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RESUMO 

 

O mercúrio é um metal altamente tóxico e está entre as três substâncias com 

maior potencial de ameaça à saúde humana. Sua espécie orgânica, o metilmercúrio, 

é especialmente perigosa para a saúde humana devido sua facilidade em atravessar 

barreiras biológicas. Sendo assim, o cérebro é um alvo crítico para o metilmercúrio, 

onde é capaz de causar distúrbios neurológicos, incluindo déficit motor, visual, 

auditivo, comportamental e cognitivo. As células gliais estão intimamente implicadas 

nos mecanismos que medeiam tais distúrbios, e podem atuar protegendo ou 

danificando o SNC, dependendo do contexto. Além disso, nenhum tratamento 

farmacológico mostrou-se eficaz contra intoxicação mercurial até então, e a literatura 

já mostrou que tanto o exercício físico quanto a atividade física são capazes de 

modular aspectos gliais envolvidos na fisiopatologia comum entre diversas condições 

neurológicas e intoxicação por metilmercúrio. Assim, uma abordagem potencialmente 

terapêutica e não-farmacológica, como exercício físico – e até mesmo a atividade 

física – seria conveniente para populações vulnerabilizadas que se encontram 

econômica, social e geograficamente em desvantagem, como as populações 

ribeirinhas amazônicas que estão cronicamente expostas ao metilmercúrio através da 

ingestão de peixes contaminados.  Este trabalho tem por objetivo verificar se o perfil 

de atividade física pode influenciar a sintomatologia da intoxicação mercurial em 

ribeirinhos da região do lago de Tucuruí. Entrevistas foram realizadas para obter um 

perfil de atividade física e sintomas neurológicos autodeclarados, e mercúrio total foi 

mensurado a partir de amostras de cabelo. Nossos resultados apontam para uma 

possível e complexa relação entre os níveis de mercúrio capilar e a prática de 

atividade física, sugerindo que a prática de exercícios físicos pode ser uma alternativa 

viável a ser inserida no cotidiano. 

 

Palavras-chave:  Amazônia; ribeirinhos; metilmercúrio; MeHg; neurotoxicidade; 

sintomas neurológicos; exercício físico; Tucuruí. 

 

 



ABSTRACT 

 

 

Mercury is a highly toxic metal and is among the three substances with the greatest 

potential threat to human health. Its organic form, methylmercury, is particularly 

dangerous to human health due to its ability to easily cross biological barriers. The 

brain is a critical target for methylmercury, where it can cause neurological disorders, 

including motor, visual, auditory, behavioral, and cognitive deficits. Glial cells are 

closely involved in the mechanisms mediating such disorders and can either protect or 

damage the central nervous system (CNS), depending on the context. Moreover, no 

pharmacological treatment has proven effective against mercury intoxication to date, 

and literature has shown that both physical exercise and physical activity are capable 

of modulating glial aspects involved in the pathophysiology common to various 

neurological conditions and methylmercury intoxication. Thus, a potentially therapeutic 

and non-pharmacological approach, such as physical exercise – and even physical 

activity – would be particularly suitable for vulnerable populations who are 

economically, socially, and geographically disadvantaged, such as the riverine 

communities of the Amazon, who are chronically exposed to methylmercury through 

the consumption of contaminated fish. This study aims to assess whether physical 

activity profiles can influence the symptomatology of methylmercury intoxication in 

riverside residents of the Tucuruí Lake region. Interviews were conducted to obtain a 

profile of physical activity and self-reported neurological symptoms, and total mercury 

was measured from hair samples. Our results point to a possible and complex 

relationship between hair mercury levels and physical activity, suggesting that physical 

exercise may be a viable alternative to be included in daily life. 

 

Keywords: Amazônia; riverine communities; methylmercury; MeHg; neurotoxicity; 

neurological symptoms; physical exercise; Tucuruí. 
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1. VISÃO INTEGRADORA DO PROBLEMA 

O mercúrio é um metal toxico que afeta o ambiente e a saúde 

humana no mundo inteiro. Dentre as diversas formas de mercúrio, 

metilmercúrio é a mais tóxica, afetando diversos tecidos e órgãos, 

principalmente o cérebro (Crespo-Lopez et al., 2021). Embora a 

intoxicação mercurial seja um problema global, populações de algumas 

regiões apresentam um risco maior, por concentrarem atividades 

humanas intimamente envolvidas no manuseio desse metal (Basu et al., 

2018). Dentre elas, as principais atividades relacionadas a emissão de 

mercúrio para o ambiente incluem a queima de combustíveis, o 

desmatamento, mineração artesanal e de pequena escala, manuseio 

impróprio de materiais contendo mercúrio e atividades industriais 

(Crespo-Lopez et al., 2022).  

Na Amazônia, por exemplo, onde a atividade de mineração é 

intensa, uma alta prevalência de intoxicação mercurial já foi relatada na 

literatura. Os sintomas relacionados a tal intoxicação incluem dores de 

cabeça, perda de peso, fadiga, fraqueza muscular, tremores das mãos 

e pálpebras, perda parcial da função visual e auditiva, e até problemas 

cognitivos como perda de memória e distúrbios de aprendizagem 

(Santos-Sacramento et al., 2021).  

Os sintomas neurológicos relacionados a intoxicação mercurial 

têm sido vastamente atribuídos a disfunções neuronais (Crespo-López 

et al., 2009; Ajsuvakova et al., 2020). Entretanto neurônios são apenas 

a metade da população celular cerebral. A outra parte é composta por 

células gliais, com a micróglia e os astrócitos tendo um papel expressivo 

no contexto da intoxicação mercurial. De fato, essas células estão 

envolvidas em uma gama de funções no cérebro, como manutenção da 

homeostase e defesa, e estão implicadas em variados mecanismos de 

neurotoxicidade mercurial (Crespo-Lopez et al., 2022). Essas células 

respondem, essencialmente, tamponando o mercúrio para torná-lo 

excretável pelo organismo, modulando o status imunológico para 

restaurar alterações deletérias, controlando o sistema redox cerebral e 

liberando fatores de crescimento, protegendo assim os neurônios e as 
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demais células do SNC dos efeitos neurotóxicos do mercúrio que, por 

fim, previnem eventos neuropatológicos (Ni et al., 2012; Augusto-

Oliveira et al., 2019; Augusto-Oliveira et al., 2020). Por outro lado, 

quando a exposição mercurial é intensa e sustentada, as respostas de 

defesa glial podem ficar saturadas e assumir funções deletérias (seja 

por perder as funções de defesa ou ganhar funções anormais), 

contribuindo assim para o dano (Crespo-Lopez et al., 2022). 

