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RESUMO

O mercurio € um metal altamente toxico e esta entre as trés substancias com
maior potencial de ameaca a saude humana. Sua espécie organica, o metilmercurio,
€ especialmente perigosa para a saude humana devido sua facilidade em atravessar
barreiras bioldgicas. Sendo assim, o cérebro € um alvo critico para o metilmercurio,
onde é capaz de causar distarbios neuroldgicos, incluindo déficit motor, visual,
auditivo, comportamental e cognitivo. As células gliais estdo intimamente implicadas
nos mecanismos que medeiam tais distarbios, e podem atuar protegendo ou
danificando o SNC, dependendo do contexto. Além disso, nenhum tratamento
farmacol6gico mostrou-se eficaz contra intoxicagdo mercurial até entéo, e a literatura
ja mostrou que tanto o exercicio fisico quanto a atividade fisica sdo capazes de
modular aspectos gliais envolvidos na fisiopatologia comum entre diversas condigdes
neurolégicas e intoxicagdo por metilmercario. Assim, uma abordagem potencialmente
terapéutica e nao-farmacolégica, como exercicio fisico 1T e até mesmo a atividade
fisica T seria conveniente para populacfes vulnerabilizadas que se encontram
econdbmica, social e geograficamente em desvantagem, como as populacdes
ribeirinhas amazoénicas que estdo cronicamente expostas ao metilmercurio atravées da
ingestao de peixes contaminados. Este trabalho tem por objetivo verificar se o perfil
de atividade fisica pode influenciar a sintomatologia da intoxicacdo mercurial em
ribeirinhos da regido do lago de Tucurui. Entrevistas foram realizadas para obter um
perfil de atividade fisica e sintomas neurolégicos autodeclarados, e mercurio total foi
mensurado a partir de amostras de cabelo. Nossos resultados apontam para uma
possivel e complexa relacdo entre os niveis de mercuario capilar e a pratica de
atividade fisica, sugerindo que a pratica de exercicios fisicos pode ser uma alternativa

viavel a ser inserida no cotidiano.

Palavras -chave:  Amazobnia; ribeirinhos; metilmercurio; MeHg; neurotoxicidade;

sintomas neuroldgicos; exercicio fisico; Tucurui.



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 i and even physical
activity 7 would be particularly suitable for wvulnerable 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 Tucurui 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: Amazonia; riverine communities; methylmercury; MeHg; neurotoxicity;

neurological symptoms; physical exercise; Tucurui.
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1. VISAO INTEGRADORA DO PROBLEMA

O mercurio € um metal toxico que afeta o ambiente e a saude
humana no mundo inteiro. Dentre as diversas formas de mercurio,
metilmercurio € a mais toxica, afetando diversos tecidos e o6rgaos,
principalmente o cérebro (Crespo-Lopez et al., 2021). Embora a
intoxicagdo mercurial seja um problema global, popula¢des de algumas
regibes 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 emisséo de
mercurio para o ambiente incluem a queima de combustiveis, o
desmatamento, mineracédo artesanal e de pequena escala, manuseio
improprio de materiais contendo mercurio e atividades industriais

(Crespo-Lopez et al., 2022).

Na Amazbnia, por exemplo, onde a atividade de mineracdo é
intensa, uma alta prevaléncia de intoxicagdo mercurial ja foi relatada na
literatura. Os sintomas relacionados a tal intoxicacdo incluem dores de
cabeca, perda de peso, fadiga, fragueza muscular, tremores das méaos
e palpebras, perda parcial da funcdo visual e auditiva, e até problemas
cognitivos como perda de memoria e disturbios de aprendizagem

(Santos-Sacramento et al., 2021).

Os sintomas neuroldgicos relacionados a intoxicagdo mercurial
tém sido vastamente atribuidos a disfun¢des neuronais (Crespo-Lopez
et al., 2009; Ajsuvakova et al., 2020). Entretanto neurdnios sdo apenas
a metade da populacgéo celular cerebral. A outra parte € composta por
células gliais, com a micréglia e os astrocitos tendo um papel expressivo
no contexto da intoxicacdo mercurial. De fato, essas células estédo
envolvidas em uma gama de funcdes no cérebro, como manutencao da
homeostase e defesa, e estdo implicadas em variados mecanismos de
neurotoxicidade mercurial (Crespo-Lopez et al., 2022). Essas células
respondem, essencialmente, tamponando o mercurio para torna-lo
excretavel pelo organismo, modulando o status imunolégico para
restaurar alteracdes deletérias, controlando o sistema redox cerebral e

liberando fatores de crescimento, protegendo assim 0s neurdnios e as
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demais células do SNC dos efeitos neurotoxicos do mercurio que, por
fim, previnem eventos neuropatolégicos (Ni et al., 2012; Augusto-
Oliveira et al., 2019; Augusto-Oliveira et al., 2020). Por outro lado,
quando a exposi¢do mercurial € intensa e sustentada, as respostas de
defesa glial podem ficar saturadas e assumir funcdes deletérias (seja
por perder as funcbes de defesa ou ganhar funcdes anormais),

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

Desafortunadamente, até hoje, ndo ha terapia farmacoldgica
efetiva para a intoxicacdo por metilmercario, e a aplicacdo de
determinados farmacos, como os quelantes, podem até elicitar efeitos
deletérios (Risher and Amler, 2005; Kosnett, 2013). Este cenario é ainda
mais preocupante considerando o contexto amazbénico, no qual as
populacdes se encontram geograficamente isoladas, desprovidas de
fornecimento regular de energia elétrica, agua potavel e assisténcia
médica de qualidade, e estdo cronicamente expostas ao metilmercurio
no ambiente T principalmente através da ingestdo diaria de peixes
contaminados (Arrifano et al., 2018a; Arrifano et al., 2018b; Machado et
al., 2021). Ante o exposto acima, apostamos em uma abordagem
terapéutica nao-farmacoldgica, de baixo custo e acessivel que tem se
mostrado promissora em prevenir e/ou mitigar prejuizos cognitivos
induzidos por inumeras condi¢Bes, quer sejam fisiolégicas como
envelhecimento, quer sejam patolégicas como lesdo cerebral traumatica

e doenca de Alzheimer: a atividade fisica.

De fato, uma robusta literatura tem demonstrado que a atividade
fisica planejada e estruturada, com finalidade de melhorar ou manter um
ou mais componentes da aptidao fisica, também chamada de exercicio
fisico (Dasso, 2019), tem potencial para melhorar déficits cognitivos
induzidos patologicamente através da modulagédo da reatividade glial
relacionada a neuroinflamacéo sustentada, producdo e excrecao de
horménios de crescimento, fatores de crescimento, expressdo de
fatores neuroprotetores e alteracdo do volume de regibes 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 exercicio fisico podem ser observados
tanto na abordagem experimental quanto na clinica, e em todas as
faixas etarias. No entanto, o protocolo de exercicio adotado i como
tempo de inicio, duracgéo, intensidade e frequéncia i deve ser levado
em consideracao, pois os efeitos benéficos inerentes a eles sdo sempre
dependentes do contexto, incluindo idade, género, espécie, regiao
cerebral afetada, background genético, condicdo patoldgica pré-
existente (Augusto-Oliveira et al., 2023).

