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RESUMO

O fluoreto (F) é utilizado na fluoretagcdo de aguas devido a sua atividade anticariogénica e
também esta presente naturalmente e por a¢des antropogénicas em solos e reservatérios,
caracterizando-se como um potencial poluente ambiental. Além da fluorose esquelética e
dentaria em pessoas que vivem em regides com altos niveis de F, alguns estudos exploraram
a associagao entre a exposi¢cdo ao F e danos cognitivos e, embora as evidéncias indiquem
que apenas niveis elevados apresentam um efeito deletério sobre a cognigcdo, um intenso
debate tem crescido em relagdo a seguranca da fluoretagdo artificial do abastecimento de
agua. Dessa forma, este estudo investigou se a exposicao prolongada ao F, da adolescéncia
a fase adulta, sob os paradigmas da fluoretacéo artificial do abastecimento doméstico de agua
e da questdo ambiental, estaria associada a prejuizos de memoria e aprendizagem em
camundongos. Para isso, camundongos com 21 dias de idade receberam por 60 dias, 10 mg/L
ou 50 mg/L de F na agua de beber; o grupo controle recebeu apenas agua sem adi¢ao de F.
Em seguida, as fungdes cognitivas foram avaliadas pelo teste labirinto aquatico de Morris e
Esquiva Inibitéria, seguido pela coleta de sangue e hipocampo para determinag¢ao do nivel F
plasmatico e analise do proteoma hipocampal por espectrometria de massa. Alguns animais
foram perfundidos para analises imunohistoquimicas da densidade de neurbénios maduros nas
regides CA1, CA3, hilo e giro denteado (GD). Os resultados indicaram que a exposigcao
prolongada ao F da adolescéncia a idade adulta aumentou a biodisponibilidade plasmatica de
F e a maior concentragao de F desencadeou prejuizos de memoria de curta e longa duragéo,
estando associados a modulagdo do perfil protedmico global, além de um padrao
neurodegenerativo nas regides CA3 e GD. Assim, em uma perspectiva translacional, os
achados dao evidéncias de potenciais alvos moleculares da neurotoxicidade do F no
hipocampo, além de reforgarem a segurancga de baixas concentragdes de F e da necessidade
de atencgdo as pessoas que vivem em regides endémicas.

Palavras-chave: Fluor; Cognicao; Fluorose; Neurotoxicidade; Protedmica.



ABSTRACT

Fluoride (F) is used in artificial water fluoridation due to its anticariogenic activity, but it is also
present in soils and natural reservoirs due natural high levels or anthropogenic actions,
featuring it as a potential environment toxicant. In addition to skeletal and dental fluorosis in
people living in regions with high F levels, some studies have explored the association between
F exposure and cognitive damages, and although the evidences have indicated that only high
levels pose a deleterious effect on cognition, a heated debated has grown regarding the safety
of water supply artificial fluoridation. In this way, this study investigated whether long-term F
exposure, from adolescence to adulthood, under the paradigms of water fluoridation and
environmental issue, would be associated with memory and learning impairments in mice, and
unravel molecular and morphological aspects involved. For this, 21-days-old mice received for
60 days, 10mg/L or 50mg/L of F in drinking water; the control group received only water without
addition of F. Then, the cognitive functions were assessed by the Morris Water Maze and
Inhibitory Step-down Avoidance test, followed blood and hippocampus collection for plasma F
level determination, and hippocampal global proteomic profile analysis by Mass Spectrometry.
Some animals were perfused for immunohistochemical analyses of mature neurons density in
CA1, CA3, hilus and dentate gyrus (DG) regions. The results indicated that prolonged
exposure to F from adolescence to adulthood increased plasma F bioavailability, and the
higher F concentration triggered short- and long-term memory impairments, being associated
with the modulation of the global proteomic profile, and a neurodegenerative pattern in the
CA3 and DG regions. Our data, in a translational perspective, gives evidences of potential
molecular targets of F neurotoxicity in the hippocampus and reinforces the safety of low fluoride
concentration exposure, besides the need for attention of people living in endemic regions.

Keywords: Fluoride; Cognition; Fluorosis; Neurotoxicity; Proteomic.
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1. INTRODUGAO

O fluor é um elemento ndo-metalico pertencente ao grupo dos halogénios na
tabela peridédica e apresenta como principal caracteristica quimica a sua alta
eletronegatividade. Em seu estado elementar, o flior é raramente encontrado na
natureza, tendo a sua forma ionizada, o fluoreto (F-), uma alta capacidade de formar
compostos organicos e inorganicos ao ligar-se com o hidrogénio, por exemplo,
formando o 4cido fluoridrico (HF), e ao sddio, formando fluoreto de sédio (NaF) (NCBI,
2021).

No meio ambiente, de forma natural, o fluoreto pode ser encontrado em
minerais como fluorita (CaF2), criolita (NasAlFs), fluoroapatita [Cas(POa4)sF], e a
villiaumita (NaF). Enquanto na industria, varios compostos sao sintetizados a base de
fluoreto com as mais diversas finalidades, como os organofosforados sarin
(C4H10FO2P) e soman (CrH1sFO2P), na sintese quimica de farmacos, como a
ofloxacina (C1sH20FN304) e o 5-fluoruracil (C4H3sN2FOz2). O fluoreto também é utilizado
na producao do hexafluoreto de uranio (UFs) que € empregado no enriquecimento do
uranio como combustivel nuclear, na produgao de gasolinas de alta octanagem, na
alquilacao de petroleo e de clorofluorcarbonos, que também s&o usados em aerossois,
refrigerantes e plasticos, por exemplo. Além disso, o fluoreto também é utilizado na
fabricagdo do aluminio metalico, devido ao emprego da criolita (ALVARINHO et al.,
2000; KIM et al., 2011; MUKHERJEE & SINGH, 2018).

O emprego do fluoreto na industria do aluminio € bem consolidado, e varios
estudos apontam altos niveis de fluoretos em trabalhadores, sujeitos a exposi¢cao
ocupacional, niveis significativos no ar e em plantagdes aos arredores das industrias.
Diante disso, é evidente que o fluoreto € um potencial toxicante ambiental e
ocupacional, especialmente quando nao ha utilizacdo de adequada de equipamentos
de protecao individual e manejo adequado dos rejeitos industriais. A exemplo disso,
pode-se destacar o historico da fluoretagdo da agua de abastecimento doméstico com
fins de promogao de saude publica, devido as atividades anticariogénicas atribuidas
ao fluoreto.

