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O Aluminio (Al) é o metal de maior exposi¢cdo humana, no entanto os efeitos do metal
em nivel de exposi¢do humana ainda sdo pouco conhecidos. Assim, o objetivo desse estudo foi
investigar os efeitos da exposicdo ao Al por 60 dias em dose equivalente a exposi¢cdo humana
ao metal através da dieta sobre o Sistema Nervoso Central (SNC), Sistema Nervoso Periférico
(SNP), sistema reprodutor masculino e sistema cardiovascular e, comparar com os efeitos de
uma exposicdo alta ao metal com efeitos toxicos conhecidos. Para isso, ratos Wistar com 3
meses de idade foram divididos em: 1) Grupo 1: baixas doses de Al, onde durante 60 dias 0s
ratos receberam por dgua de beber: a) Controle — agua ultrapura; b) Al na dose de 1,5 mg/kg de
peso corporal e, ¢) Al na dose de 8,3 mg/kg de peso corporal e, 2) Grupo 2: alta dose de Al,
onde durante 42 dias os ratos receberam por gavagem: a) Controle — 4gua ultrapura; b) Al na
dose de 100 mg/kg de peso corporal. O tratamento com Al mesmo em baixas doses prejudicou
a memoria de reconhecimento de objetos e promoveu o desenvolvimento de catalepsia nos
ratos. Somado a isso, a exposi¢do ao Al aumentou os niveis de espécies reativas de oxigénio
(EROs) e de peroxidacéo lipidica, reduziu a capacidade antioxidante e inibiu a atividade da
acetilcolinesterase no hipocampo dos animais. No SNP, o Al promoveu o desenvolvimento de
alodinea mecéanica, aumentou o0 estresse oxidativo sistémico, induziu inflamagdo com
recrutamento de macrofagos e, o metal foi capaz de depositar-se entre as fibras do nervo ciatico.
J& no sistema reprodutor masculino, a exposicdo ao Al reduziu a contagem espermatica, a
motilidade e a producdo diéria de espermatozides, aumentou a porcentagem de espermatozoides

com anormalidades morfoldgicas, alterou a estrutura testicular, aumentou os niveis de estresse



oxidativo e a inflamacéo testicular, demonstrando que uma baixa concentragdo do metal nos
testiculos (3.35 pg/g) é o suficiente para comprometer a espermatogénese e a qualidade dos
gametas masculinos. No sistema cardiovascular, o Al aumentou a pressdo arterial sistolica,
reduziu a resposta vasodilatadora a acetilcolina, aumentou a resposta vasoconstritora a
fenilefrina, reduziu a modulagcdo endotelial na resposta vasoconstritora, reduziu a
biodisponibilidade de 6xido nitrico, o envolvimento dos canais de potassio nas respostas
vasculares e aumentou a producdo de EROs principalmente via NAD(P)H oxidase e de
prostanodides contrateis da via da COX-2. A exposi¢do ao Al aumentou o estresse oxidativo em
artérias aorta e mesentérica, reduziu a expressao de mRNA de eNOS e SOD1 e aumentou a
expressdo da isoforma da NAD(P)H oxidase 1, COX-2 e a expressdo de TXA-2 R. Tomados
em conjunto, nossos dados demonstram que a exposicao subcronica ao Al por 60 dias em baixa
dose, que reflete a exposicdo humana ao metal através da dieta, alcanga um limiar toxico
suficiente para promover efeitos adversos no SNC, SNP, sistema reprodutor masculino e
sistema cardiovascular. Além disso, os efeitos de uma exposicdo em baixa dose sao

praticamente 0s mesmos de uma exposi¢édo alta ao metal.

Palavras-chave: metal; disfuncdo cognitiva; disfuncdo periférica; qualidade espermatica;

disfuncao vascular; estresse oxidativo; inflamacao.
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Aluminum (Al) is the most important environmental and human contaminant. While a
good deal of research has been conducted on the acute toxic effects of Al, little is known about
the effects of longer-term exposure at human dietary Al levels. Therefore, the purpose of this
study was to investigate the effects of 60-day Al exposure at low doses on Central Nervous
System (CNS), Peripheral Nervous System (PNS), male reproductive system and
cardiovascular system for comparison with a model of exposure known to produce toxicity in
rats. Three-month-old male Wistar rats were divided into two major groups: 1) Grou 1, low
aluminum levels - rats were treated orally by drinking water for 60 days as follows: a) Control
— received ultrapure drinking water; b) Aluminum at 1.5 mg/kg b.w. and ¢) Aluminum at 8.3
mg/kg b.w. and 2) Group 2, high aluminum level - rats were treated through oral gavages for
42 days as follows: a) Control — received ultrapure water; b) Aluminum at 100 mg/kg b.w. Al
treatment even at low doses promoted recognition memory impairment seen in object
recognition memory testing and catalepsy behavior in rats. Moreover, Al increased
hippocampal reactive oxygen species (ROS) and lipid peroxidation levels, reduced antioxidant
capacity and decreased acetylcholinesterase activity. On PNS, Al promoted the development of
mechanical allodynia, increased inflammation in the sciatic nerve, systemic oxidative stress
and, is able to be retained in the sciatic nerve. Regarding the male reproductive system, Al
decreased sperm count, daily sperm production, sperm motility, normal morphological sperm,
impaired testis histology; increased oxidative stress in reproductive organs and inflammation

in testis, showing that low concentrations of Al in testes (3.35 pg/g) are sufficient to impair



spermatogenesis and sperm quality. On cardiovascular system, Al increased systolic blood
pressure, decreased acetylcholine-induced relaxation, increased response to phenylephrine,
decreased endothelial modulation of vasoconstrictor responses, the bioavailability of nitric
oxide, the involvement of potassium channels on vascular responses, as well as increased ROS
production from NAD(P)H oxidase and contractile prostanoids mainly from COX-2 in both
aorta and mesenteric resistance arteries (MRA). Al exposure increased vascular ROS
production and lipid peroxidation as well as altered the antioxidant status in aorta and MRA.
Al decreased vascular eNOS and SOD1 mRNA levels and increased the NAD(P)H oxidase 1,
COX-2 and TXA-2 R mRNA levels. Taken together, our data demonstrate that 60-day
subchronic exposure to low doses of Al from feed and added to the water, which reflect human
dietary Al intake, reaches a threshold sufficient to promote adverse effects on SNC, PNS, male
reproductive system and cardiovascular system. Moreover, these effects were almost the same

as Al exposure at much higher levels.

Keywords: metal; cognitive dysfunction; peripheral neuropathy; sperm quality; vascular

dysfunction; oxidative stress; inflammation.
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PARTE |

INTRODUCAO

1 ALUMINIO

1.1 Propriedades Fisico-quimicas do Aluminio

O aluminio (Al) é o metal mais presente e o terceiro elemento mais abundate da crosta
terreste, apds oxigénio e silicio (EXLEY, 2012). Apesar da sua abundancia, ndo apresenta
fungdo essencial em nenhum sistema bioquimico de qualquer organismo existente (EXLEY,
2013). Pertencente ao terceiro periodo da familia do Boro (familia 111A) da Tabela Periddica,
possui nimero atdbmico 13 e, na sua forma elementar, o Al € um metal de cor branca prateada
(AZEVEDO; CHASIN, 2003).

Inicialmente extraido da bauxita, principal minério rico em Al com 52% de 6xido de
aluminio, o metal tem uma valéncia fixa de I11, de modo que os compostos de Al podem libertar
o0 ion APF*em solugdo aquosa. No entanto, apenas pequenas quantidades de APP* existem em
solugéo aquosa uma vez que em pH neutro o metal apresenta uma tendéncia a precipitar-se e/ou
formar compostos polinucleares complexos / polihidroxidos moderadamente solGveis, o que
ndo ocorre em pH acido (HALLIWELL; GUTTERIDGE, 1999).

A alta valéncia do ion AB* (+3) juntamente com seu pequeno raio atdmico conferem ao
metal caracteristicas fisico-quimicas altamente desejaveis como alta reatividade, condutividade
para calor e eletricidade, maleabilidade, leveza, baixo ponto de fusdo, resisténcia a corroséo e
grande reciclabilidade (ALDRIDGE; DOWNS, 2011). Devido as suas caracteristicas e grande
versatilidade de uso, o Al tornou-se apos a Segunda Guerra Mundial 0 metal ndo-ferroso mais
utilizado no mundo (OECD, 2015). No Brasil, a demanda por Al na industria, transporte,
transmissdo elétrica e infraestruturas em geral, estimulou a producdo do metal e, tornou o Brasil
0 4° maior produtor mundial de bauxita e o 3° maior produtor mundial de alumina (BRASIL,
2012; CNI, 2012).

Além das importantes caracteristicas fisicas e baixo custo de producédo o Al ainda possui
um potencial de reciclagem praticamente ilimitado e igualmente pouco custoso (1Al, 2009).
Assim, ainda que o Al possa ser substituido por outros materiais em algumas de suas aplicacbes

como por magnésio, titanio, ago ou cobre, essa susbtituicdo ndo é economicamente vantajosa
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para a industria e, reduziria a qualidade, eficiéncia, leveza e, a praticamente infinita capacidade

de reciclagem do Al.

1.2 Exposi¢do Humana ao Aluminio

A habilidade de separar o Al de seus minérios em escala industrial transformou o metal
que antes era em grande parte decorativo para 0o metal mais utilizado do século XXI
(AZEVEDO; CHASIN, 2003). As sociedades industrializadas, a queima de combustiveis
fosseis e a versatilidade dos compostos de Al contribuiram para o estabelecimento de um espaco
temporal recentemente batizado de “A Era do Aluminio”, periodo compreendido entre o século
XX até os dias atuais (EXLEY, 2013).

Diariamente os seres humanos estdo expostos ao Al onde, fontes dietéticas e néo-
dietéticas sdo responsaveis pela carga corporal humana do metal. A exposi¢cdo humana ao Al
pela dieta ainda € a principal forma pela qual os humanos estdo expostos ao metal. Sais de Al
sdo adicionados aos alimentos processados por inUmeras razdes, como por exemplo: corantes,
emulsificantes, conservantes, para ajuste de pH, como agentes neutralizantes e tamponamento.
A 4gua também € uma fonte de exposi¢do humana ao Al uma vez que o sulfato de Al é utilizado
para o tratamento da agua potavel, em um processo chamado de coagulacdo-floculacao
(WALTON, 2014).

A Organizacdo Mundial de Saude (OMS) aponta que em média a exposicao derivada de
alimentos para um adulto é de 5 mg/dia, chegando a 5g/dia para usuarios regulares de antiacidos
e analgésicos contendo Al (Food and Agriculture Organization of the United Nations / World
Health Organization - FAO/WHO, 2007). A exposicao por meio da dgua para um adulto é de
aproximadamente 0,1 mg/L, representando 4% do total de exposicdo oral. No Brasil o
Ministério da Salde estipulou uma concentracdo maxima de Al na agua para 0 consumo
humano de 0,2 mg/L (Portaria 2914/2011, Ministério da Saude, 2011). Estima-se que a ingesta
de Al exclusivamente pela dieta corresponda a um montante de 1 a 95 mg/Al/dia, no entanto
essa € uma estimativa altamente variavel uma vez que toda e qualgquer ingesta alimenticia
representa uma carga de exposi¢cdo humana ao Al, o que praticamente inviabiliza uma
mensura¢do mais precisa (GREGER, 1993). Além disso, o uso de medicamentos contendo Al
aumenta consideravelmente a exposicdo humana ao metal. Antiacidos e aspirinas tamponadas
podem fornecer doses de 50-1000 mg / Al por dia (REINKE et al., 2003).
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Recentemente, agéncias reguladoras internacionais ajustaram de 7 para 1 mg/Al/kg de
peso corporal a exposicdo semanal maxima ao Al pela dieta (Joint Food and Agriculture
Organization/World Health Organization Expert Committee on Food Additives JECFA - WHO
2007 and, European Food Safety Authority - EFSA 2008), no entanto esse valor € facilmente
excedido por uma grande parcela da populacdo (FEKETE et al., 2013; GONZALEZ-WELLER
et al., 2010; YANG et al., 2014). Além disso, levando em consideracdo as inimeras fontes de
exposicdo humana ao Al, ndo ha uma normativa internacional que regule ou estabeleca 0s
valores maximos seguros advindos das multiplas formas de exposicdo (EXLEY, 2013).

Dentre as formas de exposicdo humana ndo-dietética ao Al estdo o uso do metal de
forma intencional na formulacdo de produtos estéticos, cosméticos, desodorantes, protetores
solares, cremes corporais e medicamentos e/ou atraves da contaminagdo com o ambiente.
Antitranspirantes podem fornecer até 2g de Al diretamente na pele todos os dias e, 0 uso de
protetores solares pode fornecer até 5g de Al em um Unico dia de aplicacdo (EXLEY, 1998;
NICHOLSON; EXLEY, 2007; PINEAU et al., 2012). O uso do Al para fabricacdo de proteses
cirurgicas e odontoldgicas também estdo entre as formas de exposicdo ndo-dietética
(NICHOLSON; CZARNECKA, 2009; ZAFFE; BERTOLDI; CONSOLO, 2004). Incluido
nessa categoria estd o uso do Al como adjuvante em vacinas onde os sais hidroxido de aluminio,
[Al(OH)z]e o oxido hidroxido de aluminio, [AIO(OH)], séo os adjuvantes mais utilizados e,
encontrados em vacinas contra o tétano, hepatite A, hepatite B, Haemophilus influenzae B,
pneumocacica, meningocdcica e antraz. O uso dos compostos de Al para otimizar a resposta
imunoldgica & vacinagdo ndo tem sido apontado como algo indcuo, ao contrario tem sido
relacionado com o desencadeamento de diversas complicaces neuroldgicas e imunoldgicas
(GHERARDI et al., 2015). Recentemente, 0 uso nas vacinas contra o Papiloma Virus Humano
(HPV) de um novo adjuvante contendo Al vem sendo relacionado com o surgimento de efeitos
adversos como danos neuroldgicos irreversiveis e morte de criancas e adolescentes em paises
onde foi estabelecida a vacinacao preventiva contra o cancer do colo do Utero. Segundo a OMS,
foram registrados mais de 167.900 reacOes adversas relacionadas a vacinagdo e a notificacdo
de 280 mortes (OMS, 2017).

1.3 Rotas Corporais de Entrada do Aluminio
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A carga corporal humana de Al é uma relacdo dinamica entre as rotas / vias de entrada
do Al e caracteristicas individuais de metabolismo e excre¢do (EXLEY, 2013). A figura 1

representa brevemente como o corpo humano é impactado pela exposicdo diaria ao Al (Fig 1).
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Fig 1. Aluminium's exposome, adaptado de EXLEY, 2013. Esquema representando a relagdo entre exposi¢do ao

Al, fontes de exposi¢do, 6rgdos-alvo do metal, possiveis mecanismos de agao e excregao.

Primeiramente descritas apenas como importantes barreiras frente a exposicao ao Al, as
4 principais superficies corporais: pele, nariz, pulmao e trato gastro-intestinal (TGI) contribuem
também para a carga corporal humana de Al além de serem alvos da toxicidade do metal
(EXLEY, 2013).

A natureza dos compostos de Al que estéo presentes em aplicac@es tdpicas, a quantidade
e a frequéncia de uso sugerem que a pele pode ser considerada uma rota de entrada de Al tanto
local como sistémica (YANAGISHITA et al., 2012). A aplicacédo topica de Al como por uso de
antitranspirante ou protetor solar e, consequentemente transporte do metal pelo estrato corneo
da epiderme envolveria a difus@o passiva por rotas trans e paracelulares, entretanto, acredita-se

que seja minimo (FLAREND et al., 2001) (Fig. 2). No entanto, a presenca intacta de outras



32

estruturas da epiderme como glandulas sudoriparas e foliculos pilosos facilitariam o transporte
e acesso do Al a derme e hipoderme, sistema linfatico e sanguineo bem como possibilitaria a
persisténcia do metal nessas estruturas (Fig. 3) (YANAGISHITA et al., 2012).

HMW-Al%q)
-Al° +
LMW-ACwo (@) AP

Fig 2. Rotas de transporte e distribuicdo do Al no corpo humano. Esquema representando as 5 possiveis rotas pelas
quais o Al pode ser transportado entre membranas ou células epiteliais: (1) paracelular; (2) transcelular; (3)
transporte ativo; (4) canais; (5) absortiva ou endocitose mediada por receptores (LMW: low molecular weight,
neutral, soluble complexes; HMW: high molecularweight, neutral, soluble complexes; LMW-AI(L)n: low
molecular weight, charged, soluble complexes +/-; Al(L)n(s): nano and micro-particulates), adaptado de EXLEY,
2013.

A cavidade nasal também representa uma importate rota de entrada do Al no corpo
humano. Apds exposicdo a particulas de Al, como no uso de antitranspirantes aerosois ou a
presenca ambiente de Al, o metal entra na cavidade nasal e, apos impactar-se com o epitélio
pode permanecer entre as camadas mucosas ou ser transportado pela clearance mucociliar. O
altimo sera direcionado para o TGI enquanto que o primeiro permanecera entre as camadas da
mucosa respiratoria, sendo ambos fontes locais ou sistémicas de Al para o corpo (PERL;
GOOD, 1987). Além disso, o epitélio olfativo apresenta continuidade com o nervo e bulbo
olfatério, o que poderia representar uma rota de entrada de Al para o cérebro (DIVINE et al.,
1999).
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Fig 3. Exposicdo topica ao Al. Figura representando a exposicdo tépica ao Al, onde a pele atuara como fonte de
Al biologicamente ativo, tanto para as camadas mais internas da pele como para a circulagao sistémica, adapatado
de EXLEY, 2013.

O sistema respiratério apresenta uma grande area de superficie para interacdes gas-
particulas, presenca de diferentes tipos celulares, proteinas transportadores e canais, podendo
assim constituir uma importante rota de entrada, acimulo e distribuicdo sistémica de Al
(RITHIMAKI; AITIO, 2012).

Ja o TGI é o acolhedor imediato de todo Al ingerido pela dieta e do Al depurado pelo
processo de limpeza de vias aéras ap0s exposicdo a suas particulas. Além das inimeras funcoes
inerentes ao TGI relacionadas a absorcdo de nutrientes e auxilio no controle de funcdes
imunoldgicas, por meio das alteracdes de pH o TGI oferece oportunidades para absorc¢éo,
retencdo no tecido ou mucosa e eliminacdo do Al através das fezes, aléem de recentemente
apontado como um 6rgdo-alvo do Al (POWELL; JUGDAOHSINGH; THOMPSON, 1999).

1.4 Absorcao, Distribuicdo e Excrecdo do Aluminio

A forma de exposicdo ao Al determinara a entrada, absorcdo e possivel acimulo do
metal no corpo humano. Ainda que a entrada do Al possa ocorrer principalmente por 4
diferentes vias (TGI, nariz, vias aéreas / pulmdes ou pele), somente a absorcéo via TGI tem
recebido adequeda aten¢do no meio cientifico e, ainda assim 0 mecanimo de absorcao ainda
ndo estd totalmente esclarecido (EXLEY et al., 1996; ITTEL, 1993). Sugere-se que
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caracteristicas individuais como estado de saude do individuo e do TGI possam influenciar a
absorcdo do metal (EXLEY et al., 1996).

A absorcdo do Al pelo TGI é inferior a 1%, ainda que controversa essa afirmacdo pode
sugerir uma importante participacdo das demais rotas de entrada contribuindo para a carga
corporal de Al (XU et al., 1992). A mucosa do TGI parece ter um importante papel na absorgéo
do Al por essa via, podendo dificultar ou facilitar a absor¢do do metal (COCHRAN et al., 1993).
O Al, em determinadas condicGes, pode alterar caracteristicas reolégicas do muco, o que
poderia comprometer barreiras protetoras epiteliais (EXLEY et al., 1996). Em condi¢des acidas
como no ambiente estomacal o Al é solubilizado e dissociado o que favorece a sua absorcéo,
no entanto sugere-se que ao entrar em contato com o intestino o metal volte a precipartar-se
reduzindo assim a absor¢do do Al (POWELL et al.,1994). No entanto, dietas ricas em
substancias &cidas como o citrato poderiam facilitar a absorc¢éo do Al pelo TGl (YOKEL et al.,
1996).

Esforgos tém sido feitos para o entendimento do mecanismo pelo qual o Al torna-se
sistémico. Sugere-se o envolvimento de internalizacdo celular (transporte transcelular) ou
transporte paracelular de Al. A internalizacéo celular de Al seria um processo passivo e incluiria
endocitose, a simples difusdo de complexos eletricamente neutros ou possivelmente lipofilicos
e a difusdo facilitada atraves de canais idnicos especificos para cations (EXLEY; BIRCHALL,
1992). Ja o transporte paracelular seria uma consequéncia da toxicidade induzida pelo Al e ndo
apenas devido a presenca de Al no meio extracelular. Por exemplo, um desequililbrio na
homeostase do célcio intracelular induzido por Al parece reduzir a eficacia de juncdes
compactas intracelulares (tight junctions) em peixes, aumentando assim a permeabilidade
epitelial. Somado a isso, a associacdo do Al a membranas celulares e consequente dano as
barreiras protetoras parece estar associado a toxicidade induzida pelo metal (EXLEY;
CHAPPELL,; BIRCHALL, 1991; EXLEY, 1996). Similar mecanismo foi atribuido ao citrato,o
qual parece aumentar a absorcéo de Al via TGI por alterar a permeabilidade de juncdes tight
intracelulares (FROMENT et al., 1989). Assim, a taxa de absorcdo do Al via TGI vai depender
desses dois mecanismos de absor¢do, no entanto, suspeita-se que o transporte paracelular ocorra
com uma velocidade maior que a internalizacdo celular de Al (EXLEY; CHAPPELL;
BIRCHALL, 1991). Outro importante fator a influenciar as taxas de absorcao de Al é a forma
(quimica / complexado) na qual o metal € carregado para o interior celular ou, tratando-se de
transporte paracelular, a forma com a qual o metal entra na corrente sanguinea e fluidos

intersticiais. Por exemplo, a incorporacdo de um complexo Al-transferrina ou de uma molécula
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lipofilica neutra poderdo influenciar os efeitos diretos da internalizagdo e absor¢do do metal
(EXLEY; CHAPPELL; BIRCHALL, 1991; HARRIS et al., 1996).

Distribuicdo é o termo utilizado para abordar o transporte do Al e 0 seu acimulo em
diferentes compartimentos corporais. A presenca do metal ja foi registrada em sangue total
(GRANADILLO et al., 1995), tecidos e 6rgdos (WALKER et al., 1994) e, em diferentes
compartimentos celulares como citosol, mitocondria, lisossomos e ndcleo (KING et al., 1994).
O acumulo do metal em diferentes 6rgdos e tecidos tem recebido especial aten¢do. Os primeiros
registros apontavam o tecido 6sseo e cerebral como principais alvos parao depoésito de Al
(CRAPPER et al., 1973; ROMANSKI et al., 1993), sequido do tecido renal (SPENCER et al.,
1995), hepatico (LOTE et al., 1993), muscular, cardiaco e testiculo (NOREMBERG et al.,
2016).

No entanto, o transporte e distribuicdo do Al no corpo estdo sobre um controle
termodinamico e cinético. O primeiro refere-se a disponibilidade biologica do Al a partir de
uma pespectiva de equilibrio quimico, enquanto que, o ultimo refere-se a rota dinamica que o
Al percorre na busca de um equilibrio. O ultimo é o mais importante tratando-se da
disponibilidade biologica do Al, ja que a carga coporal do metal esta em continuo estado de
fluxo entre os diferentes compartimentos corporais e sob influéncia das taxas de absorcéo e
excrecdo (EXLEY et al., 1996). Além disso, a busca de um equilibrio ou a ocorréncia de uma
situacdo (por ex. um trauma) em que desencadeie uma redistribuicdo de Al entre o0s
compartimentos corporais pode transformar uma carga corporal de Al em um determinado
orgao antes benigna em niveis toxicos do metal. Importante ponto na toxicidade sistémica do
Al sugere-se inclusive que a disponibilidade bioldgica no cérebro e consequente
desencadeamento de doencas atribuidas ao metal, possa estar relacionado com sua
redistribuicdo antes acumulado em outros compartimentos corporais como o tecido ¢sseo
(EXLEY etal., 1996; KHAN et al., 2013).

O sangue é provavelmente o principal distribuidor do Al sistémico, uma vez que nao
existem dados concretos da presenca de Al na linfa. No sangue o Al pode ser encontrado no
soro ou associado a fracGes celulares. Estudos sugerem que o Al sérico esteja ligado a
transferrina e que esta proteina seja a principal responsavel pelo transporte e distribuicao do Al
sistémico. No entanto, estudos cinéticos contestam (EXLEY; BEARDMORE; RUGG, 2007;
BEARDMORE; RUGG; EXLEY, 2007) essa afirmativa e apontam bioligantes de baixo peso
molecular para o AP*como o citrato, fosfato e hidréxido atuando na distribuicdo do metal entre
0 sangue e tecidos (BEARDMORE; EXLEY, 2009).
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Assim como ocorre com a absorcdo e distribui¢do sistémica do Al, 0 mecanismo de
excrecdo do metal € pouco conhecido. O Al é excretado do corpo pelas fezes (GREGER,;
BAIER, 1983), urina, pele, cabelo, unhas (IYENGAR, 1998), suor (GENUIS et al., 2011), e
também parece ser excretado pelo sémen (HOVATTA et al., 1998). Devido a baixa solubilidade
do Al (principalmente os sais), a grande maioria do metal ingerido e considerado ndo-sistémico
parece ser excretado pelas fezes, enquanto que a urina parece ser a principal rota de excrecéo
do Al sistémico (EXLEY, 2013).

1.5 Toxicidade do Aluminio

Respostas celulares e sistémicas desencadeadas pela exposicdo ao Al e pelo alcance de
uma carga corporal do metal podem ser chamadas de metabolismo do Al e, incluem os efeitos
toxicos do metal. Esses efeitos ja foram observados em diferentes sistemas e 6rgéos e, ainda
que pouco esclarecidos, tem se atribuido as caracteristicas pro-oxidantes, citotdxicas,
inflamatdrias, imunogénicas ou mutagénicas do metal (EXLEY, 2013).

O Al é um potente pro-oxidante podendo agir por duas diferentes vias, pode ligar-se ao
radical anion superoxido (O2™) formando o complexo Al-anion superdxido, uma espécie
potencialmente mais reativa que o 02" (EXLEY, 2004), assim como por sua agao sinérgica
com o ferro promovendo a chamada Aluminum Fenton Reaction Promotion Cycle. Ao
promover a reacdo de Fenton através do ciclo: 1) O Al é capaz de estabilizar o O2™; Il) O
complexo resultante Al (111)-superoxido € capaz de reduzir o Fe (I11) para o Fe (I1); e entéo, 1)
O Fe (Il) pode induzir a formacdo de radicais —OH pela reacdo de Fenton. Ao final desses
passos, que podem ser visualizados na figura 4, serdo gerados espécies reativas de oxigénio e a
recuperacio do Al na sua forma hidrolitica (AI**) o qual estara pronto para dar inicio a um novo
ciclo (RUIPEREZ et al., 2012).
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Fig 4. Aluminum Fenton Reaction Promotion Cycle, adaptada de RUIPEREZ et al., 2012.

A citotoxicidade causada pelo Al tem sido evidenciada em estudos com animais
experimentais e, parece estar implicada nas doencas neurodegenerativas. Uma caracteristica
comum entre as avaliacBes de citotoxicidade causada por Al € a elevada e sustentada presenca
de célcio livre intracelular, como ocorre na Doenca de Alzheimer (DA) (EXLEY, 1999;
EXLEY, 2012; KHACHATURIAN, 1994; SASS et al., 1993).

Além disto, a exposicdo humana ao Al tem sido fortemente relacionada com o
desencadeamento de cascatas inflamatdrias com a ativacdo de mediadores e biomarcadores pro-
inflamatdrios, estes relacionados com a acdo pro-oxidante do metal (JOHNSON; SHARMA,
2003; LUKIW; PERCY; KRUCK, 2005) em um amplo nimero de doencas (CAMPBELL,;
BONDY, 2000; GHERARDI et al., 2001; PERL et al., 2000).

A capacidade excitatoria do Al sobre o sistema imunoldgico é conhecida ha pelo menos
100 anos e, é a base para o uso dos sais de Al como adjuvantes em vacinas e terapias
antialérgicas. No entanto, 0 seu mecanismo de a¢do assim como a causa da crescente toxicidade
induzida por adjuvantes em individuos susceptiveis sdo, em sua maior parte, desconhecidos
(KHAN et al., 2013; TOMLJENOVIC; SHAW, 2011).

A mutagenicidade induzida por Al tem sido sugerida ha anos, no entanto estudos
enfocando a imunogenicidade, cardiogenicidade e/ou teratogénicidade sdo escassos
(BANASIK et al., 2005). Células epiteliais da mama na presenca de Al em concentracfes
similares as encontradas em celulas cancerigenas acumulam mutagdes, possibilitando assim o
desenvolvimento de tumores e metastases (SAPINO et al., 2012; MANDRIOTA et al., 2016).
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No entanto, muito ainda precisa ser esclarecido no que tange a relagcdo do Al e o cancer de
mama (MANDRIOTA et al., 2017; EXLEY, 2013; LINHART et al., 2017).

1.6 Efeitos do Aluminio no Sistema Nervoso Central e Periférico

Apobs exposicdo ao Al, a taxa do metal que ndo é excretada pode acumular-se em
diferentes 6rgéos do corpo humano (CREPEAUX et al., 2017; FLATEN, 2001; LI et al., 2011).
A presenca do metal em diferentes regides cerebrais desencadeia respostas toxicas ja
observadas in vitro ou in vivo (BONDY, 2015; WALTON, 2014). Fenotipicamente, 0 acimulo
do metal no cérebro parece desencadear alteracdes comportamentais, danos a memoria e
aprendizado e, reducéo da atividade locomotora em animais experimentais (LAKSHMI et al.,
2015; KASBE et al., 2015).

Especial atengdo tem sido empregada no estudo da relacdo entre a exposi¢cdo ao Al e o
desenvolvimento de doengas neurodegenerativas (FLATEN, 2001; WALTON, 2014; WANG
et al., 2016). Por muitos anos o Al tem sido apontado como uma neurotoxina envolvida direta
ou indiretamente no desencadeamento da DA. Estudos epidemiol6gicos mostram a associacéo
positiva entre a exposicdo ao Al através do consumo de dgua ou exposicao ocupacional com
maiores casos da DA (FLATEN, 2001; WALTON, 2014; WANG et al., 2016). Pacientes com
DA apresentam grandes concentracGes do metal nas artérias que irrigam o hipocampo e, ja foi
demonstrado que o Al é capaz de desencadear respostas neuroquimicas e neuropatotogicas
similares as encontradas em pacientes com a doenca (BHATTACHARJEE et al., 2013,
WALTON, 2014). Recentemente, concluiu-se que o acimulo e retencdo do Al no céerebro
contribui tanto para o inicio quanto para a progressdo agressiva de todas as formas da DA
(EXLEY, 2017, MIRZA et al., 2017).

