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APRESENTACAO

Os resultados desta dissertacao de mestrado estéo apresentados sob a forma
de trés artigos cientificos a serem submetidos aos periédicos: Revista Brasileira de
Toxicologia, Food and Chemical Toxicology e Archives of Toxicology. Os itens
Introducdo, Materiais e Métodos, Resultados e Discussdo encontram-se nos proprios
artigos.

Os itens Introducao e Discussdo desta dissertacdo apresentam bases tedricas
e comentarios sobre o0s resultados contidos nos artigos cientificos. O item
Referéncias Bibliograficas se refere apenas as referéncias usadas nos tépicos

Introducéo e Discusséo.
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Resumo

Benzo[a]pireno (BaP) € um contaminante ambiental formado durante a combustao
incompleta ou pirdlise de material organico. O papel do BaP como um potente
agente mutagénico e carcinogénico esta bem definido, no entanto, poucos estudos
foram publicados relacionados aos efeitos neurotdxicos provocados por este
composto. Devido a presenca de BaP como contaminante de alimentos e agua, o
objetivo deste trabalho foi investigar os efeitos da administragdo subcronica oral de
BaP, nas concentracdes de 1 mg/kg e 2 mg/kg, em ratos machos e fémeas sobre
parametros comportamentais (atividade locomotora e memoria de reconhecimento
de objetos), dano ao DNA através do ensaio cometa, medida do conteiudo e
secrecdo da proteina S100B, medida de GFAP e alteracbes na via das MAPKs
(ERK1/2, JNK1/2 and p38M*"X). As duas doses utilizadas neste estudo s&do
equivalentes aos niveis de contaminacdo em fumantes, consumidores de grandes
guantidades de produtos como carne defumada, grelhados e peixes, ou mesmo em
individuos com alta exposi¢do ocupacional. Como resultados, encontramos, que a
atividade locomotora aumentou nos animais tratados com BaP, tanto os machos
como as fémeas. No teste de reconhecimento de objetos, os machos apresentaram
um déficit na memoéria de curta duracdo, memdéria esta ndo testada no grupo das
fémeas. O dano ao DNA foi significativamente maior nos animais tratados com BaP,
onde foi observado danos de classe trés e quatro, 0os mais graves. No
imunoconteldo de GFAP o0s animais tratados com BaP apresentaram uma
tendéncia de aumento de astrogliose hipocampal, que provavelmente podera ser
confirmada se aumentarmos o tempo de administracdo. A secrecdo de S100B
apresentou-se alterada tanto no liquor quanto no soro, a qual pode atuar tanto na
sinalizacado neurdnio-astrocito, em condicdes fisioldgicas ou patoldgicas, quanto em
diversas doencas neurodegenerativas. Foi observado também alteracdo na via das
MAPKSs, onde o tratamento com BaP diminuiu a fosforilagdo da ERK2 hipocampal,
nao alterando as demais testadas. O BaP foi capaz de induzir danos ao DNA, alterar
a atividade locomotora, prejudicar a memoria e alterar parametros neuroquimicos
dos animais, mesmo em uma concentracdo encontrada como contaminante de
alimentos e agua, apontando para a necessidade de uma legislagdo mais eficiente

para este composto, visto que pode acarretar sérios problemas a saude.



Abstract

Benzo[a]pyrene (BaP) is an environmental contaminant formed during incomplete
combustion or pyrolysis of organic material. The role of the BaP as a potent
mutagenic and carcinogenic agent is well defined; however, few studies have been
published related to the neurotoxic effects of BaP. Due to the presence of BaP as a
contaminant of food and water, the objective of this study was to investigate the
effects of subchronic oral administration of BaP, concentrations of 1mg/kg and
2mg/kg, in male and female rats on behavioral parameters (locomotor activity and
object recognition memory), DNA damage through comet assay, as the content and
secretion of S100B, measure of GFAP and changes in the pathway of MAPKs
(ERK1/2, JNK1/2 and p38""). The two doses used in this study are equivalent to
the contamination levels in smokers, consumers of large quantities of products such
as smoked meat, grilled meats and fish, or even in individuals with high occupational
exposure. As a result, there was an increased locomotor activity in both males and
females treated with BaP. In the object recognition test, males showed a deficit in
short-term memory. This parameter was not tested in the group of females. The DNA
damage index, evaluated by the nucleus fragment migration (DNA grade 1-4) was
significantly increased in animals treated with BaP, due to the nigher presence of
grade 3-4 of DNA tail lengh. In immunocontent GFAP, animals treated with BaP
showed a trend of increased astrogliosis hippocampal, which can probably be
confirmed if we increase the time of administration. The secretion of S100B showed
changed both in serum and cerebrospinal fluid, which can act in neuron-astrocyte
signaling in physiological or pathological conditions, and in various
neurodegenerative diseases. It was also observed changes in the MAPK pathway,
whereas treatment with BaP decreased the phosphorylation of ERK2 hippocampal,
without altering the others tested. BaP was able to induce DNA damage, alteration of
locomotor activity, impair memory, and changes neurochemical parameters of the
animals, even at a concentration found as a contaminant of food and water, pointing
to the need for legislation more efficient for this compound, since it can cause serious

health problems.



1. INTRODUCAO

1.1 Benzo[a]pireno

Poluentes organicos persistentes (POPs) s&do poluentes ambientais
resistentes a degradacdo e com grande impacto na saude humana (Ritter, et al.,
1995). Dentre estes, os Hidrocarbonetos Policiclicos Aromaticos (HPAs) destacam-
se por serem compostos quimicos, com relevante toxicidade, detectados tanto em
alimentos como em bebidas, sendo estas, uma das principais fontes de exposicdo
humana a estes compostos (Camargo & Toledo, 2002a; European Commission,
2002).

Os HPAs representam uma familia de mais de 100 compostos organicos,
formados por carbono e hidrogénio, contendo 2 ou mais anéis aromaticos
condensados. O Benzo[a]pireno (BaP), dentre os HPAs, € um dos componentes
mais conhecidos e estudados. Assim como os demais HPAs, € um produto
proveniente da combustdo incompleta de matéria organica, presente na fumaca do
cigarro e da madeira, liberado como produto de emissdo de motores a diesel e a
gasolina e como produto da queima de carvdo, etc, sendo, portanto um dos
componentes da poluicdo urbana (ATSDR, 1995), contaminando solos, ar, agua e
alimentos.