No inicio do século XX, Frederick McKay observou que criangas com manchas
no esmalte dentario, futuramente denominadas de fluorose dentaria, em Oakley
(Idaho, Estados Unidos) apresentavam uma maior resisténcia dos dentes manchados

ao desenvolvimento da doencga carie. Anos depois, na cidade de Bauxite (Arcansas,
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Estados Unidos), McKay visitou a Aluminum Company of America (ALCOA) devido
alguns relatos de fluorose dentaria, constatando ao final que o quadro de
manchamento do esmalte dentario era prevalente nas criangas da cidade de Buxita,
mas nao em outra cidade préxima. Os resultados dessa investigagdo chegaram a
diretoria da ALCOA, quando o entdo quimico H. V. Churchill resolveu avaliar a agua
potavel da cidade e constatou altos niveis de fluoretos. Anos depois, em parceria com
McKay, constataram que a resisténcia no desenvolvimento de doencga carie presente
nas criangas de Oakley, estava associada a exposicdo continua e a altas
concentragbes de fluoretos através da agua potavel de um pogo (NARVAI, 2000;
UNDE, PATIL & DASTOOR, 2018; ten CATE & BUZALAF, 2019).

A partir da descoberta, diversos estudos foram realizados a fim de elucidar os
mecanismos envolvidos na atividade anticariogénica do fluoreto, assim como quais
niveis poderiam ser considerados como eficazes e seguros as pessoas. Em 1945,
portanto, os Estados Unidos e Canada adotaram a adigdo de fluoretos a agua de
abastecimento doméstico como medida de saude publica contra a doenca carie, ao
mesmo tempo que serviram como estudos pilotos para avaliar a efetividade do método
e posterior apresentagdo aos 6rgaos reguladores de seguranga sanitaria (NARVAI,
2000; AOUN et al., 2018). A primeira recomendacao oficial da fluoretacao artificial da
agua de abastecimento, em regides desprovidas ou com baixos niveis de fluoreto, se
deu pela American Dental Association em 1950, e depois oficialmente pela
Organizagao Mundial de Saude, que também passou a recomendar a incorporagao
de compostos fluoretados como o fluossilicato de sédio (Naz2SiFs), acido fluossilicico
(H2SiFs), fluoreto de sodio e fluoreto de calcio (NARVAI, 2000; AGNELLI, 2015;
O'MULLANE et al.,, 2016). Essa recomendacdo também determina os niveis
adequados, que atualmente estdo entre 0,5 mg/L a 1,5 mg/L de fluoreto presente na
agua para consumo humano, podendo variar também até 1,7 mg/L devido as
condigbes climaticas da regido em questdo, o que afeta diretamente o volume diario
de agua consumido. No Brasil, a fluoretagdo artificial do abastecimento doméstico foi
oficialmente estabelecida pelo Governo Federal no ano de 1974, pela lei n° 6.050 24
de maio de 1974 e regulamentada pelo decreto n® 76.872, de 22 de dezembro de 1975
(NARVAI, 2000; RAMIRES & BUZALAF, 2007).

Entre as trés maiores fontes de exposicdo ambiental ao fluoreto, ar, solos e
agua, os reservatorios subterraneos de agua sao as maiores fontes (OMS, 2002), e o

aumento dos niveis de fluoreto nos reservatoérios esta diretamente associado as acdes
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antropogénicas e naturais, como atividade industrial, despejo inadequado de rejeitos
industriais, erosao de regides com rochas com compostos fluoretados, que pode levar
a infiltracao do fluoreto em mananciais, lengéis freaticos e aquiferos subterraneos. Um
estudo de SANKHLA & KUMAR (2018) apontou que cidades da india apresentavam
niveis de fluor que variavam de 0,03 a 16,9 mg/L; na China algumas regides variavam
entre 16 a 46 mg/L (CAO & LI, 1992). No Brasil, WHITFORD et al. (1999) reportaram
que no estado da Paraiba os niveis de fluor variavam entre 0,1 mg/L a 2,3 mg/L,
enquanto CORTES et al. (1996), mostraram que no estado do Ceara os niveis
variavam de 2 a 3 mg/L. MOIMAZ et al. (2013) tragaram o perfil de fluoretacédo de
aguas em 40 cidades brasileiras durante 7 anos, e apontaram que cerca de 17% das
amostras possuiam niveis acima de 0,84 mg/L, atingindo niveis de até 6,96 mg/L.

Os questionamentos a respeito do uso sistémico, indiscriminado e/ou causado
por exposicdo ambiental ao fluoreto ganharam reforcos com o surgimento de
evidéncias que o associam a danos em varios processos biolégicos e diferentes
orgaos, mostrando que diferentes concentragdes de fluoreto, em diferentes tempos
de exposigao, sdo capazes de promover danos bioquimicos, genotoxicos, funcionais
e/ou metabdlicas (REDDY et al.,, 2014; BANALA et al., 2015; YAN et al., 2016),
apresentando os efeitos deletérios mais prevalentes em humanos, causados pela
exposicao a altas concentragdes de fluoretos, os quadros de fluorose dentaria e
esquelética (BUZALAF & LEVY, 2011; PECKHAM & AWOFESO, 2014).

Entretanto, muito além das desordens estruturais em tecidos mineralizados,
estudos pré-clinicos apontam ainda que os efeitos deletérios do fluoreto estao
associados ao desencadeamento de estresse oxidativo, déficit metabdlico,
neuroinflamacéo e morte celular por autofagia e apoptose (YANG et al., 2018; LOPES
et al., 2020; SHUSHUA et al., 2021; LIMA et al., 2021; PUTY et al., 2021), tendo
evidéncias que mostram danos sobre a glandula submandibular, testiculos, tireoide e
intestino e no sistema nervoso central (SNC) (JIANG et al., 2016; FENG et al., 2019;
DIONIZIO et al., 2020; LIMA et al., 2021).

Em organismos adultos, a neurotoxicidade do fluoreto esta associada a danos
motores, emocionais e cognitivos em roedores (BARTOS et al., 2018; LOPES et al.,
2020; CAOQO et al., 2021), sendo os danos de memoria e aprendizado relacionados a
modulacdes em componentes sinapticos, como microtubule associated proteins
(MAP), sinaptofisina e receptores da via excitatoria glutamatérgica, além de danos a

componentes estruturais da bainha de mielina, como proteolipid protein (PLP) e
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myelin-associated glycoprotein (MAG) (GE et al., 2018; NIU et al., 2018).
Recentemente, o estudo de FERREIRA et al. (2021) apontou que exposi¢ao pré-natal
ao fluoreto modula significativamente o perfil protedmico do hipocampo da prole, uma
importante area envolvida em fungdes cognitivas, de ratos, além de aumentar a
expressao de brain derived neurotrophic fator (BDNF) e gerar estresse oxidativo. Além
disso, o estudo de DEC et al. (2019) mostrou que o fluoreto é capaz de desencadear
um perfil pré-inflamatoério no SNC.

Algumas evidéncias clinicas apontam que danos neurolégicos relacionados as
fungdes cognitivas podem estar associados a criangas expostas de modo dose-
dependente, como apresentado por CHOI et al. (2012) e DUAN et al. (2018).
Entretanto, em uma recente revisao sistematica e metanalise, (Miranda et al.2021)
embora tenham ratificado a seguranga da exposicdo a baixas concentragdes de
fluoreto, e que a exposig¢ao a altas concentracdes estariam associadas a danos ao
coeficiente de inteligéncia, os estudos observacionais disponiveis na literatura ainda
carecem de robustez e qualidade no desenho metodologico, apresentando baixo nivel
de evidéncia.