Desafortunadamente, até hoje, não há terapia farmacológica 

efetiva para a intoxicação por metilmercúrio, e a aplicação de 

determinados fármacos, como os quelantes, podem até elicitar efeitos 

deletérios (Risher and Amler, 2005; Kosnett, 2013). Este cenário é ainda 

mais preocupante considerando o contexto amazônico, no qual as 

populações se encontram geograficamente isoladas, desprovidas de 

fornecimento regular de energia elétrica, água potável e assistência 

médica de qualidade, e estão cronicamente expostas ao metilmercúrio 

no ambiente – principalmente através da ingestão diária de peixes 

contaminados (Arrifano et al., 2018a; Arrifano et al., 2018b; Machado et 

al., 2021). Ante o exposto acima, apostamos em uma abordagem 

terapêutica não-farmacológica, de baixo custo e acessível que tem se 

mostrado promissora em prevenir e/ou mitigar prejuízos cognitivos 

induzidos por inúmeras condições, quer sejam fisiológicas como 

envelhecimento, quer sejam patológicas como lesão cerebral traumática 

e doença de Alzheimer: a atividade física.  

De fato, uma robusta literatura tem demonstrado que a atividade 

física planejada e estruturada, com finalidade de melhorar ou manter um 

ou mais componentes da aptidão física, também chamada de exercício 

físico (Dasso, 2019), tem potencial para melhorar déficits cognitivos 

induzidos patologicamente através da modulação da reatividade glial 

relacionada a neuroinflamação sustentada, produção e excreção de 

hormônios de crescimento, fatores de crescimento, expressão de 

fatores neuroprotetores e alteração do volume de regiões cerebrais 

chave (Larson et al., 2006; Hamer and Chida, 2009; Erickson et al., 

2014; Colonna and Wang, 2016; Augusto-Oliveira and Verkhratsky, 
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2021). Os efeitos benéficos do exercício físico podem ser observados 

tanto na abordagem experimental quanto na clínica, e em todas as 

faixas etárias. No entanto, o protocolo de exercício adotado – como 

tempo de início, duração, intensidade e frequência – deve ser levado 

em consideração, pois os efeitos benéficos inerentes a eles são sempre 

dependentes do contexto, incluindo idade, gênero, espécie, região 

cerebral afetada, background genético, condição patológica pré-

existente (Augusto-Oliveira et al., 2023). 

Considerando que o exercício é capaz de modular positivamente 

os mesmos mecanismos fisiopatológicos gliais afetados pela 

intoxicação mercurial e que este pode representar uma alternativa 

terapêutica de baixo custo e de fácil acesso, é coerente sugerir, com a 

devida cautela, que a adoção de protocolos de exercício físico 

direcionados ou a adoção de um estilo de vida fisicamente ativo pode 

prevenir sintomas neurológicos induzidos por intoxicação mercurial em 

populações vulnerabilizadas como as indígenas, quilombolas e 

ribeirinhas que residem na Amazônia. É extremamente urgente traçar 

estratégias de mitigação para populações expostas ao mercúrio na 

Amazônia, considerando o contexto em que estão inseridas. 

Assim, este trabalho foi está dividido em três capítulos, tendo dois 

deles sido publicado como artigo científico em periódicos internacionais. 

O primeiro se trata de uma revisão abrangente da literatura cobrindo o 

papel de células neurais chave no contexto da intoxicação por 

metilmercúrio – as células gliais. Estudos investigando esse 

organometal são extremamente relevantes haja vista que o 

metilmercúrio é um dos principais poluentes liberados no ambiente 

amazônico com potencial deletério para a saúde de indivíduos 

pertencentes as comunidades residindo tanto em áreas mais próximas 

de seu manuseio quanto mais afastadas. Considerando que não há 

tratamento eficaz para os efeitos gerados pela intoxicação por 

metilmercúrio, a atividade/exercício físico surge com uma abordagem 

terapêutica potencialmente promissora em mitigar tais efeitos. O 

segundo capítulo traz também uma revisão abrangente da literatura, 
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reunindo e discutindo criticamente achados que destacam o potencial 

do exercício físico em melhorar a cognição através da modulação da 

neurogênese, neuroinflamação e remodelamento estrutural mediados 

por células gliais em contextos tanto fisiológicos quanto patológicos. 

Mesmo que ainda não tenha sido investigado se a atividade física ou 

exercício físico são capazes de influenciar os sintomas clínicos da 

intoxicação mercurial, apostamos nessa abordagem porque, 

possivelmente, exercício físico e a toxicidade do metilmercúrio têm os 

mesmos alvos celulares e moleculares. Assim, nosso terceiro capítulo 

baseia-se na premissa de que a atividade/exercício físico é 

potencialmente capaz de mitigar os sintomas clínicos elicitados pela 

intoxicação mercurial em ribeirinhos da Amazônia expostos 

cronicamente ao metal. 
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2. ARTIGO I: NEUROTOXICIDADE DO MERCÚRIO: O PAPEL DAS CÉLULAS GLIAIS
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3. ARTIGO 2: O EXERCÍCIO REMODELA O CÉREBRO: ALTERAÇÕES 

MOLECULARES, CELULARES E ESTRUTURAIS ASSOCIADAS A MELHORIAS 

COGNITIVAS
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4. ARTIGO 3: ATIVIDADE FÍSICA: UMA ESTRATÉGIA REALÍSTICA CONTRA 

NEUROTOXICIDADE MERCURIAL EM POPULAÇÕES RIBEIRINHAS DA 

AMAZÔNIA 

 

Caio Gustavo Leal-Nazaré1, Gabriela P. Arrifano1, Amanda Lopes-Araújo1, 
Leticia Santos-Sacramento1, Isabela Soares-Silva1, Camila Lago Pinheiro1, 
Maria Elena Crespo-Lopez1* and Marcus Augusto-Oliveira1* 