Na natureza, o benzopireno encontra-se principalmente sob a forma de dois
isbmeros estruturais, benzo[a]pireno e benzo[e]pireno. O isbmero benzo[a]pireno é o
foco da maioria dos estudos por apresentar maiores concentracdes no ambiente e
por ter maiores efeitos mutagénicos e carcinogénicos em relacdo ao benzo[e]pireno
(Wood and Levin, 1979). A figura 1 apresenta os dois isbmeros estruturais de

benzopireno.
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Benzo[a]pireno Benzo[e]pireno
Figura 1. Isbmeros estruturais de benzopireno

De acordo com a estrutura, BaP apresenta férmula molecular C20H12 que
resulta em um elevado peso molecular (252,3). Possui aparéncia de cristais
amarelo-palido em forma de agulhas e sofre foto-radiagcdo quando exposto a luz
solar ou radiacao fluorescente. Como os demais HPAs, o BaP ¢é lipossoluvel, assim,
em sistemas aquosos tende a concentrar-se em sedimentos ou permanecer
associado a matéria organica em suspensao (Pereira Netto et al., 2000).

Segundo a recomendacdo da International Union Pure and Applied Chemistry,
IUPAC, a grafia correta é benzo[a]pireno, enquanto que o Chemical Abstract adota
benzo(a)pireno (Merck Index 1989).

Inimeros estudos avaliam a contaminagdo de alimentos e bebidas por
substancias toxicas como o BaP. A contaminagdo de alimentos e bebidas por BaP
ocorre por meio de duas fontes principais: fontes naturais (processos geoquimicos,
atividades vulcanicas e biossintese por algas) e fontes antropogénicas, que sao
decorrentes da agdo humana (queimadas em florestas; atividades industriais como
defumacao, secagem direta com madeira e torrefacéo; e poluicdo ambiental como
trafego, sistemas de aquecimento e vazamentos de 6leo) (Bettin e Franco, 2005).

No Brasil, a legislacéo vigente estabelece limite méaximo de BaP apenas para

agua de consumo (0,7 pg/L) (Brasil, 2004) e aroma de fumaca (0,03 pg/kg de



produto final) (Brasil, 2007). Em alguns paises, um namero restrito de alimentos
possui limites estabelecidos de BaP (Simko, 2002), como o caso da Alemanha,
Austria e Polénia, onde o teor maximo permitido de BaP em carnes defumadas é de
1ug/Kg sendo este valor usado como limite referencial para avaliar a contaminagao
de outros alimentos. Para Oleos e gorduras, as industrias alemas recomendam seus
préprios limites: a soma dos residuos dos HPAs leves ndo deve exceder a 25 ug/kg,
enquanto que a soma dos HPAs pesados, que inclui o BaP, deve permanecer
abaixo de 5 pg/Kg (Camargo e Toledo, 2002b).

De acordo com a decisdo do Comité Cientifico da Alimentacdo Humana, da
Comunidade Européia (CE), os niveis de HPAs e de BaP nos géneros alimenticios
devem ser reduzidos a concentracfes tdo baixas quanto possivel. Dessa forma,
através do Regulamento (CE) n°® 208, de 04 de fevereiro de 2005, este Comité
determinou que se utilizasse o BaP como marcador relativo a ocorréncia de outros
HPAs cancerigenos e determinou limites maximos para este contaminante para
alguns tipos de alimentos. A tabela a seguir apresenta tais valores (EC, 2005;

Caruso, 2007):

Tabela 1: Niveis maximos de BaP em alguns tipos alimentares (em ug/kg de peso fresco), de acordo

com o Regulamento (CE) n° 208, de 04 de fevereiro de 2005, da Comunidade Européia.

Produto alimenticio B(a)P (ng/Kg de peso fresco)
Oleos e gorduras 2.0
Alimentos para lactentes e 1.0

criangas

Carnes defumadas e produtos 5.0
defumados a base de carnes

Partes comestiveis de peixes 5.0
defumados

Partes comestiveis de peixes 2.0
Moluscos bivalves 10.0
Crustaceos e cefaldpodes 5.0

FONTE: Caruso (2007).



1.2 Metabolizacéo, carcinogénese e mutagénese

Evidéncias epidemioldgicas suportam uma associacdo entre a exposi¢cado ao
BaP e a incidéncia de cancer em seres humanos (IARC, 1973). Apos absorvido, 0
BaP é metabolizado no figado e pulmdes pelas enzimas do Citocromo P-450 (CYP-
450) monooxigenases, como CYP1Al e CYP1B1. Dois estudos demonstraram que
CYP1ALl é a principal enzima responsavel pela detoxificacdo do BaP administrado
por via oral, enquanto CYP1B1 € a principal enzima responsavel pela toxicidade
qguimica induzida por BaP (Uno et al., 2004, 2006). O pulm&o € mais suscetivel a
carcinogénese induzida por BaP em relacao ao figado, sugerindo que a resposta ao
BaP neste dois 6rgaos envolvam diferentes vias moleculares (Wattenberg & Leong,
1970). A toxicidade do BaP é provocada por sua potente acdo pré-carcinogénica,
uma vez que alguns dos seus metabdlitos intermediarios séo intercalantes de DNA

e, portanto, agentes mutagénicos/oncogénicos.

Trés principais vias metabdlicas que produzem intermediérios reativos de
HPA (entre eles BaP) foram descritas: (1) diol-epoxidos eletrofilicos resultantes da
oxidacdo sequencial de HPAs pelas enzimas do citocromo P-450 (CYP-450),
seguidas de hidrdlises resultando em Oxido arenos por epoxido hidrolases
microssomais e uma segunda oxidacdo catalisada pela CYP-450, (2) oxidacdo de
um elétron dos HPAs pela CYP peroxidase produzindo um cation radical, (3) HPA-o-
quinonas a partir de agbes sequenciais da CYP1A1l, epoxido-hidrolases, diidrodiol
desidrogenases e tautomerizacdo entre o cetol e o catecol. Reducédo do catecol
produz um radical anién o-semiquinona que sofre reducao adicional para o-quinona
(Xue & Warshawsky, 2005).
As duas primeiras vias produzem eletréfilos que podem ligar-se

covalentemente ao DNA e provocar cancer. A via de HPA-o-quinona, além de formar
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adutos de DNA, libera espécies reativas de oxigénio (ROS) que podem produzir
estresse oxidativo.