Efeitos do Al no Sistema Nervoso Periférico (SNP) sdo menos relatados, entretanto
sugere-se que o0 metal possa estar envolvido no desenvolvimento de neuropatias periféricas. O
consumo de agua contaminada por Al (13.17 - 15.70 ppm) em Kirazli, Peninsula Biga, NW
Turquia, foi relacionado a maiores casos de neuropatia periférica na regido (BAKAR et al.,
2010). Alémdisso, a dor neuropatica causada pela cisplatina em camundongos e o concomitante
acumulo de Al em neur6nios de ganglio da raiz dorsal foram aliviados pela administracdo de
glutationa e, os autores atribuem os efeitos a capacidade antioxidante e quelante da glutationa
(LEE et al. 2017).



39

1.7 Efeitos do Aluminio no Sistema Reprodutor

O aumento dos casos de infertilidade masculina e a concomitante reducdo da qualidade
espermatica nas Ultimas décadas sugerem o envolvimento de fatores ambientais e/ ou
ocupacionais (CARLSEN et al., 1992; NELSON et al., 1974; SHEINER et al., 2003). Com 0
advento da globalizacdo e sociedades modernas o Al tem se tornado cada vez mais presente no
dia a dia da populacdo, sendo assim, comecaram a ser postulados possiveis efeitos dessa
crescente exposicdo sobre a saude reprodutiva (DAWSON et al., 1998; HOVATTA et al., 1998;
JAMALAN et al., 2016). Recentemente, verificou-se que a presenca de Al no sémen humano
estd relacionado a reducdo da qualidade espermatica, especificamente, pacientes com
oligozoospermia apresentaram maior concentracdo de Al quando comparados aos pacientes
sem disfungéo reprodutiva (KLEIN et al., 2014).

Experimentalmente, animais expostos ao Al apresentaram alteracdes hormonais,
reducdo de parametros de qualidade espermatica, anormalidades histopatologicas em 6rgaos
reprodutores e infertilidade (ABDEL-MONEIM, 2013; GUO et al., 2005; IGE; AKHIGBE,
2012; JAMALAN et al., 2016; MOHAMMAD; ARAFA; ATTEIA, 2015; SUN et al., 2011;
ZHU et al., 2014). No entanto, estudos experimentais abordando os efeitos toxicos do Al sobre
0 sistema reprodutor foram conduzidos com doses altas que ndo correspondem a niveis
proximos de exposicdo humana ao Al (ODA, 2016; SUN et al., 2011; ZHU et al., 2014).

1.8 Efeitos do Aluminio no Sistema Cardiovascular

Os efeitos do Al no sistema cardiovascular sdo pouco conhecidos, no entanto estudos
tém reconhecido um possivel risco cardiovascular apds exposicdo ao metal
(KORCHAZHKINA et al., 1999; LIND et al., 2012; SUBRAHMANYAM et al., 2016). Nos
Gltimos anos, dados epidemioldgicos apontam um papel do Al no desencadeamento de doencas
cardiovasculares, demonstrando que trabalhadores expostos a particulas aerodinamicas de Al
com didmetro <2.5 um apresentam maiores riscos para cardiopatia isquémica (COSTELLO et
al., 2014; NEOPHYTOU et al., 2016; SUBRAHMANYAM et al., 2016). Somado a isso, 0 Al
parece apresentar grande afinidade por células endoteliais humanas, uma vez que demonstrou-

se 0 acumulo do metal em diferentes leitos vasculares e, a presenca circulante do Al parece
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contribuir para a rigidez arterial e formacéo de placas ateroscletéticas (BHATTACHARJEE et
al., 2013; LIND et al., 2012; MINAMI et al., 2001; SUBRAHMANYAM et al., 2016).

Estudos experimentais sobre o efeito do Al no sistema cardiovascular ddo suporte aos
dados epidemiolégicos. Animais expostos por 120 dias ao Al na dose de 256 mg Al/kg de peso
corporal apresentaram um aumento na pressdo arterial e danos a membrana eritrocitaria
(ZHANG et al., 2016). Além disso, uma Unica dose intraperitoneal (i.p.) de Al a 0.5 mg/kg
aumentou a expressao de renina em ratos (EZOMO et al., 2009). Igualmente, nosso grupo
demonstrou que uma Unica exposi¢do ao Al na dose de 100 mg/kg de peso corporal via i.p. é
capaz de alterar a resposta vascular reduzindo a reatividade vascular (SCHMIDT et al., 2016).
Entretanto, como demonstrado os estudos conduzidos até 0 momento empregaram doses de Al
consideradas altas.

Ainda que evidéncias experimentais e epidemioldgicas apontem o Al como um potente
agente toxico frente a diferentes sistemas e 6rgaos, muito ainda precisa ser estudado sobre 0s
efeitos da presenca corporal desse metal ndo essencial. Atualmente, ndo ha uma normativa
internacional que regule os niveis seguros de exposic¢do ao Al tomando como base as inUmeras
fontes de exposicdo humana ao metal e, os dados experimentais disponiveis advem de estudos
realizados com altos niveis de exposicdo ao metal. Nesse sentido, sdo necessarios estudos
experimentais que simulem a exposicdo humana ao Al para que assim, os efeitos da presenca

do Al no corpo humano possam ser melhor esclarecidos.



41

2 JUSTIFICATIVA

O crescente avango na expectativa de vida da populagcdo mundial vem acompanhado de
um similar aumento no nimero de casos de doencas crénicas. Mesmo com o grande avango
médico e farmacoldgico, as doengas cardiovasculares ainda representam a maior causa de
morbidade e mortalidade no mundo (GORADEL et al., 2017). J& as doencas
neurodegenerativas representavam em 2010 um total de 35,6 milhdes de diagndsticos e, a
projecdo € que em 2050 existam cerca de 1,25 bilhGes de pessoas com deméncia no mundo, o
que representaria 22% da populacdo mundial (WIMO; PRINCE, 2010). E, em relacdo ao
sistema reprodutor, recentes descobertas evidenciam um declinio da qualidade do esperma
humano e o aumento da infertilidade masculina inclusive em paises que possuiam os melhores
indices de fertilidade, sugerindo assim o envolvimento de fatores externos nessa mudanga de
paradigma (LEVINE et al., 2017).

E crescente 0o nimero de evidéncias que apontam a presenca de fatores ambientais
interferindo negativamente na salde da populacédo e no desencadeamento de doencas cronicas
(QIU et al., 2009). O Al € o metal de maior exposicdo humana e, a sua versatilidade e ampla
utilizacdo nos setores industriais e domeésticos aumentaram consideravelmente a exposicao
humana ao metal que ocorre principalmente pela dieta, cosméticos e medicamentos (EXLEY,
2013; EXLEY, 2012). Sem apresentar funcdo bioldgica, a presenca do Al no corpo humano
parece estar relacionada com o desenvolvimento de doencas crénicas como DA, aumento do
risco cardiovascular e reducdo da fertilidade masculina (COSTELLO et al., 2014; KLEIN et
al., 2014; NEOPHYTOU et al., 2016; WALTON, 2014; WANG et al., 2016). No entanto, 0
conhecimento acerca dos efeitos da exposicado ao Al sdo em parte especulatérios e inconclusivos
(CHIN-CHAN et al., 2015) e, até 0 momento advém de estudos experimentais conduzidos com
doses de exposicdo consideradas irrealistas e altas.

Soma-se ao exposto o fato de que mesmo com o recente ajuste do nivel de exposicdo
semanal segura ao Al para 1 mg/kg de peso corporal (OMS, 2007), esse valor de exposicéo é
constantemente excedido pelos humanos (FEKETE et al., 2013; GONZALEZ-WELLER et al.,
2010; YANG et al., 2014). Nesse sentido, o estudo do impacto da carga corporal total de Al e
consequentemente os efeitos sobre a saude humana precisam ser investigados. Assim, torna-se
necessario o desenvolvimento de trabalhos experimentais que melhor simulem a exposicéo
humana ao Al, verificando os efeitos e mecanismos de a¢do do metal sobre possiveis 6rgdos-

alvo. Ainda, o melhor esclarecimento acerca das a¢fes do Al permitira o desenvolvimento de



42

estratégias que reduzam o impacto da crescente e, por muitas vezes imensurdvel exposicao

humana ao Al.

3 OBJETIVOS

3.1 Objetivo Geral

Estabelecer um modelo animal de exposicdo ao Al que simule a exposi¢cdo humana ao
metal pela dieta e, verificar os efeitos dessa exposicdo sobre o Sistema Nervoso Central (SNC)
e SNP, sistema reprodutor masculino e sistema cardiovascular. Ainda, comparar os efeitos da

exposi¢cdo em nivel de contaminagdo humana com uma dose alta de exposicdo ao metal.

3.2 Objetivos Especificos

Mensurar a ingesta total de Al pelos animais e, investigar os efeitos da exposicéo ao Al sobre:

Sistema Nervoso Central e Periférico:

- As atividades locomotora e exploratdria dos animais;

- Memoria de longa duracéo;

- Caracteristicas comportamentais (ansiedade e catalepsia);

- Funcionamento do sistema colinérgico em hipocampo e cortex pré-frontal;
- Sensibilidades tactil e dolorosa;

- Quanto a presenca de inflamacao periférica;

- Biomarcadores inflamatorios e de estresse oxidativo;

- Capacidade do metal em depositar-se no nervo ciatico.

Sistema Reprodutor Masculino:

- Acimulo do metal nos 6rgaos reprodutores;
- Peso dos 6rgaos reprodutores;
- Qualidade espermatica (motilidade, contagem, producdo de espermatozoides e morfologia);

- Analise histopatoldgica do testiculo e epididimo;
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- Biomarcadores inflamatorios e de estresse oxidativo em testiculo, epididimo e prostata.

Sistema Cardiovascular:

- Adistribuicdo do metal no sangue e figado;

- Presséo arterial;

- Reatividade vascular em artérias de condutancia e resisténcia bem como as possiveis vias
envolvidas nesta resposta;

- Atividade oxidante e antioxidante plasmaética e vascular;

- Expressdo vascular de marcadores de estresse oxidativo e inflamagéo;

- A producéo de anion superéxido (O2”) vascular.
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Abstract Aluminum (Al) is a significant environmental
contaminant. While a good deal of research has been
conducted on the acute neurotoxic effects of Al, little is
known about the effects of longer-term exposure at human
dietary Al levels. Therefore, the purpose of this study was
to investigate the effects of 60-day Al exposure at low
doses for comparison with a model of exposure known to
produce neurotoxicity in rats. Three-month-old male Wis-
tar rats were divided into two major groups: (1) low alu-
minum levels, and (2) a high aluminum level. Group 1 rats
were treated orally by drinking water for 60 days as fol-
lows: (a) control—received ultrapure drinking water;
(b) aluminum at 1.5 mg/kg b.w., and (c) aluminum at
8.3 mg/kg b.w. Group 2 rats were treated through oral
gavages for 42 days as follows: (a) control—received
ultrapure water; (b) aluminum at 100 mg/kg b.w. We
analyzed cognitive parameters, biomarkers of oxidative
stress and acetylcholinesterase (AChE) activity in hip-
pocampus and prefrontal cortex. Al treatment even at low
doses promoted recognition memory impairment seen in
object recognition memory testing. Moreover, Al increased
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hippocampal reactive oxygen species and lipid peroxida-
tion, reduced antioxidant capacity, and decreased AChE
activity. Our data demonstrate that 60-day subchronic
exposure to low doses of Al from feed and added to the
water, which reflect human dietary Al intake, reaches a
threshold sufficient to promote memory impairment and
neurotoxicity. The elevation of oxidative stress and
cholinergic dysfunction highlight pathways of toxic actions
for this metal.

Keywords Aluminum - Cognitive dysfunction -
Cholinergic dysfunction - Oxidative stress

Introduction

Aluminum (Al), a metal which accounts for about 8 % of
the earths crust, is currently a significant environmental
contaminant (Exley 2012). Industrialized societies, the
burning of fossil fuels, and the versatile properties of Al
compounds have all contributed to increased biological
availability of this nonessential metal (Exley 2013).

Oral uptake is an important route by which humans are
exposed to Al. Al salts are added to commercially prepared
foods for numerous reasons, such as food coloring, as
anticaking agents, for pH adjusting, as emulsifiers, as a
stabilizing agent, to thicken gravies and sauces, as meat-
binders, as a rising agent, for pickling vegetables and
candying fruits, as buffers, and as neutralizing agents. Al is
also added to urban water supplies and some bottled waters
as a clarifying agent (Walton 2014). Nondietary sources of
Al include vaccines, where Al salts are used as adjuvants to
promote immune activation, and some topical applications,
such as sunscreens and deodorants. Considerable amounts
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of Al are also contained in buffered aspirins and antacids
(Bondy 2015).

The Joint FAO/WHO Expert Committee on Food
Additives (Food and Agriculture Organization of the Uni-
ted Nations/World Health Organization) adjusted a tolera-
ble weekly intake of Al for humans to 1 mg Al/Kg body
weight (b.w.) (FAO/WHO 2007), which is routinely
exceeded by humans. Greger (1993) estimates that Amer-
icans consume from 1 to 95 mg/Al/day in the form of Al
additives and up to 10 mg/Al/day from natural sources.
Moreover, the use of pharmaceutical elements containing
Al considerably increases the human Al exposure. Antacids
may provide doses of 50-1000 mg/day (Reinke et al.
2003).

The rate of Al absorption of the gastrointestinal tract is
around 0.2 % (Priest et al. 1998). Upon reaching the
blood, most of the metal is bound to transferrin which
facilitates Al transport across the blood-brain barrier and
into neurons and glia bearing transferrin receptors (Ros-
kams and Connor 1990; Shirley and Lote 2005). Al can
accumulate in different brain regions and its neurotoxicity
has been demonstrated in cell culture, animal models, and
humans (Bondy 2015; Walton 2014). Al accumulation in
neurons has been related to learning and memory
impairments, as well as motor incoordination and
decrease in locomotor activity (Kasbe et al. 2015; Lak-
shmi et al. 2015). Altered cholinergic functions in pups
and adulthood have also been reported (Ravi et al. 2000;
Yellamma et al. 2010). Most Al studies have entailed
doses of Al higher than the ones commonly found among
human populations. However, human studies suggest that
Al is a potential contributor to the onset, progression, or
aggressiveness of neurodegenerative diseases (Walton
2014; Bondy 2015). Most epidemiological studies have
shown a positive relationship between Al exposure from
drinking water or occupational exposure and Alzheimer
Disease (AD) (Wang et al. 2016; Walton 2014; Flaten
2001). Moreover, AD patients showed an increasing Al
concentration in cerebral arteries that supply blood to the
hippocampus (Bhattacharjee et al. 2013). Experimental
evidence has also shown that Al can cause neurochemical
and neuropathological changes as observed in AD patients
(Walton 2014). However, there are still many inconsis-
tencies in the epidemiological and toxicological data
concerning Al and neurodegenerative diseases (Chin-Chan
et al. 2015).

The full scale of mechanisms underlying Al neurotoxi-
city remains to be elucidated. For instance, AI** is a pro-
oxidant acting on its own by binding to superoxide ion and
promoting the formation of an aluminum superoxide radi-
cal ion, a species which is potentially more reactive than
the superoxide radical (Exley 2004). The pro-oxidant
activity of Al might also be explained by its synergistic
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action with iron promoting the Fenton reaction by reducing
Fe(III) to Fe(Il) (Ruipérez et al. 2012).

While a good deal of research has been conducted on the
neurotoxic effects of Al, little is known about the effects of
long-term exposure at human dietary Al levels. Moreover,
with Al being a widespread environmental contaminant, it
is crucial to explore the human Al intake threshold suffi-
cient to promote adverse effects. Therefore, the purpose of
this study was to investigate the effects of a 60-day Al
exposure at low doses similar to human dietary levels on
long-term object recognition memory, prefrontal cortex,
and hippocampal reactive oxygen species levels, lipid
peroxidation, total antioxidant capacity, and then compare
these results with a model of exposure known to produce
neurotoxicity in rats.

Materials and Methods
Animals

Three-month-old male Wistar rats (252-300 g) were
obtained from the Central Animal Laboratory of the Fed-
eral University of Santa Maria, Rio Grande do Sul, Brazil.
During treatment, rats were housed at a constant room
temperature, humidity, and light cycle (12:12h light—
dark), giving free access to water and fed with a standard
chow ad libitum. All experiments were conducted in
compliance with the guidelines for biomedical research
stated by the Brazilian Societies of Experimental Biology
and approved by the Ethics Committee on Animal Use
Experimentation of the Federal University of Pampa,
Uruguaiana, Rio Grande do Sul, Brazil (Process Number:
028/2014).

Rats were divided into two major groups: (1) low alu-
minum levels, and (2) high aluminum level. For group 1,
low aluminum levels, 18 rats were subdivided (N = 6/
each) and treated for 60 days as follows: (a) control—re-
ceived ultrapure drinking water (Milli-Q, Merck Millipore
Corporation. © 2012 EMD Millipore, Billerica, MA,
USA); (b) aluminum at 1.5 mg/kg b.w./day based on
human dietary levels according to a published protocol
described by Walton (2007), at the reduced Al exposure for
60 days, and (c) aluminum at 8.3 mg/kg b.w./day, which
corresponds to the same human dietary aluminum levels
(1.5 mg/kg b.w.) when translated to an animal dose, based
on a body surface area normalization method (Reagan-
Shaw et al. 2008). For group 2, high aluminum level, 12
rats were subdivided (N = 6/each) and treated for 42 days
as follows: (a) control—received ultrapure water through
oral gavages; (b) aluminum at 100 mg/kg b.w./day, a
protocol known to promote cognitive impairment in rats
(Prakash and Kumar 2009).
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Rat body weights were measured weekly. After 60 or
42 days of treatment, the animals were submitted to
behavioral tests, as follows: control behavioral experiments
(open field, plus maze, and hot plate (day 01) and object
recognition test (days 02-06). At the end of the treatments
and tests, animals were euthanized by decapitation, the
brain was removed, and bilateral hippocampi and pre-
frontal cortex were quickly dissected out and homogenized
in 50 mM Tris HCI, pH 7.4, (1/10, w/v). Afterward, sam-
ples were centrifuged at 2400g for 10 min at 4 °C and the
resulting supernatant fraction was frozen at —80 °C for
further assay. These brain structures were investigated
because of their importance for consolidation of object
recognition memory. They also seem to be a target for Al
deposition in AD patients (Izquierdo and Medina 1997;
Andrisi et al. 2005; Rusina et al. 2011).

AlICl;3- 6 H,O was purchased from Sigma-Aldrich (St
Louis, MO, USA) and dissolved in ultrapure water (Milli-Q
© 2012 EMD Millipore, Billerica, MA). Salts and reagents
were of analytical grade obtained from Sigma and Merck
(Darmstadt, Germany).

Aluminum Content in the Rats’ Feed

The Al content of rat chow was determined using an
established method (House et al. 2012). Briefly, approxi-
mately 0.2 g of chow was digested in a 1:1 mixture of
15.8 M HNO; and 30 % w/v H,0, in a microwave oven,
and the Al content of digests was measured by TH GFAAS
(Transversely Heated Graphite Furnace Atomic Absorption
Spectrometry).

Behavioral Testing
Open Field, Plus Maze, and Hot Plate

Exploratory and locomotor activities were analyzed to test
whether any of the procedures impaired the rat behaviors,
altering the memory tests results. Each rat was placed in
the left quadrant of a 50 cm x 50 cm x 39 cm open field
made with wood painted white, with a frontal glass wall.
Black lines were drawn on the floor to divide it into 12
equal quadrants. Crossing and rearing, as measures for
locomotor activity and exploration, respectively, were
measured over 5 min (Bonini et al. 2006). To evaluate
thereby anxiety state, rats were exposed to an elevated plus
maze (Pellow et al. 1985). The maze had a central platform
(5 x 5 cm), two open arms (50 cm long x 10 cm wide,
with 0.5-cm-high borders), and two enclosed arms (50 cm
deep x 10 cm wide, with 10-cm-high walls), elevated
50 cm above the ground. An animal was placed in the
center of the apparatus facing the open arm and its loco-
motion was monitored by infrared sensors for 5 min. The

time spent in the open arms was recorded. The pain
threshold was measured using a hot plate test (Jacob et al.
1974) to ensure that treatment did not impair nociception.
In the hot plate test, the animal is placed on the metal plate
heated to 55 °C surrounded by a glass cylinder
(13 x 17 cm). The latency (in seconds) of the hind paw-
licking or jumping was measured. A cut-off time of 45 s
was applied. Data from these tests were compared between
the groups to ensure all rats presented any impairment in
behavior that could affect the variables of interest in our
study (i.e., memory measurements).

Object Recognition Memory Test

Chronic Al intake has been related with AD-related
symptoms and disruption of object recognition as one of
the earliest signs of AD (Walton 2014); thus, we proposed
to investigate object recognition memory. After the treat-
ments were completed, training and testing for the object
recognition (OR) task were performed in an open-field
arena (50 cm x 50 cm x 50 cm) built with polyvinyl
chloride plastic, plywood, and transparent acrylic (En-
naceur and Delacour 1988; Mello-Carpes and Izquierdo
2013). Rats were first habituated to the apparatus during
20 min of free exploration for 4 consecutive days. For
training, two different objects (a and b) were placed in the
apparatus, and rats were allowed to freely explore the
objects for 5 min. The objects were made of metal, glass,
or glazed ceramic. Exploration was defined as sniffing or
touching the objects with the nose and/or forepaws. Sitting
on or tumning around the objects were not considered as
exploratory behaviors. A video camera was positioned over
the OR arena, and the behavior was recorded using a video
tracking system for offline analyses. After 24 h, in the test
phase, one of the objects was randomly exchanged for a
novel object (c), and the rats were reintroduced into the
apparatus to freely explore the objects (familiar and new
ones) for 5 min. To avoid confounding by lingering
olfactory stimuli and preferences, the objects and the arena
were cleaned with 70 % ethanol after each animal was
tested. The time spent exploring the familiar and the novel
object was recorded.

Biochemical Assay
Reactive Oxygen Species Levels

The levels of ROS in hippocampus and prefrontal cortex
were determined by a spectrofluorometric method, as
described by Loetchutinat et al. (2005). The supernatant
fraction of the sample was diluted (1:10) in 50 mM Tris—
Hel (pH 7.4), and 2/, 7'-dichlorofluorescein diacetate
(DCFH-DA; 1 mM) was added to the medium. DCFH-DA
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is enzymatically hydrolyzed by intracellular esterases to
form nonfluorescent DCFH, which is then rapidly oxidized
to form highly fluorescent 2,7-dichlorofluorescein (DCF) in
the presence of ROS. DCF fluorescence intensity is pro-
portional to the amount of ROS that is formed. The DCF
fluorescence intensity emission was recorded at 520 nm
(with 480 nm excitation) (SpectraMax M5 Molecular
Devices, CA, USA) for 60 min at 15 min intervals. The
ROS levels were expressed as fluorescence unit.

Lipid Peroxidation

The levels of lipid peroxidation in hippocampus and pre-
frontal cortex were measured as malondialdehyde (MDA)
using a colorimetric method, as previously described by
Ohkawa et al. (1979), with modifications. An aliquot of
each tissue was incubated with thiobarbituric acid 0.8 %
(TBA), phosphoric acid buffer 1 % (H3POy), and sodium
dodecyl sulfate 0.8 % (SDS) at 100 °C for 60 min. The
color reaction was measured at 532 nm against blanks
(SpectraMax M5 Molecular Devices, CA, USA). The
results were expressed as nanomoles of MDA per mg of
protein.

Ferric Reducing/Antioxidant Power (FRAP) Assay

The total antioxidant capacity was measured in hip-
pocampus and prefrontal cortex by FRAP assay (Benzie
and Strain 1996). This method is based on the ability of
sample to decrease ferric ion (Fe® ") to ferrous ion (Fe>")
which forms with 2,4,6-Tri(2-pyridyl)-s-triazine (TPTZ)
the chelate complex Fe">-TPTZ. Briefly, 10 pL of the
supernatant fraction of each tissue was added to 1 mL
freshly prepared and prewarmed (37 °C) FRAP reagent
(300 mM acetate buffer (pH 3.6), 10 mM TPTZ in 40 mM
HCI, and 20 mM FeCl; in the ratio of 10:1:1) in a test tube
and incubated at 37°C for 10 min. The absorbance of the
blue-colored complex was read against a blank reagent
(1 mL FRAP reagent + 10 pL distilled water) at 593 nm
(SpectraMax M5 Molecular Devices, CA, USA). A stan-
dard dose—response curve of Trolox (50-1000 pM—water
soluble analog of vitamin E) was prepared, and the FRAP
assay is described. Results are presented with particular
reference to Trolox equivalents.

Acetylcholinesterase (AChE) Activity

AChE is a marker of the loss of cholinergic neurons in the
forebrain. The AChE activity was assessed by the Ellman
et al. (1961). The reaction mixture was composed of
100 mM phosphate buffer pH (7.4) and 1 mM 5.5'-
dithiobis-2-nitrobenzoic acid (DTNB). The method is
based on the formation of a yellow anion, 4,4'-dithio-bis-
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acid nitrobenzoic after adding 0.8 mM acetylthiocholine
iodide. The change in absorbance was measured for 2 min
at 30 s intervals at 412 nm (SpectraMax M5 Molecular
Devices, CA, USA). Results were expressed as micromoles
of acetylthiocholine iodide hydrolyzed/min/mg of protein.
Proteins were measured according to Bradford (1976)
using bovine serum albumin as a standard.

Statistical Analysis

Data are expressed as mean == SEM. The OR task results
were converted to a percentage of total exploration time
and were analyzed using a one-sample ¢ test based on a
theoretical mean of 50 %. Additional data of group 1 were
analyzed by ANOVA followed by Bonferroni post hoc
tests when appropriate. Data of group 2 were analyzed by
Studenfs ¢ test. Values of p < 0.05 were considered sig-
nificant and the significance level is indicated by asterisk
(*p < 0.05; *p < 0.01; **¥p < 0.001).

Results

Animal Weight, Fluid and Feed Intakes, and Al
Content in the Rats’ Feed

Individual weights of rats were similar between groups at
the start and end of interventions. Water and feed intakes
were also similar between the groups (Table 1).

The total Al content in rats’ feed was 86.03 + 4.76 pg
Al/g/feed, which equated to a daily intake of Al from feed
of 1.88 mg/Al/rat.

Behavioral Results
Open Field, Plus Maze, and Hot Plate

Rats were exposed to an open-field arena, a plus maze, and
a hot plate after 42 or 60 days of treatment to verify
exploratory and locomotor activity, anxiety, and pain
threshold, respectively. Subchronic exposure to Al at dif-
ferent doses did not affect the number of crossings and
rearings during the 5-min long free exploration session in
the open field test (Table 2—open field). Similarly, AlCI;
had no effect on the time spent in the open arms during the
plus maze session (Table 2—plus maze) and in time
latency to reaction on the hot plate (Table 2—hot plate).

Object Recognition Memory Test
To investigate the effect of AICl; on object recognition

long-term memory (LTM) consolidation, group 1 rats were
treated for 60 days with Al at 1.5 or 8.3 mg/kg b.w./day
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Table 1 Daily feed and drink intakes between the groups lack significant difference (p > 0.05)

Feed/fluid intakes Group 1

Group 2

Control 1.5 mg Al/kg b.w./day

8.3 mg Al/kg b.w./day

Control 100 mg Alkg b.w./day

Feed intakes
Fluid intakes

21.63 £ 027 ¢
36.17 £ 0.95 ml

2334+ 024 ¢
35.95 4+ 0.37 ml

2198 +£0.61 g
36.24 + 0.67 ml

2117 £ 048 g
3234 £ 1.39 ml

2087 £ 043 g
32.97 £ 0.62 ml

Data are expressed as mean &+ SEM. p > 0.05 (ANOVA or Student’s ¢ test)

Table 2 Effect of subchronic aluminum exposure to low (group 1) and high (group 2) doses on exploratory and locomotor behavior (open field),

anxiety (elevated plus maze), and pain threshold (hot plate) in rats

Behavioral tasks Group | Group 2

Control 1.5 mg Al/kg 8.3 mg Alkg Control 100 mg AlVkg

b.w./day b.w./day b.w./day
Open field
Crossings (n) 74.60 £ 6.90 67.67 & 9.30 77.17 + 7.68 49.67 &+ 7.64 5833 4 5.53
Rearing (n) 20.67 £2.02 17.50 £2.23 21.50 & 1.36 1933 + 642 18.67 £+ 1.58
Elevated plus maze—time spent in open 21.26 £6.65 3251 + 831 20.43 £+ 8.70 781 £275 1132+ 434
arm (s)

Hot plate—latency (s) 783 £0.74 8.83 £ 0.40 9.16 £ 0.54 7.50 £ 0.84  8.66 + 0.49

Data are expressed as mean &= SEM. p > 0.05 (ANOVA or Student’s ¢ test)

and group 2 rats were exposed to Al at 100 mg/kg b.w./day
for 42 days, as the control rats treated with ultrapure water,
were trained in the OR leaming task. All rats explored the
two new objects (a and b) for a similar percentage of the
total exploration time (about 50 % each, Fig. la, b) in the
training session. 24 h after training, in the LTM testing

session, control rats explored the novel object
100+

© 1 Control

E - mm Al 1.5mgkg

5 7] 3 Al8.3 mgkg

®

S s04f= 1

[=%

x

C

g 254

ababab acacac

LTM Test

Training
Group 1

Fig. 1 Effect of subchronic aluminum exposure to low (group 1) and
high (group 2) doses on object recognition memory at the conclusion
of the treatment periods. The two groups of rats were trained on the
OR task for 4 days and were tested 24 h later to evaluate their long-
term recognition memory (LTM) after 60 or 42 days of treatment for
groups 1 and 2, respectively. In the training session, the animals were

(c) significantly more than 50 % of the total exploration
time (p = 0.0028 for control of group 1, Fig. la, LTM test;
p = 0.0001 for control of group 2, Fig. b, LTM test).
However, in all the Al-treated groups, animals spent about
50 % of the total exploration time exploring each object (a
and c), without differences between the time spent for
exploring the familiar (a) and the novel objects (c).

