Each column represents the mean ± 

S.E.M. of 10 rats in each group. (*) P < 0.05, and (****) P < 0.0001 denote significance 

levels when compared with the Young group; (+) P < 0.05 denotes significance levels 

when compared with the Old+OXA group (Two-way ANOVA followed by the Tukey's 

test). 

 

3.6  Aging, but not 4-PSQ and/or OXA exposure, impacts the cerebellum AChE 

activity  in rats 
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 Recently, it was demonstrated that OXA exposure increases the activity and 

reduces the expression levels of the AChE enzyme in the cerebral cortex of adult mice 

(Reis et al. 2020a), which was reversed by 4-PSQ treatment. Because of that, here it was 

studied the aging impact on OXA and 4-PSQ effects. As demonstrated in Figure 8B, 

aging inhibited the AChE activity in the cerebellum. Treatments with OXA and/or 4-

PSQ did not alter the activity of the AChE enzyme (Figure 8) in the tissues of rats 

studied. 

 

Figure 8. Effect of 7-chloro-4-(phenylselanyl) quinoline (4-PSQ) (5 mg kg-1, 

p.o.), aging (Old) and/or oxaliplatin (OXA) (2 mg kg-1, i.p.) on the activity of the AChE 

in the (A) spinal cord, (B) cerebellum, and (C) cerebral cortex of the rats. Each column 

represents the mean ± S.E.M. of 10 rats in each group. (**) P < 0.01, and (****) P < 

0.0001 denote significance levels when compared with the Young group (Two-way 

ANOVA followed by the Tukey's test). 

 

3.7 4-PSQ reverses the oxidative damage in the sciatic nerve of old rats induced by 

aging and exacerbated by OXA exposure  

 Promising 4-PSQ effects on the OXA-induced neurotoxicity were recently 

demonstrated (Reis et al. 2020a, b). However, 4-PSQ effects in the PNS are not 



229 

 

 

elucidated yet. In this context, we investigate 4-PSQ-contributions to the treatment of 

the OXA-induced chronic peripheral neuropathy in the sciatic nerve of the old rats. As 

showed in Figure 9, 4-PSQ reversed also oxidative damage induced by OXA exposure 

in the sciatic nerve. We highlight that aging caused an increase on the RS levels in the 

sciatic nerve. In addition, treatment with OXA exacerbated the increase on the RS levels 

induced by aging and lead to an increase on the lipid peroxidation levels in the sciatic 

nerve of old rats. The treatment with 4-PSQ normalized all changes that OXA and aging 

caused. 
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Figure 9. Effect of 7-chloro-4-(phenylselanyl) quinoline (4-PSQ) (5 mg kg-1, 

p.o.), aging (Old) and/or oxaliplatin (OXA) (2 mg kg-1, i.p.) on the (A) RS levels, (B) 

lipid peroxidation levels (TBARS), (C) NPSH levels, (D) SOD activity, and (E) GPx 

activity in the sciatic nerve of rats. Each column represents the mean ± S.E.M. of 10 rats 

in each group. (**) P < 0.01 and (****) P < 0.0001 denote significance levels when 

compared with the Young group; (#) P < 0.05 and (###) P < 0.001 denote significance 

levels when compared with the Old group; (+++) P < 0.001 and (++++) P < 0.0001 denote 

significance levels when compared with the Old+OXA group (Two-way ANOVA 

followed by the Tukey's test). 

 

4. Discussion 

Importantly, in the present study, we provided evidence for the effect of 4-PSQ 
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on the OXA-induced chronic peripheral neuropathy in aged rats. Here, we evidenced 

that OXA administration intensified the pain sensitivity, as well as increase anxious 

behavior and cognitive impairment induced by aging, mainly due to oxidative damage 

induced to CNS and PNS, and through inhibition of the Na+, K+-ATPase and AChE 

activities. Furthermore, one of the most important finding in this study is that the 4-PSQ 

treatment restored the oxidative balance, and thus reestablished the activity of Na+, K+-

ATPase enzyme. In addition, the treatment with 4-PSQ reversed the pain sensitivity, 

anxious behavior, and cognitive impairment induced by aging and exacerbate by OXA 

exposure. For the first time, it was demonstrated that 4-PSQ also reversed the aging-

induced oxidative damage, aggravated by OXA, in the sciatic nerve of rats.  

In this sense, it is important to highlight some advantages of 4-PSQ. The design 

of this compound was carried out with the objective of structural improvement. Our 

strategy was based on compounds successfully in the treatment of nociception. In fact, 

in the initial study 4-PSQ revealed a potential antioxidant action in vitro, without 

toxicological effects (Savegnago et al. 2013). Posteriorly, it was demonstrated the 

antinociceptive and anti-inflammatory potential of the 4-PSQ and it is pharmacologic 

actions were mainly correlated to antioxidant property, and also, by modulating the 

serotonergic, nitrergic, and glutamatergic systems (Pinz et al. 2016; Silva et al. 2017; 

Luchese et al. 2020). In this line, our data demonstrated that the treatment with 4-PSQ 

reversed the OXA-induced imbalance redox and, thus, reduced neuropathic pain (Reis 

et al., 2020a). Here, the treatment with 4-PSQ reduced the RS levels induced by aging 

and exacerbated by administration of OXA in rats. In addition, corroborating the results 

obtained, it was observed that 4-PSQ also reduced the lipid peroxidation in analyzed 

tissues. Based in these evidence and in previously studies (Areti et al. 2014; Cavaletti 
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and Marmiroli 2020) we believed that the imbalance redox contributes to higher 

mechanical and thermal sensitivity observed in aged animals exposed to OXA. In this 

sense, antioxidant action of 4-PSQ can be associated with the reduction of pain 

sensitivity.  

It is a recognized fact that oxidative imbalance plays a key role in the 

development and progress of OXA-induced peripheral neuropathy. Oxidative stress 

generated by OXA treatment causes mitochondrial dysfunction, increase of RS, and 

demyelination of the neurons (Areti et al. 2014; Cavaletti and Marmiroli 2020).  In this 

study, the increase in the RS level induced by aging was aggravated by treatment with 

OXA in the CNS and PNS. In accordance with this result, an increase in the lipid 

peroxidation levels in both systems, peripheral and central, was observed. The PNS is 

vulnerable to RS generated during treatment with OXA due to the lack of an adequate 

barrier, as BBB in the CNS, and of efficient lymph drainage, and because of that, nerves 

as sciatic are highly susceptible to OXA toxicity (Areti et al. 2014; Starobova and 

Vetter 2017). Moreover, recently our research group showed that despite the efficient 

defenses of the CNS, OXA metabolism products cross the BBB, causes platinum 

accumulation in the CNS leading to imbalance redox (Reis et al. 2020a).  

Process of aging besides enhanced the production of RS, also, reduces the ability 

of the cell to maintain its proteome, leading to failure in the antioxidant defenses (Zhang 

et al. 2015; Korovila et al. 2017). Here, despite increase RS levels caused by aging, the 

antioxidant enzymes SOD and GPx did not show alterations in the activity. On the other 

hand, considering that mitochondrial dysfunction induced by treatment with OXA can 

lead to increase in the production of free radicals, antioxidant depletion, and damage to 

cellular protein and lipid (Wei et al. 2021), yet again the results obtained in the present 
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study are according to published data, given that the administration of OXA to old rats 

caused a reduction in the GPx activity in two tissues of the CNS, cerebellum and 

hippocampus. Preclinical studies have suggested that antioxidant compounds like 4-

PSQ can inhibit the production of free radicals and reduced OXA-induced peripheral 

neuropathy (Wei et al. 2021). Corroborating, here the treatment with the 4-PSQ besides 

of the reduce RS levels and lipid peroxidation, also normalized GPx activity and 

reduced the pain sensitivity in old rats exposed to OXA, reenforcing the 

pharmacological potential of this compound regardless of age. 