Considerando que o exercicio € capaz de modular positivamente
0S mesmos mecanismos fisiopatolégicos gliais afetados pela
intoxicagdo mercurial e que este pode representar uma alternativa
terapéutica de baixo custo e de facil acesso, é coerente sugerir, com a
devida cautela, que a adocdo de protocolos de exercicio fisico
direcionados ou a adocao de um estilo de vida fisicamente ativo pode
prevenir sintomas neurolégicos induzidos por intoxicagdo mercurial em
populacdes vulnerabilizadas como as indigenas, quilombolas e
ribeirinhas que residem na Amazénia. E extremamente urgente tracar
estratégias de mitigacdo para populacdes expostas ao mercurio na

Amazonia, considerando o contexto em que estao inseridas.

Assim, este trabalho foi esta dividido em trés capitulos, tendo dois
deles sido publicado como artigo cientifico em periddicos internacionais.
O primeiro se trata de uma revisdo abrangente da literatura cobrindo o
papel de células neurais chave no contexto da intoxicagdo por
metilmercurio T as células gliais. Estudos investigando esse
organometal s&do extremamente relevantes haja vista que o
metilmercurio € um dos principais poluentes liberados no ambiente
amazoénico com potencial deletério para a saude de individuos
pertencentes as comunidades residindo tanto em areas mais proximas
de seu manuseio quanto mais afastadas. Considerando que néo ha
tratamento eficaz para os efeitos gerados pela intoxicacdo por
metilmercurio, a atividade/exercicio fisico surge com uma abordagem
terapéutica potencialmente promissora em mitigar tais efeitos. O

segundo capitulo traz também uma revisdo abrangente da literatura,
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reunindo e discutindo criticamente achados que destacam o potencial
do exercicio fisico em melhorar a cognicdo através da modulacdo da
neurogénese, neuroinflamagéo e remodelamento estrutural mediados
por células gliais em contextos tanto fisiologicos quanto patoldgicos.
Mesmo que ainda ndo tenha sido investigado se a atividade fisica ou
exercicio fisico sdo capazes de influenciar os sintomas clinicos da
intoxicagdo mercurial, apostamos nessa abordagem porque,
possivelmente, exercicio fisico e a toxicidade do metilmercurio tém os
mesmos alvos celulares e moleculares. Assim, nosso terceiro capitulo
baseia-se na premissa de que a atividade/exercicio fisico é
potencialmente capaz de mitigar os sintomas clinicos elicitados pela
intoxicagdo mercurial em ribeirinhos da AmazlOnia expostos

cronicamente ao metal.
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2. ARTIGO I: NEUROTOXICIDADE DO MERCURIO: O PAPEL DAS CELULAS GLIAIS
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ARTICLE INFO ABSTRACT
Editor: Daqiang Yin Mercury is a highly toxic metal widely used in human activities worldwide, therefore considered a global public
health problem. Many cases of mercury intoxication have occurred in history and represent a huge chall
KW"’-‘-' nowadays. Of particular importance is its methylated form, methylmercury (Melg). This mercurial species in-
Glia - duces damage to several organs in the human body, especially to the central nervous system. Neurological
l:l]‘l’x:c"lm" impairments such as executive, memory, motor and visual deficits are associated with MeHg neurotoxicity.
M’d;';" Molecular mechanisms involved in MeHg-induced neurotoxicity include excitotoxicity due to glutamatergic
Astrocyte imbalance, disturbance in calcium homeostasis and oxidative balance, failure in synaptic support, and inflam-
Microglia matory response. Although neurons are largely affected by MeHg intoxication, they only represent half of the

brain cells. Glial cells represent roughly 50 % of the brain cells and are key elements in the functioning of the
central nervous system. Particularly, astrocytes and microglia are deeply involved in MeHg-induced neurotox-
icity, resulting in distinct neurological outcomes depending on the context. In this review, we discuss the main
findings on astroglial and microglial involvement as mediators of neuroprotective and neurotoxic responses to
MeHg intoxication. The literature shows that these responses depend on chemical and morphophysiological
features, thus, we present some insights for future investigations, considering the particularities of the context,
including time and dose of exposure, brain region, and species of study.
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1. Introduction

Mercury is a highly toxic metal found in all ecosystems and widely
distributed through natural and anthropogenic processes (WHO, 2021).
Emissions of this metal by human activities represent a toxicological risk
for both environment and human health (UNEP, 2013; Ha et al., 2017;
Crespo-Lopez et al., 2021).

According to the United Nations, in 2015, East and Southeast Asia,
South America and Sub-Saharan Africa led the emissions of mercury into
the atmosphere from fuel burning, industrial sectors, product use, and
artisanal and small-scale gold mining (ASGM) (UNEP, 2019). Together,
these regions account for 73 % of global mercury emissions into the air
(UNEP, 2019). Plumes of thousands of kilometers in size have been
detected over these regions, and both Africa and South America present
elevated dry and wet deposition of mercury (UNEP, 2019).

Mercury is currently third among the chemical substances of greatest
concern to public health (ATSDR, 2022). Worryingly, people worldwide
are exposed to mercury at some level, which may vary within and be-
tween different countries and regions (Basu et al., 2018). A recent sys-
tematic review and meta-analysis found the highest estimated blood
mercury in 2015 in South America and the lowest in Europe (Sharma
et al., 2019). However, it is important to stress that some populations,
especially gold miners and traditional populations living in highly
contaminated areas such as the Amazon region, are at increased risk of
mercury exposure, mainly due to the massive growing of ASGM activ-
ities and through contaminated fish intake (Basu et al., 2018, Crespo-
Lopez et al., 2022a,b). Recent systematic reviews confirmed that human
exposure to this metal in South America, especially in the Amazonian
traditional communities, are among the highest levels in the world (Basu
et al., 2018; Sharma et al., 2019). Furthermore, among populational
groups, indigenous people present more than six times the median blood
mercury of the general population, being even higher than that found in
ASGM or dental workers (Basu et al., 2018). In the Amazon, traditional
populations (indigenous, riverine and African-descendants) present a
close contact with the surrounding environment, being more sensible to
any environmental alterations. These traditional populations consume
around 10 meals per week containing 160-430 g of fish each (Hacon
etal., 2020). The most recent data on piscivorous fish sold in Amazonian
markets for human consumption have demonstrated a mercury mean of
0.603 pg/g (Basta et al., 2023), meaning that only 200 g of fish could be
enough (0.603 pg/g x 200 g = 120.6 pg of mercury) to exceed the
provisional tolerable weekly intake of methylmercury (MeHg), 100 pg,
recommended by the World Health Organization (WHO) (WHO, 2017).
Of note, the genetic makeup of some populations may increase suscep-
tibility to mercury intoxication and the deleterious effects associated
with mercury exposure (Arrifano et al.,, 2018; Crespo-Lopez et al.,
2023b). Worryingly, mercury emissions into the air from anthropogenic
sources have recently increased (Steenhuisen and Wilson, 2019; UNEP,
2019), and anthropogenic actions in the Amazon over the last years are
likely mobilizing mercury worldwide and increasing its bioavailability
to humans (Crespo-Lopez et al., 2023a).