Somado a isso, a literatura acerca dos mecanismos dos efeitos do fluoreto em
processos cognitivos de memoria e aprendizado ainda apresenta lacunas no
entendimento, especialmente no que concerne ao SNC em desenvolvimento no
periodo pos-natal, tornando oportuna a investigacdo de vias associadas a esses
danos para maior compreensao e alerta aos possiveis riscos a saude humana. Diante
dessa problematica, esse trabalho objetivou investigar os efeitos da exposi¢cao a
longo-prazo ao fluor em concentragdes representativas da fluoretagdo de aguas de
abastecimento e de regides endémicas de fluorose, sobre aspectos bioquimicos e
morfofuncionais de memdria e aprendizagem associadas ao hipocampo de
camundongos da adolescéncia a fase adulta.

A hipdtese definida baseou-se na ratificagdo da seguranca da exposigdo ao
fluor em concentragbes equivalentes a agua de abastecimento, ndo gerando
neurotoxicidade, observada a partir de aspectos bioquimicos, morfolégicos e
funcionais. Além disso, a segunda hipotese deste trabalho € que a exposicéo
prolongada ao fluor em concentragbes equivalentes as encontradas em regides

endémicas de fluorose esta associada a efeitos deletérios sobre fungdes cognitivas.
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2. OBJETIVOS
2.1. OBJETIVO GERAL

Investigar se a exposi¢ao prolongada e sistémica ao fluoreto, sob os
paradigmas da fluoretagdo artificial do abastecimento doméstico e dos niveis
encontrados em regides endémicas de fluorose, esta associada a modulagdo de
parametros moleculares, morfolégicos e funcionais do hipocampo de camundongos

jovens

2.2. OBJETIVOS ESPECIFICOS

1) Avaliar possiveis mudangas na biodisponibilidade do fluoreto no plasma o de

camundongos expostos a longo-prazo ao fluoreto;

2) Analisar a possivel modulagdo do perfil protedmico hipocampal frente a

exposicao ao fluoreto durante 60 dias;

3) Avaliar se a exposicao prolongada ao fluoreto causa danos as populacdes

neuronais no hipocampo de camundongos;

4) Avaliar os possiveis efeitos da exposi¢ao prolongada ao fluoreto sobre fungdes
cognitivas de aprendizagem, meméria de curta-duragcdo e memoria longa-

duracédo de camundongos expostos desde a adolescéncia a fase adulta.
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ABSTRACT

Fluoride (F) is used in artificial water fluoridation due to its anticariogenic activity, but it is also
present in soils and natural reservoirs due natural high levels or anthropogenic actions,
featuring it as a potential environment toxicant. In addition to skeletal and dental fluorosis in
people living in regions with high F levels, some studies have explored the association between
F exposure and cognitive damages, and although the evidences have indicated that only high
levels pose a deleterious effect on cognition, a heated debated has grown regarding the safety
of water supply artificial fluoridation. In this way, this study investigated whether long-term F
exposure, from adolescence to adulthood, under the paradigms of water fluoridation and
environmental issue, would be associated with memory and learning impairments in mice, and
unravel molecular and morphological aspects involved. For this, 21-days-old mice received for
60 days, 10mg/L or 50mg/L of F in drinking water; the control group received only water without
addition of F. Then, the cognitive functions were assessed by the Morris Water Maze and
Inhibitory Step-down Avoidance test, followed by blood and hippocampus collection for plasma
F level determination, and hippocampal global proteomic profile analysis by Mass
Spectrometry. Some animals were perfused for immunohistochemical analyses of mature
neurons density in CA1, CA3, hilus and dentate gyrus (DG) regions. The results indicated that
prolonged exposure to F from adolescence to adulthood increased plasma F bioavailability,
and triggered short- and long-term memory impairments, being associated with the modulation
of the global proteomic profile, especially of proteins related to synaptic communication, and a
neurodegenerative pattern in the CA3 and DG regions. Our data, in a translational perspective,
gives evidences of potential molecular targets of F neurotoxicity in the hippocampus and
reinforces the safety of low fluoride concentration exposure, besides the need for attention of
people living in endemic regions.

Keywords: Fluoride; Cognition; Fluorosis; Neurotoxicity; Proteomic.



16

1. INTRODUCTION

Fluoride is a chemical element naturally found in the environment that has high
electronegativity and a great capacity to form compounds by binding to other chemical
elements, forming organic and inorganic compounds, such as hydrofluoric acid (HF)
and sodium fluoride (NaF). In addition, fluoride is used in pharmaceutical industry, in
the manufacture of aluminum, it is found in waste of ceramics production, burning of
coal, and is also used in artificial fluoridation of water in the public domestic supply,
due to its anticariogenic activity [1-3]

Since 1945, cities around the world fluoridate their public water supply [4] and
the World Health Organization (WHO) determines optimal levels of fluoride that can be
effective against caries disease, ensuring its safety and effectiveness, between 0.5 —
1.0 mg/L of fluoride [5], ranging from 0.7 — 1.2 mg/L depending on geographical
conditions. Besides that, the WHO although recommends optimal fluoride levels,
states that each local must consider others sources that would influence on daily intake
[6]. However, several questions have been raised in history about safety and ethical
issues involving artificially fluoridated water, which is often erroneously associated with
high levels found in water for human consumption due to environmental pollution
caused by industrial activity or even due to high natural levels, which may cause
fluorosis and other possible neurological disorders [7,8].

Several observational studies have drawn an association between exposure to
fluoride and its impacts on cognitive functions in developing organisms and adults, and
there are also some systematic reviews and meta-analyses that suggest such
association [9,10]. However, in a systematic review recently published by our group [11],
we pointed out that the levels considered optimal by the WHO do not indicate an
association with neurological disorders, but higher levels do, being associated with
damages to the intelligence quotient. However, the strength of evidence available in
the literature to date brings out the weakness of the assertion that any concentration
of fluoride can be detrimental, contrasting with the robust evidence of the safety and
effectiveness of low levels [12].

Thus, we used an experimental design to investigate the association of a low
dose, considered representative of the artificial fluoridation of the domestic supply, and
a high dose, representative of endemic regions of fluorosis, based on molecular,
morphological and functional aspects in mice exposed from adolescence to adulthood
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[13-17]. This window of exposure makes this investigation even more relevant due to
the widespread knowledge that at this stage, the central nervous system is still under
development, presenting similar human neurodevelopment events in children,
adolescents, and young adults.

In this way, this research aimed to answer two main questions: Does prolonged
exposure to low and/or high concentrations of fluoride trigger damages to memory and
learning in mice? If only high concentrations do, what molecular and morphological
characteristics are associated with the different pattern of response to the fluoride
exposure? To answer that, we designed an experimental model using young animals
and screened the global proteomic profile and hippocampus morphology that would be
involved in the outcomes found, comparing the groups in a dose-response model

perspective.