B
100+
i 3 Control
E Al 100 mglkg
= 75 .
8 T
o T
S s04fH 1
(>‘I<) ek
3 259
=
a b a b a ¢ a ¢
Training LTM Test
Group 2

exposed to objects “a” and “b.” In the test session, the rats were
exposed to a familiar object (@) and to a novel object (c). Data are
expressed as mean + SEM of the percentage of total exploration
time. ***p < 0.001 in one-sample t-test, considering a theoretical
mean of 50 % (N = 6)
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(p = 0.55 for Al 1.5 mg/kg and p = 0.76 for Al 8.3 mg/kg
of group 1, Fig. la, LTM test; p = 0.69 for Al 100 mg/kg
of group 2, Fig. 1b, LTM test).

Biochemical Results
Reactive Oxygen Species and Lipid Peroxidation Levels

Al treatment at different doses increased ROS levels in
hippocampus (p = 0.0251 for control vs. Al 1.5 mg/kg and
p = 0.0041 for control vs. Al 8.3 mg/kg, group 1, Fig. 2a;
p = 0.0241 for control vs. Al 100 mg/kg, group 2,
Fig. 2b). In prefrontal cortex, only Al at 8.3 mg/kg b.w.
increased ROS levels (p = 0.0054 for control vs. Al
8.3 mg/kg, group 1, Fig. 2c).

There was a significant increase on lipid peroxidation in
hippocampus of Al-treated rats at major doses when
compared with the controls groups (p = 0.0307 for control
vs. Al 8.3 mg/kg, group 1, Fig. 3a; p = 0.0002 for control
vs. Al 100 mg/kg, group 2, Fig. 3b) and no differences in

A Hippocampus
300-
200 N -
w
=] P sl
100+
0_

Conltrol Al1.5 Img/kg Al8.3 Img/kg
Group 1

C Prefrontal Cortex
1000+

ek

800+ —|—
600+
_],_

400+

200

Control Al 1.5 mg/kg Al 8.3 mg/kg
Group 1
Fig. 2 Effect of subchronic aluminum exposure to low (group 1) and

high (group 2) doses on levels of reactive oxygen species (ROS).
Values of ROS on hippocampus (a, b) and prefrontal cortex (e, d).
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MDA levels after Al exposure at 1.5 mg/kg b.w. (Fig-
ure 3a). No alteration on prefrontal cortex lipid peroxida-
tion was observed in any group (Figs. 3c, d).

Total Antioxidant Capacity—Ferric Reducing/Antioxidant
Power (FRAP)

Al decreased the hippocampal total antioxidant capacity in
all exposed groups, even at low levels (p = 0.0193 for
control vs. Al 1.5 mg/kg and p = 0.0035 for control vs. Al
8.3 mg/kg, group 1, Fig. 4a; p = 0.0495 for control vs. Al
100 mg/kg, group 2, Fig. 4b). The antioxidant capacity of
prefrontal cortex was decreased only in rats exposed to
100 mg/kg b.w. Al for 42 days (p = 0.0339 for control vs.
Al 100 mg/kg, group 2, Fig. 4d).

Acetylcholinesterase (AChE) Activity

Aluminum exposure for 60 days at low levels or for
42 days at high levels decreased the enzymatic activity of

B Hippocampus
300-
200+
'
=]
100+
0_
Control Al1100 mg/kg
Group 2
D Prefrontal Cortex
800~
600+ 1
% 400
200-
o_
Cor;trol Al 100|mglkg
Group 2

Data are expressed as mean & SEM (N =6). *p <0.05,
##kp < 0.001 (ANOVA followed by Bonferroni or Student’s ¢ test).
UF units of fluorescence
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Fig. 3 Effect of subchronic aluminum exposure to low (group 1) and
high (group 2) doses on lipid peroxidation measurements. Values of
MDA (malondialdehyde) on hippocampus (a, b) and prefrontal cortex

AChE in hippocampus (p = 0.0116 for control vs. Al at
1.5 mg/kg and p = 0.0006 for control vs. Al at 8.3 mg/kg,
group 1, Fig. 5a; p = 0.0467 for control vs. Al at 100 mg/
kg, group 2, Fig. 5b). No change was observed in AChE
activity in prefrontal cortex of aluminum-treated rats
(Fig. 5c, d).

Discussion

Our study aimed to investigate if Al exposure at human
dietary levels could promote similar toxic effects found in a
model for neurotoxicity induced by Al. Our results suggest
that this metal reaches a threshold sufficient to promote
neurotoxicity even at low doses. Here, we show that rats
exposed to low doses of Al for 60 days could not recognize
familiar objects as control rats do; this memory impairment
was the same observed in rats treated with Al at a dose 66
times higher. This cognitive dysfunction in Al-treated rats
came together with a marked hippocampal oxidative stress

B Hippocampus

200~
£
[
S 150
o
g
< 100
g SR —
S 50
£
s

0_
Control Al 100 mg/kg
Group 2

D Prefrontal Cortex

150
£
[
I
2 100+
£
<
o
= 50
3
£
[

0_
Control Al100 mg/kg
Group 2

(e, d). Data are expressed as mean + SEM (n = 6). *p < 0.05,
##%p < 0.001 (ANOVA followed by Bonferroni or Student’s ¢ test)

condition, with increased ROS production, lipid peroxida-
tion, and decreased antioxidant capacity, as well as
decreased AChE activity.

Human exposure to Al is practically inevitable and, due to
the omnipresence of this metal in our daily life, it is difficult
to maintain a “safe” Al intake level. The tolerable weekly
intake of Al for humans has been setat | mg Al/Kgb.w. dose
(FAO/World Health, Organization 2007), which is routinely
exceeded by humans. Total human Al intake is difficult to
determine due to its high bioavailability and ubiquity. Gre-
ger (1993) estimates that Americans consume 1-10 mg/
Al/day from fresh food. In addition, 50 % of Americans
consume up to 24 mg/day, 45 % between 24 and 95 mg, and
about 5 % ingest more than 95 mg/Al/day in the form of Al
additives. The above-mentioned study is one of the most
accurate, taking into account the Al amounts in manufac-
tured food. Moreover, the Al intake through the gastroin-
testinal tract can reach 126-5000 mg/day from ingested
pharmaceuticals, antacids in particular (Reinke et al. 2003;
Shaw and Tomljenovic 2013).
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Fig. 4 Effect of subchronic aluminum exposure to low (group 1) and
high (group 2) doses on total antioxidant capacity. Values of ferric
reducing/antioxidant power (FRAP) on hippocampus (a, b) and

In our study, all rats including controls received
1.88 mg/Al/day from their standard feed; considering the
rats mean body weights of 300 g, this amount represents
6.26 mg/Al/kg/b.w./day from feed. For the experimental
groups, taking into account their mean body weights of
300 g, the total amount of Al exposure was for group 1,
low aluminum levels: (a) 1.5 mg/Al/kg b.w.-2.33 mg/
Al/day (0.45 mg/Al from water plus 1.88 mg/Al from
feed); (b) 8.3 mg/Al/kg b.w.—4.37 mg/Al/day (2.49 mg/Al
from water plus 1.88 mg/Al from feed), and for group 2,
high aluminum level: (c) 100 mg/Al/kg b.w-31.88 mg/
Al/day (30 mg/Al from gavage plus 1.88 mg/Al from
feed). Considering that all rats consumed approximately
the same amount of Al in their feed, the presence of Al in
their drinking water points to this additional Al via a dif-
ferent exposure route as a critical issue for achieving the
threshold responsible for the development of the behavioral
dysfunction in Al-treated rats.

Aluminum chloride (100 mg/kg/day, p.o., 6 weeks) is a
well-known model for dementia resulting in progressive
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deterioration of spatial memory in Morris water maze
associated with oxidative damage and mitochondria
impairment (Prakash and Kumar 2009, 2013). Here, we
showed that this dose level of Al also promotes recognition
memory dysfunction and oxidative stress in rats. It was not
surprising, considering that this high dose of Al is usually
used as a dementia model (Prakash and Kumar 2009, 2013)
and previous studies demonstrated that it promotes cogni-
tive deficits (Kasbe et al. 2015; Lakshmi et al. 2015).
However, according to our best knowledge, the present
study has been the only one to evaluate the effects of
60-day low Al exposure, similar to human dietary Al
exposure, on memory. We developed the same behavioral
evaluations in rats exposed to low Al doses and, surpris-
ingly, the neurotoxicity effects are practically the same as
those induced by the 100 mg/kg/day dose level. Namely,
Al exposure for 60 days at 1.5 or 8.3 mg/kg/day in adult
life could cause recognition memory deficits in rats.
Walton (2009) developed a longitudinal study exposing
rats to Al at an equivalent-human dietary level. Rats treated
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from 12 months of age until their deaths developed mem-
ory impairment and displayed AD-like behaviors during
old age. The present study found that Al at the same dose
used by Walton (1.5 mg/kg/day) but, for a much shorter
time, 60 days (approximating 70 months for humans or
6 years) (Everitt 1991), was sufficient to start the neuro-
toxicity process of this metal. Moreover, Al at 8.3 mg/
kg/day, the amount equivalent to human Al exposure
translated to the animal species used in this study, also
impairs memory consolidation.

The neurotoxicity mechanisms induced by Al require
intensive investigation. Oxidative stress seems to be one
possible pathway by which this nonessential metal acts
(Exley 2004). The brain, especially the hippocampus, is
very sensitive to oxidative stress, mainly by its low
antioxidant capacity and high level of lipid content (Kumar
and Gill 2014; Erfani et al. 2015). Our results show that Al
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exposure caused redox imbalance in the hippocampus, as
evident from an increase in ROS generation, independent
of the dose. Additionally, elevation of MDA levels and a
significant decline of total antioxidant capacity were
observed in response to Al exposure at all Al doses
investigated. On the other hand, in the prefrontal cortex,
only the intermediate Al dose investigated here (8.3 mg/kg
b.w.) increased ROS generation and only the high dose
(100 mg/kg/b.w.) impaired the total antioxidant capacity.
These results suggest that the specific toxic effects of this
metal are dependent on the contamination threshold that is
achieved, and the duration of exposure, but that a low dose
is able to promote hippocampal toxicity and memory
impairments.

Another way by which Al impairs memory is by its
interference with the cholinergic system (Ravi et al. 2000;
Yellamma et al. 2010). Our data reveal hippocampal
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dysfunction of AChE activity induced by Al at high and
low doses of exposure, without altering the prefrontal
cortex enzyme activity. AChE activity is a marker for loss
of cholinergic neurons, and memory dysfunction is asso-
ciated mainly with cholinergic neuron loss in several
regions of the brain (Whitehouse et al. 1982; Fraser and
MacVicar 1996). The current study shows that the AICI;
exposure, even at low doses, decreases the activity of
AChE in rat hippocampus. However, the available litera-
ture has shown that Al exposure can both stimulate and
inhibit enzymatic function (Prakash and Kumar 2009;
Lakshmi et al. 2015; Noremberg et al. 2016). Al has been
shown to produce a biphasic effect on AChE, stimulating
AChE at low levels or short exposures and inhibiting
AChE at high doses and/or long exposures periods. Among
the suggested hypothesis, the biphasic effect of Al on the
AChE activity may be due to the direct effect of the metal
or due to the peroxidation-induced changes in the structure
of membrane following Al exposure (Kumar 1999).
Therefore, it is likely that peroxidation of membrane
structures may be responsible for the inhibited hippocam-
pal AChE found after Al exposure.

The mechanism responsible for the formation and con-
solidation of long-term memory has been extensively
studied (Izquierdo and Medina 1997; Alarcon et al. 2004),
while the mechanism of action of Al in promoting memory
dysfunction is unclear. However, considering that the
hippocampus is the main structure required for memory
formation and consolidation, we can affirm, based on our
results, that the hippocampal oxidative stress and damage,
as well as the AChE impairment induced by Al exposure
may be at least partially responsible for the memory
impairments.

Conclusions

Our results demonstrate that a 60-day subchronic exposure
to low doses of Al from feed and added to the water, which
reflect human dietary Al intake, reaches a threshold suffi-
cient to promote memory impairment. These effects are
similar to a known model of Al-induced neurotoxicity at
high levels. Moreover, the hippocampal oxidative stress
and the cholinergic dysfunction found in the three doses
investigated highlight a pathway of action of this metal.
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ARTICLE INFO ABSTRACT

Keywords: Aluminum (Al) is a neurotoxic associated with a number of chronic human diseases. We investigated the effects

Metal of Al exposure at doses similar to human dietary levels and at a high level exposure to Al on the peripheral

Peripheral neuropathy nervous system. Wistar male rats were divided into two major groups and received orally: 1) First group — Low

Oxidative stress level - rats were subdivided and treated for 60 days: a) Control - received ultrapure water; b) AICl, - received Al

Tuflammation at 8.3 mg/kg body weight (bw) for 60 days; and 2) Second group — High level - rats were subdivided and treated
for 42 days: C) Control - received ultrapure water through oral gavage; d) AICl; - received Al at 100 mg/kg bw
for 42 days. Von Frey hair test, plantar test, the presence of catalepsy and the spontaneous motor activity were
investigated. Reactive oxygen species, lipid peroxidation and total antioxidant capacity, immunohistochemistry
to investigate the nerve inflammation and, the specific presence of Al in the sciatic nerve fibers were in-
vestigated. Al exposure at a representative human dietary level promotes the development of mechanical allo-
dynia, catalepsy, increased inflammation in the sciatic nerve, systemic oxidative stress and, is able to be retained
in the sciatic nerve. The effects of low-dose Al were similar to those found in rats exposed to Al at a dose much
higher (100 mg/kg). Our findings suggest that Al may be considered toxic for the peripheral nervous system,
thus inducing peripheral dysfunction.

1. Introduction seems to trigger the development of neurological disorders [9], re-

productive dysfunction [10], Autoimmune/inflammatory Syndrome

Aluminum (Al) has no known biological function and is potentially
toxic [1]. Humans are exposed to Al through dietary and non-dietary
sources, and its real consequence perhaps not entire clear [2,3]. The
Provisional Tolerable Weekly Intake (PTWI) of Al for humans has been
adjusted to 1 mg Al/kg body weight (bw) by the Joint Food and Agri-
culture Organization/World Health Organization Expert Committee on
Food Additives (JECFA) and European Food Safety Authority (EFSA)
[4,5]. However, due to myriad sources of Al exposure, this health-based
guidance value may be exceeded by humans [6-8].

The increased body burden of Al has been reported with several
health conditions [2]. The body presence of this non-essential metal

Abbreviati Al

Induced by Adjuvants (ASIA) such as macrophagic myofascitis [11],
microcytic anemia [12], atherosclerosis plaques formation [13], os-
teopenia [14] and breast cancer [15].

Al is a neurotoxin able to be accumulated and retained in the brain,
contributing towards both the onset and the aggressive progression of
all forms of Alzheimer Disease (AD) [16,17]. Al accumulation in neu-
rons has been related to cognitive and motor impairments, mostly re-
lated with neurodegenerative diseases [18,19] and functional impair-
ment at low doses [20]. In the peripheral nervous system (PNS) there
are evidences of Al-induced neuropathy. People exposed to Al through
contaminated water (13.17 to 15.70 ppm) in the Kirazli region (Biga

PTWI, p weekly intake; ASIA,

peripheral nervous system; AD, Alzheimer Disease; ROS, reactive oxygen species; RNS, reactive nitrogen species; MDA, malondialdehyde; TBA, thiobarbi

antioxidant power; AChE, acetylcholinesterase

y il Induced by Adj : CNS, central nervous system; PNS,

ic acid; FRAP, ferric reducing/
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Peninsula, NW Turkey) showed a history of peripheral neuropathy
[21]. More recently, Al accumulation in the dorsal root ganglion in the
course of oxaliplatin treatment of cancer exacerbated the neuropathic
pain [22]. In agreement, the suggested Al chelation by glutathione,
known as an antioxidant and a metal chelator, decreases the con-
centrations of Al in the dorsal root ganglion and alleviates the neuro-
pathic pain induced by oxaliplatin in mice [23].

However, even with the well - known toxicity of Al in the Central
Nervous System (CNS), the effects of Al exposure on the PNS remain
poorly understood. Moreover, most Al studies have entailed unrealistic
high doses of Al which cannot be used as a common level found among
human populations. Herein, we addressed the effects of Al in the PNS
and motor behavior in rats exposed to both a high level of Al and also
one that better represents human exposure to Al through the diet.

2. Materials and methods
2.1. Animals

Three-month-old male Wistar rats (360 = 11.2g) were obtained
from the Central Animal Laboratory of the Federal University of Santa
Maria, Rio Grande do Sul, Brazil. During treatment, rats were housed at
a constant room temperature, humidity, and light cycle (12:12 h light-
dark), giving free access to water and fed with a standard chow ad
libium. All experiments were conducted in compliance with the
guidelines for biomedical research stated by the Brazilian Societies of
Experimental Biology and approved by the Ethics Committee on Animal
Use Experimentation of the Federal University of Pampa, Uruguaiana,
Rio Grande do Sul, Brazil (Process Number: 028/2014).

Rats were divided into two major groups, according to Martinez
et al. [24] and treated orally: 1) First group - Low aluminum level - rats
were subdivided (N = 8/each) and treated for 60 days as follows: a)
Control - received ultrapure drinking water (Milli-Q, Merck Millipore
Corporation. © 2012 EMD Millipore, Billerica, MA); b) AICl; - received
Al at 8.3 mg/kg bw per day in the drinking water (changed 4 times/
week), a dose based on human dietary levels translated to an animal
dose according to the body surface area normalization method [25];
and 2) Second group - High aluminum level - rats were subdivided
(N = 8/each) and treated for 42 days as follows: a) Control - received
ultrapure water through oral gavage; b) AlCl; - received Al at 100 mg/
kg bw per day through oral gavage once a day, representing a high level
of human exposure to Al [26].

AlCl3-6H20 was purchased from Sigma-Aldrich (St Louis, MO, USA)
and dissolved in ultrapure water. The concentration of each stock so-
lution was 0.034 M and 0.331 M, respectively from 8.3 and 100 mg/kg
bw. Salts and reagents were of analytical grade obtained from Sigma-
Aldrich and Merck (Darmstadt, Germany).

2.2. Tactile sensitivity: Von Frey hair test

Mechanical sensitivity was assessed by measuring the withdrawal
threshold to calibrated von Frey hairs (Bioseb Instruments, USA) [27].
The test was conducted at the start (0 day), middle (21 and 30 days)
and end (42 or 60days) of the treatments. Rats were placed in-
dividually on an elevated iron mesh in a clear plastic cage and were
allowed to adapt to the testing environment for at least 10 min. Habi-
tuation to this environment was also performed two days before as-
sessment. The filaments were applied to the plantar aspect of each hind
paw, from below the mesh floor. Each stimulus was applied for ap-
proximately 1 s with an interstimulus interval of approximately 3s. A
significant decrease in von Frey hair threshold evoked by mechanical
stimulus was defined as presence of mechanical allodynia.

2.3. Thermal sensitivity: plantar test

Responses to thermal stimuli were evaluated after mechanical

Journal of Inorganic Biochemistry xxx (Xxxx) XXX~XXX

sensitivity using a plantar test apparatus (Ugo Basile, Comerio VA,
Italy) [28]. During the testing days rats were placed within a plastic
compartment on a glass floor and a light source beneath the floor was
aimed at the mid plantar surface of the hind paw. So, the withdrawal
reflex interrupts the light and automatically turns-off the light and a
timer. The withdrawal latency of each paw was measured during three
trials at 2 min intervals and the mean of the three readings was used for
data analysis.

2.4. Catalepsy

Catalepsy was measured using a modification of the “ring test” [29].
Rats were hung by their front paws from a rubber-coated metal ring
fixed horizontally at a height that allowed their hind paws to just touch
the bench. The time taken for the rat to move-off the ring was measured
with a cut-off limit of 30 s.

2.5. Spontaneous locomotor activity

Spontaneous locomotor activity was evaluated in the middle (21 or
30 days) and end (42 and 60 days) of the treatments using individual
photocell activity chambers (Cibertec S.A., Madrid, Spain) [27]. For
this, rats were placed in the recording chambers and the number of
interruptions of photocell beams was recorded over a 30-min period.
Total number of activity counts throughout the 30 min of test duration
was recorded. The mean number of crossings of the photocell beams
was used for comparison.

2.6. Blood and tissue collection

At the end of the treatment period, after the behavioral assessment,
rats were anesthetized with an association of ketamine and xylazine
(87 mg/kg and 13 mg/kg, respectively, intraperitoneal injection), and
after loss of the righting reflex they were submitted to an aorta artery
puncture and blood was subsequently collected to obtain plasma for the
biochemical experiments. Thereafter, rats were euthanized by decap-
itation, and the sciatic nerve of the right hind paw was carefully re-
moved for immunohistochemistry analysis.

2.7. Reactive oxygen species levels

Biochemical studies of oxidative stress biomarkers were performed
in plasma. For that, blood was centrifuged at 2400g for 10 min at 4 °C
and plasma was obtained for the measurements.

Levels of reactive species were determined by the spectro-
fluorometric method described by [30]. This method is unspecific for
reactive oxygen species (ROS), also measuring reactive nitrogen species
(RNS). The plasma was diluted in 50 mM Tris HCl (pH7.4) and 2/,7"-
dichlorofluorescein diacetate (DCHF-DA; 1 mM) was added to the
medium. DCHF-DA is enzymatically hydrolyzed by intracellular es-
terases to form nonfluorescent DCFH, which is then rapidly oxidized to
form highly fluorescent 2’,7’-dichlorofluorescein (DCF) in the presence
of ROS. DCF fluorescence intensity is proportional to the amount of ROS
that is formed. The DCF fluorescence intensity emission was recorded at
520 nm (with 480 nm excitation) (SpectraMax M5 Molecular Devices,
CA, USA) for 60 min at 15 min intervals. The ROS levels were expressed
as fluorescence units.

2.8. Lipid peroxidation

Lipid peroxidation was measured as malondialdehyde (MDA) using
a colorimetric method, as previously described by Ohkawa et al. [31],
with modifications [24]. An aliquot of plasma was incubated with
thiobarbituric acid 0.6% (TBA) and phosphoric acid buffer 1% (H3PO4)
at 100 °C for 60 min. The color reaction was measured at 532 nm
against blanks (SpectraMax M5 Molecular Devices, CA, USA). The
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sensitivities of control rats and treated with AICl; for 60 (8.3 mg/kg bw per day - A, C) or 42 days (100 mg/kg bw per day ~ B, D). Data are expressed as mean * SEM,n = 8, *P < 0.05

compared with their cor controls (Student’s t-test).

results were expressed as nanomoles of MDA per mL of plasma.

2.9. Ferric reducing/antioxidant power (FRAP) assay

The total antioxidant capacity was measured by FRAP assay [32],
with modifications [24]. This method is based on the ability of samples
to reduce ferric ion (Fe®*) to ferrous ion (Fe?*) which forms with
2,4,6-Tri(2-piridil)-s-triazine (TPTZ) the chelate complex Fe* 2.TPTZ.
Briefly, 10 pL of plasma was added to 1 mL freshly prepared and pre-
warmed (37 °C) FRAP reagent (300 mM acetate buffer (pH = 3.6),
10 mM TPTZ in 40 mM HCl, and 20 mM FeCl, in the ratio of 10:1:1) in
a test tube and incubated at 37 °C for 10 min. The absorbance of the
blue-colored complex was read against a blank reagent (1 mL FRAP
reagent + 10 yL distilled water) at 593 nm (SpectraMax M5 Molecular
Devices, CA, USA). A standard dose-response curve of Trolox
(50-1000 pM - water soluble analog of vitamin E) was prepared and
the FRAP assay is described. Results are presented with particular re-
ference to Trolox equivalents.

2.10. Immunohistochemistry

Sciatic nerve immunohistochemistry was performed on paraffin-
embedded sections of 5 um thickness. De-paraffined slides were washed
with phosphate buffered saline (PBS) with 0.05% Tween 20
(Calbiochem, Darmstadt, Germany). Thereafter sections were incubated
for 10 min in 3% (v/v) hydrogen peroxide to inhibit endogenous per-
oxidase activity and blocked with fetal bovine serum for 30 min to

minimize nonspecific binding of the primary antibody. Sections were
then incubated overnight at 4 °C with a monoclonal antibody against
macrophage-associated  antigen (CD163, 1:100, Santa Cruz
Biotechnology, Inc., Santa Cruz, CA, USA) to quantify the number of
activated macrophages, which is consistent with the presence of in-
flammation. After incubation, samples were washed with PBS-Tween.
The peroxidase-based kit Masvision (Master Diagnostica, Granada,
Spain) was used as chromogen. Samples were counterstained with he-
matoxylin and coverslips mounted with Eukitt mounting media (O.
Kindler GmbH & Co, Freiburg, Germany). To determine the level of non-
specific staining the preparations were incubated without the primary
antibody.

2.11. Lumogallion staining for presence of aluminum

Lumogallion staining was performed in formalin-fixed sciatic nerve
using a recent validated method to identify the presence of Al in tissues
[9,33]. Briefly, re-hydrated tissues sections were immediately placed
into either 1 mM lumogallion (TCI Europe N.V. Belgium) buffered in
50 mM PIPES, pH 7.4 or the PIPES-buffer alone for auto-fluorescence
analyses for 45 min. Slides were carefully washed 6 times with PIPES-
buffer, after rinsed in ultra-pure water for 30 s, finally mounted using
an aqueous mounting media and stored horizontally at 4 °C overnight
prior to imaging. Sections of tissues were imaged using a Zeiss Axioskop
2 microscope (Zeiss, Jena, Germany) equipped with the image analysis
software package AxioVision 4.6.
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2.12. Statistical analysis

Data are expressed as mean * SEM. Results were analyzed using
unpaired Student's t-test for comparison between groups in the pre,
middle and in the end of the treatments. Values of P < 0.05 were
considered significant.

3. Results
3.1. Body weight, fluid and feed intakes

Body weight of rats was similar between groups at the beginning
and end of treatments. Water or Al intakes as well as the feed intake
were not different between groups [24].

3.2. Aluminum promotes the development of peripheral neuropathy

Exposure to Al at low (8.3 mg/kg bw for 60 days) or at high level
(100 mg/kg bw for 42days) decreased the mechanical sensitivity
threshold in the middle (30 and 21 days) and end of the treatments (60
and 42 days - Fig. 1A, B). The threshold for mechanical sensitivity be-
fore treatment was 21.92 = 1.20 g (N = 64) without differences be-
tween groups. In control groups, this threshold did not significantly
change with the treatment, whereas for Al-treated rats the mean
threshold value after treatments decreased 61.2% and 40.9% for Al
exposure at low and high doses, respectively (Fig. 1A, B). The thermal
sensitivity tested by the plantar test was unaffected by Al (Fig. 1C, D).
However, exposure to Al induced development of catalepsy. Rats ex-
posed to low or high levels of Al showed an increased latency time for

controls (Student's t-test).

reaction in the catalepsy test, being necessary from 2 to 4 times more,
respectively when compared to their respective control group, sug-
gesting the presence of motor behavioral disorders (Fig. 2A, B). Spon-
taneous motor activity was not modified in the different experimental
conditions (Fig. 2C, D). Taken together, these results suggest the pre-
sence of mechanical allodynia and motor behavioral disorders after Al
exposure even at low doses.

3.3. Aluminum induces systemic oxidative stress and peripheral
neuroinflanmation

Al treatment at low and high doses promoted an imbalance between
pro-oxidant and antioxidant systemic biomarkers, as observed by the
raised on ROS levels, lipid peroxidation and total antioxidant capacity
in plasma (Fig. 3).

Immunohistochemical analysis showed an increase in the number of
activated macrophages in sciatic nerve of rats treated with Al at the low
dose of 8.3 mg/kg and of rats treated with the higher dose of 100 mg/
kg, when compared with the respective control groups (ranging from 10
to 34 in the control group and from 25 to 67 in the Al-treated rats —
Fig. 4).

3.4. Aluminum seems to be deposited in the sciatic nerve fibers

The presence of Al in the sciatic nerve was confirmed using lumo-
gallion and fluorescence microscopy. The nerve showed green auto-
fluorescence in the absence of lumogallion (Fig. 5A) and no specific
fluorescence in the control rats (Fig. 5B). Lumogallion fluorescence
identified Al in the sciatic nerve of Al-treated rats as evidenced by
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bright orange fluorescence (Fig. 5C, D).

4. Discussion

Aluminum is neurotoxic, and evidence now points to Al as a primary
etiological factor in AD [16]. Recently, we have observed that Al
reaches a threshold sufficient to promote cognitive dysfunction and
memory impairment even at low doses [24]. Here, we show that Al at
human dietary levels could affect the PNS inducing peripheral neuro-
pathy. Rats exposed to Al for 60 days at a representative human dietary
Al level (8.3 mg/kg) have developed mechanical allodynia, peripheral
nerve inflammation with increased number of activated macrophages
in the sciatic nerve and, all of this submerged in an increased systemic
oxidative stress. Interestingly, and in agreement with our previous
findings [24], these effects are similar to those found in rats exposed to
Al at a dose much higher (100 mg/kg), suggesting a nonclassical tox-
icological pattern. Exposure conditions, individual characteristics and,
consequent distribution and bioavailability through the body seem to
be more determinant for Al effects. Moreover, our study shows for the
first time the specific presence of Al in the sciatic nerve fibers.

The present study supports the concern regarding safety values for

human exposure to Al. Herein, rats exposed to Al in a model that aims
to mimic human exposure to this metal develop peripheral dysfunction
similar as those found in Al exposure at a high level. In our model of
exposure, considering the amount of Al present in the animal's feed, the
total Al exposure was 4.37 mg/Al/day (2.49mg from water plus
1.88 mg from feed) while, for Al exposure at a high level, rats were
treated with a total of 31.88 mg/Al/day (30 mg from gavage plus
1.88 mg from feed). Our model of exposure together with previous
reports in the literature suggest that once achieved a toxic Al threshold
or burden in any compartment or tissue, Al could begin its cascade of
toxicity in the body, which seems occur at a similar human exposure
level [24,34,35].

Data regarding Al and peripheral nerve dysfunction are scarce.
Injection of Al in the subepineurial space of the sciatic nerve was used
as a model for neurodegeneration in rabbits [36]. Recently, the pre-
sence of Al in the dorsal root ganglion of oxaliplatin-treated mice, a
platinum-based anticancer drug, was associated with severe side effects
in the peripheral nervous system (PNS) [22]. It was further confirmed
by the use of the antioxidant glutathione as a suggested metal chelator
which in turn decreases the concentration of Al in the dorsal root
ganglion and the neuropathic pain induced by oxaliplatin [23]. The
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effect of high Al in water resources (140 times higher than the max-
imum allowable limits) on human health was evaluated, and a total of
273 people living in the Kirazli region, Turkey were interviewed and
compared with a control population from Ciplak-Halileli region. The
neuropathy history was about 36% higher in the region, creating a
statistically significant difference [21]. Important to highlight that
serum Al may have toxic effects on hemodialysis patients even when it
is in the “acceptable” range (below 20 pg/L), being associated with
increased mortality and, disorders of the PNS are among the various
neurologic conditions that have been reported in such population
[37,38]. In the present study, Al exposure induced no alteration in the
sensitivity to noxious stimuli. The effect of metals and toxics in this
parameter remains controversial. Mercury treatment induces heat

hyperalgesia [39] and cold allodynia was observed in mice treated with
Al [22]. Further work is needed to better define the effect of Al on
thermal sensitivity.