Os efeitos fisiolégicos do BaP dependem da ativacéo funcional do receptor
aril hidrocarboneto (AhR) (Schmidt, Bradfield,1996). A Aril Hidrocarboneto
Hidroxilase (HHA), componete do sistema de oxidases de funcdo mista microssomal,
€ uma enzima conhecida por atuar na metabolizacdo de drogas, carcinGgenos
ambientais, agentes mutagénicos, teratogéncos e outros xenobidticos. Através de
sua ativacdo é que sdo formados os intermediarios reativos oxigenados toxicos,
como os diolepéxidos, que formam os adutos de DNA (Ramesh, et al., 2000). BaP
mostrou-se um potente indutor desta enzima em um estudo onde foi adicionado a
racao de ratos (Ramesh et al., 2000).

O metabdlito intermediario BP-7,8-diol-9,10-epdxido, conhecido pela sigla
BPDE, € a forma carcinogénica principal do BaP, ligando-se ao nitrogénio da
deoxiguanosina ou deoxiadenosina do DNA (Chiapperino, 2005).

O BaP é considerado um carcindbgeno completo, ou seja, produz a iniciacao e
a promocdo da carcinogénese (Halliwell e Gutteridge,1989). Devido a esta
caracteristica, o BaP, em altas concentracdes, vem sendo utilizado em diversos
estudos como modelo de carcinogénese gastrica (Agha et al, 2001; Goyal et al.,
2010), de cancer de pulmao (Kamaraj et al., 2009; Paul et al, 2011; Ravichandran et

al., 2011) e de pele (Shimizu et al., 2000).
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Figura 2. Trés principais vias de metabolizacdo de BaP. Apds absorcdo pelas células, o BaP é

metabolicamente ativado pelas enzimas do Citocromo P450. A) Diol-epdxidos eletrofilicos, B)

Formacdo do cation radical,

C) Ativacdo metabdlica via formagdo de o-quinonas. Apos

metabolizagdo, BaP torna-se reativo com grupos nucleofilicos presentes em macromoléculas

celulares, formando aduto de DNA ou liberando espécies reativas de oxigénio, levando ao estresse

oxidativo (Xue & Warshawsky, 2005).
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1.3 Benzo[a]pireno e estresse oxidativo

Muitas das substancias as quais o ser humano se expde, como o BaP, geram
intracelularmente espécies reativas de oxigénio, favorecendo a ocorréncia de lesdes
em biomoléculas, como os lipidios, as proteinas e o DNA. O acumulo destas lesdes
tem sido descrito no processo de envelhecimento, além de também estarem
envolvidas no desenvolvimento de doencas cardiovasculares e neurodegenerativas
(Kazantsev, 2007). Assim, a investigacdo do papel do estresse oxidativo na
toxicidade de xenobidticos, como os poluentes ambientais torna-se um assunto
importante e atual. Além disso, os estudos toxicoldgicos pré-clinicos tém o proposito
de buscar informacgdes sobre as concentracdes de substancias capazes de provocar

efeitos toxicos e identificar 6rgaos alvo suscetiveis a estes efeitos.

O BaP administrado oralmente nos roedores em doses elevadas (= 25mg/kg),
diminuiu a atividade das enzimas superéxido dismutase (SOD), catalase (CAT) e
glutationa peroxidase (GSH-Px), bem como aumentou a peroxidacdo lipidica em
hipocampo e estriado (Saunders et al, 2006; Kim & Lee, 1997).

Em cultura celular de queratinécitos humanos, o BaP mostrou alta afinidade
pelo receptor aril hidrocarboneto (AhR), e a ativacdo deste aumentou as espécies
reativas de oxigénio (ROS) e interleucina-8 (IL-8). A inibicdo do receptor diminuiu a
producdo de ROS e IL-8, sugerindo que estas respostas sejam fortemente
dependentes da via de sinalizacdo de AhR. Como o BaP €& o principal HPA da
fumaca do cigarro, esta associacao (BaP-AhR-ROS-IL-8) pode explicar em parte,
porque o tabagismo agrava doencas de pele relacionadas com IL-8 (Tsuji et al.,

2011).
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1.4 Benzo[a]pireno e Sistema Nervoso Central

O cérebro, por ter sua constituicdo rica em lipidios, pode ser vulneravel a
danos causados pela exposicdo ao BaP. Estudos anteriores demonstraram que o
BaP é um produto neurotéxico, atravessando a barreira hematoencefalica e se
distribuindo em vérias regifes do cérebro de ratos (Das et al., 1985, Yan et al.,2010)
alterando, por exemplo, os niveis das aminas biogénicas (noradrenalina, dopamina e
serotonina) e enzimas relacionadas ( tirosina hidroxilase e triptofano hidroxilase) em
determinadas regides cerebrais (Jayasekara, 1992). BaP & capaz também de
atravessar a placenta e causar danos a prole em desenvolvimento. Ratos filhos de
maes expostas ao BaP durante a gestacéo, apresentaram uma diminuicdo do mRNA
do receptor NMDA de glutamato e também do mRNA da proteina associada ao
citoesqueleto (ARC) (Wormley et al., 2004), e a exposicdo transplacentaria de BaP

inalado por ratas prenhas alterou a sobrevivéncia fetal e os hormonios relacionados

com a gravidez (Hood et al, 2000;. Archibong et al, 2002).

Mudancas comportamentais sdo frequentemente o0s primeiros sinais de
exposicdo a efeitos neurotoxicos. Estudos em animais utilizando doses e vias de
administracao diferentes, mostraram que BAP foi capaz de causar alteracbes
comportamentais e neuroquimica: empregando o teste do labirinto aquatico de
Morris, mostraram que BaP prejudica o aprendizado e a memodria (Xia et ai, 2011;
Chengzi et al.,, 2011), diminuicdo da atividade motora, fraqueza neuromuscular,
anormalidades fisiologicas e autondmicas e diminuicdo da capacidade de resposta a
estimulos sensoriais (Saunders et al, 2001; 2002; 2006), mudancas no sistema de
neurotransmissores do hipocampo (Xia et al, 2011) e graves prejuizos para 0S

neurénios do hipocampo (Chengzi et al., 2011).
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1.5. Astrécitos

7

O sistema nervoso central € constituido de diferentes tipos celulares:
neurdnios e glia. Sao categorias amplas, as quais apresentam muitos tipos celulares
que se diferenciam em sua estrutura, quimica e funcdo (Bear, Connors, Paradiso,

2008).