2. MATERIALS AND METHODS

2.1. BIOETHICAL ASPECTS
All the procedures were performed after ethics committee on the use of

experimental animals’ approval, under protocol n® 2422071217 CEUA-UFPA.

2.2. EXPERIMENTAL GROUPS AND EXPOSURE PROTOCOL
A total of 42 male mice (Mus musculus) with 21 days of age and body mass of

approximately 10g were randomly divided into three groups of 14 animals each. The
mice were housed in polypropylene collective cages (maximum of 5 animals per cage)
and fed with food and water ad libitum inside a climate-controlled room, with a 12-hour
light/dark cycle (lights on at 7 a.m.). For 60 days, the experimental groups received by
voluntary consumption, i.e., through a bottle, ultra-purified water with two different
concentrations of fluoride (Sigma-Aldrich, USA), 10mg/L and 50mg/L, to mimic the
chronic ingestion of F by humans in concentrations corresponding to = 2 mg/L
(equivalent to drinking water) and 10 mg/L (equivalent to water from areas endemic to
fluorosis), respectively. These concentrations are justified by the need for fluoride
administration to be 4 to 5 times higher in rodents, in order to reach plasma
concentrations and clinical manifestations similar to those found in humans [18,19]. The

control group received ultra-purified water without fluoride addition for the same period.
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2.3. BEHAVIORAL ASSESSMENT

After the exposure period to fluoride, 14 animals from each group were
randomly selected and taken to the behavioral testing room with attenuated sounds
and controlled lighting and temperature. The animals' habituation to the environment
occurred with a minimum period of 1 hour prior the beginning of the behavioral tests

described below.

2.3.1. Step-down inhibitory avoidance test

The inhibitory avoidance test uses an aversive stimulus as a factor to obtain the
behavioral response of short and long-term memories [20]. The protocol was based on
Oliveira et al. [21], which was carried out in an acrylic box (50x50x35cm), with the
bottom consisting of parallel stainless-steel bars, Tmm in diameter, connected to an
electric current generator. Beside the metal bars, there is a “safe platform”, a region
without spacing and not connected to the electrical stimulus generator. The test
consisted of a 180 second habituation session, in which the animals were placed on
the secure platform and the apparatus exploration was allowed. 30 minutes after the
habituation, the animals were re-exposed to the secure platform with the face facing
away from the observer and, immediately after the animal places all four paws on the
steel bars, an electric shock of 0.4 mA was applied for 1 second (aversive stimulus).
After 90 minutes of the aversive stimulus, the measure of short-term memory retention
was evaluated in a test session, performing the same procedure of exposure to the
apparatus, but without electrical stimulation and with a maximum latency of 180
seconds. The long-term memory test was performed 24 hours after the aversive
stimulus, following the same exposure procedures without electrical stimulation and
with a maximum latency of 180 seconds to observe the animal behavior. The times of
training sessions and short and long-term tests were tabulated and expressed in

seconds, comparing the groups with each other.

2.3.2. Water maze test

This test was used to assess the processes of learning and spatial memory
according to the protocol described elsewhere [22,23] . The task consists of a circular
pool filled with water (25°C) up to 30 cm, divided into four equal quadrants (Q1-Q4)
and with a 29 cm high platform (10 cm?) made of blue acrylic was placed in the center

of the target quadrant (Q4) for the training session and removed from the pool 24 hours
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after training. The platform was camouflaged by adding non-toxic blue dye to the water;
after that, each animal was submitted to four consecutive training sessions with an
interval of five minutes each, period in which the animals remained on the platform for
20 seconds. If the animals were not able to find the hidden platform within 120 seconds,
they were gently led to the platform, where they stayed for 20 seconds. The times in
each quadrant and the time needed for the animals to find the platform were timed. On
the test day (day two), animals were placed in the pool, in the absence of the platform,
and allowed to explore the area for 60 seconds. In addition, the time needed to reach
Q4, quadrant in which the platform was on the training day, and the time spent in Q4

were timed and plotted for statistical analyses.

2.4. SAMPLE COLLECTION PROCEDURES

A total of 18 animals (6 per group) was used for F plasma levels determination
and proteomic analyses. Samples were collected after anesthetic induction with a
solution of ketamine hydrochloride (90mg/kg) and xylazine hydrochloride (10 mg/kg)
(i.p.), and after the loss of all foot and corneal reflexes, blood was collected through
cardiac puncture with the aid of a 3mL syringe and heparinized tubes, with subsequent
centrifugation at 3000 rpm for 10 minutes for plasma collection and freezing in a freezer
at -20°C. Afterwards, the brain was accessed for dissection of the hippocampal
formation in ice-cold phosphate buffered saline (PBS). Afterwards, the samples were
immediately frozen in liquid nitrogen and kept at -80 °C.

2.5. FLUORIDE LEVELS ASSESSMENT

Prior the analysis, the removal of plasma CO2 was performed by adding heated
hexamethyldisiloxane (HMDS) [24,25]. Fluoride concentrations in the samples were
determined in duplicate after HMDS-facilitated diffusion for 12h using the fluoride-
specific electrode (Orion Research, Model 9409) and a miniature calomel electrode
(Accumet, 13-620-79), both coupled to a potentiometer (Orion Research, Model EA
940). Standards of fluoride (0.0048 to 0.19 ug/mL) were prepared in triplicate and
diffused in the same way as the samples. In addition, non-diffused standards were
prepared to have exactly the same concentrations as the diffused standards.
Millivoltage (mV) readings were converted to pg of F using Excel (Microsoft). A

standard curve with a correlation coefficient of r=0.99 was established. Comparison of



20

mV readings will demonstrate that the fluoride in the diffused patterns has been

completely extracted and analyzed (>95% recovery).

2.6. PROTEOMIC ANALYSIS

2.6.1. Protein Extraction and Digestion

In order to characterize the hippocampal proteomic profile of mice exposed to
fluoride, the protocol was carried out following previous work by Bittencourt et al. [23,26].
Briefly, 6 samples from each group were pulverized individually by a cryogenic mill,
with subsequent extraction of soluble proteins with lysis buffer [7M urea, 2M thiourea
and 40mM dithiothreitol (DTT) in ammonium bicarbonate solution (AmBic, 50mM)] and
recovered by centrifugating at 14,000 rpm for 30 minutes at 4°C. Then, 100ug of
protein from two samples, determined by Bradford’s method [27], were pooled
(becoming one single sample) and the following steps were performed in triplicate. A
total of 50ug of protein was removed and diluted in AmBic 50mM to complete the 50uL
volume with a concentration of 1ug/uL.