In the current study Al-treated rats have developed catalepsy, which
is an extreme form of immobility manifested in some Parkinson disease
patients and resembles the extrapyramidal side effects that occur in
humans exposed to various antipsychotic drugs, some of which acting
as acetylcholinesterase (AChE) inhibitors [40]. In experimental ani-
mals, the inhibition of AChE has been related with the catalepsy de-
velopment [41,42]. The catalepsy behavior found in Al-treated rats is in
agreement with our previous findings. We have seen that Al exposure at
an equivalent human dietary level inhibits the AChE activity in hip-
pocampus of rats [24]. Indeed, Al exposure has a large history on
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cholinergic system, acting either stimulating or inhibiting AChE activity
[19,26,43]. However, the neurotoxicity mechanisms of Al need to be
better understood.

AL®* is a potent pro-oxidant due to formation of superoxide radical
ion [44] or by promoting the Fenton reaction by reducing Fe (IIl) to Fe
(1) [45]. In the present study, rats exposed to Al have shown the fea-
tures of mechanical allodynia followed by increased oxidative stress in
plasma and peripheral inflammation in the sciatic nerve, suggesting the
development of peripheral neuropathy in rats. While there are several
lines to explain the pathophysiological basis of neuropathic dysfunction
in other diseases, oxidative stress and inflammation seem to play an
important role in neuronal damage, contributing towards to demyeli-
nation of peripheral nerves thus altering the normal conduction
[46,47]. Overall, our findings suggest that the increased ROS, lipid
peroxidation and antioxidant capacity in plasma together with the
peripheral inflammation with large number of activated macrophages
in the sciatic nerve could underlie the pathogenesis of peripheral im-
pairment in Al-treated rats. Moreover, by lumogallion staining and
fluorescence microscopy, we have seen for the first time the in-
tracellular presence of Al in the sciatic nerve highlighting its inter-
ference on the neuropathic dysfunction observed after Al exposure.
However, further detailed study will be necessary to verify the precise
locations of deposits of Al in the nerve.

5. Conclusions

Our study provides evidence that 60-day exposures to low doses of
Al, which aimed to mimic human exposure to Al by dietary source, are
able to impair the PNS and, those effects are almost the same as ob-
served after Al exposure at a high level. Here we show for the first time
the specific presence of Al in the sciatic nerve fibers, which suggest that
Al may trigger the onset of the peripheral dysfunction. The elevation of
oxidative stress and inflammation highlight pathways of toxic actions

for Al in the PNS. Moreover, our findings raise the concern regarding
safety values of human exposure to Al and suggest an action of Al in the
development of the neuropathic dysfunction.
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Concerns about environmental aluminum (Al) and reproductive health have been raised. We investigated
the effects of Alexposure at a human relevant dietary level and a high level exposure to Al. Experiment 1
(Lower level) rats were treated orally for 60 days: a) controls - ultrapure water; b) aluminumat 1.5 mg/kg
bw/day and c) aluminum at 8.3 mg kg bw/day. Experiment 2 (High level) rats were treated for 42 days:
a) controls - ultrapure water; b) aluminum at 100 mg/kg bw/day. Al decreased sperm count, daily sperm
production, sperm motility, normal morphological sperm, impaired testis histology; increased oxidative
stress in reproductive organs and inflammation in testis. Our study shows the specific presence of Al
in the germinative cells and, that low concentrations of Al in testes (3.35 j.g/g) are sufficient to impair
spermatogenesis and sperm quality. Our findings provide a better understanding of the reproductive

© 2017 Elsevier Inc. All rights reserved.

1. Introduction

Human exposure to aluminum (Al) isinevitable,and its real con-
sequence is largely unknown. After oxygen and silicon, Al is the
third most abundant element in the Earth’s crust and the increased
biological availability of this metal is due to natural and anthro-
pogenic actions over the years [1,2].

People are exposed to Al through dietary and non-dietary
sources. Al salts are added to various commercially-available foods,
are used as a flocculants in the treatment of drinking water and
in packaging and storage of food products [3]|. Humans are also

Abbreviations: ROS, reactive oxygen species; RNS, reactive nitrogen species; DCF,
dichlorofluorescein; MRA, mesenteric resistance arteries; MDA, malondialdehyde;
TBA, thiobarbituric acid.

* Corresponding author at: PPGBioq, UNIPAMPA, BR 472, Km 592, PO Box 118, Zip
Code: 97500-970, Uruguaiana, Rio Grande do Sul, Brazil.

E-mail addresses: caroline.s.martinez@gmail.com (C.S. Martinez),

giuliawp@gmail.com (G.A. Wiggers).

http://dx.doi.org/10.1016/j.reprotox.2017.08.008
0890-6238/© 2017 Elsevier Inc. All rights reserved.

exposed to considerable amounts of Al by non-dietary sources
such as Al adjuvant in vaccines, medicines, cosmetics, sunscreens,
deodorants and make up products [4].

In 2007, the tolerable weekly intake of Al for humans was
adjusted to 1 mg Al/kg body weight (b.w.) [5]. However, it is known
that humans may exceed health-based guidance values [3,6,7].

Even with a low rate of Al absorption through the gastrointesti-
nal tract [8], taking account the overall sources of Al exposure,
humans are continuously exposed to considerable and partly
estimated amounts of Al every single day. Benefits are lacking
between the interaction of this non-essential metal with normal
biomolecules, making this body burden of Al potentially toxic [2].

Over the last years, concerns have increased about Al exposure
and its relationship to reproductive health [9-11]. The decline of
sperm quality and increases in infertility have been observed over
recent decades |12-14|, which suggests the involvement of envi-
ronmental contributors to this phenomenon. Sperm health after
Al exposure has been investigated; however, the findings, to date,
are inconsistent [9,15]. Recently, Al content in human sperm was
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related to reduction in sperm quality. Specifically, patients with
oligozoospermia had higher Al concentration than others [16].
Experimental studies in animal models of Al intoxication support
the human studies and show that Al exposure seems to be related
to hormonal imbalance, decreases in sperm quality, histological
abnormalities in reproductive organs and infertility [17,18].

However, studies addressing reproductive effects of Al have
been conducted with doses of Al higher than might commonly be
found among human populations [19-21]. Moreover, due to the
suggested biphasic effect of Al [22], it is urgent to investigate the
effects of Al exposure at human dietary levels and then to compare
with Al effects at high levels. Herein we investigated the effects of
Al exposure at three different doses: two low doses representing
human Al exposure through the diet and, one model of exposure at
a high Al level known to produce toxicity.

2. Material and methods
2.1. Animals

Three-month-old male Wistar rats (362.5+11.7g) were
obtained from the Central Animal Laboratory of the Federal Uni-
versity of Santa Maria, Rio Grande do Sul, Brazil. During treatment,
rats were housed at a constant room temperature, humidity, and
light cycle (12:12 h light-dark), giving free access to water and fed
with a standard chow ad libitum. All experiments were conducted
in compliance with the guidelines for biomedical research stated
by the Brazilian Societies of Experimental Biology and approved
by the Ethics Committee on Animal Use Experimentation of the
Federal University of Pampa, Uruguaiana, Rio Grande do Sul, Brazil
(Process Number: 028/2014).

Rats were divided into two major groups, according to Martinez
et al. [23]: Experiment 1 - low aluminum levels, and Experiment
2 - high aluminum level. For group 1, 18 rats were subdivided (in
groups of six animals) and treated for 60days as follows: a) the
control groups received ultrapure drinking water (Milli-Q, Merck
Millipore Corporation. © 2012 EMD Millipore, Billerica, MA); b) the
second group received aluminum at 1.5 mg/kg bw/day based on
human dietary levels according to a published protocol described
by Walton [24], at the reduced Al exposure for 60 days, and c) the
third group drank aluminum at 8.3 mg/kg bw/day which corre-
sponds to the same aluminum human dietary levels (1.5 mg/kg)
when translated to an animal dose based on body surface area
normalization method [25]. For experiment 2, (the high aluminum
level), 12 rats were subdivided (N=6/each) and treated for 42 days
as follows: a) the control group received ultrapure water through
oral gavages; b) aluminum at 100 mg/kg bw/day [26].

Rat body weights, feed, water and Al intakes were measured
weekly. At the end of the treatments, animals were euthanized by
decapitation and the weights of testis, epididymis, prostate, vas
deferens and seminal vesicle (empty, without coagulation gland),
were determined. The right testis, epididymis and left vas deferens
were used for sperm parameter analysis. Left testis and epididymis
were divided in two segments, one of each was processed for his-
tological and or immunohistochemical studies and the other part
together with the prostate were quickly homogenized in 50 mM
Tris HCl, pH 7.4, (5/10, w/v) for biochemical determinations. After-
wards, samples were centrifuged at 2400g for 10min at 4°C and
the resulting supernatant fraction was frozen at —80 °C for further
assay.

AlCl3-6 H,0 was purchased from Sigma-Aldrich (St Louis, MO,
USA) and dissolved in ultrapure water (Milli-Q © 2012 EMD Milli-
pore, Billerica, MA). The concentration of each stock solution was
0.008 mol/L, 0.034 mol/L and 0.331 mol/L, respectively from Al 1.5,

8.3 and 100 mg/kg bw. Salts and reagents were of analytical grade
obtained from Sigma and Merck (Darmstadt, Germany).

2.2. Sperm parameters analysis

2.2.1. Daily sperm production per testis, sperm number and
transit time in epididymis

Homogenization-resistant testicular spermatids (stage 19 of
spermiogenesis) and sperm in the caput/corpus epididymis and
cauda epididymis were counted as described by Robb et al. [27].
To calculate daily sperm production, the number of spermatids at
stage 19 was divided by 6.1, which is the number of days these
spermatids are present in the seminiferous epithelium. The sperm
transit time through the epididymis was determined by dividing
the number of sperm in each portion by the daily sperm production
[27).

22.2. Sperm morphology

Sperm were obtained from the vas deferens and stored with
1 mL of 10% formal-saline until analysis. For the analysis, smears
were prepared on histological slides and 200 spermatozoa per ani-
mal were evaluated under 400 x magnification (Binocular, Olympus
CX31). Morphological abnormalities were classified into head
(amorphous, bananaand detached head) and tail morphology (bent
and broken tail), according to Filler [28].

2.2.3. Sperm motility

Sperm were removed from the vas deferens by internal ris-
ing with 1 mL of Human Tubular Fluid (DMPBS-Nutricell-SP-Brazil)
pre-warmed to 34°C. Then, a 10 L aliquot was transferred to a
histological slide. Under a light microscope (20x magnification,
Binocular, Olympus CX31, Tokyo, Japan), 100 spermatozoa were
analyzed and classified as type A: motile with progressive move-
ment, type B: motile without progressive movement and type C:
immotile. Sperm motility was expressed as% of total sperm [29].

2.3. Biochemical assay

2.3.1. Reactive oxygen species levels

The levels of reactive species (RS) in testis, epididymis and
prostate were determined by a spectrofluorometric method, as
described by Loetchutinat et al. [30]. This method is unspecific for
reactive oxygen species (ROS), also measuring reactive nitrogen
species (RNS). The supernatant fraction of the sample was diluted
(1:10) in 50mM Tris-Hcl (pH 7.4) and 2’, 7'-dichlorofluorescein
diacetate (DCHF-DA; 1mM) was added to the medium. DCHF-
DA is enzymatically hydrolyzed by intracellular esterases to form
nonfluorescent DCFH, which is then rapidly oxidized to form
highly fluorescent 2’,7'-dichlorofluorescein (DCF) in the presence
of ROS. DCF fluorescence intensity is proportional to the amount
of ROS that is formed. The DCF fluorescence intensity emission
was recorded at 520 nm (with 480 nm excitation) (SpectraMax M5
Molecular Devices, CA, USA) for 60 min at 15 min intervals. The ROS
levels were expressed as fluorescence units.

2.3.2. Lipid peroxidation

Thelevels of lipid peroxidation in testis, epididymis and prostate
were measured as malondialdehyde (MDA) using a colorimetric
method, as previously described by Ohkawaetal. |31, with modifi-
cations. An aliquot of each tissue was incubated with thiobarbituric
acid 0.8% (TBA), phosphoric acid buffer 1% (H3PO4), and sodium
dodecil sulphate 0.8% (SDS) at 100 °C for 60 min. The color reaction
was measured at 532 nm against blanks (SpectraMax M5 Molecu-
lar Devices, CA, USA). The results were expressed as nanomoles of
MDA per mg of protein.
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2.3.3. Ferric Reducing/Antioxidant Power (FRAP) assay

The total antioxidant capacity was measured in testis, epi-
didymis and prostate by FRAP assay [32]. This method is based
on the ability of the sample to reduce ferric ion (Fe3*) to ferrous
ion (Fe2") which forms with 2,4,6-Tri(2-piridil)-s- triazina (TPTZ)
the chelate complex Fe*2-TPTZ. Briefly, 10 uL of the supernatant
fraction of each tissue wasadded to 1 mL freshly prepared and pre-
warmed (37°C) FRAP reagent (500 p.L of 300 mM acetate buffer
(pH=3.6), 250 pL of 10 mM TPTZ in 40 mM HCl, and 250 p.L of
20 mM FeCl3) in a test tube and incubated at 37°C for 10 min.
The absorbance of the blue-colored complex was read against a
blank reagent (1 mLFRAP reagent + 10 pLdistilled water)at 593 nm
(SpectraMax M5 Molecular Devices, CA, USA). A standard dose-
response curve of Trolox (50-1000 M - water soluble analog of
vitamin E) was prepared and the FRAP assay is described. Results
are presented with particular reference to Trolox equivalents.

2.4. Testis and epididymis histology

To carry out the histological studies. Epididymis tissues were
dehydrated, fixed in 10% formaldehyde and testis in Bouin's
solution for 1-2 days. After several intensive washings, tissues
embedded in paraffin, sectioned at 5 pm and stained with hema-
toxylin/eosin. Tissues were studied under a Zeiss Axioskop 2
microscope (Zeiss, Jena, Germany) equipped with the image analy-
sis software package AxioVision 4.6 to evaluate the morphometric
parameters in testis: thickness of the seminiferous epithelium
(p.m) and the average number of empty seminiferous tubules/field
as well as in the epididymis the average number of efferent
ducts/field. The analysis was made in 10 random fields of 8 samples
foreachgroup, analysingapproximately 7 seminiferous tubules per
field and 5 efferent ducts per field of epididymis, in 20x magnifi-
cation per section.

2.5. Testis inmunohistochemistry

Testis immunohistochemistry was performed on paraffin-
embedded sections of 5 pm thickness. De-paraffined slides were
washed with phosphate buffered saline (PBS) with 0.05% Tween
20 (Calbiochem, Darmstadt, Germany). Thereafter, sections were
incubated for 10min in 3% (v/v) hydrogen peroxide to inhibit
endogenous peroxidase activity and blocked with fetal bovine
serum for 30min to minimize nonspecific binding of the pri-
mary antibody. Sections were then incubated overnight at 4°C
with a monoclonal antibody against macrophage-associated anti-
gen (CD163, 1:100, Santa Cruz Biotechnology, Inc., Santa Cruz, CA,
USA) to quantify the number of activated macrophages, which
is consistent with the presence of inflammation. As a negative
control, preparations were incubated without the primary anti-
body. After incubation, samples were washed with PBS-Tween.
The peroxidase-based kit Masvision (Master Diagnostica, Granada,
Spain) was used as chromogen. Samples were counterstained with
hematoxylin and coverslips mounted with Eukitt mounting media
(O. Kindler GmbH & Co, Freiburg, Germany).

2.6. Aluminum content in testis and epididymis

The Al content of testis and epididymis were determined using
an established method [33]. Briefly, approximately 0.5g and 0.3 g
of testis and epididymis, were dried to a constant weight at
37°C. Dried and weighed tissues were digested in a 1:1 mix-
ture of 15.8M HNOj; and 30% w/v H,0, in a microwave oven
(MARS Xpress CEM Microwave Technology Ltd). Upon cooling
each digest was diluted to a total volume of 5 mL with ultrapure
water (cond <0.067 < .S/cm) and the Al content of digests mea-
sured by TH GFAAS (Transversley Heated Graphite Furnace Atomic
Absorption Spectrometry) using matrix-matched standards and
an established analytical programme (House et al., 2012). Briefly,
the TH GFAAS was calibrated by automated serial dilution of a
60 pgL-! solution of Al with 1% HNO3. Non-linear zero intercept
WinLab 32-generated fits were applied (Perkin Elmer, UK). Instru-
ment detection limits (IDL) were estimated from three times the
standard deviation on the 1% HNOj3 calibration blank absorbance
(n=3 injections) divided by the Winlab32 generated calibration
slope. Mean IDL for Al was 0.13 gL' (SD0.13 pgL !, n=62). Con-
centrations of Al in NISTSRM 1566B oyster tissue and IAEA-407 fish
homogenate were used as spike samples and standard reference
material. Results were expressed as pg Al/g tissue dry weight. Each
determination was the arithmetic mean of a triplicate analysis.

2.7. Lumogallion staining

Lumogallion staining was performed in bouin and formalin-
fixed testis and epididymis using a recent validated method to
identify the presence of Al in tissues |34,35]. Briefly, re-hydrated
tissues sections were immediately placed into either 1 mM lumo-
gallion (TCI Europe N.V. Belgium) buffered in 50 mM PIPES, pH
7.4 or the PIPES-buffer alone for auto-fluorescence analyses for
45 min. Slides were carefully washed 6 times with PIPES-buffer,
after rinsed in ultra-pure water for 30 s, finally mounted using an
aqueous mounting media and stored horizontally at 4°C overnight
prior to imaging. Sections of tissues were imaged using a Zeiss
Axioskop 2 microscope (Zeiss, Jena, Germany) equipped with the
image analysis software package AxioVision 4.6.

2.8. Statistical analysis

Data are expressed as mean=+SEM. Data of group 1 were
analysed by ANOVA followed Bonferroni post hoc tests whenappro-
priate and for sperm motility analysis Kruskal-Wallis test followed
by Dunn's multiple comparisons test. Data of group 2 were ana-
lysed by Student’s t-test and Mann-Whitney test for motility data.
Values of p <0.05 were considered significant.

3. Results
3.1. Body and organs weights, fluid and feed intake
Body weight of rats was similar between groups at the start

and end of treatments (362.2+11.7; 434.7 +11.1 g means at the
start and end, respectively). The quantity of water, Al intakes and

.Ilil?f:?[ (])f subchronic aluminum exposure to low (group 1) and high (group 2) doses on daily feed and drink intakes (p >0.05).
Feed/fluid intakes Group 1 Group 2
Control 1.5 mg Al/kg bw/d 8.3 mg Al/kg bw/d Control 100mg Al/kg bw/d
Feed intakes 21.54+£027g 22.16£0.34¢g 2289:041g 2223:043g 21.98:0.34g
Fluid intakes 3524 £0.76 mL 34.99£0.59mL 35.67£0.47mL 3432+0.69mL 35.67=0.57mL

Data are expressed as mean = SEM. p >0.05 (ANOVA or Student’s t-test).
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Table 2
Effect of subchronic aluminum exposure to low (group 1) and high (group 2) doses on body weight, absolute and relative weights of reproductive organs.
Parameters Group 1 Group 2
Control Al 1.5mglkg Al83 mg/kg Control Al'100 mg/kg
Initial body weight (g) 360.10=10.29 396.4 =9.56 315.6=14.01
Final body weight (g) 4246+9.54 462.7 =10.58 41541178
Testis (g) 1.7£013 207+0.14 1.9=0.06
Testis (/100 g) 0.4+0.03 0.4=001 04001
Epididymis (mg) 653.8£23.15 690.7 =25.86 616.2£35.13
Epididymis (mg/100g) 142.1£6.59 141.7 £5.63
Ventral prostate (mg) 458.8 £58.61 351.1£21.79°
Ventral prostate (mg/100g) 111.4£9.09 921£8.16 77+£531
Full seminal vesicle (g) 1.6=0.11 1.6=020 13+012
Full seminal vesicle (g/100 g) 03=0.04 03=003 03+002
Empty seminal vesicle (g) 0.5=0.10 0.6=0.19 04005
Empty seminal vesicle (g/100g) 0.1=0.02 0.1£0.03 0.1=001
Vesicular secretion (g) 09+0.14 1.1£013 09+0.14
Vas deferens (mg) 112£147 972£13.74 113.8:1044 89.1:94
Vas deferens (mg/100g) 26.1+3.56 20.1£233 236£2.69 21£293 204184
Data are expressed as mean = SEM. The relative organ weight was calculated by use of the formula: organ weight/body weight x 100. Units: g: gram, mg: milligram.
" p<0.05 p with Is from the corr ding group 2 (Student's t-test).
Table 3
Effect of subchronic aluminum exposure to low (group 1) and high (group 2) doses on sperm counts in testis and epididymis of rats.
Parameters Group 1 Group 2
Sperm count Control Al 1.5mg/kg Al8.3 mgfkg Control Al 100mg/kg
Testis
Sperm number ( x 106) 1158 +:11.84*
Sperm number ( x 106/g) 65.79 £5.95**
DSP (% 108/testis/day) 1898164
DSPr (% 108/testis/day/g) 10.79 £0.97**
Epididymis
Caput/Corpus
Sperm number (x10°) 142597 1337+753
Sperm number (x10%/g) 4160=18.41 36921097
Sperm transit time (days) 603045 7.74=0.34" 9.77+0.77" 6.21046 7.33+067
Cauda
Sperm number (x108) 1786 £17.81 139.6£9.29 150.0+11.89 16631048 1395+14.88
Sperm number (% 10°/g) 823.7 £62.56 642.1+49.22 701.3 £31.66 737.7+£26.43 64543591
Sperm transit time (days) 761062 8.11=0.46 1003 £1.09 7.03+081 7.51=081

DSP: daily sperm production; DSPr: daily sperm production relative to testis weight. Data are expressed as mean = SEM. Units: g: gram. * p<0.05, ** p<0.01 compared with

their corresponding controls (ANOVA or Student's t-test).

feed intake were not different between groups (P>0.05; one-way
ANOVA/t-test — Table 1). Al exposure at low levels (group 1) did
not change the absolute and relative reproductive organ weights.
However, Al at 100 mg/kg bw/day decreased the weight of the
ventral prostate (control: 415.8+21.4 vs Al 100 mg/kg bw/day:
351.1+21.7mg, *P<0.05 - Table 2).

3.2. Daily sperm production per testis, sperm number and transit
time in epididymis

Toinvestigate the effect of Al on sperm count, group 1 rats were
treated for 60 days with Al at 1.5 or 8.3 mg/kg bw/day and group 2
rats were exposed to Al at 100 mg/kg bw/day for 42 days, and the

Table 4
Effect of subchronic aluminum exposure to low (group 1) and high (group 2) doses on sperm morphology of rats.
Parameters Group 1 Group 2
Sperm morphology Control Al 1.5mg/kg Al 83mgfkg Control Al 100 mg/kg
Normal 92.5(92-94.3) 89.2(85.6-92.2)" 83(74.8-88)*" 94 (89.63-96.13) 84(81.38-87.75)""
Head Abnormalities
Amorphous 2(1.6-2.5) 35(1.3-8.1) 6(3.8-10)** 1.5(0.8-2.5) 7.2(6.8-11.1)*
Banana Head 0.5 (0-0.6) 1(0-2.2) 3(1.6-48)° 15(1-2) 0(0-0.6)
Detached Head 1(0.5-3) 12(0.5-2.5) 15(0.8-2.3) 17(05-4.2) 32(1.2-6)"
Total of Head Abnormalities 3.7(2.8-5.3) 6.7 (3-12.8) 10.7 (9-16.1)** 55(3.5-9.6) 11.7 (9.3-15.1)"
Tail Abnormalities
Bent Tail 1(0.5-1.8) 1(0.5-23) 25(2-3)" 0.0(0.0-0.0) 1(05-15)*"
Broken Tail 0(0.0-0.5) 02(0-0.75) 05(0.3-1) 02(0.0-0.6) 1.2(03-4.8)
Total of Tail Abnormalities 1.5(12-32) 25(1.6-4.2) 3(22-42) 02(0.0-0.6) 2(15-27)"*

Data are expressed as median (Q1-Q3). “p<0.05, **p <0.01 compared with their corresponding controls (Kruskal-Wallis test followed by Dunn's or Mann-Whitney ).
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Fig. 1. Effectof subchronic aluminum exposure to low (group 1)and high (group 2) doses on sperm motility: motile with progressive movement, motile without progressive
movement and immotile. Data are expressed as median (Q1-Q3), n=6, * p <0.05 compared with their corresponding controls (Kruskal-Wallis test followed by Dunn's or

Mann-Whitney).

control rats were treated with ultrapure water. Chronic exposure
to Al at different doses altered sperm parameters in testis, there
was a reduction in daily sperm production per testis and in sperm
count (Table 3). In the epididymis of group 1 rats, Al increased the
sperm transit time in the caput/corpus and there was an apparent
decrease in sperm number, which was not statistically significant
(mean of total sperm in epididymis for group 1 control: 318.8, Al
1.5 mg/kg bw/day: 272.3, Al 8.3 mg/kg bw/day: 279.7 x 10°; group
2 control: 308.3, Al 100mg/kg bw/day: 273.2 x 10°, P>0.05, see
more details in - Table 3).

3.3. Sperm morphology and motility

Sperm analysis revealed a significant decrease in sperm with
normal morphology in rats exposed to Al when compared with
the control group (group 1: control: 92.5 (92-94.3), Al 1.5 mg/kg
bw/day: 89.2 (85.6-92.2)* Al 8.3 mg/kg bw/day: 83 (74.8-88)";
group 2: control: 94 (89.63-96.13), Al 100 mg/kg bw/day: 84
(81.38-87.75)*, — Table 4). Group 1 rats treated for 60days
with Al 8.3 mg/kg bw/day and group 2 rats exposed to Al at
100 mg/kg bw/day, for 42 days, showed specific abnormalities.
Within head phenotypes, amorphous, banana and detached head
were observed; concerning tail morphology, the bent tail was the
most frequency abnormality in rats exposed to Al at major doses
(mean of total sperm abnormalities for group 1 control: 6.18, Al
1.5 mg/kg bw/day: 10.58, Al 8.3 mg/kg bw/day: 15.33; group 2 con-
trol: 6.58, Al 100 mg/kg bw/day: 14.41% *P<0.05, see more details
in - Table 4).

Regarding sperm motility, for group 1, Al exposure at the lowest
dose of 1.5 mg/kg bw/day did not affect the motility (Fig. 1A). On
contrast, Al exposure at 8.3 mg/kg bw/day, for 60 days, and rats
exposed to Al at 100 mg/kg bw/day, for 42 days, decreased type
A sperm (motile with progressive movement) accompanied by an
increase in type B (motile without progressive movement) and type
Csperm (immotile) (mean of total motile sperm for group 1 control:
85.66,Al 1.5 mg/kg bw/day: 75, A1 8.3 mg/kg bw/day: 59.67; group 2
control: 85.16, Al 100 mg/kg bw/day: 64% *P <0.05, see more details
in - Fig. 1A and B).

3.4. Reactive species and lipid peroxidation levels

Al treatment at different doses increased the levels of reactive
species (RS) in epididymis (Fig. 2C and D) and in prostate (Fig. 2E
and F), while in testis only Al at 8.3 mg/kg bw/day and 100 mg/kg
bw/day altered this oxidative stress parameter (Fig. 2A and B).

There was a significant increase in lipid peroxidation in testis of
Al treated rats at all doses evaluated (Fig. 3A and B). In epididymis
and prostate, the major doses of Al increased MDA levels (Fig. 3C-F)
and no differences were observed in epididymis and prostate lipid
peroxidation after Al exposure at 1.5 mg/kg bw/day (Fig. 3Cand E).

3.5. Total antioxidant capacity-Ferric Reducing/Antioxidant
Power (FRAP)

Alat 1.5 mg/kg bw/day decreased the total antioxidant capacity
in testis, while at the highest dose of 100 mg/kg bw/day there was
the opposite effect (Fig. 4A and B). In the epididymis, only Al at
the middle dose of 8.3 mg/kg bw/day decreased the antioxidant
capacity (Fig. 4C) and, the prostate total antioxidant capacity was
reduced after Al exposure at minor and major doses (Fig. 4E and F).

3.6. Testis and epididymis histology

Histopathological studiesof testes showed thataluminum expo-
sure for 60days at the lower levels (Gp.1) or for 42 days at higher
levels (Gp.2) impaired testis architecture. In Al-treated rats the
thickness of the seminiferous tubules were reduced from 70.56 p.m
in the control group to 53.96 wm after Al exposure at 8.3 mg/kg
and 52.04 p.m after Al exposure at the highest dose. There was a
decrease in the number of spermatogenic cells in the lumen of the
seminiferous tubules in Al-treated rats, which was observed by the
increased seminiferous tubuleswithlessorabsence of mature sper-
matogenic cells, classified as empty seminiferous tubules. For Al
exposure at 8.3 mg/kg bw/day the average number of empty sem-
iniferous tubules was almost three times the number found in the
control group (Fig. 5B, D-F). However, Al exposure at the higher
dose of 100 mg/kg bw/day did not decrease the number of sper-
matogenic cells (Fig. 5G and H). In the control groups, the structure
of seminiferous tubules was normal (Fig. 5A and C). The epididymis
histology revealed no differences between the structure of epi-
didymis from control and Al-groups. Both showed similar number
of empty efferent ducts with the means varying from 7.4 to 9.5 per
field (Fig. 6).

3.7. Testis immunohistochemistry

Immunohistochemical analysis showed an increase in the num-
ber of activated macrophages in testes of rats treated with Al at the
low dose of 8.3 mg/kg bw/day when compared with the control
group (ranging from 5 to 15 in the control group and from 21 to 40
in the Al-treated rats - Fig. 7A, B and E). Al exposure at the higher
dose did not stimulate inflammation in testes (Fig. 7C, D and F).

3.8. Aluminum content and lumogallion staining in testis and
epididymis

We investigated the Al content in testis and epididymis of rats
exposed to Al at the low dose of 8.3 mg/kg bw/day. The mean Al
concentration in testis of Al-exposed rats was found to be almost
twice the amount found in the control group (control 1.79 £ 0.41 vs
Al13.35+ 047 /g * p<0.05 Student's t-test). While, the Al content
in the epididymis was not statistically different between groups
(control 6.38+0.75 vs Al 6.10+1.13 p./g — n=5)
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Fig.2. Effectof subchronicaluminum exposure to low (group 1)and high(group 2) doses onreactive oxygen species levels (ROS). Values of ROS on testis (A and B), epididymis
(Cand D) and prostate (E and F). Dataare expressed as mean =SEM (n=6). * p<0.05 cc d with their corresponding controls (ANOVA followed by Bonferroni or Student's
t-test). UF: Units of fluorescence.