Transient receptor potential ankyrin 1 (TRPA1) a polymodal nociceptor that 

plays a key role in pain establishing, is activated by RS (Miyake et al. 2016) and 

inactivated by GSH (Lee et al., 2017). GSH is a potent antioxidant that protects from 

imbalance redox. In old rats that received OXA, we observed a decrease in the GSH 

amount, as well as an increase in RS levels, which also contributes to the highest pain 

sensitivity in old rats exposed to OXA. Indeed, GSH can prevent OXA-induced 

peripheral neuropathy (Kang et al. 2020; Lee et al. 2017), however, it can also reducing 

chemotherapy-treatment response with OXA. In this study, the treatment with the 4-

PSQ compound improved the GSH levels only in the CNS. From the data obtained in 

this study, one hypothesis is that the 4-PSQ will not alter chemotherapy-treatment 

response with OXA modulating the GSH in the PNS. The administration of 4-PSQ 

could be a key approach to reduce the RS levels in the CNS, through of modulation of 

GSH levels, and the symptoms as the pain in the elderly. 

Under normal physiological conditions, a stable RS level is maintained, because 

the RS are signal mediators involved in several pathways with functions such as growth, 

differentiation, progression, and death cellular. The redox state impacts cellular 
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functionality significantly, mainly in the CNS, where an increase in RS generates leads 

to a decrease in the Na+, K+-ATPase activity ( Bejˇcek et al. 2021). There are exogenous 

and endogenous modulators of Na+, K+-ATPase activity including, epinephrine, insulin, 

and RS. Recently, it was demonstrated that the OXA inhibits the Na+, K+-ATPase 

activity in the CNS, leading to anxious behavior and cognitive impairment (Reis et al. 

2020b). In this line, here we observed firstly that OXA exposure did not modify the 

inhibition of Na+, K+-ATPase activity caused by aging.  

The inhibition of the Na+, K+-ATPase activity reduces the Na+ gradient that is 

needed for glutamate transport and clearance from the synapse cleft, thus it can lead the 

overactivation of glutamatergic neurons and excitotoxicity induced by glutamate. In 

addition, Na+, K+-ATPase activity inhibition contributes to synaptic transmission 

failure, mediated by downregulates the synaptic AMPA receptor. For these reasons, 

impairment Na+, K+-ATPase activity play an important role in cognitive decline, as well 

as neurodegenerative and emotional disease age-related (Kinoshita et al. 2016; Kurauchi 

et al. 2019). Indeed, here we demonstrated that the administration of the OXA 

exacerbates the anxious behavior and cognitive impairment induce by aging. 

Corroborating our results, both factors evaluated in this study, aging and OXA-

treatment, caused oxidative damage and impairment Na+, K+-ATPase activity. 

Importantly, 4-PSQ normalized the balance redox and the Na+, K+-ATPase activity. 

Consequently, the hypothesis is that powerful 4-PSQ antioxidant action contributes to 

its anxiolytic effects and enhancer of cognitive function in aged rats exposed to OXA. 

  4-PSQ elicited anxiolytic-like behavior and neuroprotective effects in animals 

models (Reis et al. 2017; Vogt et al. 2018; Pinz et al. 2018), mainly by modulating the 

glutamatergic pathway and oxidative stress. Indeed, 4-PSQ reduced glutamate uptake in 
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the brain of the mice and protected against kainate-induced anxiety behavior. We 

believe that 4-PSQ could be an inhibitor of the glutamate action on its receptors, acting 

as a glutamatergic antagonist. Because of that, 4-PSQ reduces glutamate uptake as a 

compensatory mechanism (Reis et al. 2017). This hypothesis corroborates our data since 

in the current study the treatment with 4-PSQ restored Na+, K+-ATPase activity. 

Besides, in an Alzheimer’s disease model induced by amyloid β-peptide, the 4-PSQ 

protected against cognitive decline and anxiety behavior, mainly modulating cholinergic 

pathway and reducing lipid peroxidation (Pinz et al. 2018). Also, our group study 

establishes that the 4-PSQ presented antioxidant action in the CNS and could be a 

candidate for the therapy of the diseases associated to cerebral oxidative stress (Vogt et 

al. 2018). Importantly, our previous research related to 4-PSQ showed that this 

compound reduced cognitive impairment age-related. 4-PSQ modulated the synaptic 

plasticity by enhancing the neural cell adhesion molecule (NCAM) and 

polysialyltransferase levels in the brain of aged rats (Barth et al. 2019).  

Modulation of distributed networks in the cerebellum is associated with several 

key functions, and cerebellar injuries can cause motor disorders of ataxia and cognitive-

affective (Schmahmann 2019). In this study, we observed a reduction in the AChE 

activity in the cerebellum of the aged rats that received OXA. A previous study of our 

research group evidenced that the AChE enzyme plays an important role in age-related 

cholinergic neurotransmission dysfunction (Barth et al., 2019). Aging led to inhibition 

of the AChE activity in the cerebral cortex and hippocampus of rats, causing cognitive 

impairment. Indeed, the current study also evidenced a decrease in the AChE activity in 

the CNS and cognitive deficit. On the other hand,  we observed that the treatment with 

4-PSQ reversed the AChE activity inhibition age-related (Barth et al., 2019). Also, our 
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research group demonstrated that the administration of OXA induced an increase in the 

AChE activity and reduction in the expression levels in young adult mice exposed to 

OXA.  In addition, it was evidenced that the treatment with 4-PSQ reversed the 

dysfunction on the AChE induced by OXA (Reis et al. 2020a). However, here the 

treatment with 4-PSQ did no reverse the inhibition of the AChE activity in aged rats 

exposed to OXA. Here, it is necessary to consider that neurogenesis declines with age 

(Nguyen and Ehrlich), as well as progressive loss of tissue and organ function, 

particularly, due to the accumulation of oxidative damage to macromolecules (Liguori 

et al. 2018). Therefore, in this case, we also can observe the impact of OXA exposure 

on damage induced by aging in rats.  

  In summary, the present study highlighted that the effects of OXA on aging rats 

are complex and engage a range of pathways. OXA exacerbated the pain sensitivity, 

cognitive decline, and anxious behavior caused by aging mainly through oxidative 

damage and inhibition of Na+, K+-ATPase and AChE activities. Also, the results 

suggest that therapy with 4-PSQ reversed the peripheral neuropathy and emotional and 

cognitive impairments aging-related and exacerbated by OXA-treatment. Powerful 

antioxidant 4-PSQ action reversed the oxidative damage in the CNS and, for the first 

time, in the PNS, reversing the Na+, K+-ATPase activity inhibition. In addition, our 

results helped to expand knowledge about the mechanisms involved in the 

pathophysiology of OXA-induced chronic peripheral neuropathy, considering aging 

specificities. Thus, the results strongly contribute to the research of a novel therapeutic 

agent for the treatment of OXA-induced chronic peripheral neuropathy, mainly for the 

aged. 
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4-PSQ reduz a dor oncológica 

Baseado nos promissores resultados obtidos nesta tese, como uma 

etapa complementar, foi realizado um estudo com o objetivo de investigar os 

efeitos do 4-PSQ em um modelo de dor oncológica (causada por associação 

do câncer ao tratamento com a oxaliplatina). Estudos têm demonstrado que a 

dor é o sintoma mais comum, temido e oneroso presente em pacientes 

oncológicos, e, geralmente, aumenta com a progressão do câncer, afetando de 

75 a 90 % dos pacientes com câncer metastático ou em estágio avançado. 