After protein extraction, the samples were alkylated and digested following the
steps: 1) For each sample, 10uL of AmBic was added, followed by the incubation with
25uL of RapiGEST™ 0.2% (Waters Co., Manchester, UK) at 37°C for 30 minutes; 2)
Then, 2.5uL of 100mM DTT were incubated at 37 °C for 60 minutes, followed by 2.5uL
of 300mM iodoacetamide incubation for 30 minutes at room temperature (in the dark);
3) Afterwards, 10uL of trypsin was added and digestion occurred for 14 hours at 37
°C; Then, to interrupt the enzymatic action, 10uL of trifluoroacetic acid (TFA) 5% was
incubated for 90 minutes with subsequent centrifugation at 14,000 rpm for 30 minutes.
After that, the supernatant was collected and purified by Pierce C18 Spin column. At
the end, the samples were taken to a vacuum concentrator where they reached the
approximate volume of 1L for subsequent addition of 5uL of Alcohol Dehydrogenase
standard (1pmol/pL) + 85uL of acetonitrile at 3% for reading in the mass spectrometer.

2.6.2. Mass Spectrometry and Bioinformatics Analysis

The reading and identification of the peptides was performed in the nanoAcquity
UPLC-Xevo QTof MS system (Waters, Manchester, UK). The difference in expression
between groups was obtained using the ProteinLynx GlobarSERVER software,
considering the level of statistical significance p<0.05 for down-regulated proteins and

1 - p>0.95 for up-regulated proteins. The construction of the proteomic profile tables
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was performed based on data from the Uniprot platform, through their accession IDs

for comparison among the groups.

2.6.3. Bioinformatic Analyses

The bioinformatic analyses were conducted to define the functions from the
Gene Ontology (GO) of biological processes, using the ClueGO plugin of Cytoscape
v.3.7.2 software and protein-protein interaction networks were created by the
ClustMarker plugin [28].

The over-representation analysis was performed as previously describe in Eird
et al., [29] and Ferreira et al., [15]. First, the data regarding the ratio of the previous
analysis were processed and cut values were applied for screening proteins with
expression value in 50% above or below in the exposed condition compared to the
control. The analysis was performed considering only proteins with log2ratio values <
-0.58 or > 0.58. Using the Uniprot conversion tool
(https://www.uniprot.org/uploadlists/), the protein codes were converted into the record
among gene IDs. For proteins with absolute changes, values were assigned -1 (for
proteins detected only in the control) and 1 (for proteins detected only in the exposed
sample). For the ORA analysis, the R studio program was used with the EGSEA plugin
[30]. In this step, the Uniprot database was consulted, for the identification of proteins
and the biological processes they participate in, made available by Bader Lab and after
this verification we used the Cytoscape software [31] with Enrichment Pipeline plugin
for grouping the sets of proteins previously consulted and after that the main biological
processes were selected for graphic analysis. Subsequently, a protein-protein-
interaction analysis was performed (https://www.networkanalyst.ca/) [32] to construct
the representative image, according to the number of interactions of the proteins with
the other proteins found altered. A minimum of 10 interactions was applied. The image

was generated by the R studio program with the GOplot plugin.

2.7. MORPHOLOGICAL ANALYSIS

After the behavioral tests, 8 animals per group were randomly assigned to
immunohistochemical evaluations, being firstly anesthetized with ketamine
hydrochloride (90mg/kg) and xylazine hydrochloride (10 mg/kg) to be perfused with
heparinized saline solution (0.9%) followed by phosphate buffered solution (0.2 M) of
4% paraformaldehyde. The brains were post-fixed in Bouin’s solution for 4 hours,

processed and embedded in Paraplast® (Sigma-Aldrich, USA) and cuts were obtained
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at 5 ym in a microtome. For immunohistochemistry, the slides with sections were
previously deparaffinized and immersed in PBS for 3 minutes before incubation in
citrate buffer at 70°C for 25 minutes to recover the antigenic site. Then, to inhibit the
endogenous peroxidase, the slides were incubated in a solution of methanol and
hydrogen peroxide (3:100, v/v) for 30 minutes in the dark. We used the Anti-NeuN
(1:100, Milipore) antibody, for quantitative investigation of neuronal populations after
differentiation from neuroblasts to mature neurons and Horse anti-mouse secondary
antibody (1:100, Vector Laboratories, USA). The revelation was performed by 3.3’
diaminobenzidine (DAB) in PBS, and mounted with coverslip and Entellan (Merck,
Germany).

The NeuN+ cells counting was carried out in a bright field microscope (Nikon,
eclipse E200) with a grid of 0.0062mm? coupled to the ocular lens, under 40x
magnification. The hippocampal areas elected for cell count are CA1, CA3, Dentate
Gyrus and Hilus, according to Bittencourt et al. [23]. The representative
photomicrographs were taken by a DS-Fi3 microscope camera attached to the Nikon
Eclipse Ci H550s bright field microscope.

2.8. STATISTICAL ANALYSES

Data were tabulated in GraphPad Prism 7.0 software. For data analyses, one-
way or two-way ANOVA was performed depending on the variable, followed by Tukey's
post-hoc test, assuming the value of p<0.05. The results were expressed as mean *

standard error of mean.

3. RESULTS

3.1. THEINCREASED FLUORIDE BIOAVAILABILITY DID NOT IMPACT ON
BODY WEIGHT GAIN

The validation of the systemic administration was determined by fluoride plasma
levels, and the results confirmed the exposure by the increasing fluoride bioavailability
in a dose-dependent manner (p = 0.0002). The control group showed a mean
concentration of 0.02 pg/mL (£0.002), while 10 mg/L group presented the
concentration of 0.05 pg/mL (x0.007) and the 50 mg/L group, 0.08 pg/mL (£0.007) as
shown in figure 1A. Moreover, the body weight gain during the experimental period

was not affected by fluoride exposure (p > 0.05, Fig. 1B).
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Figure 1. Effects of 60 days fluoride exposure to 10 mg/L or 50 mg/L from adolescence to
adulthood on the fluoride plasma levels of mice (A) and body mass gain during the experimental
period (B). Data are presented as mean = S.E.M. In A, One-way ANOVA with Tukey’s post-hoc test;
In B, Two-way ANOVA with Tukey’s post-hoc test. Different overwritten letters indicate statistical
difference (p<0.05).

3.2. THE PROLONGED AND SYSTEMIC EXPOSURE TO F MODULATES
THE GLOBAL PROTEOMIC PROFILE OF MICE HIPPOCAMPUS

The hippocampal proteomic profile of mice exposed to both fluoride

concentrations were significantly changed according to the table 1.

Table 1. Quantitative distribution of proteins with different status of regulation among the group
comparison

Comparison Up-regulated | Down-regulated | EXxclusive in first Exclusive in
group second group
10 mg/L vs. Control 126 65 136 117
50 mg/L vs. Control 121 23 140 104
50 mg/L vs. 10mg/L 86 138 109 87

The bioinformatic analysis of biological processes in which the proteins are
involved showed a similar profile among the group comparisons as summarized in
Table 2, being the most impacted processes related to morphological and energy
metabolism aspects. The complete list of biological processes is presented on
supplementary table 1 and the complete list of proteins of each comparison on
supplementary tables 2, 3 and 4.