The presence of Al was confirmed using lumogallion and G). Lumogallion fluorescence identified Al in the germinative cells
fluorescence microscopy. Testis and epididymis showed green in the seminiferous tubules as evidenced by bright orange fluo-
autofluorescence in the absence of lumogallion (Fig. 8A, C, E and rescence (Fig. 8D). In the epididymis Al seemed associated with
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Fig. 3. Effect of subchronic aluminum exposure to low (group 1) and high (group 2) doses on lipid peroxidation measurements. Values of MDA (malondialdehyde) on testis
(A and B), epididymis (C and D) and prostate (E and F). Data are expressed as mean =SEM (n=6). * p<0.05 compared with their corresponding controls (ANOVA followed by
Bonferroni or Student's t-test).
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blood cells. In this organ we are not able to identify differences 4. Discussion
between control and Al-treated rats, which is in accordance with

the quantification of Al by TH GFAAS (Fig. 8F and H). The decline in semen quality, including in countries that pre-

viously boasted good sperm characteristics, highlights the male
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reproductive system as one of the major targets of environmental
toxicants [36]. It seems likely that the cumulative effects of various
low-dose exposures to environmental contaminants are responsi-
ble for male reproductive effects. Synergistically, the continuous
increase in human exposure to Al challenged us to investigate the
male reproductive effects regarding Al exposure at human dietary
levels. Our results suggest that Al should be considered as a hazard
to the male reproductive system even at low Aldoses. Here we show

that Al exposure for 60days at human dietary levels impairs sperm
quality, as observed by suppression of sperm production and count
reduction followed by motility and morphological abnormalities
in rats. This functional impairment appears together with a redox
imbalance, with increased ROS production, lipid peroxidation and
altered antioxidant capacity in reproductive organs. Surprisingly,
these effects are similarto those found inrats exposed to Alata dose
more than60 times higher.Based onthese firstfindings, we decided
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to go further to better understand the effects of Al on the male
reproductive system. For this, we have chosen a dose of Al expo-
sureata lower level, one that better characterized the reproductive
dysfunction, and then we have compared with Al at a higher dose.
Unexpectedly, but in accordance with recent discoveries about Al
neurotoxicity [37], Al at the lower dose of 8.3 mg/kg bw/day had
worse effects on the reproductive system. Specifically, the testis
histoarchitecture of rats exposed to Al at 100 mg/kg bw/day was
better organized with a larger number of sperm cells and without
concomitant inflammation. However, further studies are necessary
to go further and better understand such discoveries.

Recently, using the same model of Al exposure at low levels,
we showed that once Al achieved a threshold its toxicity is almost
the same. We developed the same behavioral evaluations in rats
exposed to low Al doses and the neurotoxicity effects were practi-
cally the same as those induced by the highest dose [23].

Crépeaux et al. [37], by investigating the effects of the adjuvant
aluminium oxyhydroxide (Alhydrogel® ) in female mice, only found
neurocognitive impairments at the lowest dose of 0.2 mg Al/kg and
not at 0.4 or 0.8mg Al/kg. In the current study, we have found

adverse effects after Al exposure at the higher dose. However, Al at
8.3 mg/kg, the amount equivalent to human Al exposure, showed
worse effects. This may seem as though the dose is not the most
important issue regarding Al toxicity, but the exposure conditions,
intrinsic and individual characteristics and, consequent distribu-
tion and bioavailability through the body. Our results suggest that
current safety limits (e.g. WHO) relating to human exposure should
be reviewed.

The male reproductive system, especially the testes and sper-
matozoa, are very susceptible to oxidative damage, mainly because
of their high content of polyunsaturated fatty acids in membranes,
their limited antioxidant capacity and the ability of spermatozoa to
generate reactive oxygen species [38]. Overproduction of reactive
oxygen species, however, can be detrimental to sperm and, appears
to be a common feature underlying male infertility [39]. A3* tox-
icity has correlates with pro-oxidant activity in several organs
and tissues [40,26,41,42], and more recently in male reproduc-
tive toxicity [11,18,19].In the present study, Al exposure increased
oxidative stress in testis, epididymis and prostate, as evident from
an increase in RS generation and MDA levels. The oxidative stress
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came together with an inflammatory process with large number of
macrophage activated in testis of rats exposed to Al at 8.3 mg/kg
bw/day. The suppression of spermatogenesis and sperm impair-
ments as well as the histopathological changes observed, could be
partially attributed to peroxidation of polyunsaturated fatty acids
in the sperm membrane, needed for sperm viability [43], and, to
inflammation within the testis.

Regarding the cell's defense and protection against increased
oxidative stress, the total antioxidant capacity was contrastingly
changed among Al exposure models and according to the organ
evaluated. For example, Al exposure at the low doses of 1.5 and
8.3 mg/kgbw/day decreased the antioxidantcapacity in testis while
at the highest dose an increase in the antioxidant profile was
observed. This suggests that Al does not have a classical toxicologi-
cal to pattern in that the adverse effects of this metal are dependent
on the duration of exposure, contamination threshold and bioavail-
ability thatis achieved, making a low Al dose able to promote male
reproductive dysfunction.

Data regarding Al and human semen quality are scarce. Studies
of Hovatta [10] and Dawson [9] showed relationships between Al in

d with their cor Is (Student's t-test).

seminal plasma and sperm motility. More recently, this association
wasalso found in human sperm samples exposed to AlCl3, cadmium
orlead, in which Al showed the worst effects [ 11].1n a recent study
by Klein et al. [16], semen of 62 patients were investigated and
revealed high concentration of Al in individuals with low sperm
count.

Experimental animal studies addressing Al exposure and the
male reproductive system are more numerous. A single intraperi-
toneal injection of AICl3 at 25 mg/kg in mice was associated with
germ cell degeneration, tubular atrophy, apoptotic cell death of
spermatogonia and primary spermatocytes and, mitochondrial
damage in Leydig cells [44]. AICl; intragastrically for 4 weeks at
100 mg/kg bw/day induced histopathological alterations in testes
and epididymis, increased MDA levels and promoted a reduction in
glutathione levelsin rats [ 19]. AlCl; administration at doses ranging
from 34 mg/kg bw/day to 256.72 mg/kg bw/day have been related
with a reduction in reproductive organs weights, sperm count and
motility, decreased libido and ejaculate volume, increased sperm
abnormalities and hormonal imbalance such as decrease in plasma
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Fig. 8. Aluminum presence in reproductive tissues. Representative images of aluminum in testis and epididymis: autofluorescence in control groups (A and E) and in Al-
treated rats (C and G); lumogallion fluorescence for aluminum in control group (B and F) and in Al-treated rats (D and H). The specific presence of Al is indicated by arrows.

Scale bars: 50 pum.

testosterone, luteinizing hormone and follicular stimulating hor-
mone in rats and rabbits [17,20,21].

However, these studies have been addressing the effects of
Al on male reproductive system at considerable high levels of Al
exposure. Also these studies failed to consider the amount of Al
from the animalis feed. In our experimental model, we have mea-
sured the amount of Al from the feed (23] and, all rats including
controls received 1.88 mg/Al/day from their standard feed. There-
fore, taking into account the animals mean body weights of 300 g,

the total amount of Al exposure for experiment 1, low aluminum
levels, was: a) 1.5 mg/Al/kg bw/day - 2.33 mg/Al/day (0.45 mg/Al
from water plus 1.88 mg/Al from feed); b) 8.3 mg/Al/kg bw/day -
4.37 mg[Al/day (2.49 mg/Al from water plus 1.88 mg/Al from feed),
and for group 2, High Aluminum Level: c) 100 mg/Al/kg bw/day
—-31.88 mg/Al/day (30mg/Al from gavage plus 1.88 mg/Al from
feed).

In the current study, Al exposure for 60 days at relevant human
dietary levels was able to impair sperm quality and spermato-
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genesis and the Al induced oxidative stress and inflammation in
the testis. Relating to our findings about Al concentrations, it is
shown for the first time that concentrations of Al around 3 p.g/g in
testis are sufficient to induce male reproductive dysfunction. Pre-
vious studies showing male reproductive toxicity were performed
with unrealistic high doses of Al (from 34 mg/kg to 400 mg/kg/bw),
showing higher Al concentration in testes, between 35 pg/g and
140 ug/g [45,46,18].

The identification of Al in tissues or cells using lumogallion and
fluorescence microscopy was shown to be specific for Al with no
interference from any other metals and no issues relating to auto-
fluorescence [34,35]. We have used lumogallion staining to show
the presence of Al in testes of rats and, we are the first to show
Al associated with unidentified structures and among germinative
cells, whichcould reinforce its interference on the spermatogenesis
process.

5. Conclusions

Our study shows that 60-day exposure to low doses of Al, which
aimed to mimic human exposure to Al by the dietary route, are
able to impair male reproductive health. Strikingly, the reproduc-
tive impairment was, sometimes, less-marked at the higherdose of
Al, suggesting a non-linear effect of Al in this system. The current
study shows, for the first time, the specific presence of Al in the
germinative cells and, that low concentrations of Al in testes are
sufficient to impair spermatogenesis and sperm quality. The ele-
vation of oxidative stress and inflammation highlight pathways of
toxic actions for this metal on the male reproductive system. Our
findings provide a better understanding of the reproductive health
risk after Al exposure.
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ARTICLE INFO ABSTRACT

Keywords: Aluminum (Al) is a non-essential metal and a significant environmental contaminant and is associated with a number
Metal of human diseases including cardiovascular disease. We investigated the effects of Al exposure at doses similar to
Cardiovascular risk human dietary levels on the cardiovascular system over a 60 day period. Wistar male rats were divided into two major
Vascular impairment groups and received orally: 1) Low aluminum level — rats were subdivided and treated for 60 days as follows: a)
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blood pressure (SBP) and vascular function of aortic and mesenteric resistance arteries (MRA) were studied.
Endothelium and smooth muscle integrity were evaluated by concentration-response curves to acetylcholine (ACh) and
sodium nitroprusside. Vasoconstrictor responses to phenylephrine (Phe) in the presence and absence of endothelium
and in the presence of the NOS inhibitor L-NAME, the potassium channels blocker TEA, the NAD(P)H oxidase inhibitor
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NS 398 were analyzed. Vascular reactive oxygen species (ROS), lipid peroxidation and total antioxidant capacity, were
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prostanoids from COX-2 acting in concert to decrease NO bioavailability, thus inducing vascular dysfunction and
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increasing blood pressure. Therefore, 60-day chronic exposure to Al, which reflects common human dietary Al intake,
appears to pose a risk for the cardiovascular system.

1. Introduction

Aluminum (Al) is the most common metal in the Earth’s crust and its
versatile properties as several Al compounds bring us in direct contact
with this non-essential metal (Exley, 2012). Human exposure to Al
through myriad ways is inevitable (Exley, 2013). In 2007, the Joint
Food and Agriculture Organization/World Health Organization Expert
Committee on Food Additives (JECFA) followed in 2008 by the Eur-
opean Food Safety Authority (EFSA), have adjusted the Provisional
Tolerable Weekly Intake (PTWI) of Al for humans to 1 mg Al/kg body
weight (b.w.) (EFSA, 2008; WHO 2007). However, it is known that the
PTWI of Al may be exceeded by humans (Fekete et al., 2013; Gonzalez-
Weller et al., 2010; Yang et al., 2014). Despite its ubiquity Al has no
known biological function, it is not beneficial and it is only toxic (Exley,
2009). Therefore, the burgeoning increase in human exposure to Al has
been concomitant with an increased development of Al-related adverse
effects (Exley 2012; Klein et al., 2014). The accumulation of Al com-
pounds in the human body has been associated with several conditions
such as neurological disorders (Crépeaux et al., 2017; Mirza et al.,
2016), macrophagic myofascitis (Gherardi et al., 2016), microcytic
anemia (Barata et al., 1996) and osteopenia (Li et al., 2011).

Previous studies have payed attention to the relationship between
Al exposure and cardiovascular risk (Korchazhkina et al, 1999; Lind
et al., 2012; Subrahmanyam et al., 2016). In the last years, several
cohort studies have supported a possible role for Al in cardiovascular
disease (Costello et al., 2014; Neophytou et al., 2016; Subrahmanyam
et al., 2016). For example, research has shown that exposure to air-
borne particles of Al with an aerodynamic diameter < 2.5 pm are a
strong predictor of ischemic heart disease risk in Al industry workers
(Costello et al., 2014; Neophytou et al., 2016). Al appears to have high
affinity to human endothelial cells showing an ability to be accumu-
lated in several human arteries (Bhattacharjee et al., 2013; Minami
et al., 2001). Moreover, the circulating presence of Al seems to be a
contributor for arterial stiffness in healthy individuals (Subrahmanyam
et al., 2016) and to atherosclerosis plaques formation in the elderly
(Lind et al., 2012).

These epidemiological studies are supported by a number of ex-
perimental studies. Animals exposed to up to 256 mg Al/kg bw over
120 days showed an increase of blood pressure and impairments in
erythrocyte membranes (Zhang et al., 2016). Moreover, a single in-
traperitoneal injection of Al at 0.5 mg/kg promoted up-regulation of
renin expression in rats (Ezomo et al., 2009). At the vascular bed, our
group has recently reported that an acute exposure to Al was sufficient
to promote vascular dysfunction with a reduction of vascular reactivity
(Schmidt et al., 2016). Data thus far in this area have been obtained in
studies where the exposure to Al might be considered as unrealistically
high. Therefore we have looked to address this discrepancy by studying
cardiovascular function in rats exposed to both a high level of Al and
also one that better mimics human exposure to Al in the diet.

2. Materials and methods
2.1. Animals

Three-month-old male Wistar rats (360 = 11.2g) were obtained
from the Central Animal Laboratory of the Federal University of Santa
Maria, Rio Grande do Sul, Brazil. During treatment, rats were housed at
a constant room temperature, humidity, and light cycle (12:12 h light-
dark), giving free access to water and fed with a standard chow ad
libitum. All experiments were conducted in compliance with the

guidelines for biomedical research stated by the Brazilian Societies of
Experimental Biology and approved by the Ethics Committee on Animal
Use Experimentation of the Federal University of Pampa, Uruguaiana,
Rio Grande do Sul, Brazil (Process Number: 028/2014).

Rats were divided into two major groups, according to Martinez
et al. (2017) and treated orally: 1) Low aluminum level — rats were
subdivided (N = 10/each) and treated for 60 days as follows: a) Un-
treated — received ultrapure water (Milli-Q, Merck Millipore Cor-
poration. © 2012 EMD Millipore, Billerica, MA) by drinking water; b)
AICl, at 8.3 mg/kg bw per day, a dose based on human dietary levels
translated to an animal dose according to the body surface area nor-
malization method (Reagan-Shaw et al., 2008); and 2) High aluminum
level — rats were subdivided (N = 10/each) and treated for 42 days as
follows: a) Untreated — received ultrapure water through oral gavage;
b) AICl; at 100 mg/kg bw per day through oral gavage once a day,
representing a high level of human exposure to Al (Prakash and Kumar,
2009).

AlCl;.6 H20 was purchased from Sigma-Aldrich (St Louis, MO, USA)
and dissolved in ultrapure water. The concentration of each stock so-
lution was 0.034 M and 0.331 M, respectively from 8.3 and 100 mg/kg
bw. Salts and reagents were of analytical grade obtained from Sigma-
Aldrich and Merck (Darmstadt, Germany).

2.2. Systolic blood pressure

Indirect systolic blood pressure (SBP) was measured weekly, before
the start of the treatment and during all the treatment period, using
non-invasive tail-cuff plethysmography according to Wiggers et al.
(2008) (AD Instruments Pty Ltd, Bella Vista, NSW, Australia).

2.3. Vascular reactivity experiments

Rat body weight, feed and water or Al intakes were measured
weekly. At the end of the treatments, animals were anaesthetized with a
combination of ketamine and xylazine (87 mg/kg and 13 mg/kg, re-
spectively, ip) and euthanized. Thereafter, the thoracic aorta and the
third-order MRA were carefully dissected out and cleaned of fat and
connective tissues. For vascular reactivity experiments, in the day of the
euthanasia, the arteries were divided into cylindrical segments of 2 mm
in length and placed into Krebs-Henseleit solution (in mM: NaCl 118;
KCl 4.7; NaHCO; 23; CaCl, 2.5; KH,PO, 1.2; MgSO, 1.2; glucose 11 and
EDTA 0.01), gassed with 95% O, and 5% CO, (pH 7.4). The remaining
aorta and mesenteric resistance arteries (MRA) were kept at —80 °C for
further biochemical/biological assays.

Segments of aorta were mounted in an isolated tissue chamber and
maintained at a resting tension of 1.5 g at 37 °C. Isometric tension was
recorded using an isometric force transducer (TSD125BX8, Biopac
Systems, Inc, Santa Barbara, CA, USA) connected to an acquisition
system (MP150WSW-SYS, Biopac Sy ). MRA segments were
mounted in a small-vessel dual chamber myograph (Multi Wire
Myograph System, DMT620, ADInstruments, Australia) for measure-
ment of isometric tension according to Wiggers et al. (2008). Segments
were stretched to their optimal lumen diameter for active tension de-
velopment. This was determined based on the internal circumference-
to-wall tension ratio of the segments by setting their internal cir-
cumference, Lo, to 90% of what the vessels would have if they were
exposed to a passive tension equivalent to that produced by a trans-
mural pressure of 100 mmHg.

After a 45-min equilibration period, aortic and MRA segments were
respectively exposed twice to 75 and 120 mM KC, first to check their
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functional integrity and again to assess the maximal tension developed.
Afterwards, endothelial integrity was tested with acetylcholine (ACh,
10 uM) in segments that were previously contracted with pheny-
lephrine (Phe) at a concentration that produced close to 50% of the
contraction induced by KCl. After 60 min of washout, a single con-
centration response curve to Phe (0.01 nM - 300 pM) was performed.

To evaluate the role of the endothelium in the vasoconstrictor re-
sponses to Phe, this vascular component was mechanically removed,
and its absence was confirmed by the inability of ACh to induce re-
laxation greater than 10% of the previous contraction due to Phe. To
evaluate the participation of nitric oxide (NO), potassium channels,
ROS, prostanoids or AT1 receptors on Phe responses, the effects of the
nonspecific nitric oxide synthase (NOS) inhibitor Nw-nitro-L-arginine
methyl ester (L-NAME 100 uM), the potassium channels blocker tetra-
ethylammonium (TEA, 2 mM), the NADPH oxidase inhibitor apocynin
(0.3 uM), the superoxide dismutase (SOD 150 U/ml), the nonselective
COX inhibitor indomethacin (1 pM), the selective COX-2 inhibitor NS
398 (1 uM) were investigated by their addition 30 min before Phe in
vessels with intact endothelium.

To evaluate the endothelial dependent and independent relaxations,
concentration-response curves with ACh (0.01 nM — 300 pM) and so-
dium nitroprusside (SNP, 0.01 nM — 300 pM), respectively, were per-
formed in segments previously contracted with Phe.

2.4. Aluminum content in blood and liver

The Al content of blood and liver was determined using an estab-
lished method (House et al., 2012). Briefly, approximately 0.5 g of liver
was dried to a constant weight at 37 °C. Dried and weighed tissues and
1 mL of blood, were digested in a 1:1 mixture of 15.8 M HNO; and 30%
w/v H,0, in a microwave oven (MARS Xpress CEM Microwave Tech-
nology Ltd) and the Al content of digests measured by TH GFAAS
(Transversley Heated Graphite Furnace Atomic Absorption Spectro-
metry). Results were expressed as pug Al/L of blood or ug Al/g dry tissue.
Each determination was the arithmetic mean of a triplicate analysis.

2.5. Reactive oxygen species levels

Biochemical studies of oxidative stress biomarkers were performed
in aorta and MRA. For that, vessels were homogenized in 50 mM Tris
HCI, pH 7.4, centrifuged at 2400g for 10 min at 4 °C and the resulting
supernatant fraction was used for the measurements.

Levels of reactive species were determined by the spectrofluorometric
method described by Loetchutinat et al. (2005). This method is unspecific
for reactive oxygen species (ROS), also measuring reactive nitrogen species
(RNS). The supernatant fraction of the sample was diluted (1:10) in 50 mM
Tris HCl (pH 7.4) and 2’, 7"dichlorofluorescein diacetate (DCHF-DA; 1 mM)
was added to the medium. DCHF-DA is enzymatically hydrolyzed by in-
tracellular esterases to form nonfluorescent DCFH, which is then rapidly
oxidized to form highly fluorescent 2’,7'-dichlorofluorescein (DCF) in the
presence of ROS. DCF fluorescence intensity is proportional to the amount
of ROS that is formed. The DCF fluorescence intensity emission was re-
corded at 520 nm (with 480 nm excitation) (SpectraMax M5 Molecular
Devices, CA, USA) for 60 min at 15 min intervals. The ROS levels were
expressed as fluorescence units.

2.6. Lipid peroxidation

Lipid peroxidation was measured as malondialdehyde (MDA) using
a colorimetric method, as previously described by Ohkawa et al.
(1979), with modifications (Martinez et al., 2017). An aliquot of each
tissue was incubated with thiobarbituric acid 0.8% (TBA), phosphoric
acid buffer 1% (H,P0O,), and sodium dodecyl sulphate 0.8% (SDS) at
100 “C for 60 min. The color reaction was measured at 532 nm against
blanks (SpectraMax M5 Molecular Devices, CA, USA). The results were
expressed as nanomoles of MDA per mg of protein.

Toxicology 390 (2017) 10-21
2.7. Ferric reducing/antioxidant power (FRAP) assay

The total antioxidant capacity was measured by FRAP assay (Benzie
and Strain, 1996), with modifications (Martinez et al., 2017). This
method is based on the ability of samples to reduce ferric ion Fe®* ") to
ferrous ion (Fe*') which forms with 2,4,6-Tri(2-piridil)-s- triazine
(TPTZ) the chelate complex Fe™2-TPTZ. Briefly, 10 pL of the super-
natant fraction of each tissue was added to 1 mL freshly prepared and
pre-warmed (37°C) FRAP reagent (300 mM acetate buffer (pH = 3.6),
10 mM TPTZ in 40 mM HCI, and 20 mM FeCl; in the ratio of 10:1:1) in
a test tube and incubated at 37 °C for 10 min. The absorbance of the
blue-colored complex was read against a blank reagent (1 mL FRAP
reagent + 10 pL distilled water) at 593 nm (SpectraMax M5 Molecular
Devices, CA, USA). A standard dose-response curve of Trolox
(50-1000 pM — water soluble analog of vitamin E) was prepared and
the FRAP assay is described. Results are presented with particular re-
ference to Trolox equivalents.

2.8. In situ detection of vascular O,+~ production

The oxidative fluorescent dye dihydroethidium (DHE) was used to
evaluate in situ superoxide radical anion (O,- ) production in both
aortic and mesenteric segments, as previously described (Briones et al.,
2009). Hydroethidine freely permeates cells and is oxidized in the
presence of O,+ "~ to ethidium bromide, which is trapped by intercala-
tion with DNA. Ethidium bromide is excited at 546 nm and has an
emission spectrum at 600-700 nm. Frozen tissue segments were cut
into 10 pm thick sections and placed on a glass slide. Serial sections
were equilibrated under identical conditions for 30 min at 37 °C in
Krebs-HEPES buffer (in mM/L: 130 NacCl, 5.6 KCl, 2 CaCl,, 0.24 MgCl,,
8.3 HEPES, 11 glucose, pH = 7.4). Fresh buffer containing DHE
(2 x 10~ ° M/L) was applied topically into each tissue section, cover-
slipped, incubated for 30 min in a light protected humidified chamber
at 37 °C and then viewed with a fluorescent microscope (Zeiss Axioskop
2 microscope — Zeiss, Jena, Germany- Leica TCS SP2 equipped with a
krypton/argon laser, X 20 objective, zoom 4 x), using the same ima-
ging settings in control and arteries from Al-treated rats. Fluorescence
was detected with a 568 nm long-pass filter. For quantification, five
rings per animal were sampled for each experimental condition and
averaged. The mean fluorescence densities in the target region were
calculated using NIH Image J software version 1.46r (http://rsbweb.
nih.gov/ij/), using the same imaging settings in each case.

2.9. Lucigenin chemiluminescence assay

A lucigenin-enhanced chemiluminescence assay was used to de-
termine NAD(P)H (NOX) activity. Aortas were homogenized in lysis
buffer (50 mM KH,PO,, 1 mM EGTA, and 150 mM sucrose, pH 7.4).
The reaction was started by the addition of NADPH (0.1 mM) to the
suspension containing the sample, lucigenin (5 uM), and assay phos-
phate buffer. Luminescence was measured in a plate luminometer
(Auto-Lumat LB 953, Berthold Technologies, Bad Wildbad, Germany).
The buffer blank was subtracted from each reading. Activity was ex-
pressed as relative light units per microgram of protein.

2.10. Quantitative real time PCR assay

The mRNA expression levels were determined by quantitative real-
time PCR. Total RNA was obtained using TRIzol (Invitrogen Life
Technologies). A total of 1pg of DNAse I-treated RNA was reverse
transcribed into ¢cDNA using the High Capacity ¢cDNA Archive Kit
(Applied Biosystems, Foster City, CA) in a 10-ul reaction. gRT-PCR was
performed in duplicate for each sample using 0.5 pL ¢cDNA as template,
1 x iTag™ Universal Probes Supermix (Biorad), and 20 x Tagman Gene
Expression Assays (COX-2: Rn00568225 m1, NOX-1: Rn00586652_m1,
SOD-1: Rn00566938_.m1, TXA, receptor: Rn00690601 m1, Applied
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Biosystems) in a 10-ul reaction using the following conditions: 2 min at
50 °C and 10 min at 95 °C and 40 cycles of 15 s at 95 °C and 1 min at
60 °C. gRT-PCR for eNOS (Fd: GAGAGTGAGCTGGTGTTTGG; Rv:
GGTGAACATTTCCTGTGCTGT) and NOX-2 (Fd: CCAGTGTGTCGG
AATCTCCT; Rv: ATGTGCAATGGTGTGAATGG), were performed using
the fluorescent dye SyBRGreen (iTaq FAST SyBRGreen Supermix with
ROX, Bio-Rad, USA). For quantification, quantitative real-time PCR was
carried out in a 7500 Fast (Applied Biosystems) adding a dissociation
stage to the conditions already described above to show PCR product
specificity. As a normalizing internal control, we amplified cyclophilin
D (Rn01458749 _g1). To calculate the relative index of gene expression,
we employed the 2722 method using untreated samples as a cali-
brator (Livak and Schmittgen, 2001). mRNA levels of the housekeeping
gene were not modified by any of the treatments used.

2.11. Statistical analysis

Data are expressed as mean + SEM. In the vascular reactivity ex-
periments, vasoconstrictor responses of aorta and MRA were expressed
as a percentage of the contraction induced by 75 mM and 120 mM KCl,
respectively.Vasodilator responses were expressed as a percentage of
the previous contraction to Phe. To compare the effect of L-NAME, TEA,
apocynin, SOD, indomethacin and NS-398 —on the response to Phe in
segments from each group, some results were expressed as ‘differences
of area under the concentration-response curves’ ({AUC) in control and
experimental situations AUCs were calculated from the individual
concentration response curve plots; differences were expressed as the
percentage of the AUC of the corresponding control situation. Results
were analyzed using unpaired Student’s t-test or two-way ANOVA for
comparison between groups. When ANOVA showed a significant
treatment effect, Bonferroni's post hoc test was used to compare in-
dividual means. Results of biochemical experiments were analyzed
using Student’s t-test or Mann-Whitney test. Values of P < 0.05 were
considered significant.

3. Results
3.1. Body weight, fluid and feed intake and aluminum content

Body weight of rats was similar between groups at the beginning
and end of treatments. Water or Al intakes as well as the feed intake
were not different between groups (Martinez et al., 2017). The whole
blood Al content was similar in rats treated with the low dose of Al
(Untreated: 73.43 = 1.7 vs Al 83: 77.1 = 6.6 ug Al/L/blood,
P > 0.05) while that of the rats treated with the high dose was greater
that the corresponding control (Untreated: 78.9 %= 5.7 vs Al 100:
121.1 = 11.2ug Al/L/blood, P < 0.05). However, liver Al contents

Al 8.3 mg/kg
A Systolic Blood Pressure
160
¢ Untreated
140 4 AC
— ’:'_A_*\\;ﬁ_.

SBP (mmHg)
8

100
80
12 3 4 5 6 7 8
Time (Weeks)
Fig. 1. Effect of chronic i on

bw per day — A) or 42 days (100 mg/kg bw per day — B). Data are expressed asmean + SEM,n = 8,*P < 0.05

ANOVA followed by Bonferroni).
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were greater both in the low (Untreated: 0.25 %= 0.01 vs Al 8.3:
0.44 = 0.04 pg Al/g/dry tissue, P < 0.05) and also in the high Al-
treated groups (Untreated: 0.26 * 0.01 vs Al 100: 0.72 = 0.01 pg Al/
g/dry tissue, P < 0.05).

3.2. Aluminum raises systolic blood pressure

Exposure to Al at low (8.3mg/kg bw for 60 days) or at high level
(100 mg/kg bw for 42 days) increased SBP after the 3rd week of treatment
(Untreated: 119.0 = 1.4vs A18.3:129.2 + 1.0mmHg,n = 8 P < 0.05;
Untreated: 1205 = 1.5 vs Al 100: 1315 * 3.7mmHg, n =8,
P < 0.05). However, at the end of treatments only Al at the higher dose
maintained this increase (Fig. 1A, B).

3.3. Aluminum increases vascular reactivity and induces vascular
dysfunction

Al exposure did not affect the response to KCl either in aorta
(Untreated: 3.8 = 0.3 vs Al 8.3: 4.1 = 0.4 mN/mm; Untreated:
3.9 = 0.2vs A1100: 4.1 = 0.3 mN/mm; n = 15 to 20, P > 0.05) or
MRA (Untreated: 3.6 = 0.2 vs Al 8.3: 3.5 = 0.3 mN/mm; Untreated:
4.1 = 0.3 vs Al 100: 4.5 = 0.2 mN/mm, n = 15 to 20, P > 0.05).
However, Al treatment at both low and high levels increased the va-
soconstrictor responses to Phe in aorta and MRA while decreased the
endothelium-dependent responses induced by ACh only in MRA
(Fig. 2A, B, Table 1). The vasodilator response induced by SNP were
unaffected by Al exposure (data not shown). These results suggest that
Al affects vasoconstrictor responses in both conductance and resistance
arteries and impairs endothelial function only in resistance arteries.