Infelizmente, esta etapa da tese não foi concluída devido à pandemia do 

coronavirus (Covid 19).  

Para os experimentos, foram utilizados camundongos machos da raça 

Swiss, provenientes do biotério da Universidade Federal de Pelotas (UFPel), e 

todos os experimentos foram conduzidos de acordo com as normas 

preconizadas pela Comissão de Ética em Experimentação Animal da 

Universidade Federal de Pelotas (CEEA 24440-2019). Os animais foram 

randomicamente divididos em cinco grupos: i) Controle, ii) S180, iii) S180 + 

OXA, iv) S180 + 4-PSQ e, v) S180 + OXA + 4-PSQ. No primeiro dia do 

protocolo experimental após os testes basais, foram inoculados por via 

intraplantar (i.pl.) 25 µl de uma suspensão contendo a concentração de 106 

células tumorais de sarcoma 180 (S180), na pata posterior esquerada dos 

camundongos dos grupos experimentais S180, S180 + OXA, S180 + 4-PSQ e, 

S180 + OXA + 4-PSQ. No mesmo dia, os animais do grupo Controle receberam 

por via i.pl. 25 µl de solução ringer com lactato (veículo) na pata posterior 

esquerda. Nos dias 2 e 4 do protocolo experimental foi administrado a 

oxaliplatina (10 mg kg-1, i.p.) nos animais dos grupos S180 + OXA e, S180 + 

OXA + 4-PSQ. No mesmo período, os animais dos grupos Controle, S180 e, 

S180 + 4-PSQ receberam por via i.p. solução de glicose 5% (veículo). A partir 

do quarto dia do protocolo experimental, 30 minutos após a indução, por onze 

dias consecutivos foi administrado por via i.g. o composto 4-PSQ, na dose de 1 

mg kg-1, aos animais dos grupos S180 + 4-PSQ e S180 + OXA + 4-PSQ, 
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enquanto, para os animais dos grupos Controle, S180 e, S180 + OXA foi 

administrado, também por via i.g., óleo de canola (veículo) 10 ml kg-1.  

Nos dias 1 (basal), 9 e 13 os animais foram submetidos ao teste de 

alodínia mecânica (von Frey) (ALAMRI et al., 2018), e analgesia térmica (placa 

quente) (WOOLFE AND MACDONALD, 1944). Nos dias 11 e 12 foram 

avaliadas as possíveis alterações cognitivas nas memórias de curto e longo 

prazo, no teste do reconhecimento do objeto (STANGHERLIN et al., 2009), 

bem como a atividade locomotora e exploratória, no teste do campo aberto 

(WALSH AND CUMMINS, 1976). Por fim, no décimo quarto dia do protocolo 

experimental, foi avaliado o comportamento ansiogênico dos animais por meio 

do teste do labirinto em cruz elevado (PELLOW et al., 1985). Vinte e quatro 

horas após o último tratamento, os animais foram anestesiados por via 

inalatória com o isoflurano, um anestésico de ação central, e foram submetidos 

à eutanásia. Amostras de tecidos foram coletadas, pesadas e armazenadas 

para, posteriormente, serem utilizadas nos ensaios ex vivo. O edema da pata 

foi determinado, por meio da diferença de peso entre a pata posterior esquerda 

e direita do mesmo animal. Amostras dos tecidos da pata, medula espinhal 

e/ou córtex cerebral foram utilizadas para quantificar os níveis de espécies 

reativas (LOETCHUTINAT et al., 2005), de tióis não proteico (ELLMAN, 1959), 

e de peroxidação lipídica (OHKAWA et al., 1979). Além disso, a atividade das 

enzimas SOD (MISRA e FRIDOVICH, 1972), GPx (WENDEL, 1981), AChE 

(ELLMAN, 1961), Mg 2+ - ATPase (TEIXEIRA et al., 2020) e Na+ K+ - ATPase 

(FISKE e SUBBAROW, 1925), foram determinadas. A análise estatística dos 

dados foi realizada por meio do programa GraphPad Prism 6.0 software (San 

Diego, CA, USA). Os dados foram analisados pela ANOVA de duas vias 

seguido pelo teste de Tukey, P < 0,05 foi considerado significativo. 
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Figura 1. Efeito do 4-PSQ nas sensibilidades (A) mecânica e (B) térmica 

nos testes de Von Frey e placa quente, respectivamente, em um modelo de dor 

oncológica. (**) P < 0,01, e (****) P < 0,0001 indicam níveis de significância 

quando comparado ao grupo controle, (#) P < 0,05, (###) P < 0,001, e (####) P < 

0,0001 comparado ao grupo S180 e (+++) P < 0,001, (++++) P < 0,0001 

comparado ao grupo S180+OXA. (ANOVA de duas vias, seguido pelo teste de 

Tukey). 
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Figura 2. Efeito do 4-PSQ no edema de pata em um modelo de dor 

oncológica. (****) P < 0,0001 indica nível de significância quando comparado ao 

grupo controle, (####) P < 0,0001 comparado ao grupo S180, (+) P < 0,05 

comparado ao grupo S180+OXA, e (&) P < 0,05 comparado ao grupo S180+4-

PSQ. (ANOVA de duas vias, seguido pelo teste de Tukey). 

 

 

Figura 3. Efeito do 4-PSQ no (A) número de elevações, e (B) no número 

de cruzamentos, no teste do campo aberto em um modelo de dor oncológica. 

(ANOVA de duas vias, seguido pelo teste de Tukey). 

 

 

Figura 4. Efeito do 4-PSQ no (A) percentual de entrada nos braços 

abertos, (B) percentual de tempo gasto nos braços abertos, e no (C) número de 

mergulho, no teste do labirinto em cruz elevada em um modelo de dor 

oncológica. (*) P < 0,05, (**) P < 0,01, (***) P < 0,001, e (****) P < 0,0001 

indicam níveis de significância quando comparado ao grupo controle, (#) P < 

0,05, (####) P < 0,0001 comparado ao grupo S180, e (++++) P < 0,0001 
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comparado ao grupo S180+OXA. (ANOVA de duas vias, seguido pelo teste de 

Tukey). 

 

 

Figura 5. Efeito do 4-PSQ no percentual de preferência exploratória na 

memória de (A) curto, e (B) longo prazo, no teste do reconhecimento do objeto 

em um modelo de dor oncológica. (**) P < 0,01, (***) P < 0,001, e (****) P < 

0,0001 indicam níveis de significância quando comparado ao grupo controle, (#) 

P < 0,05 e (####) P < 0,0001 comparado ao grupo S180, e (++++) P < 0,0001 

comparado ao grupo S180+OXA. (ANOVA de duas vias, seguido pelo teste de 

Tukey). 
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Figura 6. Efeito do 4-PSQ nos níveis de espécies reativas na (A) pata, 

(B) medula espinhal, e (C) córtex cerebral; nos níveis de espécies reativas ao 

ácido tiobarbitúrico na (D) pata, (E) medula espinhal, e (F) córtex cerebral; e 

nos níveis de tióis não proteico na (G) pata, (H) medula espinha, e (I) córtex 

cerebral de camundongos em um modelo de dor oncológica. (*) P < 0,05, (**) P 

< 0,01, (***) P < 0,001, e (****) P < 0,0001 indicam níveis de significância 

quando comparado ao grupo controle, (#) P < 0,05, (##) P < 0,01, (###) P < 

0,001, (####) P < 0,0001 comparado ao grupo S180, e (+) P < 0,05, (++) P < 0,01, 

(+++) P < 0,001 e (++++) P < 0,0001 comparado ao grupo S180+OXA (ANOVA de 

duas vias, seguido pelo teste de Tukey). 