A existéncia de sinalizacdo bidirecional entre astrocitos e neurénios, revelou
um papel importante e ativo dos astrdcitos na fisiologia do sistema nervoso. Assim,
um novo tipo de sinapse € descrito, a sinapse tripartite, onde os astrécitos trocam
informacdes com elementos pré e poés-sinapticos, participando como elementos
reguladores dindmicos na neurotransmissao, sendo considerados como o terceiro
elemento da sinapse (Perea, Araque, 2005). A figura 3 representa a sinapse
tripartite.

Terminal Terminal
pré-sinaptico pos-sinaptico

Neur onio Neuronio

=,

Receptor

Processo
astrocitico

Amnento de
caileio

Figura 3. A sinapse tripartite. Fonte: Allen & Barres, 2009

Os astrécitos possuem um alto grau de plasticidade, cabendo-lhes inGmeras
funcdes:
- Modulacéo da plasticidade e direcionamento sinaptico durante o desenvolvimento;

- Producéo de proteinas da matriz extracelular e de moléculas de ades&o no SNC;
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- Modulagdo da transmissdo sinaptica, exercendo papel no processamento de
informacdes no cérebro;

- Influenciam na formacao e manutencdo da barreira hematoencefalica;

- Podem atuar como suporte energético neuronal, pelo estoque de glicogénio, que
pode ser degradado fornecendo lactato aos neurénios;

- Tamponam niveis de ions, como K" e Na' e lactato, preservando a atividade
neuronal;

- Participam da remocdo de neurotransmissores na sinapse, como GABA e
glutamato;

- Podem sintetizar e liberar glutationa;

- Participam da resposta imune-encefalica;

(Revisao Jessen, 2004).
1.6 Proteina glial fibrilar acida

A proteina fibrilar glial acida (GFAP, do inglés glial fibrilar acidic protein) é
uma proteina de filamentos intermediarios do tipo Il do citoesqueleto glial (Rodnight
et al, 1997), com peso molecular aparente de 50kDA. Em sua estrutura, observam-
se trés regifes distintas: uma cabec¢a amino-terminal (bésica), uma cauda carboxi-
terminal (responséavel pela ligacdo entre os mondmeros) e uma porcdo central
composta por uma extensa a-hélice, cuja sequéncia de aminoacidos € conservada
em relacdo a outros tipos de proteinas componentes dos filamentos intermediarios
(Eng et al, 2000).

A GFAP é um marcador especifico de astrocitos, sendo um dos principais
antigenos utilizados para a identificacdo e estudo do comportamento astrocitico.

Mudancas no conteudo da GFAP s&o observadas quando ha uma ativacao glial em
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resposta a injuria. Apresentando-se aumentada no tecido, pode ser interpretado
como um sinal de astrogliose associada a condi¢cdes de dano cerebral (Eng et al,

2000).

1.7 Proteina S100B

A familia de proteinas ligantes de calcio S100 é denominada assim, pois seus
representantes sdo sollveis em 100% de sulfato de amoénio (Donato, 2001). A
proteina S100B é uma das representantes dessa familia, sendo uma proteina do tipo
EF-hand (hélice-loop-hélice), com peso molecular de 21 kDa e dois sitios de ligacéo
ao célcio por mondémeros (Donato, 2003).

Esta proteina € produzida e secretada principalmente por astrocitos,
possuindo acfes tanto intra quanto extracelulares, sobre neurénios e sobre outros
astrocitos (Rothermundt Peters et al. 2003). Tais efeitos sdo mediados, em parte,
pela interacdo da S100B como receptor para produtos finais de glicacdo avancados
(RAGE), um receptor multiligante, envolvido na transducdo de estimulos
inflamatorios e de diversos fatores neurotréficos e neurotéxicos (Donato 2001 e
2003). No desenvolvimento do cérebro e na sequéncia de ativacdo glial aguda em
resposta a lesdo, a proteina S100B atua como um fator neurotrofico e de
sobrevivéncia neuronal. Em contraste, a superproducdo de S100B por ativagéo glial
pode levar a exacerbagdo da neuroinflamacéo e disfuncdo neuronal. Esta dualidade
de agbes da S100B, tanto reparadoras quanto degenerativas, € consistente com

evidéncias clinicas da associacdo entre o aumento dos niveis de S100B e o

resultado de leséao cerebral (Van Eldik e Wainwrigh, 2003).
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1.8 Proteinas cinases ativadas por mitdgenos (MAPKS)

A familia das MAPKs é composta por proteinas serino-treonina cinases, ativas
por fosforilacdo e mediadoras de varias respostas celulares, como proliferacéo
celular, diferenciagéo, sobrevivéncia e morte (Kim & Choi, 2010). As trés principais
MAPKSs identificadas sdo as cinases reguladas por sinal extracelular (ERK 1/2),
cinase c-Jun e N-terminal (JNK 1/2) e as p38™*"¥ (Chang & Karin, 2001; Chen et al,
2001). Todas as vias operam em forma de cascata: uma MAP cinase cinase cinase
(MAP3K) ativa, por fosforilacdo, uma MAP cinase cinase (MAP2K) que, por sua vez,
fosforila e ativa a MAP cinase (MAPK).

Um estudo avaliou BaP em associacdo ao cadmio, visto que estes 2
compostos estdo amplamente distribuidos no ambiente e também por ambos
estarem presentes no cigarro. Na cultura celular de células HL-60 (células
leucémicas pré-mielociticas), o metabdlito do BaP, o BPDE, como esperado, induziu
apoptose (mecanismo que pode ser considerado como uma medida de protecao
celular para eliminar a possibilidade de fixacdo de danos ao DNA que podem levar a
mutacao). O cadmio, em concentracdes baixas, interferiu na inducdo de apoptose
em células danificadas pelo BPDE, sendo considerado como um refor¢o sinérgico da
transformacao celular induzida por HPAs. Contraria a funcao habitual apoptotica de
cadmio, a funcédo antiapoptética foi atribuida a um aumento da ERK, podendo
representar um possivel mecanismo de atividade co-carcindbgeno de cadmio na
presenca de HPAs (Mukherjee, et al. 2009).