3.4. Aluminum decreases the endothelial modulation of the vasoconstrictor
resp — involy of endothelial NO synthase

To investigate whether Al exposure alters NO modulation on vaso-
constrictor responses, the effect of endothelium removal and incubation
with the NOS inhibitor L-NAME (100 uM), were investigated. Both
endothelium removal and NOS inhibitor addition left-shifted the con-
centration-response curves to Phe in aorta and MRA segments from the
four groups, but this effect was smaller in preparations from rats treated
with either 8.3 mg/kg or 100 mg/kg of Al than in those from untreated
rats, as shown by the dAUC values (Figs. 3, 4). The endothelial mod-
ulation was impaired after Al exposure at an equivalent human dietary
level and this effect was almost the same as observed after Al treatment
at 12 times higher. Therefore, we decided to investigate the underling
mechanisms of Al toxicity by using the human relevant dose level and,
Al exposure at 8.3 mg/kg decreased eNOS gene expression in aorta
(Untreated: 0.85 + 0.1 vs Al 8.3: 0.60 + 0.1 relative expression,

Al 100 mg/kg
B
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Fig. 2. Effect of chronic aluminum exposure on vascular reactivity. Concentration-response curves to (A) phenylephrine and (B) acetylcholine in aorta and MRA segments. Data are
expressed as mean * SEM, n = 8-15, * P < 0.05

with their

Untreated groups (Two-Way ANOVA followed by Bonferroni).

Table 1
Effects of aluminum exposure to low and high doses on maximum response (Rmax) and sensitivity (pD2).
Untreated Al 8.3 mg/kg Untreated Al 100 mg/kg
Rimax pD: Rona pD2 Rpmax pD2 Romax pD2
Aorta
Control 897 * 43 63 + 0.1 111.1 * 51* 6.5 = 0.1 86.7 * 65 63 * 0.1 107.2 * 7.4% 6.4 + 0.1
E- 1106 + 62* 6.7 = 0.1* 109.1 + 24 7.1 = 0.1* 1166 *+ 5.5* 71 * 01 1085 *+ 6.1 7.1 = 0.2*
L-NAME 1295 + 51* 69 * 0.1* 126 + 5.5 7.2 = 0.1* 1273 + 4.6* 7.1 * 02% 1292 + 55* 7.1 = 0.1*
TEA 1269 + 42* 7.0 = 0.0% 1235 * 5.1 Tl 03 1181 * 5.8% 72 *= 03* 1121 = 7.1 7.0 = 0.2*
Apocynin 446 * 54* 63 * 0.1 46.6 + 42" 6.4 * 0.1 503 * 6.3* 62 * 0.1 41.3 = 40% 5.9 +:0.1*
SOD 892 * 112 6.0 + 0.1 89.7 + 8.3* 58 = 0.1 749 * 133 6.0 *+ 0.1 81.6 + 9.8 8.7+ 02"
Indomethacin 551 = 33* 64 + 0.1 62.9 + 6.6* 6.5 * 0.1 569 +'73* 6.1 * 0.1 54.3 * 6.4 6.2 *+ 0.18
NS 398 51.3 + 59* 6.1 = 0.1 55.1 + 4.6* 6.3 * 0.1 582 + 83* 63 * 0.1 50.8 + 6.5* 6.1 + 0.1*
MRA
Control 111 + 1.8 42 + 02 123 + 3.4* 5.1 * 0.2% 109.1 + 3.1 37 * 02 120 + 2.7*% 4.7 * 0.3*
E- 120 + 3* 5.1 * 04 1171 + 28 41 + 03 1233 + 4.5* 54 + 04" 1144 + 28 43 + 0.3
L-NAME 1304 + 47 53 + 0.4* 1269 + 5.1 51 * 0.4 1352 + 6.2* 51 + 06 1224 + 36 51 * 03
Apocynin 1162 + 39 39 + 03 114.3 + 34* 43 * 01" 119.5 + 4.2 49 = 02* 1155 + 32 4.4 + 03
SoD 129.1 + 35* 52 + 0.3* 125 + 4.6 4.9 + 05 135 + 5.8 53 * 0.1* 1235 + 3.6 4.8 + 0.2
Indomethacin 1033 = 31* 31 0.3 105.3 + 3.1* 29 + 0.3* 1111 = 7.6 41 = 05 1148 + 52 4.1 + 03
NS 398 1252 + 27* 47 = 02 1184 + 3.3* 4.4 = 0.2 1297 + 0.3* 47 * 03 1288 + 24 52 * 0.7
of maximal (Rma) and (pD2) of the curves to p lephrine in both aorta and MRA before (control) and after endothelial damage

(E-), LNAME (100 uM), TEA (2 mM), apoc.ynm (0.3 uM), SOD (150 U/ml), lndomel.haun 1 pM) and NS 398 (1 uM) incut

effect (i d as a p

of

P < 0.05 compared wnh the Untreated group (Student’s t-test).

14

Results are

d as mean + SEM. Ry, maximal

induced by KCI) and pD; expressed as a —log one-half Ryax.* P < 0.05 compared to the corresponding control in each group #
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P < 0.05). To verify the influence of K™ channels on the vasocon-
strictor responses, aortic segments were incubated with TEA (2 mM), a
K" channel blocker. The presence of TEA increased the contractile re-
sponse to Phe in all groups, but this enhancement was smaller in aorta
from Al-treated rats, as demonstrated by the dAUC values (Fig. 5). All
these findings suggest that the production and/or bioavailability of NO
are impaired by Al exposure at both high and low level. The reduced
participation of K* channels on vasoconstrictor responses follow the

results of lower NO bioavailability, since NO can direct (Bolotina et al.,
1994; Mistry and Garland 1998) or indirectly by cyclic GMPdependent
(Carrier et al., 1997) promote the activation of K" channel in MRA.

3.5. Aluminum increases oxidative stress — role of NAD(P)H oxidase

The participation of oxidative stress in the vascular responses was
evaluated in vitro using the non selective NAD(P)H oxidase inhibitor
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by Bonferroni) * P < 0.05 vs Untreated (Student’s t-test) in dAUC graphs.
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apocynin as well as SOD. Apocynin (0.3 pM) and SOD (150 U/ml) re-
duced the vascular response to Phe in MRA from rats treated with both
doses of Al, while those drugs did not affect the response in untreated
animals (Fig. 6); in aorta, both apocynin and SOD reduced the Phe-
induced responses, being this effect greater in segments from Al-treated
rats than from untreated rats, as demonstrated by the dAUC values
(Fig. 7). Al exposure either at low doses or at high doses increased
vascular ROS and lipid peroxidation levels (ROS (UF): Aorta — Un-
treated: 98.4 + 15.3 vs Al 8.3: 152.9 + 9.7; Untreated: 98.4 + 15.3
vs A1 100: 201.2 = 24.1; MRA — Untreated: 129.2 = 12.3 vs Al 8.3:
231.7 + 22.7, Untreated: 157.3 *= 13.2 vs Al 100: 228.5 *= 15.6 —
n = 8, P < 0.05; Lipid peroxidation (nM MDA/mg protein): Aorta —
Untreated: 37.1 = 2.1 vs Al 8.3: 50.3 % 4.1; Untreated: 18.3 = 0.6
vs Al 100: 30.6 = 5.4; MRA — Untreated: 8.3 = 1.3 vs Al 8.3:
15.7 = 2.7; Untreated: 7.2 = 1.0 vs Al 100: 20.3 = 2.3 — n = 8§,
P < 0.05). Al at both doses increased the MRA total antioxidant ca-
pacity (FRAP value (mM): Untreated: 32.1 = 3.5 vs Al 8.3:

78.8 + 4.3; Untreated: 35.9 + 4.1 ys A1100: 53.5 £ 59 — n = 8,
P < 0.05), while in aorta the antioxidant capacity was reduced after Al
exposure at 8.3 mg/kg (FRAP value (mM): Untreated: 64.1 + 9.1 ys Al
8.3: 26.6 £ 40P < 0.05, Untreated: 45.2 = 2.5 vs Al 100:
429 = 29 — n =8, P > 0.05). Taking all together, these results
suggest that the reduced NO bioavailability could be related with the
increased oxidative stress after Al exposure.

NAD(P)H oxidase complex plays an important role on O, pro-
duction (Martyn et al., 2006). Therefore, we investigated its possible
role as source of ROS production after Al exposure. The basal O,- ~
production increased in both conductance and resistance arteries from
rats treated with 8.3 mg/kg (Fig. 8). The NAD(P)H oxidase activity and
the NOX1 gene expression were both increased in aorta from the Al-
treated group compared to untreated group (Fig. 9A,B); however, NOX2
mRNA was similar in treated and untreated animals (Fig. 9C). More-
over, Al treatment inhibited the SOD1 gene expression in aorta from Al-
treated animals (Fig. 9D).
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in MRA from untreated and Al-treated rats. The inset shows differences in the area under the concentration-response curves (dAUC) in (A)

in the presence and absence of apocynin and (B) in the presence and absence of SOD. Data are expressed as mean + SEM,n = 8-15,* P < 0.05 vs control curve (Two-Way ANOVA

followed by Bonferroni) * P < 0.05 vs Untreated (Student’s t-test) in dAUC graphs.

83



C.S. Martines et al.

Toxicology 390 (2017) 10-21

AORTA

A Al 8.3 mg/kg

150

.o 1507 . g
g ° Apseyiin = i
g Apcoyr 9 “ Apvayrin
T o AL e
3 7 3 o -
H % H £
§ % 3HEH % g
3 F & 8 ES
# e $ »
) ¥ 7
i o
%8745 3 PR R O Untresled acy
4 BT 4 543
Phe [log M) Phe tloo M)
150- o 15014 o
t_‘; ° s = “ o 500
£ £ 3 "
g 1007 gmn 1 {{'ﬁ i
A
3 H FopEH e ;
2wl £ £y gu
3 3 ¥.A 3
# ® i { .
0. ol 4w i
IR H Unriwted ik
Phe (log M) Phe (fog M)
Fig. 7. Effect of chronic al on ROS-mediated vascular
C i P curve to pl pl

Al 100 mg/kg

504 o 150 o

g o Apacyin g & Aosznin Ageoyrin
= 100+ = 100 P '°
H H s _._
3 s 3 e
E o B / g
F 8- Fgeid 5 60 x et g av!
3 v 3 /o Fl
= 74 # P " 01
¢ oo [Rgpe- Sl
o
4878543 7 a5 43 Lo e
Phe [log ) Pha {log M)
150g . o [ —
o o0 s sop 500
100 10c- il

a ,ﬁ?ﬁ
-

4 8 -7 6 6 4 3
Phe (log M)

% Contrachon (KU1)
AAC 1)

% Contraction (KCl)

J 1L

4 4 7T 4 6 42
Phe (log M)

[y Aot
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in the presence and absence of apocynin and (B) in the presence and absence of SOD. Data are expressed as mean + SEM,n = 8-15,* P < 0.05 vs control curve (Two-Way ANOVA

followed by Bonferroni) * P < 0.05 vs Untreated (Student’s t-test) in dAUC graphs.

3.6. Aluminum vascular impairment — participation of COX-2-derived
prostanoids

To investigate the role of prostanoids on the increased response to
Phe in Al-treated rats, the cyclooxygenase inhibitor indomethacin and
the selective COX-2 inhibitor NS 398 were used. Indomethacin (1 pM)
and NS 398 (1 pM) reduced the vasoconstrictor response to Phe in both
arteries from all groups. However, as observed by the dAUC values, this
reduction was greater in segments from both Al-treated groups when
compared to the untreated groups (Figs. 10, 11), suggesting an in-
creased participation of contractile prostanoids from COX-2 on Phe-
induced responses. Al exposure at the human relevant level of 8.3 mg/
kg increased the mRNA levels of both COX-2 and TXA-2 R in aorta
(Fig. 12). These results suggest that COX-2-derived prostanoids, prob-
ably acting on TP receptors, play a role on the vascular impairment
observed after Al exposure at human dietary relevant level.

4. Discussion

The present study provides evidence that Al should be considered as
a risk to the cardiovascular system even at low doses. Here, we show
that Al exposure for 60 days at human dietary levels increased blood
pressure and vascular reactivity in both conductance and resistance
vessels through endothelium-dependent mechanisms. Moreover, these
effects were almost the same when we treated rats with Al at a dose 12
times higher (100 mg/kg), representing a high level of human exposure
to Al. We demonstrate that ROS and COX-2-derived prostanoids are
important mediators of aorta and mesenteric vascular dysfunction ob-
served after Al exposure. The excess of ROS mainly from NAD(P)H
oxidase and the increased vascular COX-2 act in concert to decrease NO
bioavailability, thus inducing vascular dysfunction and increased blood
pressure.

Due to the omnipresence of Al in our daily life, human exposure to
Al is still underestimated (Exley, 2013). The tolerable weekly intake of
Al for humans has been set at 1 mg Al/kg bw (EFSA, 2008; WHO,
2007), which may be easily exceed by humans due to myriad sources of
Al exposure (Exley 2013; Fekete et al., 2013; Gonzalez-Weller et al.,
2010; Yang etal., 2014). We have recently established an experimental

model of exposure to Al that mimics human exposure to this metal
through diet in which rats were exposed to Al at a dose of 8.3 mg/kg bw
per day during 60 days. Considering the amount of Al present in the
animals feed, the total Al exposure was 4.37 mg/Al/day (2.49 mg from
water plus 1.88 mg from feed). In addition, we have compared this low
dose with a high level of human exposure to Al (100 mg/kg bw), in
which rats were treated with a total of 31.88 mg/Al/day (30 mg from
gavage plus 1.88 mg from feed) (Martinez et al., 2017). In the present
study, Al exposure at low dose did not change the whole blood Al
content between groups; however it promoted an increased Al accu-
mulation in the liver. The lack of differences for blood contents after Al
exposure at a low dose is expected since blood is only a temporal sto-
rage organ for Al (Beardmore and Exley, 2009). The high deposition of
Al in the liver even without differences in the blood level supports these
findings. Of interest, the human blood Al content is extremely variable
in the available literature, ranging from less than 1 to 901 pg Al/L of
blood (Chen et al., 2013; Lind et al., 2012)

Cardiovascular risk and human body burden of Al share the char-
acteristic that both rise with increase of average lifetime (Assmann
et al., 2017; Exley 2013). Therefore, considering the postulated me-
chanisms of action of Al and the underling ones regarding vascular
disease, for example increased oxidative stress, finding more relations
between them would not be a surprise. In previous years, studies have
analyzed the possible cardiovascular adverse effects of Al exposure.
Isolated rat hearts exposure to Al at 100 pM showed a reduction of both
coronary blood flow and isovolumetric systolic pressure (Gomes et al.,
1994). The effects of Al on heart function was further analyzed and the
perfusion of hearts with Al at 40 pM caused an increase in coronary
flow and both reduction in heart rate and increases in pulsatile power
(Korchazhkina et al., 1998).

More recently, Al was related to the development of hypertension in
experimental animals, these effects were related to an increase in renin
expression or erythrocyte membrane impairments after acute or chronic
Al administration up to 256 mg/kg (Ezomo et al., 2009; Zhang et al.,
2016). In humans, this possible relationship was also seen, where cir-
culating plasma Al levels were related to arterial hypertension
(Granadillo et al., 1995). In a recent study, our group showed that one
hour of Al exposure at 100 mg/kg is sufficient to promote vascular
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M RA Fig. 8. Effect of chronic aluminum exposure on vascular O, pro-
A duction. Representative fluorescent photomicrographs of arterial
sections labeled with the oxidative dye hydroethidine and vascular
superoxide anion quantification in MRA (A) and aorta (B) from un-
treated and Al-treated rats (8.3 mg/kg — 60 days). Data are expressed
asmean + SEM (n = 8). * P < 0.05 compared with the untreated
group (Student’s t-test). Au: Fluorescence intensity..
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the concentration-response curves (dAUC) in (A) in the presence and absence of indomethacin and (B) in the presence and absence of NS 398. Data are expressed as mean * SEM,
n = 8-15, * P < 0.05 vs control curve (Two-Way ANOVA followed by Bonferroni) * P < 0.05 vs Untreated (Student’s t-test) in dAUC graphs.

changes with reduction in vascular reactivity and increase in vascular
ROS production (Schmidt et al., 2016). To our knowledge, our study is
the first experimental one investigating and showing cardiovascular
effects after Al exposure at human relevant dietary levels. The current
study supports the possible cardiovascular risk of Al Thus, the main
results show that Al exposure: 1) increases systolic blood pressure; 2)
produced endothelial dysfunction, as shown by the impaired the

vasodilator response to ACh and the increased vasoconstrictor re-
sponses to Phe and 3) reduced the endothelial NO bioavailability.
AI’* toxicity has been related with its pro-oxidant activity in dif-
ferent target organs and systems in experimental animals (Prakash and
Kumar 2009; Yu et al., 2016). The pro-oxidant effects of Al are well
documented and are possible due to formation of superoxide radical ion
(Exley, 2004) or by promoting the Fenton reaction by reducing Fe(III)
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Fig. 12. Effect of chronic aluminum exposure on
COX-2 and TXA-2 R gene expressions. COX-2 mRNA
levels (A) and TXA-2 R mRNA levels (B) in aortas
from untreated and Altreated rats (8.3 mg/kg —
60days). Data are expressed as mean * SEM
(n=8). * P < 0.05 compared with the untreated
group (Student’s t-test).
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to Fe(Il) (Ruipérez et al., 2012). It is well known that oxidative stress
alters vascular reactivity through several ways such as its effects on the
NO pathway, by counteracting NO effects or by reducing its bioavail-
ability (Hernanz et al., 2014). NO can rapidly react with O,-~, pro-
moting the formation of the powerful oxidant ONOO ~, leading to the
loss of the vasodilator effects of NO (Alvarez et al., 2008; Zou 2007). In
the present study, the suggested reduced NO bioavailability could be
due to the inhibited eNOS gene expression or due to a direct effect of
the increased oxidative stress.

NADPH oxidases play a central role in the production of vascular
superoxide radical anion and hydrogen peroxidase (Konior et al., 2014).
The isoforms NOX-1 and NOX-2 expressed in mammals seem to trigger
the development of vascular pathologies such as atherosclerosis, hy-
pertension, neurological disorders, inflammation and cancer (Konior
etal.,, 2014; Schramm et al. 2012). In our study, the in vitro exposure to
apocynin and to the antioxidant SOD promoted a higher reduction in
the vasoconstrictor response to Phe in segments from Al-treated rats,
suggesting the involvement of the superoxide radical anion, presumably
from NADPH oxidase, on vascular dysfunction induced by Al This was
further support by the fact that the basal O,-~ production, the mRNA
levels of NOX-1 subunit and the NADPH oxidase activity were increased
while the mRNA levels of cytosolic Cu/Zn SOD was decreased in Al-
treated rats. Moreover, the vascular redox imbalance suggested by the
increased ROS and lipid peroxidation as well as by the antioxidant
capacity alterations, support that Al induced pro-oxidant mechanisms
likely explained the observed vascular alterations.

Vascular tone is critically modulated by COX-derived prostanoids
and its vascular effects in physiological and pathological conditions are
depending on the activation of specific receptors (Hernanz et al., 2014;
Avendano et al., 2016). Recently, a circuitous relationship between
COX-2 products and ROS acting to induce vascular dysfunction in hy-
pertension was shown (Martinez-Revelles et al., 2013). The toxicity
effects of Al have been strongly related with its pro-oxidant capacity
(Exley, 2004; Ruipérez et al., 2012; Yu et al., 2016) and, recently an
involvement of COX-2 pathway in the neuro-pathological effect of Al
has been suggested (Yu et al., 2014; Wang et al., 2015). In the present
study we found that the respective unspecific and specific inhibitors of
COX-2, indomethacin and NS 398, promoted a reduction in the vaso-
constrictor response to Phe mainly in aortic and MRA segments of Al-
treated rats. These results suggests the participation of COX-2 derived
prostanoids in the vascular dysfunction observed after Al exposure. In
agreement, aortas from Al-treated rats showed an increase on mRNA
levels of COX-2 and TXA-2 R. The TXA-2 R is involved in critical reg-
ulations of the vascular wall such as platelet aggregation and smooth
muscle contraction and vascular changes of hypertension (Félétou
et al., 2011; Nakahata, 2008). Here, its activation seems to play a role
in vascular alterations found in Al-treated rats, however further ex-
periments are necessary to better address this hypothesis.

5. Conclusions

Our study provides evidence that 60-day exposures to low doses of

Untreated

20

AICI3

Al, which aimed to mimic human exposure to Al by dietary source, are
able to compromise cardiovascular health. The current study shows that
Al increases systolic blood pressure and vascular reactivity through
endothelium-dependent mechanisms. Here, we demonstrate that ROS
and COX-2-derived prostanoids are important mediators of vascular
dysfunction after Al exposure. The excess of ROS mainly from NAD(P)H
oxidase and increased vascular COX-2 seem to participate in the vas-
cular alterations after Al exposure. Both act in concert to decrease NO
bioavailability, which in turn induces vascular dysfunction and in-
creases blood pressure. Therefore, our findings provide a better un-
derstanding of the cardiovascular risk of human exposure to Al
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PARTE VI

DISCUSSAO

Resultados deste trabalho demonstram que a exposi¢do ao Al em uma dose equivalente
de exposic¢do humana é o suficiente para desencadear alterac@es fisioldgicas e bioquimicas em
diferentes sistemas e 6rgaos. A exposicao ao metal por 60 dias comprometeu o aprendizado e
a formacdo de memoéria de longa duracdo, desencadeou o comportamento cataléptico e,
perifericamente, o desenvolvimento de alodinea mecéanica em ratos. No sistema reprodutor
masculino, a exposicdo ao Al prejudicou a qualidade espermética com reducdo da producédo
diaria espermatica (PDE), reducdo no numero de espermatozoides no testiculo e epididimo,
reducdo na motilidade e aumento das anormalidades morfolégicas espermaticas. Ainda, o Al
foi capaz de depositar-se entre as celulas da linhagem espermatogénica nos tubulos seminiferos
desencadeando alteracdes estruturais como reducdo do epitélio germinativo. No sistema
cardiovascular, a exposicdo ao Al em dose de exposicdo humana ao metal foi capaz de aumentar
a pressdo arterial sistolica dos animais a partir da 32 semana de exposicao e, promover alteracoes
vasculares em artérias de resisténcia e condutancia, causando disfuncdo endotelial com
aumento da resposta contratil vascular e reducdo da resposta vasodilatadora. Ainda, ao
comparar o efeito do Al em dose semelhante a exposicdo humana pela dieta com uma dose alta
de exposicdo, constatamos que os efeitos do metal em baixas doses sdo praticamente 0s mesmos
aos encontrados em uma dose de exposicao 12 ou 66 vezes maior. Sugerindo que, tratando-se
do Al, a quantidade do metal biologicamente ativo parece ser mais importante que a dose de
exposicdo, além disso, nossos resultados sugerem que ao alcancar um limiar de toxicidade os
efeitos advindos dessa exposicdo sdo similares e, que esse limiar pode ser alcan¢ado em dose
de exposicdo semelhante aos niveis de exposi¢cdo humana atraves da dieta.

O Al é atualmente o maior contaminate ambiental e doméstico e, devido as inumeras
formas e fontes de exposicdo ao metal, a exposicdo humana €é praticamente inevitavel e
imensuravel (EXLEY, 2013). A ingesta semanal maxima pela dieta foi recentemente ajustada
de 7 para 1 mg Al/kg de peso corporal (EFSA 2008; WHO 2007), no entanto esses valores
podem ser facilmente excedidos por uma importante parcela da populacdo mundial (FEKETE
etal., 2013; GONZALEZ-WELLER et al., 2010; YANG et al., 2014). Além disso, ndo ha uma
normativa internacional que estabeleca valores seguros de exposi¢do ao Al tendo como base as

diferentes fontes de exposicdo humana. Greger (1993), levando em consideracdo os niveis de
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Al dos alimentos industrializados, estimou que 0s norte americanos consomem de 1 a 10
mg/Al/dia advindos de alimentos naturais. Além disso, 50% dos norte americanos consomem
até 24 mg/dia, 45% entre 24 e 95 mg e cerca de 5% ingerem mais de 95 mg/Al/dia na forma de
aditivos alimentares. Ainda, o consumo de medicamentos como antiacidos ou analgésicos
tamponados expdem a populacdo a altos niveis de exposicdo ao metal via TGI, podendo
alcancar de 125 a 5000 mg/Al/dia (REINKE et al., 2003; SHAW; TOMLJENOVIC, 2013).

Objetivamos por meio deste trabalho estabelecer um modelo animal de exposigcéo ao Al
em niveis equivalentes a exposicdo humana ao metal pela dieta e, comparar com os efeitos de
uma dose alta de exposicdo ao metal. Para isso, utilizamos um protocolo de exposicdo em baixas
doses de 1,5 mg/kg/dia de acordo com o descrito por Walton (2007), porém por 60 dias de
exposicdo. Ainda realizamos outro tratamento com Al na dose de 8,3 mg/kg/dia durante 60 dias,
que representa a mesma dose de exposicdo de 1,5 mg/kg/dia porém ajustada para o modelo
animal de exposicdo utilizado, baseado no método de normalizagdo de superficie corporal
(REAGAN-SHAW et al., 2008). Ainda, utilizamos um modelo de exposi¢cdo em altas doses do
metal (100 mg/Al//kg de peso corporal), com neurotoxicidade conhecida (PRAKASH;
KUMAR, 2009).

Devido a ubiquidade do Al, além dos cuidados para evitar a contaminagdo ambiente
pelo metal, realizamos a medida de Al presente na racdo padrdo dos animais, garantindo assim
um melhor controle e a obtencdo de valores de exposi¢do mais proximos da realidade. Dessa
forma, todos os animais receberam 1,88 mg/Al por dia advindos da racdo, considerando a média
de peso corporal dos animais de 300g isto representa 6,26 mg/Al/kg de peso corporal por dia.
Assim, considerando o peso dos animais, a quantidade total de exposicdo ao Al para 0s grupos
experimentais foi de: a) 1,5 mg/Al/kg — 2,33 mg/Al por dia (0,45 mg/Al da agua de beber mais
1,88 mg/Al da racédo); b) 8,3 mg/Al/kg — 4,37 mg/Al por dia (2,49 mg/Al da dgua de beber mais
1,88 mg/Al da racdo); ¢) 100 mg/Al/kg - 31,88 mg/Al por dia (30 mg/Al pela gavagem mais
1,88 mg/Al da racdo). Uma vez que todos 0s ratos consumiram aproximadamente a mesma
quantidade de racdo e consequentemente de Al, a presenca de Al na agua dos animais aponta
para essa Vvia adicional de exposi¢do ao metal como um ponto critico para o alcance do limiar
de exposicdo responsavel pelo desencadeamento das alteracdes toxicas.

Walton (2007) desenvolveu um estudo longitudinal ao qual ratos eram expostos ao Al
na dose de 1,5 mg/kg por dia desde os 12 meses de idade até a morte natural (velhice). Os
animais expostos ao Al desenvolveram na idade avancada alteracdes cognitivas como déficit

de memoria e alteracBes de comportamento similares ao encontrado em pacientes com DA.
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Nosso estudo demonstra que a mesma dose utilizada por Walton (1,5 mg/kg/dia) entretanto, por
um periodo de tempo reduzido, 60 dias (aproximadamente 70 meses para humanos ou 6 anos)
(EVERITT, 1991), é o suficiente para desencadear a cascata de neurotoxicidade do metal. Alem
disso, observamos que a exposicdo ao Al na dose de 8,3 mg/kg/dia, o equivalente a exposi¢ao
humana através da dieta e adaptada a espécie animal utilizada no estudo, também é capaz de
comprometer a consolidacdo da memoria de longa duracdo além de desencadear alteracbes
comportamentais como catalepsia e danos ao SNP observado pela presenca de alodinea
mecanica. Somado a isso, demonstramos pela primeira vez que os sistemas reprodutor e
cardiovascular também sdo afetados pela exposicdo ao Al em baixas doses.

Nosso estudo demonstra que a exposicdo ao Al em altas doses também compromete o
funcionamento cognitivo dos animais com danos a memoria de reconhecimento de objetos. No
entanto, esses resultados sdo esperados uma vez que a exposi¢cdo ao Al na dose de 100 mg/kg/dia
via oral por 6 semanas, € um modelo conhecido de neurotoxicidade e deméncia induzido pelo
Al, ao qual desencadeia deterioracdo progressiva da memoria espacial e dano oxidativo em
ratos (PRAKASH; KUMAR, 2013; 2009). Porém, o nosso estudo permite observar alteracoes
em outros sistemas como o cardiovascular e SNP utilizando esse modelo de exposicdo em altas
doses.

Nosso estudo sugere um padréo toxicolégico ndo convencional para o Al, uma vez que
ao compararmos os efeitos da exposicdo ao Al em dose similar a exposi¢do humana com uma
dose de exposicdo alta ao metal ndo observamos diferencas nos efeitos toxicos em nenhum
sistema avaliado. Ao contrario, no sistema reprodutor masculino a dose de 8,3 mg/kg,
equivalente a exposicdo humana pela dieta, promoveu as maiores alteragcdes reprodutivas. Esse
padrdo ndo convencional de toxicidade foi recentemente observado por Crépeaux et al. (2017),
ao investigar os efeitos do Al oxyhydroxide (Alhydrogel®), utilizado como adjuvante em
vacinas, em camundongos fémeas. Os autores encontraram alteragdes cognitivas e ativacdo da
imunidade inata apenas ap0s a exposi¢cdo ao Al na menor dose de 0,2 mg Al/kg e ndo nas doses
de 0,4 ou 0,8 mg Al/kg. Os nossos achados juntamente com os resultados prévios da literatura
apontam que a dose de exposicdo ao metal talvez ndo seja o fator mais importante em relacdo
a toxicidade do Al, mas sim caracteristicas da exposicdo, fatores individuais de
susceptibilidade, a forma quimica do metal e consequentemente distribuicdo e disponibilidade
bioldgica do Al nos diferentes compartimentos corporais (CREPEAUX et al., 2017; EXLEY,
2013). Assim, nossos resultados sugerem que os atuais niveis de exposicdo humana ao Al

considerados seguros deveriam ser revisados.
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Corroborando com o padrdo ndo convencional de toxicocinética do Al, no presente
estudo ndo houve diferenca entre a concentracdo de Al no sangue do grupo tratado com Al em
baixa dose quando comparado ao grupo controle, porém houve significante acimulo do metal
no figado e testiculo. Essa auséncia de diferenca apenas na concentragdo sanguinea é esperada
uma vez que 0 sangue € apenas um oOrgao temporal de estocagem e distribuicdo de Al
(BEARDMORE; EXLEY 2009). Além disso, os valores disponiveis na literatura acerca da
concentracdo sanguinea de Al sdo extremamente variaveis, partindo de valores inferiores a 1
até 901 ug Al/L de sangue (CHEN et al., 2013; LIND et al., 2012).