 

 

Figura 7. Efeito do 4-PSQ na atividade da enzima superóxido dismutase 

na (A) pata, (B) medula espinhal, e (C) córtex cerebral; e na atividade da 

enzima glutationa peroxidase na (D) pata, (E) medula espinhal, e (F) córtex 

cerebral de camundongos em um modelo de dor oncológica. (*) P < 0,05, (**) P 
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< 0,01, e (****) P < 0,0001 indicam níveis de significância quando comparado 

ao grupo controle, (#) P < 0,05 e (##) P < 0,01 comparado ao grupo S180, (++) P 

< 0,01 (+++) e P < 0,001 comparado ao grupo S180+OXA, e (&) P < 0,05 

comparado ao grupo S180+4-PSQ. (ANOVA de duas vias, seguido pelo teste 

de Tukey). 

 

 

 

Figura 8. Efeito do 4-PSQ na atividade da enzima Na+ k+ - ATPase na 

(A) medula espinhal, e no (B) córtex cerebral; e atividade da enzima Mg2+ - 

ATPase na (C) medula espinhal e no (D) córtex cerebral de camundongos em 

um modelo de dor oncológica. (*) P < 0,05, (**) P < 0,01, e (***) P < 0,001 

indicam níveis de significância quando comparado ao grupo controle, e (##) P < 

0,01 e (####) P < 0,0001 comparado ao grupo S180. (ANOVA de duas vias, 

seguido pelo teste de Tukey). 

 

Figura 9. Efeito do 4-PSQ na atividade da enzima acetilcolinesterase no 

córtex cerebral de camundongos em um modelo de dor oncológica. (*) P < 0,05 
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indica nível de significância quando comparado ao grupo controle. (ANOVA de 

duas vias, seguido pelo teste de Tukey). 

 

Os resultados preliminares indicaram que no modelo de dor oncológica, 

a hipersensibilidade mecânica e térmica (Figura 1A e 1B, respectivamente), o 

comportamento ansiogênico (Figura 4), e o declínio cognitivo (Figura 5) 

causado pelo câncer (S180), foram agravados pela administração 

concomitante de oxaliplatina. Este agravamento deu-se principalmente por 

meio de dano oxidativo, evidenciado através do aumento das espécies reativas 

e peroxidação lipídica, além da redução nos níveis de tióis não proteico (Figura 

6), e modulação das enzimas antioxidantes SOD e GPx (Figura 7). Além disso, 

a atividade das enzimas Na+, K+ - ATPase (Figura 8) e AChE (Figura 9) foram 

aleradas no SNC. O edema da pata, induzido pelas células S180, foi reduzido 

por meio da administração da oxaliplatina. Nenhuma alteração na atividade 

locomotora e exploratória dos animais foi observada (Figura 3). De fato, o 

modelo de dor oncológica desenvolvido para esse estudo, apresentou-se 

promissor. 

Ainda, podemos destacar os efeitos do 4-PSQ, uma vez que, o 

tratamento com o composto reduziu a dor oncológica e suas comorbidades. 

Nesse modelo, o 4-PSQ evidenciou-se como um potente antioxidante. 

Apoiando essa afirmativa, o 4-PSQ restaurou a atividade da enzima Na+, K+ - 

ATPase, reiterando sua ação neuroprotetora. Importamtemente, o 4-PSQ 

reduziu o edema da pata dos animais, em relação ao grupo S180+OXA, assim 

sendo, pode-se sugerir que o composto reduz a dor oncológica e suas 

comorbidades sem interferir na ação farmacológica da oxaliplatina. Entretanto, 

demais análises estão sendo realizadas com o objetivo de elucidar a interação 

entre o 4-PSQ e a oxaliplatina nas células tumorais.   
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5 DISCUSSÃO 

O presente estudo estabeleceu que o envelhecimento exacerbou a 

NPIO, incluindo os sintomas agudos e crônicos. De fato, foi demonstrado pela 

primeira vez, que apesar das defesas eficientes do SNC, a platina, proveniente 

do tratamento com a oxaliplatina, permeia a barreira hematoencefálica, se 

acumula na medula espinhal e no cérebro, aumenta a produção de espécies 

reativas e, leva a um desequilíbrio redox no SNC. Em relação às defesas 

antioxidantes, diante dos danos oxidativos causados pela administração da 

oxaliplatina, evidenciou-se que organismos jovens apresentam aumento na 

atividade e redução na expressão gênica de algumas enzimas antioxidantes. 

Nesse sentido, os dados sugerem que, apesar de uma tentativa inicial de 

combater o estresse oxidativo, a exposição continuada à oxaliplatina conduz ao 

esgotamento das defesas antioxidantes. Por outo lado, os organismos 

envelhecidos apresentaram um sistema antioxidante deficitário, ou seja, com o 

aumento na produção de espécies reativas causado pela administração de 

oxaliplatina, o sistema antioxidante enzimático não foi capaz de aumentar a 

atividade das enzimas, investigadas aqui, a fim de evitar o desequilíbrio redox.  

O dano oxidativo causado pela administração da oxaliplatina ao SNC foi 

extenso, mas, quando associado ao envelhecimento, foi consideravelmente 

maior. O resultado dos danos oxidativos ao SNC foi constatado através do 

aumento dos níveis de espécies reativas totais e, especificamente, do NOx, 

bem como, por meio do aumento da peroxidação lipídica dos tecidos. Ainda, a 

intensidade dos danos foi observada, indiretamente, por meio do agravamento 

dos sintomas clínicos analisados. Está bem estabelecido que a administração 

de oxaliplatina causa dor neuropática e comorbidades (TOFTHAGEN et al., 

2013; ARETI et al., 2014; STAROBOVA e VETTER, 2017; SALES et al., 2019). 

No presente estudo foi demonstrado que a administração de oxaliplatina 

causou hiperalgesia, comportamento ansioso e déficit cognitivo. Cabe destacar, 

que o quadro clínico foi consideravelmente agravado pelo envelhecimento. 

Corroborando com os resultados deste estudo, dados publicados anteriormente 

demonstraram que o processo de envelhecimento aumenta a produção de 

espécies reativas e, consequentemente, causa desequilíbrio do estado redox 
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celular. Com isso, o envelhecimento reduz a capacidade das células de manter 

seu proteoma (KOROVILA et al., 2017). 

Neste contexto, há evidências que o estresse oxidativo modula a 

atividade da enzima Na+, K+ - ATPase. Em diversas doenças neurológicas, o 

aumento do estresse oxidativo devido à redução da atividade mitocondrial, 

como causado pela oxaliplatina, leva à redução da síntese de adenosina 

trifosfato (ATP) no SNC, prejudicando as funções da enzima Na+, K+ - ATPase. 