The organic specie of mercury, MeHg, is the most toxic compound of
this metal (UNEP, 2019). It easily penetrates the food chains, where it
undergoes processes of bioaccumulation and biomagnification (WHO,
2021). Indeed, compared to inorganic mercury, MeHg exert stronger
cytotoxic effects, triggering apoptotic cascade in neurons even in low-
level exposure (Lohren et al., 2015). Considering this distinct toxicity,
speciation analysis seems to be a critical step to investigate mercurial
intoxication (Krupp et al., 2016).

MeHg is the most experimentally investigated species, especially due
to its ability to cross biological barriers including the blood-placental
barrier and the blood-brain barrier (BBB), making it the most toxic
mercury species for humans (Crespo-Lopez et al., 2021, 2022a,b).
Attention should be given to the dose in experimental research, aiming
to mimic actual contexts of human intoxication and ensure translational
relevance (Crespo-Lopez et al., 2022a,b).
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Most of the MeHg ingested is absorbed in the gastrointestinal tract,
metabolized in the liver, and excreted mainly in the bile and feces
(WHO, 2008; Crespo-Lopez et al., 2022a,b). Excretion through the hair
represents 10 %, but this matrix is widely used to monitor individual
MeHg levels due to its strong correlation with brain mercury levels,
besides providing a history of the individual exposure (WHO, 2008;
Branco et al., 2021; Crespo-Lopez et al., 2021). Through the blood-
stream, MeHg is distributed to all organs of the body (Crespo-Lopez
et al., 2022a,b), with the central nervous system (CNS) as the main
target, where it can cause severe disturbances (Arrifano et al., 2021).
Due to the high affinity for cysteine sulfhydryl groups, MeHg is able to
form a molecular complex similar to methionine, mimicking it, and
easily crossing the BBB, preferentially accumulating in glial cells,
especially astrocytes and microglia (Ni et al., 2012; Ajsuvakova et al.,
2020; Arrifano et al., 2021).

The main neurological symptoms of MeHg poisoning include atten-
tion and memory deficits, motor, visual and verbal impairments (Santos-
Sacramento et al., 2021), which are manifested even at low-levels
exposure (Karagas et al., 2012; Prpic¢ et al., 2017; Loan et al., 2023).
Associating these mechanism and pathological changes with exact
mercury concentrations is a tricking issue due to the numerous
confusing factors involving mercury intoxication (age, genetic back-
ground, gender, and time of exposure, among others). However, as a
possible approach, we recently discussed and proposed (Crespo-Lopez
et al., 2022a,b) mercury doses of translational relevance for in vivo
models, based on reference and critical doses for humans already
established by the WHO and the U.S. Environmental Protection Agency
(USEPA). For instance, the LOAEL/Benchmark doses' of MeHg weekly
consumption in humans according to WHO and USEPA are 35 and 7.7
pg/kg, respectively, which would be approximately equivalent to
215.83 and 47.48 pg/kg in rats (Crespo-Lopez et al., 2022a,b).
Furthermore, reference doses (i.e., maximum weekly intake) recom-
mended by both organizations are 1.6 pg/kg and 0.7 pg/kg, respectively,
which may be equivalent to 9.87 and 4.32 pg/kg in rats (Crespo-Lopez
et al., 2022a,b). Although these animal equivalent doses are not precise
measurements, they represent means for achieving more predictive and
reliable comparisons between human exposure and in vivo models
(Crespo-Lopez et al., 2022a,b).

At the cellular and molecular level, such symptoms result from the
diverse toxic mechanisms such as disturbances in oxidative balance —
either reducing the antioxidant defense or increasing the production of
reactive species (Farina and Aschner, 2017; Crespo-Lépez et al., 2019;
Arrifano et al., 2021), disturbance in glutamate and y-aminobutyric acid
(GABA) signaling (Ayensu et al., 2009, Farina et al., 2011, T. Yang et al.,
2020), disturbance in calcium homeostasis (Colon-Rodriguez et al.,
2020) and mitochondrial activity (Shao et al., 2019).

Glial cells, such as astrocytes and microglia, considered key elements
for the CNS homeostasis and defense, are closely related to functions
mentioned above (Ni et al., 2012; Arrifano et al., 2021; Crespo-Lopez
et al., 2022a,b), performing crucial roles in MeHg-induced neurotoxic
events. Noteworthy, the involvement of glial cells in MeHg intoxication
was last reviewed in 2012 (Ni et al., 2012), and much has been learned
since then. For example, although astrocytes and microglia share many
common features, they differ concerning cellular function and on their
role in MeHg-mediated toxicity (Fig. 1), resulting in distinct neurolog-
ical outcomes depending on the context (Table 1) (Arrifano et al., 2021,
Crespo-Lopez et al., 2022a,b). Oligodendrocytes represent a numerous
and important glial cells group, however, literature covering their

! Estimated critical doses (Benchmark dose or low observed adverse effect
level, LOAEL) are those causing detectable adverse effects related to neuro-
logical alterations; reference doses are those corresponding to the provisional
tolerable weekly intake recommended by each organization, i.e., the maximum
weekly MeHg consumption without apparent adverse effects. For more details,
see Crespo-Lopez et al. (2022a,b).
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involvement in MeHg intoxication is rather sparse [for recent review
please see Crespo-Lopez et al., 2022a,b]. Here we focus on astrocytes
and microglia as key modulators in MeHg intoxication.

2. Methylmercury neurotoxicity: a neurocentric view

Neurons, the best-known and most extensively studied neural
cellular component, are severely affected by mercury intoxication
(Crespo-Lopez et al., 2009). MeHg, the most neurotoxic mercurial spe-
cies, damages neuronal cytoskeleton, reducing neurite outgrowth and
cell viability (Ferraro et al., 2009; Pierozan et al., 2017). Binding to free
sulfhydryl groups present at both ends and on the surface of microtu-
bules, MeHg impairs the assembly and stability, ultimately causing cell
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death and tissue disturbance (Vogel et al., 1985; Ajsuvakova et al.,
2020). Indeed, microtubules are important components of the stability
of the eukaryotic organic cytoskeleton and, along with actin and inter-
mediate filaments, mediate the transport of organelles, vesicles, neurite
growth, proliferation and cell migration and division (Rolls et al., 2021).
Interestingly, using human neuronal culture (H9 cell line), it was found
that MeHg intoxication leads to microRNAs deregulation, disrupting
critical pathways related to neuronal differentiation including axon
guidance and neurotrophin-regulated signaling (Pallocca et al., 2014).