1Laboratório de Farmacologia Molecular, Instituto de Ciências Biológicas, 
Universidade Federal do Pará, Belém – PA, Brazil 

*Corresponding authors: Marcus Augusto-Oliveira (marcusoliveira@ufpa.br; 
ORCID: 0000-0002-4772-9929) and Maria Elena Crespo-Lopez 
(ecrespo@ufpa.br; ORCID: 0000-0002-1335-6853) 

 

Abstract 

Mercury is a toxic metal present worldwide. South America is the 

second region on mercury emissions into the environment, especially 

the Amazon region, where intense gold exploration activities are 

concentrated and which, combined with deforestation, biomass burning 

and the construction of hydroelectric dams, draw a serious scenario of 

mercury contamination in the region. In fact, recent studies have already 

demonstrated, in riverine populations, the occurrence of neurological 

symptoms and mercury concentrations are so high that they easily 

exceed the limits established by international health agencies. 

Considering that these populations are mostly isolated, 

socioeconomically vulnerable and the absence of proper 

pharmacological intervention against mercury intoxication in such 

scenario, this work proposes investigating the potential of lifestyle-

related physical activity to mitigate or prevent both mercury accumulation 

and neurological symptoms reported by individuals chronically exposed 

to mercury in riverine communities. For this, individuals from 

communities in the region of Lake Tucuruí, Pará State, were interviewed 

to survey the profile of physical activity and self-reported neurological 

symptoms. Further, hair samples were extracted for mercury 

quantification. This study revealed high mercury exposure in an 

Amazonian population, with men presenting significantly higher 

concentrations. We found no correlation between general physical 
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activity and self-reported clinical symptoms or mercury concentrations. 

However, individuals who exercised more frequently (5-7 times/week) 

presented significantly lower mercury concentrations. Future 

investigations with robust methodologies are crucial to elucidating these 

relationships and associated health outcomes. 

 

Introduction 

Mercury contamination is a public health problem present 

worldwide. South America is the second region that emits the most 

mercury into the environment, mainly through artisanal mining activities, 

namely artisanal and small-scale gold mining (ASGM) (UNEP, 2019). In 

the Amazon region, this activity corresponds to 78.5% of the mercury 

emission by ASGM in South America and 27% in the entire world (Galvis, 

2020). Most of the Amazon territory is in Brazil (Legal Amazon), where 

the largest and one of the oldest areas of ASGM, the Tapajós Basin 

region, can be found (Berzas Nevado et al., 2010; Crespo-Lopez et al., 

2021). 

Large amounts of elemental mercury vapor are emitted into the 

atmosphere during the gold purification process, which consists of 

heating mercury-gold amalgams (Crespo-Lopez et al., 2021). In clouds, 

elemental mercury is partially transformed into inorganic mercury, which 

can travel long distances and precipitate with rain, reaching vegetation, 

water bodies, and sediments (Crespo-Lopez et al., 2021). Of note, the 

Amazon rainforest, the largest tropical forest in the world, plays a crucial 

role in the fixation and uptake of atmospheric mercury (Figueiredo et al., 

2018). Thus, deforestation harms the sequestration of atmospheric 

mercury, and the increasing fires throw it back into the air. Interestingly, 

biomass burning is the second largest source of mercury emission in this 

region (Crespo-Lopez et al., 2021).  

In addition, the building of large projects, such as dams for 

Hydroelectric Power Plants, increases the dynamism of mercury in the 

Amazon environment for two main reasons: (I) the creation of 
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physicochemical conditions conducive to the proliferation of 

methanogenic bacteria capable of biotransforming the inorganic mercury 

present in soil, water, and sediment into MeHg (Gomes et al., 2019); and 

(II) interference in the migration of piscivorous fish, which favors the 

bioaccumulation and biomagnification of this metal in loco (Crespo-

Lopez et al., 2021).  

The human populations residing in this region, including riverine 

populations, indigenous people, quilombolas, rural and remote 

communities, and residents of areas close to mining, are constantly 

exposed to large concentrations of mercury through the consumption of 

contaminated fish (Hacon et al., 2020; Crespo-Lopez et al., 2021; 

Santos-Sacramento et al., 2021), especially carnivorous fish such as 

mandubé,  pirarucu, tucunaré, and trairão which, because they are at 

the top of the food chain, accumulate the highest levels of mercury 

(Hacon et al., 2020). According to the World Health Organization (WHO), 

is tolerable a weekly intake of 1.6 μg of MeHg per kilogram of body 

weight (provisional tolerable weekly intakes – PTWI) (WHO, 2008), 

however, considering the high levels of MeHg found in fish from this 

region and that these populations, especially riverine populations, 

usually eat several meals based on this fish weekly,  the WHO limit can 

be extrapolated easily (Hacon et al., 2020; Crespo-Lopez et al., 2021).  

In fact, previous studies have already shown high concentrations 

of mercury in the hair of riverine populations in the Amazon (Nevado et 

al., 2010; Marques et al., 2013; Hacon et al., 2014; Arrifano et al., 

2018c). A recent review analyzed 34 articles focused on the main river 

basins of the Amazon (Tapajós, Tocantins, and Madeira) and found that 

mercury concentrations measured in these populations exceeded two to 

ten times the values recommended by both the WHO (2,300 ng/g) and 

the United States Environmental Protection Agency (1,000 ng/g), with 

the main neurological symptoms manifested being cognitive, visual, 

motor, somatosensory, and emotional deficits (Santos-Sacramento et 

al., 2021). It is noteworthy that these symptoms are closely related to 

altered glial cell functions, which represent key components for CNS 
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homeostasis and defense (Yin et al., 2007; Takahashi et al., 2017; 

Fujimura et al., 2019; Shinozaki et al., 2019). 

It must also be considered that a large part of the riverine 

populations of the Amazon live far from large urban centers, in small 

communities near rivers; they live from manual subsistence activities; 

they are exposed to contamination by improperly discarded substances; 

they live in conditions with little or no basic sanitation, electricity and/or 

access to medical services; and frequent school dropout (Arrifano et al., 

2018a; Machado et al., 2021). This scenario is particularly worrying 

because it makes it difficult to develop intervention strategies for these 

populations that are chronically exposed to high concentrations of 

mercury (Crespo-Lopez et al., 2022). 