Lin e colaboradores (2008), estudaram possiveis vias de sinalizacao
associadas a resposta ao BaP. Utilizando cultura de células epiteliais Hep-G2, estes
observaram que o tratamento com BaP aumentou os niveis da proteina p53, ativou o

MAPK p38 e ERK, mas néo alterou a JNK. Neste estudo, 0s autores sugerem que 0
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BaP induz a ativacdo da p53 por uma via dependente da ativacdo das MAPK p38 e
ERK, podendo envolver danos ao DNA (Lin, et al. 2008). A Figura 4 representa um

modelo esquematico da sinalizacdo induzida por BaP.

AhR BaP

CYP1Al > l
Metabdlitos —~ =~ === ===< & =

)
7 1—1

Dano ao DNA

e ERK  p38 MAPK
ATM/ATR /
s
PARPA
NAD
ATP

Morte celular necrética

Figura 4. Modelo esquemético do caminho de sinaliza¢&o induzido por BaP que conduz a ativagdo da

p53 e morte celular (Fonte Lin, Mak e Yang, 2008).

17



2. OBJETIVOS

Objetivo Geral

Avaliar a toxicidade induzida por doses de BaP comumente presente como

contaminante de aguas e alimentos.

Objetivos especificos

Esta dissertacdo sera apresentada na forma de capitulos, que visam atingir os

seguintes objetivos:

Capitulos l e ll

- Avaliar os efeitos neurotdxicos induzidos pela administracdo subcrénica oral em

ratos Wistar de BaP (1 mg/kg em fémeas e 2 mg/kg em machos) sobre:

= Atividade locomotora;
= Memoria através do Teste de Reconhecimento de Objetos;

- Avaliar dano ao DNA através do ensaio comenta.

Capitulo Il

- Avaliar os efeitos neurotoxicos induzidos pela administracdo subcrbnica oral de

BaP (2 mg/kg) em ratos Wistar machos sobre:

= parametros comportamentais (Atividade Locomotora e Memoéria de
Reconhecimento);
= marcadores astrogliais (S100B e GFAP) em hipocampo, liquor e soro;

» fosforilacdo de proteinas MAPKs hipocampais (p38, ERK 1/2 e JNK 1/2).
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PARTE Il
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Capitulo |

AVALIACAO DE EFEITOS COMPORTAMENTAIS E DANO AO DNA INDUZIDOS

POR BENZO[a]PIRENO EM RATAS APOS ADMINISTRACAO SUBCRONICA

Manuscrito a ser submetido a

Revista Brasileira de Toxicologia
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RESUMO

Benzo[a]pireno (BaP) é um composto carcinogénico e mutagénico pertencente a
classe de hidrocarbonetos policiclicos aromaticos. Apesar de seus efeitos toxicos
serem amplamente estudados, os mecanismos por meio dos quais pode causar
danos ainda permanecem incertos. No presente estudo, investigamos os efeitos da
administragao subcronica oral de BaP em ratas. Animais receberam diariamente (30
dias), BaP na dose de 1 mg/kg ou veiculo via gavagem. Foram realizados testes de
avaliacdo da atividade locomotora, tarefa de memoéria (longa duracdo) de
reconhecimento de objetos e a andalise do dano ao acido dessoxiribonucléico através
do ensaio cometa. Um aumento da atividade locomotora foi observado (p < 0,05)
nos animais tratados com BaP no decorrer do tratamento (dia 14) e uma tendéncia
(p = 0,07) ao final dos tratamentos (dia 28). No teste de reconhecimento de objetos
nao foram observadas diferencas estatisticamente significativas entre os grupos. O
dano ao DNA foi significativamente maior nos animais tratados com BaP (p < 0,05)
gquando comparados aos controles. O BaP foi capaz de induzir dano ao DNA e
alterar a atividade locomotora de animais mesmo em uma concentracao baixa,
proxima a encontrada em alimentos. Assim, faz-se necessario uma legislacdo mais

eficiente para este composto, visto que pode acarretar sérios problemas a saude.

UNITERMOS: Benzo[a]pireno, atividade locomotora, meméria de reconhecimento de

objetos, dano ao DNA e ensaio cometa

22



ABSTRACT

Benzo[a]pyrene (BaP) is a carcinogenic and mutagenic compound belonging to the
class of polycyclic aromatic hydrocarbons. Besides its toxicological effects are very
well studied, the mechanisms by it can cause damages remains unknown. In this
work we investigated the effects of BaP oral subchronical administration in female
rats. Animals (n=6-8/per group) received daily (for 30 days) BaP 1 mg/kg or vehicle
per oral gavage. Locomotory activity, object recognition memory test and evaluation
of DNA damage through the comet assay was evaluated. Increase in locomotor
activity was observed (p < 0.05) in animals treated with BaP in the course of
treatment (day 14) and a trend (p = 0.07) at the end of treatment (day 28). In the
recognition test objects were not observed significant statistical differences between
groups. The DNA damage was significantly greater in animals treated with BaP (p <
0.05) when compared to controls. BaP was capable of inducing DNA damage and
alterations the locomotor activity of animals even at low concentration, close to that
found in foods. Thus, it is necessary legislation more efficient for this compound,

since it can cause serious health problems.

KEYWORDS: Benzo[a]pyrene, locomotory activity, object recognition memory, DNA

damage and comet assay.
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1. INTRODUCAO

bY

Benzo[a]pireno (BaP) é um composto téxico pertencente a classe de
hidrocarbonetos policiclicos arométicos (HPAs), conhecido por ser um poderoso
agente mutagénico e carcinogénico (1-2), formado pela combustdo incompleta de
matérias organicas tais como carvdo, madeira, petréleo e gasolina e como resultado
da queima de lixo (3). Industrias promovem a emissdo de altas concentracdes de
HPAs para o meio ambiente durante seus processos, 0s quais irdo se acumular no
ar, no solo e na agua como material particulado (3). A exposicdo humana ao BaP
pode ocorrer pela ingestdo de 4gua e alimentos contaminados (4) ou pela inalacéo
de poluentes (3). Outro fator que também aumenta substancialmente a exposicao
humana ao BaP é a fumaca de cigarro (3).