Table 2. List of biological processes based on Gene Ontology according to the

hippocampal proteome in each group comparison

Group . . Number of genes
Comparison Biological Process (%)
Axon guidance 13.9
10mg/L x Control Regulation of axonogenesis 12.6

Dendritic spine morphogenesis 8.8
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Mitochondrial ATP synthesis coupled proton 7.5
transport
Glycolytic process through fructose-6-phosphate 6.3
+ 16 biological processes
Axon guidance 13.5
Regulation of axonogenesis 10.6
Mitochondrial ATP synthesis coupled proton 6.7
50mg/L x Control transport
Regulation of dendritic spine development 6.7
Transcription corepressor activity 5.8
+ 22 biological processes
Regulation of axonogenesis 12.6
Axon guidance 9.5
Positive regulation of dendritic spine development 9.5
50mg/L x 10mg/L
gt x g Arp2/3 complex-mediated actin nucleation 7.4
Mitochondrial ATP synthesis coupled proton 6.3
transport

+ 20 biological processes |

The over-representation analysis (Figure 2) showed the interaction of 59
proteins categorized in six main biological processes according to Gene Ontology, as
cellular component organization, nervous system development, response to stimulus,

metabolic process, nervous system process, synaptic signaling.

Log2Ratio Cellular component

organization

Nervous system
development

Response
to stimulus

Metabolic process

Nervous system process

L """',’ - 2
§§§ 5 § g § Synaptic signaling

Figure 2. Circos plot chart of protein-protein interaction (PPI) in the hippocampus of mice
exposed to 10mg/L or 50mg/L of fluoride. The PPI are associated with biological processes as cellular
component organization (yellow), nervous system development (light blue), response to stimulus (pink),
metabolic process (greyish blue), nervous system process (green) and synaptic signaling (beige), based
on Gene Ontology annotations. Each protein is described with its respective Uniprot accession ID, and
each colorful rectangle indicate a different comparison, with log2ratio ranging from -1 to 1.
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3.3. THELONG-TERM F EXPOSURE CAUSED A NEURODEGENERATIVE
PATTERN IN HIPPOCAMPUS OF MICE ONLY IN THE HIGHEST
CONCENTRATION

The exposure to 50 mg/L of fluoride during 60 days reduced the mature neurons
density in CA3 when compare to control and 10 mg/L groups (adj. p value < 0.0001),
and in Dentate Gyrus, when compared to control group (adj. p value = 0.02). No
significant changes were observed in CA1 and hilus regions (p>0.05; Fig. 3) in 50 mg/L
exposed group, and no difference was diagnosed in any hippocampal area of animals
from 10 mg/L group.
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Figure 3. Effects of fluoride exposure from adolescence to adulthood in the mature neurons’
density in hippocampus of mice. Immunohistochemistry performed by anti-NeuN labeling in CA1 (A-
D), CA3 (E-H), Dentate Gyrus (I-L) and Hilus (M-P) of mice hippocampus. Data are presented as mean
+ S.E.M of the neuron density. Different overwritten letters indicate statistical difference (p<0.05, One-
way ANOVA with Tukey’s post-hoc test). Scale bar: 50um.
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34. EXPOSURE TO HIGH F CONCENTRATIONS FOR 60 DAYS IS
CAPABLE OF DAMAGING COGNITIVE PARAMETERS IN MICE
EXPOSED FROM ADOLESCENCE TO ADULTHOOD

The aversive memory by step-down inhibitory avoidance test showed that both
short-term (adj. p value = 0.0005; Fig. 4A) and long-term (adj. p value = 0.03; Fig. 4B)
memories were impaired after 50 mg/L of fluoride exposure. No damages were

observed in the 10 mg/L group (p>0.05).
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Figure 4. Effects of fluoride exposure from adolescence to adulthood on step-down inhibitory
avoidance test performance of mice. In A and B, step-down latency (seconds) in the short-term (1.5h)
and long-term (24h) memory assessments, respectively. Different overwritten letters indicate statistical
difference (p<0.05, One-way ANOVA with Tukey’s post-hoc test).

Regarding the spatial memory, during the training phase, the animals in the 50
mg/L group showed poorer performance compared to the control and 10 mg/L groups
(adj. p value < 0.0001), requiring more time to reach the target quadrant after 3 training
sessions (Fig. 4B). When assessing a learning parameter (Fig. 4D), long-term
exposure to 50 mg/L F reduced the time spent in Q4 in comparison to control (adj. p
value = 0.01).
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Figure 5. Effects of fluoride exposure from adolescence to adulthood on Water Maze test
performance of mice. In A and B, Escape Latency Time (ELT, seconds) in 1stand 4" training sessions,
respectively. In C, Arrival Latency Time (ALT, seconds) in the target (Q4) and in D, Time Spent
(seconds) in the target (Q4). Different overwritten letters indicate statistical difference (p<0.05, One-way
ANOVA with Tukey’s post-hoc test).

4. DISCUSSION

This study evidenced that the long-term exposure to high concentrations of
fluoride can trigger damages to cognitive functions associated with the hippocampus
in mice exposed from adolescence to adulthood. The results pointed that, underlying
the short- and long-term memories impairment, a neurodegenerative pattern in CA3
and DG regions from hippocampus is triggered, besides an intense global proteomic
profile modulation of proteins related to synaptic function, neuroplasticity and energy
metabolism. No functional impairments were observed in mice exposed to low
concentrations, even with increased fluoride bioavailability and proteome modulation.

We designed our experimental model based on three main points: The animals’
age, once we begun to exposed them to fluoride at age of 21 days; The concentrations
elected, once it has a translational relevance because the lower one (10 mg/L) is
equivalent to the levels found in water supply artificially fluoridated, and the higher (50
mg/L), equivalent to regions with endemic fluorosis [19]; and the long-term exposure
model, both adapted to rodent’'s metabolism [18], that lasts from adolescence to the

adult stage of animals. Thus, to validate our exposure model, we assessed the fluoride
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plasma levels, which showed an increase on fluoride plasma bioavailability in the
exposed animals, being in accordance with previous publications that also evidenced
damages to the hippocampus of rats exposed during the intrauterine and lactational
periods [15], and in the cerebellum [14] and salivary glands [33] of adult mice.

It is well known that mammals’ brains continue to develop even after birth, and
for this reason, the CNS is susceptible to xenobiotic damages in this period [34]. At the
age of 21 days until 60 days old, mice brain undergoes through several modifications
and reach total maturation, and as reviewed by Semple et al. [35], this period
corresponds to humans with 2 to 20 years old, due the similarities of developmental
events that occurs in both species, as peak in synaptic density, in myelination rate,
refinement of cognitive-dependent circuitry, synaptic density adult levels and others
[35]. In this way, several observational studies have pointed to the neurodevelopmental
toxic effects of fluoride exposure (for review see Choi et al. [36]; and Grandjean [37]).
Thus, these points reinforce the representativeness of our study, especially
considering the dichotomy between the fluoridation of water supply and the
environment toxicological concern, and provides reliable evidences to literature
regarding pre-clinical outcomes associated with fluoride long-term exposure.