A possible strategy that is easily accessible and low financial cost 

would be to encourage the practice of physical activity/exercise, since, 

to date, no drug has been effective in combating mercury neurotoxicity 

(Aaseth et al., 2015; Aaseth et al., 2018; Bjørklund et al., 2019). 

Although, at the outset, physical activity and exercise allude to distinct 

phenomena (Dasso, 2019), both can imply positive changes for brain 

health (Di Liegro et al., 2019; Bonanni et al., 2022). In fact, physical 

exercise is known to induce cognitive improvements and positively affect 

quality of life, as well as prevent and mitigate neurological disorders 

(Augusto-Oliveira et al., 2023). In line with this, physical activity can 

positively impact brain plasticity, preventing cortical atrophy, improving 

brain and cognitive function (Erickson et al., 2013). It is noteworthy that 

no data has been found in the literature concerning physical activity 

practices. Therefore, considering the geographic, social and economic 

scenario of these populations, the practice of physical activities related 

to their lifestyle (such as commuting from home to work, games ball, 

swimming, performing domestic and/or work-related tasks) may 

represent an important therapeutic target capable of reducing or 

preventing the impacts caused by exposure to mercury. Once the 

potential impacts that physical activity and/or physical exercise have on 

individuals exposed to mercury are known, it would be possible to design 
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strategies and protocols to assist in the prevention and mitigation of 

problems caused by this metal.  

Therefore, the objective of this study is to outline a physical 

activity profile of riverine populations from islands of Lake Tucuruí and 

to assess whether the physical activity they engage in can prevent the 

symptoms reported by riverine populations environmentally exposed to 

mercury. 

 

Material and Methods 

The data and samples used in the present study were retrieved 

from previous expeditions of the research group and treated as follows. 

Study Population and Location 

This study included volunteer riverine populations from 

communities near Lake Tucuruí (-3.800897, -49.811848), whose 

formation took place from the construction of the fifth largest 

hydroelectric plant in the world, the Tucuruí Hydroelectric Power Plant. 

For this study, we selected 202 adult individuals (over 18 years of age) 

who have lived in riverine communities for at least two years and who 

consume fish five times or more per week. 

Ethical Aspects 

This study followed the guidelines for reporting STROBE 

observational studies (Von Elm et al., 2007) and the ethical principles of 

the Declaration of Helsinki for research in human beings. It was 

submitted for approval by the National Council for Ethics in Research 

with Human Beings – CONEP (CAAE nº 43927115.4.0000.0018). The 

individuals signed an Informed Consent Form (ICF) as a criterion for 

participation in the study. 

Data and Sample Collection 

A previous announcement of the project was made through visits, 

meetings and communications with community health agents. The 
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samples and data of each volunteer participant were collected using 

meeting places and public spaces in the communities, such as schools. 

Explanations/clarifications about the purposes of the study were 

provided to the participants. After the volunteers' consent have been 

recorded via the ICF, an interview was conducted with everyone to apply 

the symptom and physical activity questionnaires. All questions were 

read aloud by the applicator/researcher, explained and exemplified when 

necessary. The data collected from the participants includes name, 

gender, age, neurological symptoms presented by the participant at the 

time of the interview, and the participants' physical activity profile related 

to their routines (household chores, work, leisure, and moving from one 

place to another). In addition, hair samples of approximately 0.1 g were 

collected from the occipital region and stored in paper envelopes until 

analysis. 

Physical Activity Profile 

The physical activity profile was obtained from the volunteers’ 

self-reports. Individuals who reported engaging in any physical activity 

at least once a week were termed as “physically active” and were divided 

into four groups based on the weekly frequency of their physical activity; 

whereas individuals who reported not practicing any physical activity 

weekly, such as not even once a week regularly, were termed 

“sedentary”. It is noteworthy that we adopted these two terms only to 

separate our two different groups since the data collected in our research 

do not meet the appropriate criteria that define “physically active” and 

“sedentary” behaviors established in the literature (WHO, 2010; 

Ainsworth et al., 2011; Tremblay et al., 2017), although the precise 

meaning of “sedentary behavior” is still under scientific discussion 

(Magnon et al, 2018). In addition, the frequency of activities was 

determined based on how many times per week individuals reported 

engaging in each activity. 
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Quantification of Mercury in Human Hair 

Total mercury present in the hair samples was quantified by 

inductively coupled plasma mass spectrometry (ICP-MS), as previously 

described (Arrifano et al., 2018b; Lopes-Araújo et al., 2023). 

Statistical Analysis 

The normality of the data was analyzed using the D'Agostino-

Pearson test. Parametric and non-parametric data were represented as 

mean and standard deviation or median and interquartile ranges, 

respectively. Prevalence was tested using the Chi-square test or Fisher's 

exact test when appropriate. Between-group differences were analyzed 

using the Mann-Whitney test and correlations using Spearman's Rank 

Correlation test. The P-value < 0.05 was considered significant in all 

analyses. 

 

Results and Discussion 

A total of 202 participants were included in this study. Of these, 

75 were male and 127 were female, 96 were between 26 and 45 years 

of age and only 87 responded to the self-reported clinical symptoms 

questionnaire (Table 1). 

Table 1. Demographic characteristics and median hair mercury concentrations (ng/g) 
of the study population stratified into groups: general population, physically active 
individuals, sedentary individuals, and respondents to the clinical symptom 
questionnaire. The values expressed as percentages indicate the prevalence between 
genders. 

Parameters General 

population 

(n = 202) 

Physically 

active  

(n = 92) 

Sedentary  

 

(n = 110) 

Clinical 

symptom 

(n = 87) 

Men 75 (37%) 42 (46%) 33 (30%) 36 (41%) 

Women 127 (63%) 50 (54%) 77 (70%) 51 (59%) 

Age (median) 41 42.5 39 43 

Hair mercury 

(median ng/g) 
8,189 8,481 7,339 7,452 

 

Of the participants, 46% reported practicing daily physical 

activities (Figure 1A). We found that the reported activities fell into three 
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broad types (Figure 1B): Leisure (80%), which included activities such 

as running, gym, swimming, and soccer; Work (18%), including fishing, 

rowing, mowing, and weeding; and Household (2%), including sweeping 

the house, washing clothes and general household chores. Further, the 

five most frequently reported types of physical activity included walking 

(42), soccer (22), swimming (17), mowing (12), and running (10) (Figure 

2). This differs from previous observations, which reported that 

occupation-related activities were the only type of physical activity 

practiced by Amazonian populations (Machado et al., 2021). 