Sobre a contaminac¢do por BaP na agua e alimentos, paises como a Alemanha,
Austria e Polonia possuem limites estabelecidos de BaP apenas para um ndmero
restrito de alimentos, usando como limite referencial para avaliar a contaminacéo de
outros alimentos o teor maximo de BaP de 1 pg/Kg, encontrado em carnes
defumadas (5). Para dleos e gorduras, as industrias alemds recomendam seus
proprios limites: a soma dos residuos dos HPAs leves nédo deve exceder a 25 ug/Kg,
enquanto que a soma dos HPAs pesados, que inclui o BaP, deve permanecer
abaixo de 5 pg/Kg (6).

De acordo com decisdo do Comité Cientifico da Alimentacdo Humana, da
Comunidade Européia (CE), os niveis de HPAs e de BaP nos géneros alimenticios
devem ser reduzidos a concentracfes tdo baixas quanto possivel. Dessa forma,
através do Regulamento (CE) n° 208, de 04 de fevereiro de 2005, este Comité
determinou que se utilizasse o BaP como marcador relativo a ocorréncia de outros

HPAs cancerigenos e determinou limites maximos para este contaminante para
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alguns tipos de alimentos como 5 pg/Kg de BaP para carnes defumadas e produtos
defumados a base de carne, para moluscos bivalves 10 ug/Kg, entre outros (7).

O Brasil carece de normas mais eficientes para o controle do teor deste
composto nos alimentos, pois a legislacéo vigente estabelece limite maximo de BaP
apenas para agua de consumo (0,7 ug/L) (8) e aroma de fumaga (0,03 ug/kg de
produto final) (9).

Por possuir acentuada caracteristica lipofilica (10), estudos observaram que o
BaP atravessa facilmente a barreira hematoencefélica e, assim, distribuir-se no
encéfalo (11-12). Sendo assim, o0 sistema nervoso central pode ser extremamente
afetado por danos causados pelo BaP (17).

Estudos avaliando a neurotoxicidade em animais tratados com BaP mostraram
alteracbes comportamentais tais como fragueza neuromuscular quando
administrado agudamente via oral (13-14). Reducédo no potencial de longa duracao
(LTP) do hipocampo foram encontrados quando animais foram expostos a inalagdo
do BaP (15-16). BaP também aumentou parametros de estresse oxidativo no
hipocampo de ratos tratados agudamente com este composto (17).

Estudos recentes avaliaram o impacto da administracdo oral de BaP em ratos
nos processos de aprendizado e memaoria espacial, através do teste comportamental
do labirinto aquatico de Morris. Nestes estudos, o tratamento com BaP prejudicou o
desempenho dos animais no teste, resultado que pode estar relacionado com
déficits nos processos de aprendizagem e memoria. Além desta constatacao, o
tratamento com BaP causou alteragcbes no sistema de neurotransmissores
hipocampal (18) e sérios danos nos neurbnios do hipocampo, entre 0s quais

podemos citar: mitocéndrias inchadas e distorcidas com formacédo de vacuolos,
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rompimento do aparelho de Golgi, colapso no nucléolo e degeneracdo da bainha de
mielina (19).

Apesar dos diversos estudos avaliando os efeitos deletérios do BaP, ainda
existem lacunas em relacdo aos mecanismos responsaveis pelos efeitos téxicos
induzidos pelo composto. Como as pesquisas existentes geralmente abordam
administracdes agudas e com doses elevadas, este trabalho teve por objetivo avaliar
o efeito toxico da administracdo subcrénica oral de uma dose baixa de BaP em ratas
Wistar, aproximando-se assim de valores de BaP presentes nos alimentos. Pelo fato
da concentracédo de BaP escolhida para este estudo ser menor do que a usualmente
encontrada na literatura, e devido ao comprovado efeito de BaP em induzir
mutagenicidade, carcinogénese e genotoxicidade, o potencial de causar dano ao

DNA em dose baixa foi avaliado através do ensaio cometa.

2. MATERIAIS E METODOS
2.1. Animais
Foram utilizadas ratas Wistar adultas (120 dias) pesando entre 250 a 300 g,
provenientes do Centro de Reproducéo e Experimentacdo de Animal de Laboratério
da Universidade Federal do Rio Grande do Sul (CREAL-UFRGS). Este estudo foi
aprovado pelo Comité de Etica em Pesquisa da UFRGS, (parecer nimero 18287).
Os animais foram mantidos em caixas de polipropileno (41 x 34 x 16 cm) (5 ratos por
caixa) com livre acesso a agua e alimento, em ciclos de claro/escuro de 12 horas (7
— 19h), e ambiente com temperatura controlada (22 + 2° C) e umidade monitorada.
Por se tratar de fémeas, antes de cada experimento comportamental o ciclo
estral foi avaliado através de esfregacos vaginais. Somente quando os animais se

encontravam nas fases metaestro ou diestro € que seu perfil comportamental foi
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avaliado. A variacdo nos dias de realizacdo dos testes comportamentais foi de + 1

dia, levando-se em consideracao o resultado desses esfregacos.

2.2. Substancias e Tratamentos

Benzo[a]pireno (99% de pureza) foi obtido da Sigma (Sigma - Aldrich C., St.
Louis, MO, USA) e dissolvido em 6leo de amendoim. O BaP foi administrado na
dose de 1 mg/kg, que corresponde a niveis de contaminacdo em fumantes,
consumidores de alta quantidade de produtos defumados ou de carnes e peixes
grelhados, ou ainda, individuos com alta exposicdo ocupacional (20).

Os animais foram divididos em dois grupos (n = 6-8 / grupo), sendo um grupo
tratado com BaP na dose de 1 mg/kg e o outro grupo recebeu somente o veiculo de
dissolucédo do BaP (6leo de amendoim). Os animais foram tratados diariamente, via
gavagem, por 30 dias consecutivos e 0s sinais de morbidade, toxicidade e
mortalidade foram avaliados em todos os dias. No final do estudo os ratos foram
anestesiados com xilazina (10 mg/kg) e cetamina (50 mg/kg) por via intraperitoneal e
o sangue da veia cava caudal foi coletado em tubo contendo heparina.
Posteriormente, as ratas foram eutanasiados por perfuracdo do diafragma e seus

orgaos removidos e limpos de tecidos adjacentes.

2.3. Peso Relativo

Os animais foram pesados diariamente e o0 peso relativo dos animais foi obtido
a partir da seguinte equacao: Peso Relativo = (Peso do animal X 100) / Peso do
animal no 1° dia. Este mesmo célculo foi realizado para os orgaos (figado, rins,
pulmdes, coracdo, baco, adrenais e cérebro total), porém, calculado em relacédo ao
peso total dos animais no ultimo dia de tratamento.