Além disso, sabe-se que o envelhecimento também causa declínio na atividade 

da Na+, K+ - ATPase, por meio da modulação na via glutamatérgica 

(KINOSHITA et al., 2016). Os resultados obtidos nesta tese estão de acordo 

com os publicados, uma vez que a oxaliplatina, assim como o envelhecimento, 

inibiram a enzima Na+, K+ - ATPase. Ainda, a partir da análise dos dados, 

podemos sugerir que o desequilíbrio redox, induzido por ambos os fatores, 

contribuiu para as alterações observadas na atividade e expressão dessa 

enzima. Baseado nessas evidências, acreditamos que a modulação da enzima 

Na+, K+ - ATPase é um mecanismo relevante na gênese da NPIO, e pode ser 

um alvo farmacológico para o tratamento da dor e das comorbidades 

relacionadas à neurotoxicidade induzida pela oxaliplatina, principalmente, 

quando o fator envelhecimento é considerado. 

No presente estudo foi demonstrada pela primeira vez a correlação entre 

o comportamento ansioso e o prejuízo cognitivo induzidos pela exposição à 

oxaliplatina. Além disso, salientamos que essas comorbidades foram 

agravadas pelo envelhecimento. MOSELEY e colaboradores (2007) relataram 

que uma redução na atividade da enzima Na+, K+ - ATPase no SNC 

compromete significativamente redes neuronais envolvidas nos processos 

cognitivos. Além disso, diversos estudos têm proposto que a atividade 

disfuncional da Na+, K+ - ATPase no SNC está envolvida na fisiopatologia de 

distúrbios neuropsiquiátricos, como a ansiedade (GOLDSTEIN et al., 2006; 

KURAUCHI et al., 2019). Diante disso, podemos sugerir que a inibição da 

enzima Na+, K+ - ATPase está relacionada com o comportamento ansioso e o 

prejuízo cognitivo induzidos pela administração da oxaliplatina. Esses dados 

corroboram nossa hipótese sobre a modulação da enzima Na+, K+ - ATPase 
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como um alvo promissor para o tratamento da neurotoxicidade induzida pela 

oxaliplatina. 

Compreendendo que a fisiopatologia da NPIO é um processo 

multifatorial (ARETI et al., 2014), nesse estudo buscamos explorar novos 

mecanismos envolvidos nesse efeito adverso do medicamento, a fim de, prover 

uma nova perspectiva sobre a patologia, sua interação com os processos 

fisiológicos inerentes do envelhecimento, e elucidar novos alvos farmacológicos 

para o desenvolvimento de uma terapia segura e eficaz. Tendo em vista que os 

danos induzidos pela oxaliplatina ao SNP têm sido amplamente investigados, 

aqui nós buscamos novos mecanismos direcionando as análises para as 

alterações causadas ao SNC. Diante disso, está definido que níveis 

apropriados de bioelementos são cruciais para a manutenção das condições 

fisiológicas do SNC (KABIR et al., 2021). E, paralelamente, está bem 

estabelecido que os bioelementos desempenham um papel importante nos 

processos do envelhecimento, assim como, que o envelhecimento pode 

desequilibrar suas concentrações. Aqui, nós investigamos a contribuição dos 

bioelementos para a NPIO.  

Nossos resultados revelaram que há uma relação entre NPIO e 

alterações na concentração de bioelementos no SNC. Entretanto, os resultados 

obtidos até o momento ainda não nos permitem definir o papel definitivo dos 

bioelementos na fisiopatologia da NPIO. De fato, a administração da 

oxaliplatina alterou a concentração de diversos bioelementos no SNC, incluindo 

cálcio, potássio, fósforo, enxofre, selênio, magnésio, manganês, ferro, cobalto, 

cobre e zinco. A exposição à oxaliplatina modificou os níveis de fósforo, 

enxofre, selênio, magnésio, manganês, cobre, e potássio quando associada ao 

envelhecimento, enquanto, na ausência desse fator, só alterou as 

concentrações de cálcio e manganês. Ainda não temos respostas para essa 

diferença induzida pelo tratamento com oxaliplatina em diferentes idades. 

Nossas evidências sugerem que algo está levando a mudanças maiores em 

idosos. Assim, uma intervenção nutricional em idosos em tratamento com 

oxaliplatina requer atenção.  



257 

 

 

Os bioelementos cumprem funções decisivas para a manutenção da 

saúde humana, e suas deficiências ou acúmulo levam a condições patológicas 

indesejáveis. De fato, os bioelementos são cofatores necessários para o 

funcionamento adequado do metabolismo e desempenham um papel 

fundamental na sobrevivência e na longevidade. O magnésio desempenha 

papel crucial em vários mecanismos celulares, como na plasticidade sináptica e 

no metabolismo energético (KABIR et al., 2021). Além disso, para o bom 

desempenho do sistema antioxidante e manutenção do equilíbrio redox, as 

enzimas requerem cofatores, como selênio, ferro, cobre, zinco e manganês 

(MEHTA e GOWDER, 2015). Há evidências de que as deficiências de 

nutrientes, incluindo vitaminas e minerais, estão associadas às doenças 

crônicas e ao envelhecimento prematuro (AMES, 2018; KABIR et al., 2021). 

Por exemplo, deficiências de fósforo podem levar à fraqueza muscular, 

enquanto a falta de selênio está associada às doenças musculares. Além 

disso, magnésio, selênio e cálcio são minerais promissores para prevenir e/ou 

tratar a sarcopenia, que é a perda de massa muscular, força muscular e 

desempenho físico relacionada à idade, além de apoiar um envelhecimento 

saudável sem dor (VAN DRONKELAAR et al., 2018).  

No entanto, a suplementação deve ser controlada com cautela, uma vez 

que, efeitos tóxicos são atribuídos a alguns bioelementos quando presentes em 

quantidades superiores às necessárias para o cumprimento de suas funções 

biológicas (FRAGA, 2005, KAUR et al., 2019; MIQUEL et al., 2018). 

Considerando os resultados observados nesse estudo, podemos sugerir que as 

mudanças observadas na concentração dos elementos contribuem para o 

desenvolvimento da NPIO, predominantemente em idosos. Está bem definido, 

que desequilíbrios na homeostase dos bioelementos intracelulares estão 

ligados a dano oxidativo, redução da plasticidade sináptica, déficit neurológico 

e envelhecimento prematuro (KABIR et al., 2021). 

Curiosamente, os dados indicam que ocorre uma convergência dos 

mecanismos envolvidos na NPIO, investigados nesse estudo e em outros 

(ARETI 2014; CAVALETTI e MARMIROLI, 2020), para um ponto em comum, o 

estresse oxidativo. Nesse contexto, podemos destacar a importância da 
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compreensão do alcance de suas implicações na NPIO. Considerando que o 

desequilíbrio redox causado pela neurotoxicidade induzida pela administração 

de oxaliplatina foi potencializado pelo envelhecimento, uma questão imediata 

que surgiu no desenvolvimento deste estudo foi se a associação de ambos os 

fatores poderia alterar a via neuroprotetora mediada pelo Nrf2. O Nrf2 é um 

regulador da resposta ao estresse oxidativo, destacando seu efeito no controle 

de qualidade mitocondrial em condições de desequilíbrio redox (KASAI et al., 

2019). Estudos têm sugerido que, devido aos efeitos do Nrf2, sua modulação 

parece ser uma estratégia interessante de abordagem para o tratamento da 

NPIO (YANG et al., 2018) e, também, para prevenir a perda da resposta de 

proteção celular durante o envelhecimento (SILVA- PALACIOS et al., 2018). 