In addition to affecting cell structure and viability, MeHg interferes
with dopaminergic (Ke et al., 2020), GABAergic (Basu et al., 2010) and
glutamatergic (Judrez et al., 2002; Farina et al., 2003) synaptic trans-
missions. Particularly considering the latter, the most investigated
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Fig. 1. Glial involvement in MeHg-mediated toxicity. Mechanisms underlying neuroprotection performed by both astrocytes and microglia involve the regulation of
antioxidant enzymes and metal storage. Astrocytes promote neuroprotection by the release of cytokines, chemokines, growth factors, and glutamate balance.
Microglia contribute to neuroprotection through cytokines (including astrocytes-mediated cytokines) and metalloenzymes. Damage mediated by astrocytes and
microglia includes loss of their functions or gain of abnormal functions, such as inhibition of antioxidant enzymes and increased formation of reactive oxygen species.
Mechanisms underlying astrocyte-induced damage include neurotransmitter imbalance and release of growth factor. Microglia contribute to damage through cy-
tokines and cytokine-activated enzymes. IL-6, interleukin 6; IL-10, interleukin 10; IL-1p, interleukin 1-p; CCL-2, chemokine (CC motif) ligand 2; TNF-a, tumor ne-
crosis factor-o; iNOS, inducible nitric oxide synthase; NGF, nerve growth factor; BDNF, brain-derived neurotrophic factor; VEGF, vascular endothelial growth factor;
Nrf-2, erythroid nuclear factor linked to factor 2; GSH, glutathione; ROS, reactive oxygen species; Glu, glutamate; Asp, aspartate; MeHg, methylmercury. Created

with BioRender.
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Table 1
Glial involvement in MeHg-induced neurotoxicity.

Glial involvement in MeHg-induced neurotoxicity

Model

Brain region Exposure via

Mellg
treatment
dose

Time of
treatment

Main results

Reference

Primary astrocytic culture
from newborn (1-day-old)
Sprague-Dawley rats

Primary astrocytic culture
from newborn
Sprague-Dawley rats

Mutant CHO K1 cell line
(DdB7)

Primary astrocytic culture
from newborn
Sprague-Dawley rats
Wistar rats

Co-culture of human neuronal
cell line (SH SY5Y) and
astrocytic-like cell line
(D384).

Primary mono- and co-culture
of astrocytes and neurons
from (1 and 7-day-old) mice.

Primary mono- and co-culture
of astrocytes and neurons
from fetal (17- to 18-day-old)
and newborn (1-day-old)
Sprague-Dawley rats.

Cerebral cortices In vitro

Cerebral In vitro

hemispheres

- In vitro

Cerebral In vitro

hemispheres

Frontal, central, Oral
and occipital

brain regions,

and cerebellum

- In vitro

Cortex and In vitro

cerebellum

Cerebral cortices  In vitro

1,5and 10
M

0to5 x
10~™

0,5 and 10
M

0to5 x
10-M

20 ppm

1to 2.5 M

5, 10, 25 and
50 pM

1 and 10 pM

land6 h

30 min

6h

30 min

1 to 4 weeks

24t048 h

24h

6h

Treatment with MeHg (5 and 10
uM) for 1 or 6 h caused an increase
in the levels of markers of oxidative
damage and concentration-
dependent reduction in the inner
mitochondrial membrane
potential. Furthermore, it
decreased mRNA expression
coding for glutamine transporters
(SNAT3/SN1 and ASCT2) at the
highest concentration (10 pM). It
suggests that exposure to MeHg
induces increased mitochondrial
membrane permeability,
alterations in glutamine/glutamate
cycling, increased ROS formation,
and consequent oxidative injury.
Reduced uptake of L-glutamate and
p-aspartate at MeHg concentrations
as low as 10 ® M. Dose- and time-
dependent increase in the efflux of
both excitatory amino acids after
MeHg exposure.

Exposure to MeHg distinctly affects
the predominantly astrocytic
glutamate transporters, GLAST and
GLT-1. For example, increased
expression of GLT-1 mRNA (but not
GLAST) after 6 h of treatment (5 or
10 uM Melg); Increased levels of
GLAST transporter proteins (5 or
10uM MeHg); and low levels of
GLT-1 transporter proteins (5 pM
MeHg); and inhibits glutamate
uptake by GLAST, while increasing
GLT-1 activity by 5 or 10 pM
MeHg.

MeHg (10~™™ inhibited the initial
rate of uptake (1 min) of the Na+-
dependent L-glutamate.

Subacute MeHg intoxication (up to
4 weeks) induced cerebellar
damage confirmed by
extravasation of endogenous IgG
and decreased expression of RECA-
1. Furthermore, it induced BBB
damage by up-regulating astrocytic
VEGF in the cerebellum and
occipital lobe.

Mitochondrial dysfunction was
significantly mitigated in neurons
co-cultured in the presence of
astrocytes at concentrations from
1.75 to 2.5 pM.

MeHg did less damage to the
mitochondrial and cell membrane
integrity of cerebellar astrocytes
compared to cortical astrocytes.
Furthermore, in co-cultures of
neurons and cerebellar astrocytes
exposed to a low dose of MeHg,
neurons showed fewer alterations
compared to the respective cell
type in monoculture. This suggests
that astrocytes may protect
neurons against MeHg toxicity.
MeHg (10 pM) altered the
concentration of amino a(:ids
(serine, glycine, and alanine) in
astrocytes and cortical neurons.
Glutamate concentration

Yin et al.,
2007

Aschner
etal., 1993

Mutkus
et al., 2005

Aschner
et al., 1990

Takahashi
et al., 2017

De Simone
et al., 2017

Morken
et al., 2005

Yin et al.,
2009

(continued on next page)
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Table 1 (continued)
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Glial involvement in MeHg-induced neurotoxicity

Glial cell

Model Brain region

Exposure via

MeHg
treatment
dose

Time of
treatment

Main results Reference

Astrocytes
and
microglia

Primary astrocytic culture Cerebral cortices
from newborn (1-to 2-day-

old) Wister rats

Cerebral
hemispheres

Primary astrocytic culture
from newborn (1-day-old) rats

Primary astrocytic culture Cerebral cortices
from newborn (1-day-old)

Sprague-Dawley rats

Primary astrocytic culture Cerebral cortices
from newborn (1-to 2-day-

old) Wistar rats

ICR mice Inferior

colliculus

Primary astrocytic culture Cerebral cortices

from newborn Wistar rats

Human astrocytoma cell line -
(1321N1)

Adult Wistar rats Visual cortex

Primary culture of astrocytes Cerebral cortices
and microglia isolated from
newborn (1-day-old) Sprague-

Dawley rats

Primary culture of astrocytes Cerebral cortices
and microglia isolated from
newborn Wistar rats or

C57BL/6 mice.