2.4. Atividade Locomotora
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A atividade locomotora dos animais foi avaliada no decorrer do tratamento (dia
14 e 28). O teste foi adaptado de Creese e colaboradores (21). Os animais foram
colocados individualmente na caixa de atividade locomotora (Insight Equipamentos
Ltda.) (50 x 48 x 50 cm), dotada de seis barras, cada uma com 16 sensores de luz
infravermelha que detectam a posicéo relativa do animal na caixa. A distancia total
percorrida pelo animal foi registrada durante 15 minutos, sendo os 5 minutos iniciais
considerados atividade exploratdria e os 10 minutos finais a atividade locomotora. O

teste foi realizado em uma sala escura e sem barulho.

2.5. Reconhecimento de Objetos (RO)

Foi realizado na caixa de atividade locomotora, apresentando como Unica
diferenca o fato do chdo da caixa ser totalmente recoberto com maravalha. A
avaliacdo locomotora do dia 28 foi utilizada como habituacdo para o teste de RO.
Posterior a habituacdo, os animais foram treinados (dia 29) e, ap6s 24 horas do
treino, as ratas foram avaliadas para o teste de RO (dia 30). Baseado no teste
descrito por Dias e colaboradores (22), as ratas foram individualmente colocadas na
caixa contendo 2 objetos exatamente iguais (A e A’), sendo-lhes permitido explora-
los livremente até totalizar 30 segundos (cronometrados) de exploracdo dos objetos.
Apds, os animais foram imediatamente retirados da caixa (“sesséo treino”). O teste
de retencdo foi realizado para avaliar a memoria de longa duracdo (24 h apoés
treino). Nestas sessbes de teste de 5 min. de duragdo, as ratas foram
individualmente re-introduzidas na caixa de atividade locomotora onde um dos
objetos apresentados durante o treino foi aleatoriamente substituido por um objeto
novo (A e B). O tempo gasto pelo animal na exploracdo de cada objeto foi

cronometrado por mais de um observador e expresso como percentagem do tempo
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total de exploracdo. Calculou-se, entdo, o indice de Reconhecimento (IR) = TB /
(TA + TB), onde TA = tempo gasto explorando o objeto familiar e TB = tempo gasto

explorando o objeto novo.
2.6. Ensaio Cometa

O ensaio cometa foi adaptado do protocolo padrédo de preparacédo e analise
de Collins e colaboradores (23) e foi conduzido sob baixa e indireta condi¢cdo de luz
incandescente (60 W), a fim de minimizar os danos induzidos pela luz ao DNA das
células. Os slides foram preparados pela mistura de 5 pL de sangue total com 95 L
de agarose de baixo ponto de fuséo (0,75%). A mistura foi vertida sobre uma lamina
de microscopio fosca revestida com agarose de ponto de fusdo normal (1,5%). Apos
solidificacdo, a lamina foi removida e os slides foram colocados em uma solucéo de
lise (2,5 M de NaCl, 100 mM de EDTA e 10 mM de tampao tris, pH 10-10,5, com
adicdo de 1 mL de Triton X-100 e 10% DMSO), por um periodo minimo de 1 hora e
maximo de 5 dias. Subsequentemente, os slides foram incubados em tampéo
alcalino (300 mM de NaOH e 1 mM de EDTA, pH 12,6) por 10 min. A eletroforese de
DNA foi de 20 min, a 25 V (0,9 V/cm) em 300 mA em tampao Tris 0,4 M (pH=7,5).
Apds, o DNA foi corado com nitrato de prata, e as laminas foram codificadas para
analise cega. Foram usados controles internos negativos e positivos para
confirmacdo da eficiéncia da eletroforese. Imagens de 100 células selecionadas
aleatoriamente (50 de cada slide preparado) foram analisadas a partir de cada
amostra. Cada corrida de eletroforese s6 foi considerada valida se os controles
positivos e negativos rendessem o0s resultados esperados. Os danos foram
visualmente pontuados de acordo com o tamanho da cauda de DNA em cinco graus:

nenhuma cauda (0) e comprimento maximo de cauda (4) resultantes de danos ao
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DNA. Assim, o indice de dano (ID) poderia variar de 0 (todas as células sem cauda,
100 celulas X 0) para 400 (todas as células com caudas extremamente longas, 100

células X 4).

2.7. Andlise estatistica

O peso relativo corporal e dos 6rgaos foram analisados por ANOVA de uma
via de medidas repetidas.

Nos testes comportamentais, a analise da atividade locomotora foi avaliada
através do Teste t Pareado de Student e para o teste de memdria, a comparagao
entre os grupos do indice de reconhecimento obtido foi através de Mann-Whitney U
teste.

Os resultados tanto do indice de dano ao DNA quanto das diferentes classes

de dano, foram analisados através do teste t de Student.

3. RESULTADOS

3.1. Avaliacdo de toxicidade e pesos relativos

Durante as observagOes realizadas diariamente ao longo do tratamento, néo
foram observados sinais de morbidade, toxicidade ou mortalidade (dados nao
mostrados). Pesos corporais relativos sdo mostrados na figura 1. N&ao foram
encontradas diferencas estatisticamente significativas entre 0s grupos no peso
relativo. Os pesos relativos dos 6rgdos também ndo apresentaram diferencas

estatisticas entre os grupos (dados ndo mostrados).

3.2. Atividade Locomotora

O resultado da distancia total percorrida pelos animais esta mostrado na

figura 2. Os dados representam a médiaterro padrdo da meédia da distancia
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percorrida nos 10 minutos de teste, sendo consideradas medidas de atividade
locomotora. No dia 14, foi observado um aumento significativo (p < 0,05, teste t de
Student) na média de atividade locomotora dos animais tratados com BaP 1 mg/kg
(1051,67 + 117,18 cm) em comparacao ao grupo controle (676,24 £ 106,59 cm). No
dia 28, ambos os grupos diminuiram sua atividade locomotora, porém, 0s animais
tratados com BaP 1 mg/kg apresentaram uma tendéncia de aumento na atividade

locomotora (p = 0,07; teste t de Student).