Interestingly,  leisure-time physical activity has been reported to provide 

greater health benefits compared to physical activities performed in 

home or work settings (Janssen and Voelcker-Rehage, 2023). 

Moreover, it tends to be more prevalent in physical environments that 

are conducive to leisure, such as those with sidewalks, bike paths, trails, 

parks, and lower traffic density (Gao et al., 2015; Van Cauwenberg et 

al., 2018), as is also observed in our study region. 

 

 

 

 

 

 

Figure 1. Physical activity profile of the study population. (A) Proportion of 

physically active versus sedentary individuals; (B) distribution of the three most 

frequently reported types of physical activity; and (C) distribution of participants 

according to four different weekly frequencies of physical activity. 
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Figure 2. Frequency of types of physical activity reported by participants. Walking was 

the most reported activity (n = 42), followed by soccer (n = 22), swimming (n = 17), 

mowing (n = 12), and running (n = 10). Less frequent activities included gym workouts, 

rowing, swinging arms, fishing, and weeding (each n = 3), as well as other occasional 

tasks such as climbing hills, washing clothes, sweeping the house, household chores, 

and work-related tasks (each n = 1). 

On the other hand, the marked discrepancy between leisure and 

work or household physical activity prevalences (Figure 1B) may be 

associated with methodological issues inherent to the use of a non-

standardized questionnaire, which may have led individuals to 

misunderstand what it means to be “physically active”; or it may be 

related to limitations faced by these populations, such as the difficulty 

some respondents have in understanding the questions, especially 

considering that some of them are illiterate. These factors make data 

collection particularly challenging. In addition, the weekly frequency of 

physical activity of the individuals was classified as never a week (for 

activities performed sporadically), 1 to 2 times a week, 3 to 4 times a 

week, and 5 to 7 times a week (Figure 1C).  

Our results showed that the most frequently reported type of 

physical activity was leisure (IC 95%, 71.3–86.3) and most participants 

engaged in physical activity 5 to 7 times per week (IC 95% 55.7–75.8). 

Nonetheless, most individuals were sedentary (IC 95%, 47.3–61.5). The 
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higher prevalence of sedentary individuals may be related to mercury 

exposure-induced deficits in motor function. Indeed, mercury exposure 

has been reported to impair motor function by disrupting myogenesis, 

myotube formation, myotendinous junctions, neuromuscular junctions, 

and satellite cell differentiation (Tam and Rand, 2024). Comparatively, a 

recent study with birds demonstrated that short-term exposure mercury 

can potentially affect bird´s flight biomechanic, weakening endurance 

through reduced flight efficiency (Seewagen et al., 2022). 

In this study, the median hair mercury concentration of the 

general population was 8,189 ng/g (mean = 9,674 ng/g, ranging from 

0.483 to 29,830 ng/g), with only 19 individuals showing hair mercury 

concentrations within the limits recommended by international health 

agencies (1,000 - 2,300 ng/g) (WHO, 2008).This finding is consistent 

with the mean hair mercury concentrations generally found in Brazilian 

Amazonian populations (>6,000 ng/g) (Castro and Lima, 2018) and daily 

fish consumers (>10,000 ng/g) (WHO, 2008). Our results reveal 132 

(65.3%) individuals with mercury concentrations above 6,000 ng/g and 

85 (42.1%) above 10,000 ng/g, confirming that the population residing 

along the lake of the Tucuruí Hydroelectric Power Plant reservoir is 

potentially exposed to a high mercury burden (Arrifano et al., 2018c). In 

fact, mercury exposure among people living in riverine communities in 

the Amazon is among the highest in the world due to the daily ingestion 

of fish contaminated with the metal (Basu et al., 2018; Sharma et al., 

2019; Crespo-Lopez et al., 2021).  

Furthermore, chronic exposure to mercury in the Amazon has 

been shown to cause various clinical symptoms, including disturbances 

in hearing, vision and motor function (such as tremors, lack of 

coordination, muscle weakness, loss of balance, numbness, and limb 

paralysis) (Harada et al., 2001; Fillion et al., 2011; Peplow and 

Augustine, 2014; Costa Junior et al., 2017; Lacerda et al., 2020), which 

are classic symptoms of Minamata disease observed in the 1953 

episode in Japan (Ekino et al., 2007). 
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Similarly, our research found that self-reported clinical symptoms 

closely resemble those documented in the literature. Among the most 

frequently reported were chronic or frequent headaches (61), dizziness 

(56), muscle weakness (55), anxiety (45), blurred vision (44), numbness 

(43), tremors (43), hand/foot tremors (35), memory loss (34), lip and 

eyelid tremors (30), tinnitus (21), and speech disorders (9) (Figure 3). 

 

Figure 3. Frequency of self-reported clinical symptoms among study participants 

potentially associated with chronic mercury exposure. The most reported symptoms 

included headaches, dizziness, muscle weakness, and blurred vision. Values on the 

vertical axis represent the number of individuals who reported each symptom. 

Moreover, we found a positive but very weak correlation between 

hair mercury concentration and the occurrence of self-reported 

symptoms (r = 0.18, p = 0.09) (Figure 4). 
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Figure 4. Scatterplot showing the relationship between hair mercury 

concentration (Hg) and the number of self-reported symptoms. Each point 

represents one individual. Although a slight positive trend is observable, the 

dispersion of points indicates a very weak Spearman’s correlation between the 

variables, consistent with statistical results (r = 0.18, p = 0.09). 