In vitro

In vitro

In vitro

In vitro

Oral

In vitro

In vitro

Oral gavage

In vitro

In vitro

10 uM

0.01,0.1,1,5
and 10 pM

+10 pM

3 and 10 yM

4 mg/kg/day

0.1,1and 3
pM

10 M

0.04 mg/kg/
day

0.1,1and5
M

0.01, 0.1, 1,
and 3 pM

6h

6h

30 min

24 h

1 to 8 weeks

1, 2, 6 and
12h

0,3,6,12,
and 24 h

60 days

>6h

0,3and 24 h

decreased only in neurons at the
same MeHg concentration. The
decrease in neurons was fully
reversed when these cells were co
cultured with astrocytes.

MeHg (10 pM for 6 h) activates 38
transcription factors and Nfr-2 (an
antioxidant response element,
which has been reported to act on
MeHg detoxification.

MeHg activated Nif2 and its
downstream antioxidant system in
neonatal rat primary astrocytes.
Nrf2 function is regulated by PI3
kinase. Furthermore, inhibition of
the PI3 kinase resulted in
decreased cellular glutathione and
increased cell death to high-dose
MeHg (5 pM).

Adequate intracellular GSH levels
and selective antioxidants promote
protective effects against MeHg-
induced oxidative stress in primary
astrocyte cultures.

Conditioned medium of MeHg-
treated astrocytes (MCM)
attenuated neuronal cell death
induced by MeHg. Furthermore,
BDNF and NGF homodimers as well
as an increase in the expression of
these factors were detected in
astrocyte culture.

MeHg induced motor
incoordination within 6 weeks of
exposure. Furthermore, Astrocytes
exposed to MeHg increased the
expression of BDNF in the inferior
colliculus (IC), suggesting that
astrocytic brain-derived
neurotrophic factor is a potent
protectant in the IC.

MeHg stimulates the release of
astrocytic ATP that auto-stimulates
P2Y1 receptors to regulate IL-6 (via
P38 MAP kinase), thus protecting
neurons against MeHg.

MeHg induced CCL-2 expression in
human astrocytes by activating the
transcription factor NF-kB.
Chronic MeHg intoxication (low
dose) induced reactive state in
astrocytes (cell body hypertrophy
and swelling and shortening and
thickening of cell dendrites).
Besides, the decreased levels of
NADPH-d neuropil labeling.

Both astrocytes and microglia store
intracellular MeHg, form ROS by
GSH depletion, and can trigger
antioxidant defense by activating
Nfr-2. However, Microglia store
more MeHg, have a lower basal
level of GSH, and form more ROS,
besides initiating antioxidative
defense in a shorter time and dose
of treatment with MeHg compared
to astrocytes.

Low concentration of MeHg (0.1
pM) stimulates exocytosis of
microglial ATP (via p38 MAPK-
and vesicular nucleotide
transporter-dependent

Takemoto
et al., 2016

Wang et al.,
2009

Shanker
et al., 2005

Takemoto

et al., 2015

Ishihara
et al., 2019

Noguchi
et al,, 2013

Kim et al.,
2012

Freire et al.,
2020

Ni et al.,
2011

Shinozaki
et al., 2014

(continued on next page)
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Table 1 (continued)
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Glial involvement in MeHg-induced neurotoxicity

Glial cell

Model

Brain region

Exposure via

MeHg
treatment
dose

Time of
treatment

Main results

Reference

Microglia

Neoplastic mono- and co-
cultures of astrocyte and
microglia from newborn rats

Sprague Dawley rats (7-
weeks-old)

Adult monkeys (Macaca
fascicularis)

Primary microglial culture
from newborn (0- and 1-day-
old) and organotypic slice
culture from posnatal (5- and
7-day-old) G57BL/6J Wild
type mice.

Microglial cell line (BV-2) and
primary microglial culture
from newborn (2-day-old)
C57BL/6 mice.

Microglial cell line (N9)

Microglial cell line (BV-2)

Dorsal root
nerves and spinal
cord

Cortex of the
calcarine sulcus
and occipital
pole

Cerebral cortices

Cerebral cortex
and cerebellum

In vitro

Oral

Oral

In vitro/in situ
(organotypic slice
culture)

In vivo
(subcutaneou)/in
vitro

In vitro

In vitro

10710 10
-6M

1 mg/kg/day

50 pM/kg/
day

0.1 iM

25 mg/kg (in

vivo)/0, 5, 10
and 20 pM (in
vitro)

2 ng/mL and
2 pg/mL

0.01, 0.1, 1
and 10 pM

5and 10
days

0,1,2,3,
and 4 weeks

6,12 and 18
months

24 and 96 h/
3 weeks (in
situ)

7 days (in
vivo)/0, 1, 2,
4and 6 h (in
vitro)

3, 6,12, 24
and 48 h

1h

mechanisms) which stimulates
P2Y1 astrocystic receptors to
regulate IL-6 and protect neurons
against low concentrations of
MeHg.

Exposure to MeHg induces
microglia reactive state.
Furthermore, interaction between
reactive microglia and astrocyte (as
evidenced by aggregate formation)
may increase local IL-6 levels and
promote neuroprotection.
Treatment with fasudil induced a
protective microglial state
(evidenced by a decrease in the
expression of TNF-«, iNOS, IL-6
and IL-1B, and an increase in the
expression of arginase-1 and IL-10)
capable of recovering axonal
degeneration and neural
dysfunction induced by chronic
exposure to MeHg.

Chronic exposure to non-toxic
doses of MeHg induced microglial
reactivity in the brain of monkeys.

Chronic exposure to MeHg induced
a neurotoxic microglial state, as
evidenced by reduced process
motility, retraction of hypertrophic
processes and cell bodies, as well as
increases in iNOS and TNF-a levels.
Rho-kinase (ROCK) was found to
be key for controlling microglial
reactivity and neurotoxicity.
Furthermore, MeHg-induced
neuronal damage was increased in
the presence of ROCK mediated
neurotoxic microglia.
MeHg-induced mitochondrial ROS
formation promoted TNF-a
expression in primary microglia
and microglia lineage BV-2 and
neuronal cell death via ASK1
activation and p38 MAPK
phosphorylation.

Low dose of MeHg-HSA (2 ng/mL)
induced cell proliferation, high
levels of nitric oxide (NO) and
intracellular Ca2+, besides to
suppressing the release of
inflammatory mediators such as
TNF-« and IL-18, without cytotoxic
effects; while higher doses (2 pg/
mL) of MeHg-HSA induced an
increase in the release of TNF-a and
1L-18, promoting cell death and
cytotoxic effects on N9 cells.
Furthermore, ERK/MAPKs and
STATS3 signaling pathways are
related to MeHg-HSA hormesis in
N9 cells.

MeHg (10 pM) induced necrotic-
like cell death and suppression of
IL 6, TNF o, iNOS
immunoreactivity, and release of
NO, besides decreasing the
metabolic activity of BV-2 cells.