We evaluated different biological organizational levels, as molecular,
morphological and functional aspects from hippocampus, a pivotal structure from
central nervous system (CNS) involved in cognitive processes as memory and
learning. Cognitive functions are defined as a set of abilities related to emotions,
communication, hearing processing, decision making, learning and memories [38]
These two last components involve complex molecular processes and anatomical
structures, which allow the subdivision according to the duration (short — and long-
term) and content (declarative or procedural), for example [39]. In the step-down
inhibitory avoidance task, the amygdala is an important anatomical region due the
emotional aspect in this test, however the hippocampus is pivotal for memory formation
[20], on the other hand, in the water maze test, the spatial memory formation and
learning processes are mediated, mainly, by the hippocampus [40]. Thus, we elected
the hippocampus as the region of interest due to its importance in both ethological
approaches and the results evidenced damages to short- and long-term memories in
the step-down inhibitory avoidance trial, and on long-term memory and learning
abilities by the Morris’ water maze test, triggered by high fluoride concentration

exposure.
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The neurotoxic effects of fluoride have been attributed to several mechanisms,
as metabolic impairment, oxidative stress, neuroinflammation, apoptosis [41]. Previous
publications showed a decrease on ATP synthesis and a decrease on reduced
glutathione and oxidized glutathione ration in glial-like cells after fluoride exposure [42],
increase on oxidative stress markers, as lipid peroxidation and nitrites, in the
cerebellum of adult mice and hippocampus of rats exposed to fluoride during the
gestational period [14,15]. Besides that, the neuroinflammatory profile triggered by
fluoride has been associated with the microglial activation, increase on interleukin-1,
interleukin-6 and tumor necrosis factor-a in hippocampus [43,44]. These molecular and
biochemical features may culminate into reduced cell viability and cell death by
autophagy and apoptosis [45,46], resulting into a neurodegenerative process and loss
of neural function.

In this perspective, we analyzed the neuronal density from four regions from
dorsal hippocampus: CA1, CA3, hilus and DG. No morphological changes were
observed in CA1 and hilus, but the significative damages observed on CA3 and DG
seems to be associated with the cognitive impairments triggered by 50 mg/L of fluoride
exposure. The DG acts as an input link between the entorhinal cortex and the
hippocampus, and a site of projections from the hippocampus to others brain areas
[47], and the CA3, also receives inputs from the entorhinal cortex by the perforant path
and from the DG by the mossy fiber [48], which compose the anatomical pathways
involved in hippocampal-related memories.

Previous publications investigated the possible damages triggered by fluoride,
however, the majority used different ages, and higher fluoride concentrations. Two
studies in particular assessed the global proteomic profile of rat exposed to 100 mg/L
of fluoride [49] and to 20mg/kg/day of NaF (i.p.) for 30 days [50] which may be interesting
to elucidate mechanisms of fluoride neurotoxicity, but face some important limitations
regarding the translational point of view in the justificative of dose and temporal
exposure window.

Our proteomic approach showed that fluoride exposure modulates the
hippocampal proteome at both concentrations, and interestingly, several proteins were
commonly found in both comparisons and with different status of regulation. The over-
representation analysis allows to investigate the common biological processes among
the three comparisons performed in the proteomic approach, and revealed that some

of those common proteins are mainly related to cellular component organization,
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nervous system development, response to stimulus, metabolic process, nervous
system process and synaptic signaling. In this way, we suggest that the different
pattern of response after the exposure to low and high fluoride levels may site on those
biological processes.

The first set of proteins that must be discussed are involved in the response to
stimulus, that play an important role in the different patterns of response between
exposed groups. The heat shock proteins (HSP) are molecular chaperones involved
in the processes of oxidative stress signaling, transcription processes, protein
maturation and re-folding, and degradation [51]. Those proteins were suggested
elsewhere [52] as possible new therapeutical tools, being associated with
neurodegenerative diseases [53], and part of neurodevelopment by mediating cell
growth and migration, axon guidance, and angiogenesis [54]. The exposure to 10 mg/L
caused down-regulation of HSP 70 kDa protein 1B (P17879), 70 kDa protein 1-like
(P16627); up-regulation of 75 kDa, mitochondrial (Q9CQN1) and 90 kDa-beta
(P11499); exclusive expression of 70 kDa protein 4 (Q61316), 70 kDa protein 4L
(P48722) and 105 kDa (Q61699) in exposed group. On the other hand, the 50 mg/L
caused down-regulation of P16627, HSP 71 kDa protein (P63017), 70 kDa protein 2
(P17156); and up-regulation of Q9CQN1 and HSP 90-alpha (P07901). This proteomic
modulation may be associated with a response to the damages triggered by fluoride
exposure and even a compromise on hippocampal neurodevelopment.

As mentioned before, in addition to serving as a marker of proteome protection
or damage, HSPs are also important markers in oxidative stress [55]. In this
perspective, the proteomic approach also revealed the significant modulation of
antioxidant enzymes, such as the up-regulation of Glutathione S-transferase Mu 1, 2
and 7 (P10649, P15626 and Q80W21, respectively), Peroxiredoxin-2 (Q61171), and
Superoxide dismutase [Cu-Zn] (P08228); and the exclusive expression of Glutathione
S-transferase P 1 and 2 (P19157 and P46425, respectively) in 10 mg/L group. Also, it
was observed the exclusive regulation of Peroxiredoxin-1 (P35700), Peroxiredoxin-4
(O08807) in 10 mg/L group. In the 50 mg/L, the proteins P15626 and Q80W21 were
also up-regulated in comparison to control, in addition to Glutathione S-transferase Mu
5 (P48774) and Peroxiredoxin-5, mitochondrial (P99029). The proteins P35700 and
008807 were found exclusively expressed in 50 mg/L. These findings suggest a
positive response of the enzymatic antioxidant system against reactive oxygen species

in the hippocampus of mice exposed to 10 mg/L and 50 mg/L of fluoride. The changes
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on these proteins, and others components from antioxidant system, are associated
with the fluoride-induced oxidative stress, one of the fluoride mechanisms of damage
[44].

In fact, the execution of neural functions is dependent on several structural
components, molecular pathways and neurochemical communication. In this
perspective, based on the over-representation analysis, we can highlight three
biological processes: Cellular component organization, Nervous system process and
synaptic signaling, which presented cytoskeletal proteins, synaptosome components,
and proteins related to dendritic organization.

The cytoskeleton rearrangement plays a key role in the process of transporting
synaptic vesicles [56], besides the maintenance of cell morphology, and both actin
filaments and microtubules had their structural components significantly altered.
Several Tubulin alpha and beta chains (see supplementary tables 2 and 3) were found
up-regulated in 10 mg/L group, but down-regulated in 50 mg/L group. This may indicate
an important impairment on microtubule function, once this cytoskeleton component is
important to maintain the cell shape, dendritic morphogenesis and the intracellular
tracking of vesicles [57].