Aqui, a análise dos resultados revelou que o envelhecimento por si só reduziu a 

expressão de Nrf2 no SNC. Por outro lado, quando associado à administração 

da oxaliplatina, os níveis de expressão do Nrf2 foram alterados de forma 

diferente, dependente do tecido analisado no SNC. Ou seja, em algumas 

regiões houve aumento, enquanto, outras apresentaram redução da expressão 

do Nrf2. A regulação negativa do Nrf2 está de acordo com outros resultados 

obtidos no estudo, como a redução na expressão das enzimas SOD, CAT e 

GPx, uma vez que o Nrf2 controla a expressão de genes cujos produtos 

incluem enzimas antioxidantes. No entanto, resultados divergentes foram 

observados no córtex cerebral, onde, a associação entre o envelhecimento e o 

tratamento com a oxaliplatina levou à regulação positiva do Nrf2. Diante disso, 

os resultados sugerem que neste contexto, a resposta antioxidante mediada 

pelo Nrf2 falhou.  

O Nrf2 forma um complexo com Keap1 no citosol celular, mas para a 

ativação do Nrf2, a separação do complexo é um pré-requisito essencial. Essa 

dissociação pode ocorrer por meio da ativação de quinases como 

fosfatidilinositol 3-quinases (PI3K), que fosforilam o Nrf2 ou pode ser mediada 

por estresse oxidativo. O Nrf2 dissociado transloca o núcleo da célula, onde se 

liga ao elemento de resposta antioxidante (ARE) após formar um heterodímero 

com outras proteínas, como o fator de ativação da transcrição 4 (ATF4). Por 

sua vez, a proteína ATF4, um gene protetor que regula a adaptação de células 
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a fatores de estresse, como estresse de retículo endoplasmático e estresse 

oxidativo, pode funcionar tanto como um ativador transcricional como 

repressor, incluindo da via do Nrf2 (KASAI et al., 2019). De fato, os resultados 

obtidos aqui confirmaram que o envelhecimento reduziu também a expressão 

de PI3K no cérebro, mas não na medula espinhal. Por sua vez, na medula 

espinhal, o tratamento com a oxaliplatina regulou a expressão de PI3K de 

acordo com a idade, enquanto os jovens apresentaram superexpressão, os 

mais velhos apresentaram uma regulação negativa da expressão do PI3K. 

Nesse sentido, foi previamente estabelecido que distúrbios mitocondriais, como 

os causados pela oxaliplatina, podem ativar indiretamente o PI3K (KASAI et al., 

2019) como forma de defesa. Aqui, nós observamos que, quando houve a 

associação entre o envelhecimento e o tratamento com a oxaliplatina, esse 

mecanismo foi ativado apenas no córtex cerebral. Além disso, foi demonstrado 

que a associação dos fatores regulou negativamente a expressão de ATF4. 

Esses achados são consistentes com os resultados publicados por HUSSAIN e 

RAMAIAH (2007). YANG e colaboradores (2018) demonstraram, que a 

regulação negativa do Nrf2 agravou a NPIO, principalmente, por meio do 

aumento da produção de espécies reativas, diminuição do potencial de 

membrana mitocondrial, que levou a níveis anormais de cálcio intracelular e 

induziu apoptose relacionada ao citocromo C (Cyt C) e, superexpressão da 

família de proteínas do receptor de potencial transitório (TRP) que favorece a 

dor neuropática. Esses fatos em conjunto sugerem que a via de neuroproteção 

mediada pelo Nrf2 pode desempenhar um papel crítico, mas ainda pouco 

esclarecido, na NPIO, particularmente em idosos, que são mais suscetíveis aos 

danos oxidativos. 

Um dos sintomas clínicos da NPIO é a dor neuropática, além disso, 

geralmente a NPIO está associada à comorbidades como a ansiedade, a 

depressão e a incapacidade, e por isso o seu manejo e/ou tratamento 

representa um desafio (WANG e MULLALLY, 2020). De acordo com os dados 

obtidos, foi demonstrado que a administração da oxaliplatina causou dor 

neuropática, como evidenciado pela hipersensibilidade mecânica e térmica (frio 

e calor). Ainda, nós comprovamos que o envelhecimento exacerbou a dor 
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neuropática, assim como, as demais comorbidades (dependendo do modelo 

animal estudado). Nesse sentido, para compreender melhor o agravamento 

desse quadro clínico e as alterações causadas no SNC, a via de sinalização do 

BDNF foi investigada. O BDNF é uma neurotrofina secretada para promover a 

neurogênese. Considerando que a neurogênese fornece condições para 

restaurar neurônios perdidos devido ao desgaste diário e, que a neurogênese 

reduzida é um fator comum no envelhecimento e em doenças 

neurodegenerativas, a identificação de biomarcadores capazes de aumentar a 

sobrevivência celular também pode ser uma estratégia contra o 

estabelecimento da NPIO em idosos (NGUYEN e EHRLICH, 2020). Esta 

neurotrofina também desempenha um papel crucial como neuromodulador na 

transmissão da dor.  Além disso, é amplamente aceito o envolvimento do 

BDNF em processos celulares que fundamentam a cognição e outros 

comportamentos complexos como a ansiedade (NOTARAS e VAN DEN 

BUUSE, 2020).  

Os dados coletados neste estudo indicaram que o tratamento com a 

oxaliplatina reduziu a expressão de BDNF no SNC, independentemente da 

idade. Após um aumento inicial nos níveis de BDNF, que favorece a 

neuroplasticidade e leva à dor crônica, conforme definido por estudos 

anteriores (CAPPOLI et al., 2020; NIJS et al., 2015), os níveis de BDNF 

diminuem no SNC, como evidenciado pelos resultados obtidos nesse estudo, 

reduzindo a neuroplasticidade e apoiando a manutenção da dor crônica. De 

fato, os resultados sugerem que os níveis reduzidos de BDNF causados pela 

exposição à oxaliplatina e pelo envelhecimento estão relacionados à dor 

neuropática, prejuízo cognitivo e comportamento ansioso. Essa hipótese é 

corroborada por CAPPOLI e colaboradores (2020). Os autores relataram que 

níveis reduzidos de BDNF foram associados aos comportamentos depressivos 

e ansiosos elevados e memória de trabalho prejudicada devido à 

neuroplasticidade reduzida. 

O BDNF também pode modular a regulação gênica pela ativação de 

fatores de transcrição, incluído o fator nuclear kappa B (NF-κB) e a proteína de 

ligação responsiva ao AMPc (CREB) (LIMA GIACOBBO et al., 2019). O fator 
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de transcrição CREB medeia a transcrição de genes essenciais para a 

sobrevivência e a diferenciação dos neurônios e, a transcrição do próprio 

BDNF (LIMA GIACOBBO et al., 2019). Nossos resultados demonstraram que o 

envelhecimento reduziu a expressão do CREB no SNC, enquanto a 

administração da oxaliplatina reduziu a expressão do CREB 

independentemente da idade. Porém, nós destacamos que os mais velhos 

apresentaram níveis de CREB mais baixos em comparação com os mais 

jovens. Esses achados corroboram os que se referem à expressão do BDNF 

alcançada neste estudo. Por sua vez, o fator de transcrição nuclear NF-κB 

desempenha um papel regulador na resposta inflamatória e na progressão de 

tumores (WANG et al., 2019).  