Ao longo das Gltimas décadas a hipdtese do Al na DA tem sido debatida e investigada
por meio de estudos experimentais e clinicos, no entanto evidéncias agora sugerem a DA como
uma resposta aguda frente a exposicao crénicaao Al (EXLEY, 2017, EXLEY, 2014). Os efeitos
toxicos do Al aparecem apos o alcance de um limiar ou carga toxica do metal (EXLEY, 2014).
Os nossos resultados sugerem que niveis de exposicdo humana ao Al séo suficientes para o
alcance desse limiar de toxicidade. Ratos expostos ao Al por 60 dias ndo sdo capazes de
reconhecer objetos familiares como 0s animais no grupo controle e, a exposi¢cdo ao Al
desencadeia catalepsia nos animais. Ainda, demonstramos que o metal € capaz de acumular-se
perifericamente entre as fibras do nervo ciatico causando neuropatia periférica.

Os efeitos do Al sobre 0 SNP sdo pouco conhecidos. O metal j& foi utilizado como
modelo de neurodegeneracdo quando injetado no nervo ciatico de coelhos (KIHIRA et al.,
1995). Recentemente, a presenca de Al no ganglio da raiz dorsal de ratos tratados com cisplatina
foi associada com efeitos adversos no SNP (PARK et al., 2015). O que foi posteriormente
confirmado pelos autores ao utilizar a glutationa, antioxidante e suposto quelante, a qual reduziu
0 acumulo do metal e a dor neuropatica induzida pela cisplatina (LEE et al., 2017).

Bakar et al. (2010) entrevistaram 273 moradores da regido da Kirazli, Turquia que foram
expostos a altas concentrac@es de Al pela agua tratada (140 vezes acima dos valores permitidos)
e, compararam com um grupo populacional controle ndo-exposto. Os autores observaram que
a incidéncia de neuropatia foi 36% maior entre os moradores da regido exposta ao Al. No
entanto, ainda que os efeitos do Al sobre 0 SNP sejam pouco conhecidos, a neurotoxicidade
causada pelo metal é fortemente apontada como a principal causa de encefalopatia em pacientes
renais cronicos em hemodialise e, desordens periféricas estdo entre as alteracdes neuroldgicas
encontradas nesses pacientes (BANSAL et al., 2014; HSU et al., 2016). No presente estudo, o
Al desencadeou alodinea mecénica sem alterar a sensibilidade térmica ou nociceptiva, enquanto

que Park et al. (2015) observaram alteracBes de sensibilidade térmica em camundongos
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expostos ao Al. No entanto, trabalhos futuros sdo necessérios para um melhor entendimento
acerca dos efeitos do Al sobre o SNP.

No presente estudo, a exposi¢do ao Al independente da dose foi capaz de desencadear
catalepsia nos ratos, a qual é uma forma extrema de imobilidade manifestada em alguns
pacientes com doenca de Parkinson e assemelha-se aos efeitos colaterais extrapiramidais que
ocorrem em seres humanos expostos a alguns farmacos antipsicoticos, alguns dos quais atuando
como inibidores da acetilcolinesterase (AChE) (DE RYCK et al., 1980).

Em animais experimentais a inibichio da AChE tem sido relacionada com o
desenvolvimento de catalepsia (CASTELLO et al., 1992; SKLAN et al., 2006). Assim, 0
desenvolvimento da catalepsia observado apds a exposicdo ao Al vai ao encontro da inibicao
da atividade da AChE também observada ap0s exposi¢do ao metal e, apontada como um dos
possiveis mecanismos de toxicidade do Al. De fato, a atividade da AChE &€ um marcador para
a morte de neurénios colinérgicos e a disfuncdo cognitiva como as alteragdes de memoria esta
associada principalmente a perda de neurdnios colinérgicos em diferentes regides cerebrais
(FRASER; MACVICAR, 1996; WHITEHOUSE et al., 1982). Nossos resultados revelam
disfuncao da atividade da AChE ap0s exposicdo ao Al em alta ou baixa dose, com reducéo da
atividade enzimatica hipocampal. A acdo do Al no sistema colinérgico tem sido caracterizada
como bifasica, podendo o metal estimular ou inibir a atividade enziméatica (LAKSHMI et al.,
2015; NOREMBERG et al., 2016; PRAKASH; KUMAR, 2009). Sugere-se que em baixa dose
e/ou curto periodo de exposicdo o Al estimule a atividade da AChE engquanto que em alta dose
e/ou prolongado periodo de exposicdo o metal haja inibindo a atividade enzimatica (KUMAR,
1999). Dentre as hipdteses sugeridas, acredita-se que a acdo bifasica do Al sobre a AChE possa
ser atribuida a um efeito direto do metal na enzima ou devido ao dano peroxidativo de
membrana causado pela exposicdo ao Al (KUMAR, 1999). A ultima hipdtese corrobora com
os achados do presente estudo, ao qual aponta o estresse oxidativo como um dos possiveis
mecanismos de toxicidade do Al.

O SNC, especialmente o hipocampo € bastante sensivel ao estresse oxidativo,
principalmente pela limitada capacidade antioxidante e alto conteudo lipidico (ERFANI et al.,
2015; KUMAR; GILL, 2014). No presente estudo, a exposicdo ao Al independente da dose
aumentou os niveis de estresse oxidativo sistémico e local demonstrado pelo aumento dos niveis
de espécies reativas de oxigénio (EROs), peroxidacdo lipidica e reducdo da capacidade
antioxidante total no plasma e hipocampo dos animais, enquanto que no cortex pré-frontal esse

aumento ocorreu apenas nas doses mais altas de exposicdo ao metal. De fato, o AP* é um
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potente pré-oxidante podendo agir via formacdo do complexo Al-radical anion superoxido
(EXLEY, 2004) ou promovendo a reacdao de Fenton através da reducdo do Fe (I11) a Fe (II)
(RUIPEREZ et al., 2012). Ainda que os mecanismos de acdo do Al requeiram profunda
investigacao, considerando que o hipocampo € a principal estrutura requerida para a formacao
e consolidacdo da memoria, podemos afirmar, baseado nos nossos resultados, que o dano
oxidativo e a disfuncéo colinérgica hipocampal induzidos pelo Al sdo ao menos parcialmente
responsaveis pela disfuncdo cognitiva encontrada ap6s exposicdo ao Al.

Os danos periféricos induzidos pelo Al também podem ser atribuidos, ainda que
parcialmente, ao aumento do estresse oxidativo sistémico, uma vez que o estresse oxidativo e
a inflamacdo estdo entre as bases fisiopatoldgicas da neuropatia periférica, contribuindo para a
desmielinizacdo de nervos periféricos, alterando assim a conducdo do estimulo elétrico e
promovendo dano neuronal (ELLIS et al., 2013; SANDIREDDY et al., 2014). Somado a isso,
a presenca de alodinea mecanica veio acompanhada da presenca e acumulo intracelular de Al
e, de um aumento no nimero de macrofagos ativados no nervo ciatico. Dessa forma, nossos
achados sugerem o envolvimento do estresse oxidativo e a ativacdo inflamatoria no
desencadeamento da neuropatia periférica apos exposicao ao Al.

O tripé acimulo do metal, estresse oxidativo e inflamacao também podem ser apontados
como causadores da disfuncéo reprodutiva masculina observada apos exposicao ao Al em baixa
ou alta dose. A preocupante queda de 50% na qualidade espermatica nos ultimos 40 anos entre
homens de diferentes regides do planeta e, o sinérgico aumento da exposi¢cdo humana a
contaminantes ambientais como o Al, impulsionou o desenvolvimento desse estudo (EXLEY,
2013; LEVINE et al., 2017). Nossos resultados sugerem que o Al em nivel de exposicao
humana doméstica é o suficiente para comprometer o funcionamento do sistema reprodutor e,
consequentemente, a fertilidade masculina. Especificamente, animais expostos ao metal por 60
dias apresentaram reducdo da qualidade espermatica com reducao na producdo e no estoque de
espermatozoides, queda na motilidade e aumento das anormalidades morfoldgicas de cabeca e
cauda. Essas alteracdes funcionais refletiram na histoarquitetura testicular, com reducédo e/ou
atrofia do epitélio germinativo. De forma semelhante ao encontrado no SNC, os efeitos da
exposicdo ao Al em dose equivalente a exposicdo humana ndo diferiram significativamente dos
efeitos da exposicao ao Al em alta dose.

Considerando as caracteristicas pré-oxidantes do Al (EXLEY, 2004) e, a capacidade de
promover o estresse oxidativo em diferentes sistemas e 6rgdos, como recentemente observado
no sistema reprodutor (JAMALAN et al., 2016; MOHAMMAD et al., 2015; ODA, 2016),
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nosso estudo avaliou a presenca de estresse oxidativo nos 6rgdos reprodutores ap0s exposicdo
ao metal. O Al aumentou os niveis de EROs e de peroxidacéo lipidica no testiculo, epididimo
e prostata dos animais. Além do aumento do estresse oxidativo, a exposi¢do ao metal estimulou
respostas inflamatérias com aumento no nimero de macréfagos ativados no testiculo apos
exposicao ao Al na dose de 8,3 mg/kg. O sistema reprodutor, especialmente testiculos e células
espermaticas, sdo bastante susceptiveis ao dano oxidativo principalmente pelo alto teor de
acidos graxos poliinsaturados de suas membranas e, limitada capacidade antioxidante
(AITKEN, 1995). Somado a isso, a superproducdo de espécies reativas parece ser
extremamente prejudicial ao gameta masculino e, um fato comun observado na infertilidade
masculina (TURNER; LYSIAK, 2008). Assim, a aparente supressao da espermatogénese, 0
comprometimento da qualidade espermaética e as alteracfes histopatologicas, podem ser, ao
menos parcialmente, atribuidas ao aumento do estresse oxidativo levando a peroxidacdo de
membranas e ao comprometimento da viabilidade espermatica (KISTANOVA et al., 2009) e,
devido a presenca de inflamacao no testiculo.

Quanto a defesa e protecdo celular contra o dano oxidativo, cada 6rgéo respondeu de
forma diferenciada frente ao aumento do estresse oxidativo e, de acordo com o nivel de
exposicdo ao metal. Por exemplo, a exposicdo ao Al nas doses de 1,5 e 8,3 mg/kg de peso
corporal por dia diminuiu a capacidade antioxidante no testiculo, enquanto que o inverso foi
observado na dose mais alta de exposicdo (100 mg/kg). Ressaltando novamente, a auséncia de
um padréo toxicoldgico convencional apds exposi¢cdo ao Al, uma vez que os efeitos adversos
deste metal dependem da duracao da exposicéo, do limiar de contaminacéo e da disponibilidade
biologica alcancada.

Estudos avaliando diretamente a relacdo do Al com a qualidade do sémen humano séo
escassos. Hovatta (1998) e Dawson (1998) demonstraram uma associagcao entre a presenca de
Al no liquido seminal e a motilidade espermatica. Mais recentemente, essa associacdo foi
novamente encontrada em amostras de sémen humano expostos ao AICIz, cadmio ou chumbo,
onde a exposicao ao Al foi responsavel pelo maior comprometimento da qualidade espermatica
(JAMALAN et al., 2016). No estudo de Klein et al. (2014), amostras de sémen de 62 pacientes
foram avaliadas revelando uma alta concentracdo de Al no sémen de individuos com histéria
de oligozoospermia.

Estudos experimentais sobre os efeitos do Al no sistema reprodutor estdo em maior
ndmero. Uma Unica injecdo i.p. de cloreto de aluminio (AICI3) a 25 mg/kg em camundongos

foi associada a alteracOes testiculares e espermatogénicas como degeneragdo de células
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germinativas, atrofia dos tlbulos seminiferos, apoptose de espermatogdnias e espermatocitos
priméarios e, danos as ceélulas de Leydig (ABDEL-MONEIM, 2013). A administracdo
intragéstrica de 100 mg/kg de peso corporal de AICI; durante 4 semanas promoveu danos
histopatoldgicos em testiculo e epididimo, aumentou o estresse oxidativo observado pelo
aumento nos niveis de malondialdeido (MDA) e reducdo nos niveis de glutationa em ratos
(ODA, 2016). Ainda, estudos verificando os efeitos da administragcdo de AICl3 em doses que
variam de 34 mg/kg a 256,72 mg/kg de peso corporal por dia relacionaram a exposic¢do ao Al
com reducdo do peso dos érgdos reprodutores, reducdo na contagem e motilidade espermatica,
reducdo na libido e no volume de sémen ejaculado, aumento das anormalidades morfoldgicas
e desequilibrio hormonal com diminuicdo dos niveis plasmaticos de testosterona, hormonio
luteinizante (LH) e horménio foliculo estimulante (FSH) em ratos e coelhos (IGE; AKHIGBE,
2012; SUN et al., 2011; ZHU et al., 2014).

No entanto, os estudos supracitados avaliaram os efeitos da exposicdo ao Al em altas
doses de exposicdo ao metal e, ndo consideraram a quantidade do metal presente na racao
padrdo dos animais, 0 que aumentaria ainda mais o total de Al aos quais os animais foram
expostos. Em nosso modelo experimental, mensuramos a quantidade de Al presente na racéo
comercial dos roedores, a quantidade do metal acumulada nos érgéos reprodutores testiculo e
epididimo e, a especifica presenca do Al nos orgdos por fluorescéncia. Nossos resultados
demonstram que uma concentracdo de Al ao redor de 3 ug/g, apos exposicao ao Al em dose
equivalente a contaminacdo domestica humana, é o suficiente para comprometer o
funcionamento do sistema reprodutor masculino. Estudos prévios tém demonstrado disfuncoes
reprodutivas apds exposicdo ao Al em doses irrealistas e altas (por exemplo de 34 mg/kg a 400
mg/kg), encontrando assim, altas concentracdes do metal nos testiculos, variando de 35 pg/g a
140 ug/g (GUO et al., 2001; GUO et al., 2005; MOHAMMAD et al., 2015).

Nosso estudo, além de demonstrar o acimulo do metal por espectrometria de absorcéo
atdbmica em forno de grafite, identificou pela primeira vez a especifica presenca do metal nos
tubulos seminiferos utilizando lumogallion e microscopia de fluorecéncia. Sabemos que mais
estudos sdo necessarios para melhor identificar a localizacdo do metal no testiculo, no entanto,
a presenca do Al aparentemente entre as células da linhagem germinativa reforcam a possivel
interferéncia do metal no processo espermatogeénico.

Sabendo que o estresse oxidativo € um dos principais mecanismos de ac¢do do Al e, que
0 dano oxidativo € um dos principais mecanismos subjacentes na doenca vascular (ASSMANN

et al., 2017; EXLEY, 2013), este estudo também investigou o efeito do Al sobre o sistema
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cardiovascular. Demonstramos que a exposicdo ao Al em dose equivalente a contaminacao
humana através da dieta pode representar um risco a satde cardiovascular. Especificamente, a
exposicdo ao Al aumentou a presséo arterial sistélica e a reatividade vascular em artérias de
resisténcia e condutancia possivelmente via mecanismos endoteliais. Demonstramos ainda que
as EROs e os prostanoides derivados da via da COX-2 sdo importantes mediadores da disfuncao
vascular observada apds exposicdo ao Al. Nossos resultados sugerem que as EROs
principalmente advindas da NAD(P)H oxidase e os prostanoides contrateis da via da COX-2
atuam reduzindo a biodisponibilidade de 6xido nitrico (NO), induzindo assim a disfuncéao
vascular e 0 aumento da presséo arterial.

O possivel efeito do Al sobre o sistema cardiovascular foi previamente investigado em
coracdo isolado de rato onde o metal na concentracdo de 100 uM reduziu o fluxo coronariano
e a pressdo sistolica isovolumétrica (GOMES et al., 1994). Posteriormente, observou-se que a
perfusdo cardiaca com Al na concentracdo de 40 uM promovia um aumento no fluxo
coronariano e reducdo na frequéncia cardiaca (KORCHAZHKINA et al., 1998).

Recentemente, a administracdo aguda ou crénica de Al na dose de até 256 mg/kg foi
associada ao desenvolvimento de hipertensdo em ratos e, esses efeitos foram relacionados ao
aumento da expressao de renina ou ao dano de membranas eritrocitarias (EZOMO et al., 2009;
ZHANG et al., 2016). Em humanos, essa possivel associacdo também foi postulada, onde a
circulacdo plasmatica de Al foi relacionada ao desenvolvimento de hipertensdo arterial
(GRANADILLO et al., 1995). Em um estudo recente, nosso grupo demonstrou que uma hora
de exposicao ao Al na dose de 100 mg/kg é suficiente para promover alteracdes vasculares com
reducdo da reatividade vascular e aumento do estresse oxidativo (SCHMIDT et al., 2016). De
acordo com nosso conhecimento, este estudo é o primeiro experimental investigando e
demonstrando os efeitos cardiovasculares ap0s a exposicdo ao Al em dose de equivaléncia
humana através da dieta. Nosso estudo da suporte a hipdtese do aumento do risco cardiovascular
induzido pelo Al e, dentre 0s nossos principais achados podemos destacar que a exposicdo ao
Al: 1) aumentou a pressao arterial sistélica; 2) promoveu disfuncdo endotelial, demonstrado
pelo comprometimento da resposta vasodilatadora a acetilcolina (ACh) e pelo aumento das
respostas vasoconstritoras a fenilefrina (Phe) e, 3) reduziu a biodisponibilidade endotelial de
NO.

Ja bastante citado ao longo desse trabalho, a toxicidade do AI** estd parcialmente
relacionada com a sua capacidade pré-oxidante (EXLEY, 2004). E sabido que o estresse

oxidativo altera a reatividade vascular por diferentes vias, como por exemplo, ao atuar na via



98

do NO se opondo aos efeitos do NO ou reduzindo sua biodisponibilidade (HERNANZ et al.,
2014). Na presenca de espécies reativas como 0 O2+-, 0 NO pode rapidamente reagir com o
02e-, formando um radical ainda mais reativo que o O2e-, 0 radical peroxinitrito (ONOO-),
reduzindo assim os efeitos vasodilatadores do NO (ALVAREZ et al., 2008; ZOU, 2007). Em
nosso estudo, a reducdo da biodisponibilidade do NO pode ser atribuida a inibicdo da expressao
génica da eNOS ou ao efeito direto do aumento do estresse oxidativo. O complexo enzimético
NADPH oxidase desempenha um papel central na producdo vascular do O2e- e peroxido de
hidrogénio (H202) (KONIOR et al., 2014). As isoformas NOX-1 e NOX-2 expressas em
mamiferos parecem desempenhar um papel fundamental na patogénese de doencas vasculares
como aterosclerose, hipertensdo, desordens vasculares neuroldgicas, inflamacdo e céncer
(KONIOR et al., 2014; SCHRAMM et al., 2012). No nosso estudo, a exposic¢ao in vitro da
apocinina (inibidor ndo seletivo da NOX) e do antioxidante superoxido dismutase (SOD)
promoveu uma reducao na resposta vascular a Phe de maior magnitude nos segmentos arteriais
de ratos expostos ao Al, sugerindo assim o envolvimento do O2+-, provavelmente advindo da
NOX, na disfuncdo vascular induzida pela exposicdo ao metal. A nossa hipotese foi ainda
fortificada pelo aumento na producéo basal de O2¢- vascular, aumento na expressdo de mRNA
da subunidade NOX-1, aumento na atividade enzimética da NOX e pela reducdo dos niveis de
MRNA da Cu/Zn SOD observados apds exposi¢do ao Al. Somado a isso, 0 desequilibrio redox
sugerido pelo aumento dos niveis de EROs e peroxidacgéo lipidica bem como pelas alteracGes
da capacidade antioxidante vascular, também sugere a participacdo dos mecanismos pro-
oxidantes do Al no desencadeamento das alteracdes vasculares apds exposi¢do ao metal.

O tbnus vascular também é fortemente modulado por prostanoides derivados da COX-
2, cujos efeitos vasculares serdo dependentes da ativacdo de receptores especificos
(AVENDANO et al., 2016; HERNANZ et al., 2014). Recentemente, foi demonstrada uma
relacdo em forma de circuito entre os derivados da COX-2 e as EROs, atuando em conjunto
para promover a disfuncao vascular na hipertensdo (MARTINEZ-REVELLES et al., 2013). Os
efeitos toxicos do Al tém sido fortemente associados com a sua capacidade pro-oxidante
(EXLEY, 2004;: RUIPEREZ et al., 2012; YU et al., 2016) entretanto, tem-se sugerido um
envolvimento da via da COX-2 nas disfunc@es neuropatoldgicas induzidas pelo metal (YU et
al., 2014; WANG et al., 2015). No presente estudo, 0 uso do inibidor ndo especifico e especifico
da COX-2, indometacina e NS 398, in vitro reduziu a resposta vasoconstritora a Phe
principalmente nas artérias aorta e mesentérica dos animais expostos ao Al em baixa ou alta

dose. Esses resultados sugerem uma maior participacdo de prostanoides derivados da via da
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COX-2 na disfuncdo vascular apds exposicdo ao Al. Corroborando, as aortas de animais
expostos ao Al apresentaram um aumento nos niveis de mRNA da COX-2 e dos receptores
TXA-2 R. Os receptores TXA-2 R regulam importantes funcdes na parede vascular como
agregacdo plaquetéria, contracdo muscular e estdo relacionados ao desencadeamento de
mudangas vasculares na hipertensdo (FELETOU et al., 2011; NAKAHATA, 2008). No nosso
trabalho, a ativacdo dos TXA-2 R sugere a sua participacdo nas alteragdes vasculares
encontradas apds exposicdo ao Al, entretanto estudos adicionais sdo necessarios para um
melhor entendimento dessa participacao.
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CONCLUSOES

Resultados deste estudo demonstram que a exposic¢ao subcrénica ao Al por 60 dias em
dose equivalente a exposicdo humana pela dieta é o suficiente para desencadear efeitos toxicos
no sistema nervoso central e periférico, reprodutor e cardiovascular em ratos. Demonstramos
ainda, que os efeitos do Al em nivel doméstico de exposicao sdo similares aos encontrados em
uma exposicdo 12 ou 66 vezes maior, sugerindo que uma vez alcancada uma carga corporal
toxica do metal os efeitos advindos da presenca corporal do Al sdo similares e, que o limiar
para o desencadeamento da cascata de toxicidade do Al pode ser alcangado em dose de
exposi¢do humana ao metal.

Nossos resultados apontam o sistema nervoso, reprodutor e cardiovascular como alvos
da toxicidade do Al. Especificamente, a exposi¢do ao Al em dose que mimetiza a contaminacéao
humana ao metal através da dieta promove alteragcbes cognitivas e comportamentais com
comprometimento da memoria de longa duracdo e desenvolvimento de catalepsia, induz
neuropatia periférica, promove disfuncdo no sistema reprodutor masculino com reducdo da
qualidade espermatica e danos a espermatogénese e, compromete o funcionamento do sistema
cardiovascular ao aumentar a pressao arterial sistolica e promover disfuncdo endotelial com
reducdo da biodisponibilidade de NO.

Nossos resultados demonstram a capacidade do Al em depositar-se em diferentes
orgaos, desencadeando assim uma cascata de eventos pré-oxidantes e inflamatdrios. Dados
deste estudo apontam o aumento do estresse oxidativo com maior liberacdo/producao de EROs
principalmente via NAD(P)H oxidase e ativacao da cascata inflamatoria do acido araquidonico,
via aumento da expressdo génica da COX-2, como possiveis mecanismos de acdo do Al. Estes
mecanismos parecem ser responsaveis ao menos parcialmente pelo desencadeamento das
alteracdes sistémicas observadas apds exposicao ao metal.

Resultados deste estudo fornecem informacdes valiosas acerca do risco neurolégico,
reprodutor e cardiovascular apos exposicao ao Al e, devem servir de alerta em relacao aos niveis

atualmente considerados seguros de exposicdo humana ao metal.



101

REFERENCIAS

ABDEL-MONEIM, A.M. Effects of taurine against histomorphological and ultrastructural changes in
the testes of mice exposed to aluminium chloride. Arh Hig Rada Toksikol 64: 405-14, 2013.

AITKEN, R.J. Free radicals, lipid peroxidation and sperm function. Reprod Fertil Dev 7: 659-668,
1995.

ALDRIDGE, S., DOWNS, A.J. The Group 13 Metals Aluminium, Gallium, Indium and Thallium:
Chemical Patterns and Peculiarities. Ed. John Wiley & Sons Ltd., 2011.

ALVAREZ, Y., BRIONES, AM., HERNANZ, R., PEREZ-GIRON, J.V., ALONSO, M.J,
SALAICES, M. Role of NADPH oxidase and iNOS in vasoconstrictor responses of vessels from
hypertensive and normotensive rats. Br J Pharmacol 153: 926935, 2008.

ASSMANN, K.E., ADJIBADE, M., ANDREEVA, V.A., HERCBERG, S., GALAN, P., KESSE-
GUYOT, E. Association Between Adherence to the Mediterranean Diet at Midlife and Healthy
Aging in a Cohort of French Adults. J Gerontol A Biol Sci Med Sci doi:
10.1093/gerona/gIx066, 2017.

AVENDANO, M.S., MARTINEZ-REVELLES, S., AGUADO, A., SIMOES, M.R., GONZALEZ-
AMOR, M., PALACIOS, R., GUILLEM-LLOBAT, P., VASSALLO, D.V., VILA, L.,
GARCIA-PUIG, J., BELTRAN, L.M., ALONSO, M.J.,, CACHOFEIRO, M.V., SALAICES,
M., BRIONES, A.M. Role of COX-2-derived PGE2 on vascular stiffness and function in
hypertension. Br J Pharmacol 173: 1541-55, 2016.

AZEVEDO, F.A., CHASIN, A.A.M. Metais: gerenciamento da toxicidade. Sdo Paulo: Editora
Atheneu, 2003.

BAKAR, C., KARAMAN, H., BABA, A., SENGUNALP, F. Effect of high aluminum concentration
in water resources on human health, case study: Biga Peninsula, northwest part of Turkey. Arch
Environ Contam Toxicol 58: 935-44, 2010.

BANASIK, A., LANKOFF, A., PISKULAK, A., ADAMOWSKA, K., LISOWSKA, H., WOJCIK, A.
Aluminum-induced micronuclei and apoptosis in human peripheral-blood lymphocytes treated
during different phases of the cell cycle. Environ Toxicol 20: 402-406, 2005.

BANSAL, V.K., BANSAL, S. Nervous system disorders in dialysis patients. Handb Clin Neurol 119:
395-404, 2014.

BEARDMORE, J., EXLEY, C. Towards a model of non-equilibrium binding of metal ions in biological
systems. J Inorg Biochem 103: 205-209, 20009.

BEARDMORE, J., RUGG, G., EXLEY, C. A systems biology approach to the blood-aluminium
problem: the application and testing of a computational model. J Inorg Biochem 101: 1187—
1191, 2007.

BHATTACHARIJEE, S., ZHAO, Y., HILL, J.M., CULICCHIA, F., KRUCK, T.P., PERCY, M.E.,
POGUE, A.l., WALTON, J.R., LUKIW, W.J. Selective accumulation of aluminum in cerebral
arteries in Alzheimer's disease. J Inorg Biochem 126: 35-37, 2013.



102

BONDY, S.C. Low levels of aluminum can lead to behavioral and morphological changes associated
with Alzheimer's disease and age-related neurodegeneration. Neurotoxicology 52: 222-229,
2015.

BRASIL, Ministério da Salude. Estabelece os procedimentos e responsabilidades relativos ao controle
e vigilancia da qualidade da &gua para consumo humano e seu padrdo de potabilidade. Portaria
n. 2914/2011. [Publicado no Diério Oficial da Unido; 2011; Dezembro 12].

BRASIL, Ministério do Desenvolvimento, InduUstria e Comércio Exterior. Aluminio: A indUstria
Brasileira em 2012. Disponivel em: <http://www.mdic.gov.br>. Acesso em 1 de novembro de
2017.

CAMPBELL, A., BONDY, S.C. Aluminum induced oxidative events and its relation to inflammation:
a role for the metal in Alzheimer's disease. Cell Mol Biol (Noisy-le-grand), 46: 721-30, 2000.

CARLSEN, E., GIWERCMAN, A., KEIDING, N., SKAKKEBAEK, N.E. Evidence for decreasing
quality of semen during past 50 years. Br Med J 305: 609-613, 1992,

CASTELLO, M.E., BOLIOLI, B., DAJAS, F. Catalepsy induced by striatal acetylcholinesterase
inhibition with fasciculin in rats. Pharmacol Biochem Behav 41: 547-50, 1992.

CHEN, H., TAN, C,, LIN, Z.,, WU, T., DIAQO, Y. A feasibility study of diagnosing cardiovascular
diseases based on blood/urine element analysis and consensus models. Comput Biol Med 43:
865-9, 2013.

CHIN-CHAN, M., NAVARRO-YEPES, J., QUINTANILLA-VEGA, B. Environmental pollutants as
risk factors for neurodegenerative disorders: Alzheimer and Parkinson diseases. Front Cell
Neurosci 9:124. doi: 10.3389/fncel.2015.00124, 2015.

CNI (CONFEDERACAO NACIONAL DA INDUSTRIA). A sustentabilidade da industria brasileira
do aluminio. Brasilia: CNI, 2012.

COCHRAN, M., GODDARD, G., RAMM, G., LUDWIGSON, N., MARSHALL, J., HALLIDAY, J.
Absorbed aluminium is found with two cytosolic protein fractions, other than ferritin, in the rat
duodenum. Gut 34: 643-646, 1993.

COSTELLO, S., BROWN, D.M., NOTH, E.M., CANTLEY, L., SLADE, M.D., TESSIER-
SHERMAN, B., HAMMOND, S.K., EISEN, E.A., CULLEN, M.R. Incident ischemic heart
disease and recent occupational exposure to particulate matter in an aluminum cohort. J Expo
Sci Environ Epidemiol 24: 82-88, 2014.

CRAPPER, D.R., KRISHNAN, S.S., DALTON, A.J. Brain aluminum distribution in Alzheimer’s
disease and experimental neurofibrillary degeneration. Science 180: 511-513, 1973.

CREPEAUX, G.,EIDI, H., DAVID, M.O., BABA-AMER, Y., TZAVARA, E., GIROS, B., AUTHIER,
F.J., EXLEY, C., SHAW, C.A., CADUSSEAU, J., GHERARDI, R.K. Non-linear dose-
response of aluminium hydroxide adjuvant particles: Selective low dose neurotoxicity.
Toxicology 375: 48-57, 2017.

DAWSON, E.B., RITTER, S., HARRIS, W.A., EVANS, D.R., POWELL, L.C. Comparison of sperm
viability with seminal plasma metal levels. Biol Trace Elem Res 64: 215-219, 1998.