We hypothesize that a single mercury measurement is not 

sufficient to demonstrate a potential relationship between hair mercury 

concentrations and negative clinical outcomes, as mercury 

concentrations may vary according to factors that influence the exposure 

burden to the metal, such as the availability of alternative protein sources 

(affecting the amount of fish consumed); preference for fish species at a 

given trophic level; and seasonal variations in the occurrence of certain 

fish species (Oliveira et al., 2010; Hacon et al., 2020; Vasconcellos et 

al., 2021; Basta et al., 2023). Additionally, the biological half-life of 

mercury in the body is as short as approximately 30 to 60 days (Park 

and Zheng, 2012). It has also been shown that the half-life of mercury in 

hair is around 40 to 50 days (Caito et al., 2018). Thus, the hair mercury 

concentration measured in an individual in time A may be completely 

different from that recorded in time B. Therefore, periodic monitoring is 

recommended to build an exposure history for the individual or 

population. It is noteworthy that genetic polymorphisms may potentially 

influence the pharmacokinetics and pharmacodynamics of mercury, 

leading to greater accumulation in the body and increasing the 

susceptibility of certain populations to develop more severe clinical 

outcomes (Arrifano et al., 2018b; Perini et al., 2021). 

Additionally, a comparative analysis of hair mercury 

concentrations between male and female participants revealed a 

statistically significant difference, with men exhibiting notably higher 

mercury concentrations (median = 11,289 ng/g) compared to women 

(median = 6,688 ng/g) (p < 0.0001) (Figure 5).  
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Figure 5. Boxplot comparing hair mercury concentrations (ng/g) between 

women and men in the study population. The median concentration for men 

was 11,289 ng/g (IQR: 7,507–17,103 ng/g; mean = 13,388 ng/g), while for 

women it was 6,688 ng/g (IQR: 4,517–10,164 ng/g; mean = 8,831 ng/g). 

Statistical comparison using the Mann–Whitney U test indicated a significant 

difference between groups (p = 0.0001). Boxes represent the interquartile 

range (IQR), with the horizontal line within each box indicating the median; 

whiskers extend to 1.5 times the IQR, and individual dots represent outliers. 

Means are indicated by a “x”. 

This difference may reflect sex-related behavioral or physiological 

factors, such as differences in dietary habits – although research 

investigating sex-dependent differences in fish consumption patterns in 

these populations is scarce – or in mercury metabolism and excretion 

pathways. A recent study conducted with Munduruku Indigenous 

communities found that fish consumption varies by gender and age, with 

men accounting for approximately 45% of the fish available for 

consumption, compared to 35% by women, and adults consuming 

around 80%, in contrast to 20% by younger individuals (Vasconcellos et 

al., 2021). In general, men require a higher caloric intake than women 

due to their greater body mass and faster metabolic rate (ATSDR, 1999; 

BRASIL, 2022).  
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Experimental studies suggest that the distribution, retention, 

metabolism, and excretion of mercury might be sex-dependent (Thomas 

et al., 1987; Mergler et al., 2007; Pittman et al., 2020). Males tend to 

retain higher concentrations of mercury compared to females, whereas 

females generally exhibit greater mercury excretion through both feces 

and urine (Thomas et al., 1987). These differences may be attributed, at 

least in part, to variations in the expression of renal transporters, such 

as organic anion transporters OAT1 and OAT3, which are involved in 

mercury uptake and excretion (Pittman et al., 2020). These findings 

highlight the importance of considering sex differences as a potential 

modifier in studies assessing mercury exposure and its associated 

health risks. 

Conversely, no statistically significant differences were found 

between hair mercury concentrations of physically active (median = 

8,481 ng/g; IQR: 5,137–15,316) and sedentary individuals (median = 

7,339 ng/g; IQR: 4,074–13,951) (p = 0.3) (Figure 6). Stratified analysis 

by sex also showed no significant differences: among males, the 

medians were 11,246 ng/g (active) and 11,496 ng/g (sedentary) (p = 

0.9); and among females, 7,417 ng/g (active) and 6,151 ng/g (sedentary) 

(p = 0.56). 

 

Figure 6. Boxplot comparing hair mercury concentrations (ng/g) between 

physically activity and sedentary individuals. The median concentration for 
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physically activity was 8,481 ng/g (IQR: 5,137–15,316 ng/g; mean = 10,052 

ng/g), while for sedentary it was 7,339 ng/g (IQR: 4,074–13,951 ng/g; mean = 

9,358 ng/g). Statistical comparison using the Mann–Whitney U test indicated 

no significant difference between groups (p = 0.3). Boxes represent the 

interquartile range (IQR), with the horizontal line within each box indicating the 

median; whiskers extend to 1.5 times the IQR. Means are indicated by a “x”. 

This result may be related to the limited design of the 

questionnaire, which – as a preliminary version – did not follow the 

standards of validated and widely used instruments such as the 

International Physical Activity Questionnaire (IPAQ) and the Global 

Physical Activity Questionnaire (GPAQ) (Sember et al., 2020). IPAQ was 

the first instrument developed to assess and monitor physical activity 

levels in a way that allows for international comparability across 

countries and regions (Sember et al., 2020). It has been validated and 

tested for reliability among Brazilian adults (Matsudo et al., 2001). 

Alternatively, the GPAQ was developed by the WHO as the 

recommended instrument for assessing physical activity within the 

STEPwise surveillance framework (WHO, 2021, 2024). It has been 

implemented in more than 120 countries (Riley et al., 2016), and is the 

most widely adopted tool for physical activity surveillance worldwide 

(WHO, 2011). 

Both questionnaires record “total physical activity,” encompassing 

various components such as intensity, duration, and frequency of activity 

(Sember et al., 2020; WHO, 2021). The GPAQ does this by assessing 

three domains: occupational physical activity, transport-related physical 

activity, and physical activity during leisure time (WHO, 2021). The 

IPAQ, in addition to covering these three domains, also includes physical 

activity related to household tasks (Wolin et al., 2008). Thus, both 

provide a comprehensive physical activity profile capable of estimating 

energy expenditure and determining whether an individual is physically 

active, inactive or sedentary (WHO, 2010; Tremblay et al., 2017; Sember 

et al., 2020; Herrmann et al., 2024). 
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Because these are standardized tools that help minimize potential 

biases arising from cultural variations across countries and regions, and 

enhance the reproducibility, robustness, and consistency of research 

data (Bauman et al., 2009), their use should be considered to support 

studies investigating the potential role of physical activity or exercise in 

mitigating mercury-induced adverse clinical outcomes. 