Aqui, o envelhecimento aumentou o nível de NF-κB no SNC. Esses 

resultados corroboram outros dados obtidos neste estudo, que demonstraram 

aumento do nível de espécies reativas e redução da expressão do BDNF, 

induzidos pelo envelhecimento. De fato, os resultados sugerem que a via do 

NF-κB é ativada no envelhecimento, principalmente por meio do estresse 

oxidativo. A administração de oxaliplatina, por sua vez, aumentou a expressão 

de NF-κB apenas nos mais jovens. O aumento dos níveis de NF-κB contribui 

para a produção e liberação de citocinas pró-inflamatórias (WANG et al., 2019), 

o que leva à sensibilização periférica principalmente por meio da ativação do 

TRP vanilóide (ARETI et al., 2014), corroborando os resultados obtidos neste 

estudo sobre o papel do envelhecimento no aumento da sensibilidade 

mecânica. 

O comprometimento cognitivo induzido pelo envelhecimento é mediado 

principalmente por neuroinflamação, aqui demonstrado por meio da regulação 

gênica do NF-κB, e disfunção colinérgica (BENFANTE et al., 2019). Portanto, 

outra hipótese em torno do declínio cognitivo causado pela administração da 

oxaliplatina envolve o sistema colinérgico. De fato, a exposição à oxaliplatina 

reduziu a expressão e aumentou a atividade da AChE no SNC, em ambas as 

idades.  A neurotransmissão colinérgica é alterada com o envelhecimento, 

levando ao comprometimento cognitivo, principalmente por meio do 

desenvolvimento de degeneração neuronal e interrupção do circuito neural 
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normal (RICHARDSON et al., 2020). Esses achados apoiam o papel do 

envelhecimento no comprometimento cognitivo observado no presente estudo. 

Porém, considerando parte da neurotransmissão colinérgica, em particular os 

níveis de atividade e expressão da AChE, o envelhecimento não exacerbou os 

efeitos da administração da oxaliplatina. 

Resumidamente, o conjunto de resultados obtidos nesse estudo 

demonstrou que após a exposição à oxaliplatina ocorre um acúmulo de platina 

no SNC de camundongos. Diante disso, sugerimos que o acúmulo de platina 

no SNC pode causar desequilíbrio redox celular e, prejudicar a função 

mitocondrial. Aqui, foi relatado que o envelhecimento exacerbou a dor 

neuropática induzida pela NPIO, além de suas comorbidades, incluindo o 

comportamento ansioso e o prejuízo cognitivo, principalmente por meio do 

estresse oxidativo, disfunção das enzimas Na+, K+ - ATPase e AChE, alteração 

da concentração de bioelementos, e modulação das vias de neuroproteção e 

de neuroplasticidade. Vale salientar, que todos os danos foram causados ao 

SNC. Parte do objetivo desta tese consistiu em fornecer uma base para as 

intervenções terapêuticas na NPIO, considerando as especificidades da idade. 

Enquanto a outra parte buscou por uma molécula inovadora, com efeitos 

promissores, que possa vir a se tornar um medicamento estratégico para o 

tratamento ou prevenção da NPIO com eficácia e segurança, considerando as 

características da idade.  

Neste contexto, o 4-PSQ foi a molécula selecionada para o estudo. O 4-

PSQ é um composto organosselênio e um derivado da quinolina, que têm sido 

extensivamente estudado por nosso grupo de pesquisa (PINZ et al., 2016, 

2018; SILVA et al., 2017; VOGT et al., 2018; VOSS et al., 2018; BARTH et al., 

2019;; LEMOS et al., 2020; LUCHESE et al., 2020; PALTIAN et al., 2020; REIS 

et al., 2020b, 2020a, 2017; da MOTTA et al., 2021; RODRIGUES et al., 2021), 

e outros (SAVEGNAGO et al., 2013; DUARTE et al., 2017; SALGUEIRO et al. , 

2017; DE FREITAS COUTO et al., 2019; DE AQUINO SILVA et al., 2021). De 

fato, os efeitos apresentados pelo 4-PSQ nos estudos pré-clínicos, acima 

referenciados, foram proeminentes. 
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No presente estudo, o 4-PSQ reverteu a hipersensibilidade mecânica e 

térmica induzida pela exposição à oxaliplatina, sem prejudicar a capacidade 

locomotora e exploratória dos animais jovens e velhos. Neste estudo, o 4-PSQ 

reverteu também a hipersensibilidade ao frio, principal sintoma da NPAIO que 

acomete em torno de 90% dos pacientes e pode manifestar-se horas após a 

infusão do fármaco, em ambas as idades. Corroborando esses resultados, foi 

previamente demonstrado que o 4-PSQ apresenta efeito antinociceptivo em 

doses baixas, a partir de 0,1 mg kg-1, em modelos de nocicepção aguda 

químico e térmico (PINZ et al., 2016). 

Neste estudo, o 4-PSQ restaurou o comprometimento emocional e o 

declínio cognitivo induzidos pela administração de oxaliplatina. De fato, os 

prejuízos emocionais e cognitivos são amplamente aceitos como comorbidades 

associadas a NPIO. Além disso, corroborando o efeito ansiolítico, o 4-PSQ 

reduziu os níveis de corticosterona no plasma, regulando o eixo hipotálamo-

hipófise-adrenal (HPA). De particular importância, o 4-PSQ restabeleceu a 

atividade e/ou a expressão da Na+, K+ - ATPase em jovens e idosos, um dos 

mecanismos que se destacou como um alvo farmacológico promissor, para o 

tratamento da NPIO e suas comorbidades. Consequentemente, o tratamento 

com o 4-PSQ restabeleceu o potencial elétrico das células cerebrais e o 

gradiente iônico para a excitabilidade neuronal, necessária para a manutenção 

dos processos celulares cerebrais. Além disso, as alterações induzidas pela 

administração da oxaliplatina na atividade e expressão da enzima AChE no 

SNC foram normalizadas pelo 4-PSQ, dependendo do modelo estudado. 

Assim, nós destacamos a importância destes resultados para o 

restabelecimento das funções no SNC na NPIO. 

Diante do extenso desequilíbrio redox causado pela associação entre o 

envelhecimento e o tratamento com a oxaliplatina, nesse estudo se destacou o 

potencial antioxidante do 4-PSQ. De fato, a administração diária do 4-PSQ, na 

dose de 1 mg kg-1, reverteu o desequilíbrio oxidativo causado pela oxaliplatina, 

nas duas idades analisadas. Aqui, de particular importância, o tratamento com 

o 4-PSQ reverteu o aumento das espécies reativas e a peroxidação lipídica no 

SNC e no nervo ciático, SNP. Está bem estabelecido que os metabólitos da 
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oxaliplatina se acumulam nos nervos periféricos e causam danos oxidativos. 

Diante disso, foi evidenciado que o 4-PSQ reverteu os danos causados pela 

administração da oxaliplatina e exacerbados pela idade, tanto no SNC, foco 

deste estudo, quanto no SNP. O 4-PSQ aumentou os níveis de glutationa, 

contribuindo para o equilíbrio redox celular. 