Eskes et al.,

2002

Fujimura
et al., 2019

Charleston
etal., 1994

Shinozaki
et al., 2019

Toyama
et al., 2021

Tan et al.,
2019a

Martins
et al., 2022
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signaling pathway and a critical target of MeHg-induced neurotoxicity
[for a review see Aschner et al., 2007], MeHg inhibits glutamate uptake
and stimulates its release into the synaptic cleft, increasing extracellular
levels of this neurotransmitter leading to excitotoxicity (Farina et al.,
2013). This enhanced extracellular glutamate concentration exacerbates
any previous excitotoxic event by overactivation of the N-methyl-p-
aspartate receptors (NMDAR) and GluA2-subunit-lacking a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPAR), which
increases calcium influx into neuron (Pivovarova and Andrews, 2010;
Sceniak et al., 2020). MeHg also affects neuronal function by blocking
sodium and calcium channels, disrupting synapse transmission and
neuronal excitability as observed in CA1 area of rat hippocampus
(Gutiérrez et al., 2018). Interestingly, although disruption of calcium
signaling and glutamate dyshomeostasis may contribute separately to
MeHg toxicity, they are inter-related events (Farina et al., 2013; T. Yang
et al., 2020).

In addition to affecting calcium and glutamate signaling, MeHg can
induce neuroinflammation by releasing neuronal inflammatory media-
tors. Increased levels of “pro-inflammatory™ cytokines such as inter-
leukin 1-p (IL-1p), interleukin 6 (IL-6), tumor necrosis factor-o (TNF-x)
and interferon-gamma (IFN-y), and decreased levels of the “anti-in-
flammatory” cytokine interleukin 10 (IL-10), as well as increased levels
of caspase-1, caspase-3 and caspase-8 (which are involved in cell death)
were detected in vitro after MeHg exposure (Algarve et al., 2019).

Indeed, MeHg can induce neuronal cell death through both apoptotic
and necrotic pathways, depending on the intensity of the insult. For
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example, in the primary culture of cerebellar granule cells, exposure to
5-10 pM of MeHg for 1 hour induced necrotic cell death, while exposure
to lower concentrations such as 0.5 to 1 pM of MeHg for 18 hour induced
apoptotic cell death (Castoldi et al., 2000). Further, in primary cultures
of cortical neurons from neonatal rats exposed prenatally to 4 mg/kg of
MeHg (through the mother), MeHg induced cell death by apoptosis,
while at a higher dose (8 mg/Kg) MeHg induced cell death by both
apoptosis and necrosis (Ferraro et al., 2009). The mechanisms by which
MeHg activates necrotic pathways in neuronal cells are still uncertain,
however, in addition to intensity of the insult, they depend on the cell
type, cellular defense mechanisms (Ferraro et al., 2009, L. Yang et al.,
2020).

Furthermore, prenatal MeHg exposure may increase neuronal dif-
ferentiation of fetal radial glial precursor through CREB phosphoryla-
tion, besides increasing cortical neurogenesis and interfering in
neuronal trajectories during cell migration (Loan et al., 2023). These
MeHg-induced neuronal alterations led to impaired communication,
reduced sociability, and increased restrictive and repetitive behaviors in
young adult rats (Loan et al., 2023). Considering adult neurogenesis,
MeHg seems to affect numerous molecular mechanisms in neural stem
cells including apoptosis, mitochondrial dysfunction, and cell cycle
progression, with potential effects on cognitive function (Faustman
et al., 2002; Raposo et al., 2020; Abbott and Nigussie, 2021).

MeHg intoxication affects neurons significantly, including distur-
bances in neuronal structure and function, neurotransmitter imbalance,
inflammatory mediators, and even cell death, which lead to major
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Fig. 2. Diagram of complex biochemical pathways involved in the neuroprotective and deleterious roles of glial cells in MeHg neurotoxicity. Created with BioRender.
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effects such as altered cognition and behavior (Sokolowski et al., 2013;
Tian et al., 2016; Wu et al., 2016; Shinoda et al., 2019; T. Yang et al.,
2020). However, neurons only constitute half of the brain cells. The
remaining 50 % is comprised of glial cells, which play a crucial role in
the functioning of the CNS (Augusto-Oliveira et al., 2020; Verkhratsky
etal., 2021; Arrifano et al., 2022; Augusto-Oliveira et al., 2022). Among
the glial cells, astrocytes and microglia are particularly implicated in the
MeHg-induced neurotoxicity, acting as protective or aggravating agents
of the toxic effects of MeHg (Fig. 2) (Arrifano et al., 2021; Crespo-Lopez
et al., 2022a,b).

3. Astrocytes and methylmercury
3.1. Astroglial physiopathology

Astrocytes comprise the main glial cells responsible for CNS ho-
meostasis (Kriegstein and Alvarez-Buylla, 2009; Augusto-Oliveira et al.,
2020; Verkhratsky et al., 2020). As electrically silent cells, they respond
to the extracellular environment through a diversity of receptors that
elicit fluctuations of cytosolic ions tightly organized in space and time
(Semyanov et al., 2020; Verkhratsky et al., 2020; Arrifano et al., 2021).
Thus, these cells are involved in several events such as water and po-
tassium transport, maintenance of the BBB, oxidative balance, neuro-
transmitter uptake and metabolism and release of inflammatory
mediators, ultimately modulating synapse plasticity, cognition and an-
imal behavior (Augusto-Oliveira et al., 2020; Verkhratsky et al., 2020;
Arrifano et al., 2021). This functional diversity is closely related to its
molecular and morphological diversity (Augusto-Oliveira et al., 2020).

Astrocytes are widely diverse cells, exhibiting differential tran-
scriptional and proteomic profiles that are brain region-, time- and
species-dependent (Chai et al., 2017; John Lin et al., 2017; Morel et al.,
2017). Of note, this distinct gene expression is closely related to astro-
glial functions (Chai et al., 2017), and it has been used to identify
astroglial subpopulations (Batiuk et al., 2020). In fact, the comparison
between astroglial mRNAs from different brain regions suggests that the
gene expression is different between regions (Doyle et al., 2008; Bayr-
aktar et al., 2020)., Consequently, the coding pattern of proteins as
neuropeptides, glycoproteins, Na+ and K+ channels, glutamate and
GABA receptors, glutamate and glycine transporters, and also chemical
reactions as synthesis of nitric oxide and GABA are different either
(Zhang and Barres, 2010). In the cerebellum, astrocytic gene expression
is modulated by the adjacent mature neurons, suggesting that the
astrocyte-neuron communication would have an important role in the
molecular diversity of astrocytes (Farmer et al., 2016). Cortical astro-
cytes, for example, exhibit molecular patterns which are specific to each
layer of the cortex, and according to the different astrocyte-neuron in-
teractions in each layer (Lanjakornsiripan et al., 2018).