DE RYCK, M., SCHALLERT, T., TEITELBAUM, P. Morphine versus haloperidol catalepsy in the
rat: A behavioral analysis of postural support mechanisms. Brain Res 201: 143-172, 1980.



103

DIVINE, K.K., LEWIS, J.L., GRANT, P.G., BENCH, G. Quantitative particle-induced X-ray emission
imaging of rat olfactory epithelium applied to the permeability of rat epithelium to inhaled
aluminum. Chem Res Toxicol 12: 575-581, 1999.

EFSA. Safety of aluminium from dietary intake. EFSA J 754: 1-34, 2008.

ELLIS, A., BENNETT, D. Neuroinflammation and the generation of neuropathic pain. Br J Anaesth
111: 26-37, 2013.

ENNACEUR, A., DELACOUR, J. A new one-trial test for neurobiological studies of memory in rats.
1: Behavioral data Behav Brain Res 31: 47-59, 1988.

ERFANI, S., KHAKSARI, M., ORYAN, S., SHAMSAEI, N., ABOUTALEB, N., NIKBAKHT, F.,
JAMALI-RAEUFY, N., GORJIPOUR, F. Visfatin reduces hippocampal CA1 cells death and
improves learning and memory deficits after transient global ischemia/reperfusion.
Neuropeptides 49: 63-8, 2015.

EVERITT, A.V. Ageing rat colonies at the University of Sydney. Proc Aust Assoc Gerontol 26: 79-
82, 1991.

EXLEY, C. A molecular mechanism of aluminium-induced Alzheimer's disease? Journal of Inorganic
Biochemistry 76: 133-140, 1999.

EXLEY, C. Aluminum Should Now Be Considered a Primary Etiological Factor in Alzheimer’s
Disease. Journal of Alzheimer’s Disease Reports DOI 10.3233/ADR-170010, 2017.

EXLEY, C. Does antiperspirant use increase the risk of aluminium-related disease, including
Alzheimer's disease? Mol Med Today 4: 107-109, 1998.

EXLEY, C. Elucidating aluminium’s exposome. Curr Inorg Chem 2: 3-7, 2012.
EXLEY, C. Human exposure to aluminium. Environ Sci Process Impacts 10: 1807-16, 2013.

EXLEY, C. Reflections upon and recent insight into the mechanism of formation of
hydroxyaluminosilicates and the therapeutic potential of silicic acid. Coordination Chemistry
Reviews 256: 82-88, 2012.

EXLEY, C. The pro-oxidant activity of aluminum. Free Radic Biol Med 3: 380- 7, 2004.

EXLEY, C. Why industry propaganda and political interference cannot disguise the inevitable role

played by human exposure to aluminum in neurodegenerative diseases, including Alzheimer’s
disease. Front Neurol 27: 5-212. doi: 10.3389/fneur.2014.00212, 2014.

EXLEY, C., BEARDMORE, J., RUGG, G. A computational approach to the blood aluminium
problem? Int J Quantum Chem 107: 275-278, 2007.

EXLEY, C., BIRCHALL, J.D. The cellular toxicity of aluminium. J Theoret Biol 159:83-98, 1992.

EXLEY, C., BURGESS, E., DAY, J.P., JEFFERY, E.H., MELETHIL, S., YOKEL, R.A. Aluminum
Toxicokinetics J Toxicol Environ Health 6: 569-584, 1996.

EXLEY, C., CHAPPELL, J.S., BIRCHALL, J.D. A mechanism for acute aluminium toxicity in fish. J
Theoret Biol 151: 417-428, 1991.



104

EZOMO, O.F., MATSUSHIMA, F., MESHITSUKA, S. Up-regulation in the expression of renin gene
by the influence of aluminium. J Inorg Biochem 103: 1563-1570, 20009.

FEKETE, V., VANDEVIJVERE, S., BOLLE, F., VAN LOCO, J. Estimation of dietary aluminum
exposure of the Belgian adult population: evaluation of contribution of food and kitchenware.
Food Chem Toxicol 55: 602-8, 2013.

FELETOU, M., HUANG, Y., VANHOUTTE, P.M. Endothelium mediated control of vascular tone:
COX-1 and COX-2 products. Br J Pharmacol. 164: 894-912, 2011.

FLAREND, R., BIN, T., ELMORE, D., HEM, S.L. A preliminary study of the dermal absorption of
aluminium from antiperspirants using aluminium-26. Food Chem Toxicol 39: 163-168, 2001.

FLATEN, T.P. Aluminium as a risk factor in Alzheimer's disease, with emphasis on drinking water.
Brain Res Bull 2: 187-96, 2001.

FRASER, D.D., MACVICAR, B.A. Cholinergic-dependent plateau potential in hippocampal CAl
pyramidal neurons. J Neurosci 16: 4113-4128, 1996.

FROMENT, D.H., MOLITORIS, B.A., BUDDINGTON, B., MILLER, N.L., ALFREY, A.C. Site and
mechanism of enhanced gastrointestinal absorption of aluminum by citrate. Kidney Int 36:
978-984, 1989.

GENUIS, S.J., BIRKHOLZ, D., RODUSHKIN, 1., BEESOON, S. Blood, urine, and sweat (BUS)
study: monitoring and elimination of bioaccumulated toxic elements. Arch Environ Contam
Toxicol 61: 344-357, 2011.

GHERARDI, R.K., COQUET, M., CHERIN, P., BELEC, L., MORETTO, P., DREYFUS, P.A,,
PELLISSIER, J.F., CHARIOT, P., AUTHIER, F.J. Macrophagic myofasciitis lesions assess
long-term persistence of vaccine-derived aluminium hydroxide in muscle. Brain 124: 1821—
1831, 2001.

GHERARDI, R.K., EIDI, H., CREPEAUX, G., AUTHIER, F.J., CADUSSEAU, J. Biopersistence and
brain translocation of aluminum adjuvants of vaccines. Front Neurol 5: 6 - 4, 2015.

GOMES, M.G., MOREIRA, C.A., MILL, J.G., MASSARONI, L., OLIVEIRA, E.M., STEFANON, I.,
VASSALLO, D.V. Effects of aluminum on the mechanical and electrical activity of the
Langendorff-perfused rat heart. Braz J Med Biol Res 27: 95-100, 1994.

GONZALEZ-WELLER, D., GUTIERREZ, A.J., RUBIO, C., REVERT, C., HARDISSON, A. Dietary
intake of aluminum in a Spanish population (Canary Islands). J Agric Food Chem 58: 10452-
7, 2010.

GORADEL, N.H., SHOOR, F.G., NEGAHDARI, B., MALEKSHAHI, Z.V., HASHEMZEHI, M.,
MASOUDIFAR, A., MIRZAEI, H. Stem cell therapy: A new therapeutic option for
Cardiovascular Diseases. J Cell Biochem doi: 10.1002/jcb.26169, 2017.

GRANADILLO, V.A,, TAHAN, J.E., SALGADO, O., ELEJALDE, L.E., RODRIGUEZ-ITURBE, B.,
ROMERO, G.B., ROMERO, R.A. The influence of the blood levels of lead, aluminum and
vanadium upon the arterial hypertension. Clin Chim Acta 233: 47-59, 1995.

GREGER, J.L. Aluminum metabolism. Annu Rev Nutr 13: 42-63, 1993.



105

GREGER, J.L., BAIER, M.J. Excretion and retention of low or moderate levels of aluminium by human
subjects. Food Chem. Toxicol 21: 473-477, 1983.

GUQO, C., HUANG, C., CHEN, S., WANG HSU, G. Serum and testicular testosterone and nitric oxide
products in aluminum-treated mice. Environ Toxicol Pharmacol 10: 53-60, 2001.

GUO, C.H,, LU, Y.F., HSU, G.S.W. The influence of aluminum exposure on male reproduction and
offspring in mice. Environ Toxicol Pharmacol 20: 13541, 2005.

HALLIWELL, B., GUTTERIDGE, J.M.C. Free Radicals in Biology and Medicine. 3% ed. Editora
Oxford. Estados Unidos, cap.8, p. 592, 1999.

HARRIS, W.R., BERTHON, G., DAY, J.P., EXLEY, C., FLATEN, T.P., FORBES, W.F., KISS, T.,
ORVIG, C., ZATTA, P.F. Speciation of aluminum in biological systems. J Toxicol Environ
Health 48: 543-568, 1996.

HERNANZ, R., BRIONES, A.M., SALAICES, M., ALONSO, M.J. New roles for old pathways? A
circuitous relationship between reactive oxygen species and cyclooxygenase in hypertension.
Clin Sci (Lond) 126: 111-21, 2014.

HOVATTA, O., VENALAINEN, E.R., KUUSIMAKI, L., HEIKKILA, J., HIRVI, T., REIMA, 1.
Aluminium, lead and cadmium concentrations in seminal plasma and spermatozoa, and semen
quality in Finnish men. Hum Reprod 13: 115-119, 1998.

HSU, C.W., WENG, C.H,, LEE, C.C., LIN-TAN, D.T., CHEN, K.H., YEN, T.H., HUANG, W.H.
Association of low serum aluminum level with mortality in hemodialysis patients. Ther Clin
Risk Manag 14: 1417-1424, 2016.

IAI (THE INTERNATIONAL ALUMINIUM INSTITUTE). Global Aluminium Recycling: A
Cornerstone of Sustainable Development. Londres: International Aluminium Institute, 2009.

IGE, S.F., AKHIGBE, R.E. The role of Allium cepa on aluminum-induced reproductive dysfunction in
experimental male rat models. J Hum Reprod Sci 5: 200205,

JAMALAN, M., GHAFFARI, M.A., HOSEINZADEH, P., HASHEMITABAR, M., ZEINALI, M.
Human sperm quality and metal toxicants: protective effects of someflavonoids on male
reproductive function. Int J Fertil Steril 10: 215-223, 2016.

JOHNSON, V.J., SHARMA, R.P. Aluminum disrupts the pro-inflammatory cytokine/neurotrophin
balance in primary brain rotation-mediated aggregate cultures: possible role in
neurodegeneration. Neurotoxicol 24: 261-268, 2003.

KASBE, P., JANGRA, A., LAHKAR, M. Mangiferin ameliorates aluminium chloride-induced
cognitive dysfunction via alleviation of hippocampal oxido-nitrosative stress, proinflammatory
cytokines and acetylcholinesterase level. J Trace Elem Med Biol 31: 107-12, 2015.

KHACHATURIAN, Z.S. Calcium hypothesis of Alzheimer's disease and brain aging. Ann N Y Acad
Sci 747: 1-11, 1994.

KHAN, Z., COMBADIERE, C., AUTHIER, F.J., ITIER, V., LUX, F., EXLEY, C., MAHROUF-
YORGOV, M., DECROUY, X., MORETTO, P., TILLEMENT, O., GHERARDI, R.K,
CADUSSEAU, J. Slow CCL2-dependent translocation of biopersistent particles from muscle to
brain. BMC Med 11: 99. doi: 10.1186/1741-7015-11-99, 2013.



106

KIHIRA, T., YOSHIDA, S., KOMOTO, J., WAKAYAMA, |., YASE, Y. Aluminum-induced model
of motor neuron degeneration: subperineurial injection of aluminum in rabbits. Neurotoxicol
16: 413-24, 1995.

KING, S.J., TEMPLAR, J., MILLER, R.V., DAY, J.P., DOBSON, C.B., ITZHAKI, R.F., FIFIELD,
L.K., ALLAN, G.L. Aluminium and Alzheimer’s disease: Sites of aluminium binding in human
neuroblastoma cells determined using 26Al and accelerator mass spectrometry. Nucl. Instr.
Methods Phys Res B92: 469-472, 1994.

KISTANOVA, E., MARCHEV, Y., NEDEVA, R., KACHEVA, D., SHUMKOV, K., GEORGIEV, B.
et al. Effect of the Spirulina platensis included in the main diet on the boar sperm quality.
Biotechnology in Animal Husbandry 25: 547-57, 20009.

KLEIN, J.P., MOLD, M., MERY, L., COTTIER, M., EXLEY, C. Aluminum content of humansemen:
implications for semen quality. Reprod Toxicol 50: 43-48, 2014.

KONIOR, A., SCHRAMM, A., CZESNIKIEWICZ-GUZIK, M., GUZIK, T.J. NADPH oxidases in
vascular pathology. Antioxid Redox Signal 20: 2794-814, 2014.

KORCHAZHKINA, O., WRIGHT, G., EXLEY, C. Action of Al-ATP on the isolated working rat heart.
J Inorg Biochem 69: 153-8, 1998.

KORCHAZHKINA, O., WRIGHT, G., EXLEY, C. No effect of aluminium upon the hydrolysis of ATP
in the coronary circulation of the isolated working rat heart. J Inorg Biochem 76: 121-126,
1999.

KUMAR, S. Aluminium-induced biphasic effect. Medical Hypotheses 52: 557-559, 1999.

KUMAR, V., GILL, K.D. Oxidative stress and mitochondrial dysfunction in aluminium neurotoxicity
and its amelioration: a review. Neurotoxicol 41: 154-66, 2014.

LAKSHMI, B.V., SUDHAKAR, M., PRAKASH, K.S. Protective effect of selenium against aluminum
chloride-induced Alzheimer's disease: behavioral and biochemical alterations in rats. Biol Trace
Elem Res 1: 67-74, 2015.

LEE, M., CHO, S., ROH, K., CHAE, J., PARK, J.H., PARK, J., LEE, M.A., KIM, J., AUH, C.K,,
YEOM, C.H., LEE, S. Glutathione alleviated peripheral neuropathy in oxaliplatin-treated mice
by removing aluminum from dorsal root ganglia. Am J Transl Res 15: 926-939, 2017.

LEVINE, H., JORGENSEN, N., MARTINO-ANDRADE, A., MENDIOLA, J., WEKSLER-DERRI,
D., MINDLIS, L., PINOTTI, R., SWAN, S.H. Temporal trends in sperm count: a systematic
review and meta-regression analysis. Human Reprod Update 23: 646-659, 2017.

LI, X., HU, C., ZHU, Y., SUN, H,, LI, Y., ZHANG, Z. Effects of aluminum exposure on bone mineral
density, mineral, and trace elements in rats. Biol Trace Elem Res 143: 378-385, 2011.

LIND, P.M., OLSEN, L., LIND, L. Circulating levels of metals are related to carotid atherosclerosis in
elderly. Sci Total Environ 416: 80-8, 2012.

LINHART, C., TALASZ, H., MORANDI, E.M., EXLEY, C., LINDNER, H.H., TAUCHER, S.,
EGLE, D., HUBALEK, M., CONCIN, N., ULMER, H. Use of Underarm Cosmetic Products in
Relation to Risk of Breast Cancer: A Case-Control Study. EBioMedicine pii: S2352-3964(17)
30233-5. doi: 10.1016/j.ebiom.2017.06.005, 2017.



107

LOTE, C.J.,, WOOD, J.A.,, SAUNDERS, H.C., SPENCER, A.J. Aluminium deposition in liver
following aluminium citrate or chloride administration in conscious rats. J Physiol Lond 459:
374P, 1993.

LUKIW, W.J., PERCY, M.E., KRUCK, T.P. Nanomolar aluminum induces pro-inflammatory and pro-
apoptotic gene expression in human brain cells in primary culture. J Inorg Biochem 99: 1895—
1898, 2005.

MANDRIOTA, S.J. A Case-control Study Adds a New Piece to the Aluminium/Breast Cancer Puzzle.
EBioMedicine 22: 22-23, 2017.

MANDRIOTA, S.J., TENAN, M., FERRARI, P., SAPPINO, A.P. Aluminium chloride promotes
tumorigenesis and metastasis in normal murine mammary gland epithelial cells. Int J Cancer
139: 2781-2790, 2016.

MARTINEZ-REVELLES, S., AVENDANO, M.S., GARCIA-REDONDO, A.B., ALVAREZ, Y.,
AGUADO, A., PEREZ-GIRON, J.V., GARCIA-REDONDO, L., ESTEBAN, V., REDONDO,
J.M., ALONSO, M.J.,, BRIONES, A.M., SALAICES, M. Reciprocal relationship between
reactive oxygen species and cyclooxygenase-2 and vascular dysfunction in hypertension.
Antioxid Redox Signaling 18: 51-65, 2013.

MINAMI, T., TOHNO, S., UTSUMI, M., MORIWAKE, Y., YAMADA, M.O., TOHNO, Y. Selective
accumulations of aluminum in five human arteries. Biol Trace Elem Res 79: 29-38, 2001.

MIRZA, A., KING, A., TROAKES, C., EXLEY, C. Aluminium in brain tissue in familial Alzheimer's
disease. J Trace Elem Med Biol 40: 30-36, 2017.

MOHAMMAD, N.S., ARAFA, M.H., ATTEIA, H.H. Coenzyme Q10 and fish oil synergistically
alleviate aluminum chloride-induced suppression of testicular steroidogenesis and antioxidant
defense. Free Radic Res 49: 1319-1334, 2015.

NAKAHATA, N. Thromboxane A2: physiology/ pathophysiology, cellular signal transduction and
pharmacology. Pharmacol Ther 118: 18-35, 2008.

NELSON, C.M., BUNGE, R.G. Semen analysis: evidence for changing parameters of male fertility
potential. Fertil Steril 25: 503-507, 1974.

NEOPHYTOU, A.M., NOTH, E.M,, LIU, S., COSTELLO, S., HAMMOND, S.K., CULLEN, M.R.,
EISEN, E.A. Ischemic heart disease incidence in relation to fine versus total particulate matter
exposure in a U.S. aluminum industry cohort. PLoS One 11 (6): e0156613, 2016.

NICHOLSON, J.W., CZARNECKA, B. Review paper: Role of aluminum in glass-ionomer dental
cements and its biological effects. J Biomater Appl 24: 293-308, 20009.

NICHOLSON, S., EXLEY. C. Aluminum: a potential pro-oxidant in sunscreens/sunblocks? Free
Radical Biol Med 43: 1216-1217, 2007.

NOREMBERG, S., BOHRER, D., SCHETINGER, M.R., BAIRROS, A\V., GUTIERRES, J.,
GONCALVES, J.F., VEIGA, M., SANTOS, F.W. Silicon Reverses Lipid Peroxidation but not
Acetylcholinesterase Activity Induced by Long-Term Exposure to Low Aluminum Levels in
Rat Brain Regions. Biol Trace Elem Res 169: 77-85, 2016.

ODA, S.S. The influence of Omegas3 fatty acids supplementation against aluminum-induced toxicity in
male albino rats. Environ Sci Pollut Res Int 23: 1435414361, 2016.



108

OECD (ORGANISATION FOR ECONOMIC CO-OPERATION AND DEVELOPMENT).
Aluminium factsheet. In: Material Resources, Productivity and the Environment. Mechelen:
OECD Publishing, 2015.

PARK, J.H., CHAE, J., ROH, K., KIL, E.J., LEE, M., AUH, C.K., LEE, M.A., YEOM, C.H., LEE, S.
Oxaliplatin-Induced Peripheral Neuropathy via TRPA1 Stimulation in Mice Dorsal Root
Ganglion Is Correlated with Aluminum Accumulation. PLoS ONE 10(4): e0124875.
doi:10.1371/journal.pone.0124875, 2015.

PERL, D.P., FOGARTY, U., HARPAZ, N., SACHAR, D.B. Bacterial-metal interactions: the potential
role of aluminum and other trace elements in the etiology of Crohn's disease. Inflammatory
Bowel Dis 10: 881-883, 2004.

PERL, D.P., GOOD, P.F. Uptake of aluminium into central nervous system along nasal-olfactory
pathways. Lancet 1: 1028, 1987.

PINEAU, A., GUILLARD, O., FAVREAU, F., MARRAULD, A., FAUCONNEAU, B. In vitro study
of percutaneous absorption of aluminum from antiperspirants through human skin in the
Franz™ diffusion cell. J Inorg Biochem 110: 21-26, 2012.

POWELL, J.J., AINLEY, C.C., EVANS, R., THOMPSON, R.P.H. Intestinal perfusion of dietary levels
of aluminium: Association with the mucosa. Gut 35: 1053-1057, 1994.

POWELL, J.J., JUGDAOHSINGH, R., THOMPSON, R.P. The regulation of mineral absorption in the
gastrointestinal tract. Proc Nutr Soc 58: 147-153, 1999.

PRAKASH, A., KUMAR, A. Effect of N-acetyl cysteine against aluminium-induced cognitive
dysfunction and oxidative damage in rats. Basic Clin Pharmacol Toxicol 2: 98-104, 2009.

PRAKASH, A., KUMAR, A. Mitoprotective effect of Centella asiatica against aluminum-induced
neurotoxicity in rats: possible relevance to its anti-oxidant and anti-apoptosis mechanism.
Neurol Sci 8: 1403-9, 2013.

QIU, C., KIVIPELTO, M., VON, STRAUSS, E. Epidemiology of Alzheimer’s disease: occurrence,
determinants, and strategies toward intervention. Dialogues Clin Neurosci 11: 111-128, 20009.

REAGAN-SHAW, S., NIHAL, M., AHMAD, N. Dose translation from animal to human studies
revisited. FASEB J 3: 659-61, 2008.

REINKE, C.M., BREITKREUTZ, J.,, LEUENBERGER, H. Aluminium in over-the-counter drugs: risks
outweigh benefits? Drug Saf 14: 1011-25, 2003.

RIIHIMAKI, V., AITIO, A. Occupational exposure to aluminum and its biomonitoring in perspective.
Crit Rev Toxicol 42: 827— 853, 2012.

ROMANSKI, S. A, MCCARTHY, J.T., KLUGE, K., FITZPATRICK, L.A. Detection of subtle
aluminum- related renal osteodystrophy. Mayo Clin Proc 68: 419-426, 1993.

RUIPEREZ, F., MUJIKA, J.I., UGALDE, J.M., EXLEY, C., LOPEZ, X. Pro-oxidant activity of
aluminum: promoting the Fenton reaction by reducing Fe(lll) to Fe(ll). J Inorg Biochem 117:
118-23, 2012.



109

SANDIREDDY, R., YERRA, V.G.,, ARETI, A, KOMIRISHETTY, P., KUMAR, A.
Neuroinflammation and oxidative stress in diabetic neuropathy: futuristic strategies based on
these targets. Int J Endocrinol doi: 10.1155/2014/674987, 2014.

SAPPINO, A.P., BUSER, R., LESNE, L., GIMELLI, S., BENA, F., BELIN, D., MANDRIOTA, S.J.
Aluminium chloride promotes anchorage-independent growth in human mammary epithelial
cells. J Appl Toxicol 32: 233-243, 2012.

SASS, J.B., ANG, L.C. JUURLINK, B.H. Aluminum pretreatment impairs the ability of astrocytes to
protect neurons from glutamate mediated toxicity. Brain Res 621: 207-214, 1993.

SCHMIDT, P.M., ESCOBAR, A.G., TORRES, J.G.D., MARTINEZ, C.S., RIZZETTI, D.A., KUNZ,
S.N., VASSALLO, D.V., ALONSO, M.J.,, PECANHA, F.M., WIGGERS, G.A. Aluminum
exposure for one hour decreases vascular reactivity in conductance and resistance arteries in
rats. Toxicol Appl Pharmacol 313: 109-118: 2016.

SCHRAMM, A., MATUSIK, P., OSMENDA, G., GUZIK, T.J. Targeting NADPH oxidases in vascular
pharmacology. Vascul Pharmacol 56: 216-31, 2012.

SHEINER, E.K., SHEINER, E., HAMMEL, R.D., POTASHNIK, G., CAREL, R. Effect of
occupational exposures on male fertility: literature review. Ind Health 41: 55-62, 2003.

SKLAN, E.H., BERSON, A., BIRIKH, K.R., GUTNICK, A., SHAHAR, O., SHOHAM, S., SOREQ),
H. Acetylcholinesterase modulates stress-induced motor responses through catalytic and
noncatalytic properties. Biol Psychiatry 60: 741-51, 2006.

SPENCER, A. J.,, WOOD, J. A, FREEMAN, M. S., SAUNDERS, H. C., LOTE, C. J. Deposition of
aluminium in Kidney following aluminium chloride or citrate administration in conscious rats.
J Physiol London 483: 171-172, 1995.

SUBRAHMANYAM, G., PATHAPATI, R.M., RAMALINGAM, K., INDIRA, S.A., KANTHA, K.,
SOREN, B. Arterial stiffness and trace elements in apparently healthy population- a cross
sectional study. J Clin Diagn Res 10: LC12-LC15, 2016.

SUN, H,. HU, C., JIA, L., ZHU, Y., ZHAO, H., SHAO, B., WANG, N., ZHANG, Z., LI, Y. Effects of
aluminum exposure on serum sex hormones and androgen receptor expression in male rats. Biol
Trace Elem Res 144: 1050-1058, 2011.

TOMLJENOVIC, L, SHAW, C.A. Do aluminum vaccine adjuvants contribute to the rising prevalence
of autism? J Inorg Biochem 105: 1489-1499, 2011.

TURNER, T.T., LYSIAK, J.J. Oxidative stress: a common factor in testicular dysfunction. Review. J
Androl 29: 488-98, 2008.

WALKER, V.R., SUTTON, R.A.L., MEIRAV, 0., SOSSI, V., JOHNSON, R., KLEIN, J., FINK, D.,
MIDDLETON, R. Tissue disposition of 26Al in rats measured by accelerator mass
spectrometry. Clin Invest Med 17: 420-425, 1994.

WALTON, J.R. A longitudinal study of rats chronically exposed to aluminum at human dietary levels.
Neurosci Lett 1: 29-33, 2007.

WALTON, J.R. Chronic aluminum intake causes Alzheimer's disease: applying Sir Austin Bradford
Hill's causality criteria. J Alzheimers Dis 4: 765-838, 2014.



110

WANG, H., YE, M., YU, L., WANG, J.,, GUO, Y., LEI, W., YANG, J. Hippocampal neuronal
cyclooxygenase-2 downstream signaling imbalance in a rat model of chronic aluminium
gluconate administration. Behav Brain Funct 18: 11-8, 2015.

WANG, Z., WEI, X., YANG, J., SUQ, J., CHEN, J., LIU, X., ZHAO, X. Chronic exposure to aluminum
and risk of Alzheimer's disease: A meta-analysis. Neurosci Lett 610: 200-6, 2016.

WHITEHOUSE, P.J., PRICE, D.L., STRUBLE, R.G., CLARK, A.W., COYLE, J.T., DELON, M.R.
Alzheimer’s disease and senile dementia: Loss of neurons in the basal forebrain. Science 215:
1237-1239, 1982.

WIMO, A., PRINCE, M. World Alzheimer Report 2010: The Global Economic Impact of Dementia.
Alzheimer’s Disease International. http://www. alz.co.uk/research/world-report-2010, 2010.

WORLD HEALTH ORGANIZATION. Safety Evaluation of Certain Food Additives and
Contaminants. Food Additive Series: 58: http://whqlibdoc.who.int/trs/WHO TRS 940 eng.pdf,
2007.

XU, Z.X., TANG, J.P., BADR, M., MELETHIL, S. Kinetics of aluminum in rats 111: Effect of route of
administration. J Pharm Sci 81: 160-163, 1992.

YANAGISHITA, T., TAMADA, Y., OHSHIMA, Y., ITO, K., AKITA, Y., WATANABE, D.
Histological localization of aluminum in topical aluminum chloride treatment for palmar
hyperhidrosis. J Dermatol Sci 67: 69-71, 2012

YANG, M., JIANG, L., HUANG, H., ZENG, S., QIU, F., YU, M., LI, X., WEI, S. Dietary exposure to
aluminium and health risk assessment in the residents of Shenzhen, China. PL0oS One 9(3):
e89715, 2014.

YOKEL, R.A., ACKRILL, P., BURGESS, E., DAY, J.P., DOMINGO, J.L., FLATEN, T.P., SAVORY,
J. Prevention and treatment of aluminum toxicity including chelation therapy: Status and
research needs. J Toxicol Environ Health 48: 667683, 1996.

YU, L., ZHAI Q., YIN, R, LI, P.,, TIAN, F., LIU, X., ZHAQ, J., GONG, J., ZHANG, H., CHEN, W.
Lactobacillus plantarum CCFM639 Alleviate Trace Element Imbalance-Related Oxidative
Stress in Liver and Kidney of Chronic Aluminum Exposure Mice. Biol Trace Elem Res. 176:
342-349, 2016.

ZAFFE, D., BERTOLDI, C., CONSOLO, U. Accumulation of aluminium in lamellar bone after
implantation of titanium plates, Ti-6Al-4V screws, hydroxyapatite granules. Biomaterials 25:
3837-3844, 2004.

ZHANG, Q., CAO, Z., SUN, X., ZUANG, C., HUANG, W., LI, Y. Aluminum trichloride induces
hypertension and disturbs the function of erythrocyte membrane in male rats. Biol Trace Elem
Res 171: 116-123, 2016.

ZHU, Y.Z., SUN, H., FU, Y., WANG, J., SONG, M., LI, M., LI, Y.F., MIAO, L.G. Effects of sub-
chronic aluminum chloride on spermatogenesis and testicular enzymatic activity in male rats.
Life Sci 102: 36-40, 2014.

ZOU, M.H. Peroxynitrite and protein tyrosine nitration of prostacyclin synthase. Prostaglandins Other
Lipid Mediat 82: 119-127, 2007.



111

ANEXO I - Certificado de aprovacao de protocolo na CEUA / UNIPAMPA.

_ WDESTRRI [ FTRICACRD
P AL DRTY FRSETRATIE. FRDFR AL [ PalP
o ™ B i 1 i it o 0

Pro-Beitorin de Pesquiza

COMISSA0 DE ETICA NO US0 DE ANTMAIS - CEUA

Farst: {551 1D £33, Femadt G Tranizanopa. edi by

CERTIFICADO DE APROVAGAO DE PROTOCOLO PARA USO
DE ANIMAIS EM PESQUISA

Himero de probocoio da CEUAC 02602014

Titulo: Efeltos da sxposigao crdnica ao cloreto de aluminlo [AICES) sobre pardmetros
cardiowascularas, reprodutorss & bloquimicos ds ratos

Data da aprovagdo: 3THON2014

Perodd g2 vigensla do projeto: D 102004 Ate: 1012077

Pegquisador. GIULIA ALESSANDRA WIGGER S PEGANRHA
Campus: URUGUAIANA

Telefone: [35) 3314-T174

E-mall: glullawpgngmall.com Egnlp' ind| by
BEAMDRA BAYURI
KELCHI TARMANESLIKL
; HE 15: 58 255000
; — ON: ene&l ESEAMDRA S8YLIRI
ELTE TR C TRy =4 T KELCHI TARMANESLIKL
HEIS: 88255000004 (=8,
o=lCP-Brasl, cusRFE o-CPF A3,
T Pt o Vb B b
iR T b T

Professor Adunto
Coordenadora da CEUA/UNIPAMPA