Despite this, when comparing individuals who reported engaging 

in physical activity 1–2 times per week with those who reported doing so 

5–7 times per week, we found significantly lower hair mercury 

concentrations in individuals with higher frequency of physical activity 

(median = 8,361 ng/g; IQR: 4,456–12,562) compared to those with lower 

frequency (median = 14,633 ng/g; IQR: 5,898–20,045) (p = 0.02) (Figure 

7). 

 

Figure 7. Boxplot illustrating the comparison of hair mercury concentrations 

(ng/g) between individuals engaging in low-frequency (1–2 times/week) and 

high-frequency (5–7 times/week) physical activity. The median concentration 

for low-frequency group was 14,633 ng/g (IQR: 5,898–20,045 ng/g; mean = 

13,075 ng/g), while for high-frequency group it was 8,361 ng/g (IQR: 4,456–

12,562 ng/g; mean = 8,978 ng/g). Statistical comparison using the Mann–

Whitney U test indicated a significant difference between groups (p = 0.02). 

Boxes represent the interquartile range (IQR), with the horizontal line within 

each box indicating the median; whiskers extend to 1.5 times the IQR, and 

individual dots represent outliers. Means are indicated by a “x”. 
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A recent study demonstrated that engaging in moderate or light 

physical activity at least three days per week may reduce the incidence 

of cognitive impairments, including memory loss and executive 

dysfunction, in middle-aged and older adults (Liu et al., 2025). Moreover, 

spending 150 minutes or more of physical activity per week – regardless 

of intensity – was associated with a lower prevalence of cognitive 

impairment (Liu et al., 2025). Indeed, physical activity can attenuate 

neuroinflammation in older adults, potentially preventing cognitive 

decline (Corlier et al., 2018). For instance, physically active individuals 

have been shown to exhibit lower peripheral levels of “pro-inflammatory” 

cytokines, greater total brain volume, and improved cognitive functions 

such as memory, orientation, and executive function, compared to 

sedentary individuals (Braskie et al., 2014; Nascimento et al., 2014; 

Papenberg et al., 2016). Comparatively, a recent study suggested that 

practicing moderate-intensity physical activity 3–4 times per week for 

30–45 min for more than 12 weeks was positively correlated with 

enhanced cognition in adults with Alzheimer disease (Zhou et al., 2022). 

Additionally, the adoption of certain physical activity protocols – 

particularly considering the type, duration and, intensity of the physical 

activity – differently modulates the body’s redox balance and antioxidant 

defenses (Abed et al., 2011; Pingitore et al., 2015; Fritzen et al., 2019). 

For example, engaging in acute or high-intensity physical exercise may 

increase oxidative stress levels and impair antioxidant capacity (Abed et 

al., 2011; Meng and Su, 2024), with greater pronounced effects 

observed in sedentary individuals (McGinley et al., 2009). Moreover, 

unaccustomed and/or exhaustive exercise can lead to increased ROS 

and oxidative stress-related tissue damage (He et al., 2016).  

Oxidative stress might potentially modulate inflammation, leading 

to neurodegenerative disturbances, diabetes, cardiovascular diseases, 

chronic diseases, Alzheimer disease, and ageing (Leyane et al., 2022; 

Verhaegen et al., 2022; Kıran et al., 2023). Furthermore, practicing 

physical exercise leads to the natural muscle production of reactive 

oxygen species (ROS) and reactive nitrogen species (RNS) due to the 
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abnormal release of electrons from the mitochondrial electron transport 

chain, leading to oxidative stress (Espinosa et al., 2023). However, 

oxidative stress has a dual nature, damaging at high levels and 

regulating at low levels (Pizzino et al., 2017; Meng and Su, 2024). 

Indeed, chronic or regular physical exercise-induced low levels of 

oxidative stress may lead to genetic adaptations, which increases 

antioxidant capacity (Powers and Jackson, 2008; Lu et al., 2021; Souza 

et al., 2022). Interestingly, the same effect can be observed in moderate-

intensity exercises (Parker et al., 2014; Zuo et al., 2015). 

According to the WHO, adults aged 18 to 64 should engage in at 

least 150 minutes per week (2 hours and 30 minutes) of moderate-

intensity aerobic physical activity or 75 minutes per week (1 hour and 15 

minutes) of vigorous-intensity aerobic physical activity, performed in 

bouts of at least 10 minutes (Bull et al., 2020). Although our study did 

not assess the intensity or duration of each physical activity session, it is 

reasonable to suggest that individuals reporting 5–7 sessions per week 

may be closer to meeting the minimum physical activity levels 

recommended by the WHO, and therefore may have lower capillary 

mercury concentrations. 

Although a broad body of evidence supports that physically active 

individuals exhibit better health-related fitness levels and improved 

clinical outcomes (Li, 2016), including enhanced cognitive function (Zhou 

et al., 2022; Iso-Markku et al., 2024), delayed aging (Gajewski and 

Falkenstein, 2016; Erickson et al., 2022), and reduced risk of stroke 

(Ghozy et al., 2022; Cowan et al., 2023), cardiovascular disease (Dhuli 

et al., 2022), and other non-communicable diseases (Geidl et al., 2020), 

we found a weak and non-significant correlation between physical 

activity and the number of self-reported symptoms (r = –0.07, p = 0.53) 

(Figure 8A). Moreover, a positive and weak correlation was also 

observed between physical activity and hair mercury concentrations, 

consistent with no significance (r = 0.12, p = 0.27) (Figure 8B). 
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Figure 8. Scatterplot showing the relationship between physical activity 

(binary variable, in which 1 = practices physical activity and 0 = does not 

practice physical activity) and the number of self-reported symptoms (A) and 

the relationship between physical activity (binary variable) and hair mercury 

concentrations (Hg) (B). Each point represents one individual. The distribution 

of data points in both graphs suggests a very weak and non-significant 

spearman’s correlation between variables (A, r = –0.07, p = 0.53; B, r = 0.12, p 

= 0.27). 

As previously discussed, our study has some limitations that may 

introduce potential biases. These include the use of a non-standardized 

physical activity questionnaire, which consequently generated 

inconclusive data regarding the population's physical activity profile. 