Morphologically, astrocytes are extremely complex cells with high
diversity in both soma and branch; numerous processes, ranging from
short and thick to long and thin branches, compose an intricate arbor-
ization that covers part of the synapses held by neurons and blood
vessels, in addition to maintaining contact with other glial cells (Zhou
et al.,, 2019; Augusto-Oliveira et al., 2020; Arrifano et al., 2022).
Expression of specific markers characterizes this diversity in astrocytic
morphology, including the expression of glial fibrillary acidic protein
(GFAP), calcium-binding protein p (§1008), glutamine synthetase (GS),
and excitatory amino acid transporters (EAATs), among others
(Augusto-Oliveira et al., 2020; Escartin et al., 2021). The GFAP, the
oldest and most used marker (Eng et al., 1971; Hol and Pekny, 2015), is
expressed at different levels in astrocytes depending on cellular matu-
ration and brain region, and under both physiological and pathological
conditions (Savchenko et al., 2000; Augusto-Oliveira et al., 2020). For
example, white matter astrocytes express higher GFAP levels than gray
matter astrocytes (Cahoy et al, 2008). Additionally, expression of
astroglial markers may be modulated by pathological and lifestyle
contexts, as the case for GFAP (Sofroniew, 2020).
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Astrocytes under pathological conditions perform roles contributing
to both deleterious and benefic outcomes in several pathological con-
texts, either i) preserving the nervous tissue and essential functions of
the CNS including maintenance of the antioxidant system, neurotrans-
mitters balance and regulation of BBB permeability or; ii) losing their
functions and/or gaining abnormal functions, thus contributing to
neuronal damage and pathological disorders including neurodegenera-
tive diseases (Escartin et al., 2021) and neurotoxicity induced by xe-
nobiotics such as MeHg (Farina et al., 2011; Malfa et al., 2014; Arrifano
et al., 2021, 2022).

3.2. Astrocytes in MeHg intoxication

Most of the scientific literature investigating astroglial involvement
in mercury neurotoxicity focuses on MeHg effects, the most toxic species
of mercury for the CNS. Astrocytes present high affinity for MeHg,
accumulating it inside the cell (Ni et al., 2011). The presence of neutral
L-type amino acid transporter system (LAT1) in its cell membrane con-
tributes to the intracellular storage of MeHg through the MeHg-L-
cysteine conjugate, which is structurally similar to the endogenous
substrate of LAT1, L-methionine (Simmons-Willis et al., 2002; Yin et al.,
2008).

Within astrocytes, MeHg interacts with reduced glutathione (GSH),
forming an excretable complex, which decreases GSH levels and in-
creases reactive oxygen species (ROS) production, leading to oxidative
stress (Fig. 2) (Farina et al., 2011). Of note, MeHg can raise ROS levels,
mediated by alterations in several MAP kinase-related signaling path-
ways including ERK1/2, p38MAPK and SAPK/JNK (Sasaki et al., 2023).
GSH is the main antioxidant defense, neutralizing ROS and xenobiotic
molecules (Ni et al., 2011), and promoting the maintenance of the
intracellular redox state (Shanker and Aschner, 2001). In addition to the
direct interaction, MeHg interferes with GSH synthesis by inhibiting the
uptake of its precursors (cystine and cysteine) in astrocytes; considering
that astrocytes play an important role in supplying GSH precursors to
neurons, the antioxidant defense of neurons is compromised by reducing
GSH levels and making neurons more susceptible to MeHg intoxication
(Shanker and Aschner, 2001; Allen et al., 2002).

MeHg also interferes with one of the fundamental astrocytic roles in
the CNS homeostasis: the metabolism and uptake of neurotransmitters
from the synaptic cleft (Farina et al., 2011; Mahmoud et al., 2019).
Astrocytes are the main responsible for removing extracellular neuro-
transmitters from the synaptic space, using two types of transporters:
Na-+-dependent and Na-+-independent membrane transporters (Lehre
and Danbolt, 1998; Anderson and Swanson, 2000; Mahmoud et al.,
2019). The Na+-dependent transporter captures most of the synaptic
cleft neurotransmitters (Rose et al., 2018). In addition to uptake less
quantity of neurotransmitters, the Na+-independent transporter cap-
tures cystine, which is a crucial substrate for the antioxidant response
(Anderson and Swanson, 2000).

In the event of MeHg exposure, the metal inhibits EAATS, increasing
the concentration of extracellular glutamate that hyper stimulates
neuronal receptors causing excitotoxicity (Fig. 2) (Aschner et al., 1993;
Yinetal., 2007). This decreased astroglial uptake of glutamate by MeHg
compromises astroglial GSH content, also contributing to neurotoxicity
(Mutkus et al., 2005; Augusto-Oliveira et al., 2020; Arrifano et al.,
2021). Furthermore, MeHg intoxication can stimulate the efflux of
excitatory amino acids, glutamate and aspartate, mediated by astrocytic
swelling (Aschner et al., 1990; Mullaney et al., 1994), aggravating
neuronal damage by excitotoxicity (Aschner et al., 1993).

Additionally, astrocytes express vascular endothelial growth factor
(VEGF), a potent regulatory factor in vascular growth and development
(Nesic et al., 2010; Hirooka et al., 2013). Increased expression of VEGF
can amplify permeability in systemic vessels and even in the BBB,
leading to hypersensitivity, leakage, and edema (Fig. 2) (Ferrara et al.,
2003; Takahashi and Shimohata, 2019). Recently, it was observed that
MeHg may induce VEGF overexpression in astrocytes, in which two
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alternative pathways may be involved: (i) regulation of hypoxia-
inducible factor la-mediated by MeHg-induced ROS; or (ii) MeHg-
induced aquaporin 4 water channels inhibition (Takahashi et al., 2017).

Although not yet investigated, part of the MeHg-induced neurotox-
icity may be associated with a possible disturbance in calcium signaling
in astrocytes, as observed in motor neurons; MeHg-mediated increase in
intracellular calcium concentration has been reported in motor neurons
both from human pluripotent stem cells, through AMPAR (Colon-
Rodriguez et al., 2020), and from the spinal cord of mice, through
NMDAR and voltage-gated calcium channels (Ramanathan and Atch-
ison, 2011). Calcium plays a fundamental role in cellular functions
(Berridge et al., 2003), but the excess in the cytoplasm can activate cell
death pathways (Berridge et al., 2000). It is not yet known whether
MeHg intoxication disturbs calcium homeostasis in astrocytes, so this
discussion opens an interesting window for further investigation.

Other studies have found neuroprotective roles of astrocytes against
MeHg (Arrifano et al.,, 2021). For example, neurons co-cultured with
astrocytes show higher resistance to MeHg when compared to isolated
cultures (of neurons or astrocytes) (Morken et al., 2005; De Simone
et al., 2017). A similar study, using primary cultures of rat cerebral
cortices, suggests that astrocytes can attenuate MeHg-induced gluta-
matergic imbalance in neurons (Yin et al., 2009).