De fato, nós demonstramos que quando administrada à camundongos 

jovens, a oxaliplatina modulou positivamente o sistema antioxidante enzimático 

no SNC, para equilibrar o desequilíbrio redox causado pelo excesso de 

moléculas pró-oxidantes. Nesse caso, o tratamento com o 4-PSQ normalizou a 

atividade das enzimas antioxidantes estudadas. Esse resultado pode ser 

explicado pelo efeito antioxidante do 4-PSQ, pois a redução das moléculas pró-

oxidantes pode contribuir para a normalização das defesas antioxidantes. No 

entanto, quando os camundongos envelhecidos receberam a oxaliplatina, não 

houve aumento na atividade das enzimas antioxidantes no SNC, mesmo diante 

de um aumento das moléculas pró-oxidantes. Neste caso, o tratamento com 4-

PSQ modulou positivamente o sistema antioxidante enzimático no SNC, para 

combater o excesso de espécies reativas. Neste contexto, destacamos que o 

composto, modulou o sistema antioxidante de acordo com a necessidade 

específica de cada idade, e conduziu ao equilíbrio redox tanto nos jovens 

quanto nos idosos. Recentemente, foi demonstrado que o 4-PSQ restaurou os 

níveis de selênio e contribui para a restauração dos danos causados pelo 

envelhecimento em ratos. Os autores sugerem que o composto poderia ser um 

candidato promissor para o desenvolvimento de uma nova terapia para o 

gerenciamento dos danos oxidativos relacionados à idade, atuando como um 

fármaco anti-envelhecimento (LUCHESE et al., 2020. 

Consistente com os resultados observados nesse estudo, o tratamento 

com o 4-PSQ provoca efeitos antinociceptivos, ansiolíticos, antioxidantes e 

neuroprotetores em modelos animais. As ações farmacológicas do 4-PSQ 

parecem estar relacionadas às suas atividades antioxidantes e anti-

inflamatórias, bem como sua capacidade de modular os sistemas 

serotonérgico, nitrérgico, glutamatérgico e colinérgico (REIS et al., 2017; SILVA 

et al., 2017; BARTH et al., 2019; LUCHESE et al., 2020; PALTIAN et al., 2020). 
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Ainda, particularmente importante dentre os efeitos do 4-PSQ, destacamos que 

o ele reverteu o dano hepático e renal induzidos pela administração da 

oxaliplatina (LEMOS et al., 2020; DA MOTTA et al., 2021). É importante 

mencionar que o 4-PSQ é uma molécula multialvo, o que certamente contribuiu 

para os efeitos relevantes demonstrados neste estudo. De fato, considerando o 

perfil multifatorial da NPIO, certamente, isso é uma vantagem. 

Diante dos resultados apresentados pelo 4-PSQ no tratamento da NPIO, 

investigamos seu potencial farmacológico em um modelo de dor oncológica. De 

fato, os resultados desta molécula são impressionantes, entretanto, até a 5° 

etapa do estudo, temos somente indícios de que o 4-PSQ não interfere no 

efeito farmacológico da oxaliplatina. Nesse sentido, nesta última etapa, 

procuramos, também, avançar nesse sentido e elucidar se o 4-PSQ 

compromete a ação antineoplásica da oxaliplatina. O modelo de dor 

oncológica, desenvolvido para esse estudo, demosntrou-se promissor, uma vez 

que, a associação entre o câncer (S180) e o tratamento com oxaliplatina, 

agravou sintomas e comorbidades, relacionados à dor oncológica, 

pricipalmente, por meio do aumento do dano oxidativo e modulação da enzima 

Na+, K+ - ATPase. Corroborando os dados anteriores obtidos no estudo, o 

tratamento com o 4-PSQ reverteu a hipersensibilidade e as comorbidades 

associadas à dor oncológica. Novamente, o efeito antioxidante do 4-PSQ 

reduziu o desequibrio redox e normalizou a atividade das enzimas Mg2+ - 

ATPase e Na+, K+ - ATPase no SNC. Consistente com nossa hipótese, que o 4-

PSQ não altera o efeito farmacológico da oxaliplatina, quando analisado o 

resultado do edema da pata, observamos que o tratamento com a oxaliplatina 

reduziu o edema causado pelo tumor, ou seja, desenvolveu uma ação 

antitumoral. Quando o 4-PSQ foi administrado junto com a oxaliplatina aos 

animais com câncer, o edema foi significativamente reduzido, sugerindo que o 

4-PSQ potencializou o efeito antitumoral da oxaliplatina. Entretanto estas 

conclusões serão reforçadas com a realização de experimentos adicionais que 

não foram finalizados ainda devido à pandemia de COVID-19. 
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6 CONCLUSÕES 

Nesse estudo, de forma inovadora, foi relatado que o envelhecimento 

exacerbou a NPIO e suas comorbidades. O envelhecimento agravou a dor, o 

comportamento ansioso, e o comprometimento cognitivo induzidos pela 

exposição à oxaliplatina. A partir dos resultados obtidos aqui, foi estabelecido 

que a administração da oxaliplatina leva à deposição de platina no SNC, 

independentemente da idade. Resumidamente, o presente estudo ajudou a 

expandir a compreensão sobre os mecanismos envolvidos na fisiopatologia 

NPIO. Aqui, o aumento da concentração de platina no SNC e sua relação com 

desequilíbrio redox, como evidenciado por meio do aumento dos níveis de 

espécies reativas, aumento de peroxidação lipídica, e modulação as enzimas 

SOD, CAT, GPx, AChE e Na+, K+ - ATPase e Mg+2 - ATPase no SNC, foi 

relatado pela primeira vez. Além disso, de acordo com os resultados aqui 

obtidos, foi possível inferir que a modulação da Na+, K+ - ATPase teve um 

papel fundamental no desenvolvimento da NPIO, particularmente, nas suas 

comorbidades. Além disso, alterações na concentração de bioelementos e na 

sinalização do Nrf2 e BDNF no SNC, vias relacionadas com neuroproteção e 

neuroplasticidade, respectivamente, parecem contribuir de forma significativa 

para a NPIO. Por sua vez, a terapia multialvo baseada na administração do 4-

PSQ reduziu a NPIO e suas comorbidades, em ambas as idades, e a dor 

oncológica. Além disso, os efeitos do 4-PSQ parecem ser decorrentes de 

ações antioxidantes e neuroprotetoras, principalmente por sua capacidade de 

restabelecer a atividade das enzimas Na+, K+ - ATPase e AChE. O 4-PSQ 

também regulou o eixo HPA por meio da redução dos níveis de corticosterona 

no plasma. Em conjunto, os resultados sugerem que o 4-PSQ pode ser um 

bom protótipo para o desenvolvimento de um agente mais eficaz para o 

tratamento da NPIO, em jovens e idosos. De fato, este estudo ajudou a ampliar 

o entendimento sobre os mecanismos envolvidos na fisiopatologia da NPIO e 

avançou na busca por uma nova terapia. 
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PERSPECTIVAS 

 Como perspectiva, para dar continuidade aos estudos envolvendo os 

efeitos do composto 4-PSQ e o medicamento quimioterápico oxaliplatina, 

pretende-se avaliar se os camundongos velhos são mais susceptíveis ao 

desenvolvimento da dor oncológica (câncer + oxaliplatina), bem como, 

investigar os mecanismos subjacentes à dor oncológica, e o potencial 

terapêutico do 4-PSQ. 
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ANEXO A 

Carta de aprovação do protocolo experimental pela Comissão de Ética e 

Experimentação Animal da Universidade Federal de Pelotas  
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ANEXO B 

Carta de aprovação do protocolo experimental pela Comissão de Ética e 

Experimentação Animal da Universidade Federal de Pelotas  
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