Additionally, the relatively low number of volunteers participating in the 

study and the societal context of the population, notably the relevant 

occurrence of illiteracy among some individuals, are also weaknesses. 

However, considering that data on physical activity or exercise in 

Amazonian riverine populations and their possible health implications 

are still quite scarce, our preliminary findings point to interesting 

observations for future studies. Determining the physical activity profile 

of riverine populations exposed to mercury in the Amazon is only the first 

step in developing potentially effective strategies – such as physical 

exercise protocols – to mitigate the adverse effects elicited by exposure 

to this metal. Such protocols, when adapted to the population's context, 

could be a valuable tool to adopt in a more comprehensive approach, 

providing realistic recommendations for a healthier and safer lifestyle. 

A B 
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Conclusion 

This study involving 202 participants, with a significant portion 

aged 26-45, revealed high concentrations of hair mercury, with a median 

concentration of 8.189 ng/g, far exceeding the recommended limits by 

international health agencies. While nearly half of the participants 

reported engaging in daily physical activities, these were overwhelmingly 

leisure-based. Methodological limitations, specifically the use of a non-

standardized questionnaire, and the occurrence of some illiterate 

individuals may have influenced the observed discrepancy between 

leisure and work/household physical activity. 

Additionally, the significantly higher hair mercury concentrations 

in male participants compared to females is likely related to distinct sex-

related metabolism and dietary patterns. However, further studies are 

needed to test whether this hypothesis is true. Moreover, an interesting 

finding was that no direct significant correlation was found between 

overall physical activity status (active vs. sedentary) and hair mercury 

concentrations, nor between physical activity and self-reported 

symptoms, although a noteworthy observation emerged: individuals 

engaging in physical activity 5-7 times per week exhibited significantly 

lower hair mercury concentrations compared to those active only 1-2 

times per week. This suggests that a higher frequency of physical activity 

might play a role in relation to mercury concentration – a hypothesis that 

needs to be further investigated with more robust methodologies, 

especially with a standardized international questionnaire. The very 

weak positive correlation found between hair mercury concentration and 

the occurrence of self-reported clinical symptoms, commonly associated 

with chronic mercury exposure, also requires further exploration with 

additional sampling that allows for the construction of a history of 

mercury exposures. 

Overall, these findings underscore the significant mercury 

exposure in this Amazonian population and highlight a potential, 

although complex, interplay between physical activity frequency and 
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mercury burden. Future research employing standardized assessment 

tools and larger cohorts is crucial to confirm these preliminary 

observations and to elucidate the mechanisms underlying the 

relationship between physical activity, mercury exposure, and 

associated health outcomes in this vulnerable population. 
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5. CONCLUSÕES INTEGRADORAS 

As populações ribeirinhas da Amazônia estão historicamente 

expostas ao mercúrio presente no ambiente, notadamente em 

decorrência da atividade garimpeira, das queimadas florestais e do 

consumo diário de peixes contaminados (Crespo-Lopez et al., 2022). 

Diversos estudos demonstram que essas populações apresentam 

concentrações de mercúrio no cabelo significativamente superiores aos 

limites recomendados por agências internacionais de saúde – 

especialmente entre indivíduos que consomem peixe diariamente 

(WHO, 2008; Castro and Lima, 2018). Esse panorama é preocupante e 

destaca a urgência de se elaborar estratégias alternativas e viáveis 

voltadas a essas comunidades. 

A partir de uma revisão abrangente da literatura, observamos que 

há evidências consistentes de que as células gliais desempenham um 

papel central no contexto da intoxicação por metilmercúrio, por meio de 

diversos mecanismos homeostáticos e de defesa celular envolvidos em 

desfechos tanto protetivos quanto deletérios. As nuances desse 

envolvimento glial variam de acordo com o contexto, incluindo fatores 

como idade, espécie, carga de exposição e a área do sistema nervoso 

afetada – aspectos que influenciam diretamente a forma como esses 

mecanismos são ativados (Leal-Nazaré et al., 2024). 

Além disso, nossa revisão da literatura aponta o exercício físico 

como uma estratégia terapêutica viável, com potencial para melhorar a 

cognição em condições fisiológicas e patológicas, por meio da 

modulação glial da neurogênese, da neuroinflamação e do 
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remodelamento estrutural (Augusto-Oliveira et al., 2023). Curiosamente, 

diversos mecanismos gliais modulados positivamente pelo exercício 

físico também são negativamente afetados pelo metilmercúrio, 

sugerindo a existência de vias comuns entre os efeitos benéficos do 

exercício e os efeitos tóxicos do mercúrio. 

Como ponto de partida, nosso estudo preliminar utilizou dados 

coletados em expedições anteriores a comunidades ribeirinhas situadas 

às margens do lago da Usina Hidrelétrica de Tucuruí, no estado do Pará, 

com o objetivo de traçar um perfil da atividade física local e verificar se 

o status da atividade física é capaz de influenciar nos sintomas clínicos 

relatados pelos indivíduos do estudo. Os resultados sugerem que a 

população estudada está altamente exposta ao mercúrio, com medianas 

de mercúrio capilar acima dos limites internacionais. Além disso, o perfil 

de atividade física dessa população, nunca antes avaliado, indica que a 

prática de exercícios físicos é uma alternativa viável a ser inserida no 

cotidiano. Embora parte dos nossos resultados apontem para uma 

direção contrária do que esperávamos, observamos uma possível e 

complexa relação entre os níveis de mercúrio capilar e a prática de 

atividade física. 

São necessários novos estudos para verificar se a atividade física 

pode, de fato, prevenir ou mitigar sintomas clínicos decorrentes da 

exposição ao mercúrio. Para isso, recomenda-se o uso de ferramentas 

mais robustas, amostras populacionais mais abrangentes e uma atenção 

especial às particularidades socioculturais das comunidades envolvidas. 

Ainda, mais do que a atividade física, seria crítico investigar o potencial 

de protocolos de exercícios físicos na prevenção/mitigação dos sintomas 

da intoxicação mercurial. Adicionalmente, é fundamental a realização de 

ensaios experimentais que confirmem se as células gliais estão 

diretamente envolvidas nos possíveis efeitos protetivos da atividade 

física, assim como a identificação dos mecanismos moleculares e 

celulares por trás dessa interação. 
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