A possible mechanism underlying the neuroprotective role of astro-
cytes in MeHg intoxication is the astrocytic expression of erythroid
nuclear factor linked to factor 2 (Nfr-2) in response to MeHg-induced
oxidative stress (Fig. 2) (Ni et al., 2011). Once activated, Nfr-2 is
translocated to the nucleus and upregulates a series of antioxidant
proteins promoting neuroprotection (Toyama et al., 2007; Wang et al.,
2009; Takemoto et al., 2016). Inhibition of Nfr-2 or its abnormal
expression can aggravate MeHg intoxication, leading to cell death
(Toyama et al., 2007; Ni et al., 2011). Activation of Nfr-2 increases the
GSH synthesis and protects neurons and astrocytes against MeHg-
induced oxidative stress, consequently protecting brain tissue and
function (Shanker et al., 2005; Ni et al., 2011).

Astrocytes also synthesize and release neurotrophins such as nerve
growth factor (NGF) and brain-derived neurotrophic factor (BDNF)
(Schwartz and Nishiyama, 1994). By binding to tropomyosin kinase
(Trk) receptors A and B, respectively, these neurotrophins induce
autophosphorylation of the intracellular tyrosine kinase domain, acti-
vating a signaling pathway for cell survival and neuronal protection
(Fig. 2) (Takemoto et al., 2015; Odaira et al., 2019). Indeed, the upre-
gulation of BDNF and NGF prevents neuronal cell death induced by
excitotoxicity (Lin et al., 1996; Almeida et al., 2005). Recently, it was
reported that the MeHg-induced NGF and BDNF release in astrocytes
would attenuate neuronal cell death (Takemoto et al., 2015), protecting
the auditory system (Ishihara et al., 2019), which suggests a protective
role for astrocytes against MeHg-induced neurotoxicity.

Besides trophic factors, astrocytes release inflammatory factors such
as cytokines and chemokines (Choi et al., 2014; Chen et al., 2015), that
may mediate protective mechanisms against MeHg-induced neuronal
damage. For example, IL-6 released by astrocytes in response to ATP
released by astrocytes or microglia stimulates neuronal adenosine 1
receptors, which are autoreceptors, inhibit synaptic signaling and,
consequently, neuronal hyperstimulation (Fig. 2) (Noguchi et al., 2013;
Shinozaki et al., 2014). Curiously, the release of astrocytic IL-6 mediated
by microglial ATP may lead to an earlier and more sensitive neuro-
protective response to lower concentrations of MeHg (Shinozaki et al.,
2014), suggesting that the interaction between astrocytes and microglia
may trigger a better adapted response to MeHg intoxication. Besides IL-
6, MeHg induces chemokine (CC motif) ligand 2 (CCL2) overexpression
in astrocytes through activation of the transcription nuclear factor-
kappa B (NF-kB) (Fig. 2) (Kim et al., 2012), which can trigger an in-
flammatory response against MeHg neurotoxicity. Blocking CCL2
signaling by inhibiting C—C chemokine receptor type 2 (CCR2) in-
creases neuronal cell death in MeHg intoxication (Godefroy et al., 2012).

Despite these findings, further studies are needed on the mechanisms
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and components involved in astrocyte-mediated inflammatory re-
sponses towards MeHg-induced damage. Perhaps the interactions be-
tween astrocytes represent just one of several adaptive strategies of the
CNS against neurotoxicity promoted by toxic metals.

4. Microglia and methylmercury
4.1. Microglial physiopathology

Microglia are the most responsive immune cells in the CNS,
responding quickly to disturbances in the nervous environment
(Augusto-Oliveira et al., 2019). They derive from primitive macro-
phages that migrate to the neural tube early in embryonic development
before BBB formation (Ginhoux et al., 2010; Stremmel et al., 2018). In
adulthood, microglia seem to promote self-renewal through a finely
tuned region- and age-dependent balance between proliferation and
apoptosis without additional recruitment of cells from the circulating
monocytes (Askew et al., 2017). The density of microglial cells is
approximately 7 % of total non-neuronal cells and it remains relatively
similar among mammalian species (including rodents, carnivores,
marsupials, and primates) and different brain structures, although such
density may vary between cortical white and gray matter (Dos Santos
et al., 2020).

Microglia are involved in several events such as inflammation,
stroke, neurodegenerative diseases, brain homeostasis and cognitive
processes, ultimately influencing animal behavior (Augusto-Oliveira
et al., 2019; Augusto-Oliveira et al., 2022). Such extensive participation
in both physiological and pathological processes in the nervous system
reflects the great diversity of receptors that these cells express in their
membranes, including receptors for neuromodulators, receptors for
neurotransmitters and immunoreceptors (Garaschuk and Verkhratsky,
2019). The wide range of microglial receptors allows these cells to be
highly sensitive to the brain environment and to orchestrate an appro-
priate response to any homeostatic disturbance (Colonna and Butovsky,
2017; Verkhratsky et al., 2021). For instance, by detecting a harmful
stimulus, microglia can release chemical mediators that signal the
recruitment and proliferation of new microglial cells, as well as
phagocytosis of pathogens, injured cells, and/or cellular debris (Tha-
meem Dheen et al., 2007; Shinozaki et al., 2019).

Microglia have idiosyncratic and highly varied morphology in both
physiological and pathological contexts (Augusto-Oliveira et al., 2022).
In the healthy brain, the predominant microglial state is the surveilling
microglia, characterized by a small cell body and elongated, branched
and mobile processes that constantly monitor the nervous environment,
scanning the extracellular space and checking the functioning of adja-
cent cells, ready to respond to the smallest disturbances (Augusto-Oli-
veira et al.,, 2022). By detecting disturbances in CNS homeostasis,
microglia undergo a shift from surveillance to a reactive state, in which
they may present a less complex morphology, characterized by short-
ening and thickening of the processes and a wider cell body (Sierra et al.,
2016). The morphology of this reactive microglia may also vary ac-
cording to the type, intensity, and region of the disease or injury, in
which their morphologies are associated with distinct gene expression
profiles (Paolicelli et al., 2022).

The transcriptional profile of human microglia is quite heteroge-
neous compared to that of other species, although many primate species
retain a central gene program typical of microglia (Geirsdottir et al.,
2019). The combined analysis of single-cell techniques (RNA sequencing
and mass cytometry) revealed that the microglial transcriptional profile
is brain region-, age-, disease-dependent (Sankowski et al., 2019, Y.L.
Tan et al., 2019, Augusto-Oliveira et al., 2022). In the healthy CNS,
molecular profile of microglia is based on a region-dependent spectrum
of expression of microglia-specific genes such as ionized calcium-
binding adapter molecule 1 (Iba-1), purinergic receptor P2YR12,
transmembrane protein 119 (TMEM119) and colony-stimulating factor
receptor (CSF1R) (Sankowski et al., 2019). In the pathological CNS, the
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