Moreover, actin filaments are well known as participants of many biological
processes, such as cell migration and division, but are also determinants in the
formation of dendritic spikes and consequent long-term memory consolidation, and
also participate actively in neuronal exocytosis and endocytosis process [56,58,59].
Interestingly, this cytoskeleton component had an opposite profile in comparison to
microtubule constituents. Several actin isoforms were down-regulated in 10 mg/L
group, and up-regulated in 50 mg/L, such as Actin, alpha cardiac muscle 1 (P68033),
Actin, alpha skeletal muscle (P68134), Actin, aortic smooth muscle (P62737) and
Actin, gamma-enteric smooth muscle (P63268). This up-regulation profile of actin
filaments is often found in reactive astrocytes and may indicate astrocyte reactivity to
an injury triggered by fluoride.

Other set of proteins directly associated with the cytoskeleton, is the microtubule
associated protein (MAP) group, which acts as stabilizers of microtubules [60]. The
proteomic approach revealed the up-regulation of MAP 2 (P20357; up-regulated in 10
mg/L group in comparison to control) and MAP 1A and 6 (Q9QYRG6 and Q7TSJ2,
respectively) exclusive expression in 10 mg/L in comparison to control. The Q9QYR6

was found exclusively in 50 mg/L group in comparison to control, but down-regulated
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in comparison to 10 mg/L group. Besides, when it comes to neurons, the MAP is
important to maintain the synaptic plasticity [61] along with other proteins such as
Postsynaptic density proteins 93 and 95, also known as Disk Large Homolog 2
(Q91XM9) and 4 (Q62108), respectively besides the Synaptophysin (Q62277),
composing the pre- and post-synaptic platforms and synaptic vesicle [62-64]. The 10
mg/L group showed exclusive regulation of Q91XM9 and Q62108 in exposed group,
and down-regulation of (Q62277) in comparison to control, and unique in 10mg/L group
in comparison to 50 mg/L. This profile suggests that the lower fluoride concentration
triggered an increase on synaptic activity, and the higher concentration, a reduced
synaptic activity, which may explain the behavioral results found.

Following this perspective, the exposure to 10 mg/L caused down-regulation of
Calcium/calmodulin-dependent protein kinase type Il subunits alpha (P11798) and
beta (P28652), Calmodulin-1, 2 and 3 (PODP26, PODP27 and PODP28, respectively),
while the 50 mg/L, caused up-regulation of them. This protein complex plays several
biological roles involving the calcium signaling pathways, as synaptic plasticity [65]. It
is known as one of the major set of proteins present in post-synaptic platform, and is
involved in cognitive functions as memory and learning [66,67].

In this way, underlying the functional impairments observed in the behavioral
assessment, and the molecular and morphological features, the long-term exposure to
fluoride seems to be associated with an intense modulation of proteins related to
synaptic transmission, by increasing the regulation some synaptosome components
when mice are exposed to 10 mg/L, and an opposite pattern when exposed to 50 mg/L.
Besides this scenario, the neurodegeneration found in hippocampal regions are also
indicative of how long-term exposure to high concentrations of fluoride may trigger

cognitive damages.

5. CONCLUSIONS

In conclusion, the fluoride long-term exposure to optimal levels by artificially
fluoridated water is not associated with cognitive impairments, while the high
concentration exposure triggered memory and learning deficits, associated with a
neurodegenerative pattern. Our results point to new investigations in longer times and
at different ages to better elucidate whether the molecular alterations found at 10 mg/L

are really harmless to cognitive function.
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ANEXO A — CERTIFICADO DO COMITE DE ETICA EM EXPERIMENTAGAO
ANIMAL

Comissao de Etica no
S~ 1. Universidade Federal do Para Uso de Animais

CERTIFICADO

Certificamos que a proposta intitulada "INVESTIGAGAO DOS EFEITOS TOXICOLOGICOS DA EXPOSICAO CRONICA AO FLUORETO DE
SODIO NO SISTEMA NEROVOSO CENTRAL DE CAMUNDONGOS", protocolada sob o CEUA n2 2422071217 (b 000737), Sob a
responsabilidade de Rafael Rodrigues Lima e equipe; Leonardo de Oliveira Bittencourt; Giza Hellen Nonato Miranda; Géssica de
Oliveira Lopes; Lodinikki Lemoy Davis - que envolve a produgdo, manutengdo e/ou utilizagdo de animais pertencentes ao filo
Chordata, subfilo Vertebrata (exceto o homem), para fins de pesquisa cientifica ou ensino - estd de acordo com os preceitos da Lei
11.794 de 8 de outubro de 2008, com o Decreto 6.899 de 15 de julho de 2009, bem como com as normas editadas pelo Conselho
Nacional de Controle da Experimentacdo Animal (CONCEA), e foi aprovada pela Comisséo de Etica no Uso de Animais da
Universidade Federal do Paré (CEUA/UFPA) na reunido de 22/02/2018.

We certify that the proposal "Toxicological effects evaluation of chronic Sodium Fluoride exposure on Central Nervous System of
mice", utilizing 60 Heterogenics mice (60 males), protocol number CEUA 2422071217 (o 000737), under the responsibility of Rafael
Rodrigues Lima and team; Leonardo de Oliveira Bittencourt; Giza Hellen Nonato Miranda; Géssica de Oliveira Lopes; Lodinikki
Lemoy Davis - which involves the production, maintenance and/or use of animals belonging to the phylum Chordata, subphylum
Vertebrata (except human beings), for scientific research purposes or teaching - is in accordance with Law 11.794 of October 8,
2008, Decree 6899 of July 15, 2009, as well as with the rules issued by the National Council for Control of Animal Experimentation
(CONCEA), and was approved by the Ethic Committee on Animal Use of the Federal University of Para (CEUA/UFPA) in the meeting
of 02/22/2018.

Finalidade da Proposta: Pesquisa
Vigéncia da Proposta: de 02/2018 a 09/2019 Area: Instituto de Ciéncias Biolégicas
Origem: Biotério Central ICB/UFPA

Espécie: Camundongos heterogénicos sexo: Machos idade: 21 a 30 dias N: 60
Linhagem: Mus musculus Peso: 30a40g

Local do experimento: Laboratério de Biologia Estrutural e Funcional - ICB

Belém, 04 de novembro de 2021

Bodardla de Tnalss Tacduc M lurg B 7 elloo,

Profa. Dra. Barbarella de Matos Macchi Profa. Dra. Maria Vivina Barros Monteiro
Coordenadora da Comissdo de Etica no Uso de Animais Vice-Coordenadora da Comissao de Etica no Uso de Animais
Universidade Federal do Para Universidade Federal do Para

Rua Augusto Correa, 01 - Reitoria (térreo) - Bairro Guama. CEP 66075-110. Belém-Paré. - tel: 980412500
Horério de atendimento: 22 a 62 das 8h as 18h - remoto : e-mail: ceua@ufpa.br
CEUA N 2422071217