3.3. Reconhecimento de Objetos

A figura 3 mostra o efeito da administracdo de BaP sobre a memoria de
reconhecimento nos animais. Os animais na sessao treino obtiveram os seguintes
indices de reconhecimento, expressos em mediana [intervalo interquartil]: 48,0 [40,0
/ 62,0] para o grupo controle e 46,0 [35,3 / 71,2] para o grupo BaP 1mg/kg, nédo
apresentando assim, diferenca significativa entre os grupos. Ndo houve também
diferenca estatisticamente significativa na retencdo da memoria (LTP) entre os
grupos, pois os indices de reconhecimento obtidos para os animais do grupo

controle e BaP 1mg/kg foram 42,3 [37,6 / 56,0] e 45,3 [26,4 / 63,3], respectivamente.

3.4. Ensaio Cometa

A figura 4 apresenta os indices totais de dano ao DNA obtidos no sangue dos
animais tratados com BaP ou veiculo (6leo de amendoim). Um efeito genotoxico foi
observado nos animais tratados com BaP. O indice de dano total ao DNA nos
animais tratados com BaP 1mg/kg (122,83 = 32,56) foi maior em relacdo ao grupo
controle (38,17 = 7,17), (p < 0,05, teste t, Student).

Na tabela 1 sdo mostradas as frequéncias de danos de cada classe. Grau 0

significa nenhum dano, graus 2 e 3 intermediarios e grau 4 grave. O grupo controle
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apresentou uma maior frequéncia de células intactas, ou seja, ndo apresentavam
danos (grau 0) e ndo apresentou danos do tipo 4, enquanto BaP 1mg/kg induziu a

formacao de danos graves ao DNA.

4. DISCUSSAO

Tendo em vista que os mecanismos por meio dos quais BaP induz toxicidade
ainda permanecem pouco esclarecidos, este trabalho avaliou o efeito da
administracdo subcronica de BaP (1 mg/kg) a ratas Wistar. Nos parametros
comportamentais avaliados, de acordo com 0S nossos resultados, os animais
tratados com BaP apresentaram um aumento na atividade locomotora e néao
apresentaram déficits na memoaria de longa duracdo em relacdo ao grupo controle.
No ensaio cometa, BaP provocou danos graves ao DNA ndo observados no grupo
controle.

Em relacdo ao peso relativo, ndo houve diferenca estatisticamente significativa
no ganho de massa corporal e no peso relativo dos 6rgaos ao longo do periodo de
tratamento. Assim, podemos considerar que as alteracdes manifestadas sobre o
dano ao DNA e na alteracdo comportamental, sdo efeitos diretos da substancia e
ndo indiretos de uma toxicidade sistémica.

No teste de avaliacdo da atividade locomotora, o aumento observado na
distancia total percorrida pelo grupo tratado com BaP em relagdo ao grupo controle é
oposto ao encontrado na literatura, onde BaP diminuiu a atividade locomotora dos
animais (13-14). Entretanto, as doses utilizadas nestes estudos, em geral, sdo
extremamente altas (= 25mg/kg) e administradas agudamente. Nestes estudos,
concomitante a avaliagdo da atividade locomotora foi realizada a dosagem dos

metabdlitos intermediario de BaP. Com isso, 0s autores observaram que a
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diminuicdo da atividade locomotora foi dose e tempo dependente, ou seja, quanto
maior a dose, maior a quantidade de metabdlitos de BaP nos tecidos cerebrais
(cortex e cerebelo, regibes envolvidas no controle da locomocao), menor a atividade
locomotora e maior o tempo para esta alteracao voltar aos valores do grupo controle,
sugerindo, assim, que os efeitos neurotoxicos do BaP séo produzidos pelos seus
metabdlitos (14). No ultimo dia de avaliacdo, a diminuicdo observada em ambos os
grupos pode refletir uma adaptacdo dos animais ao aparato utilizado no teste. Em
nosso estudo, tanto a dose (1 mg/kg) quanto o tempo de administracdo (30 dias)
difere dos encontrados na literatura. Nossos resultados sugerem que outro
mecanismo pode estar envolvido na toxicidade do BaP em doses baixas e por
periodos mais prolongados, diferente do mecanismo em tratamentos agudos e em
doses altas. Outros estudos devem ser realizados para elucidar que mecanismo €&
este envolvido na toxicidade deste composto em administracées em longo prazo.
Além disso, parece haver uma ligacéo estreita entre modificacdes nos niveis de
neurotransmissores no hipocampo e as diferencas de desempenho comportamental
em animais tratados com BaP (Xia et al., 2011), visto que a reducédo da atividade
locomotora também pode ser explicada pela estimulagéo adrenérgica produzida por
BaP, em doses elevadas, devido a administragdo de agonistas [3,-adrenoceptores e
doses elevadas de agonistas a;-adrenoceptores produzirem o mesmo efeito (24).
Com relacédo ao teste de reconhecimento de objetos, ndo houve diferenca
estatisticamente significativa entre os grupos. Este resultado pode estar relacionado,
em parte, a curta duragéo do tratamento (30 dias) e a baixa concentragao (1 mg/kg)
de BaP utilizada, em relacdo a estudos com tratamentos prolongados (90 dias) e
doses maiores (2 mg/kg) que obtiveram resultados significativos em testes

comportamentais, inclusive de memoéria (18-19). Este teste envolve uma memoria
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correspondente a memoria declarativa em humanos, e no nosso estudo, a memoaria
de curta duracéo nao foi avaliada.

Nossos resultados demonstraram que BaP foi capaz de induzir danos ao DNA
mesmo em uma dose baixa, até mesmo dano de grau 4, o mais grave. A toxicidade
do BaP é atribuida a sua potente acéo pro-carcinogénica, uma vez que alguns dos
seus metabolitos intermediarios sédo intercalantes de DNA e, portanto, agentes
mutagénicos/oncogénicos e pela formacdo de espécies reativas de oxigénio
(EROs), que também sédo responsaveis pelo aumento da cisdo de DNA (25).

Em geral, compostos pertencentes a HPA, grupo no qual o BaP é o
representante principal, sdo catalizados pela monooxigenase CYP P450 para formar
produtos toxicos diidrodiois (4,5; 7,8; 9,10-diois) e produtos néo toxicos hidroxilados
(3- e 9[OH] BaP) (26,27). Dentre os produtos mais deletérios destaca-se o B(a)P-
7,8-diol o qual pode ser transformado em metabdlitos, tal como 8-hidroxi-2’-
desoxiguanosina (8-OHdG), ou pode ser ativado a catecol através da enzima aldo-
ceto-redutase. Como o catecol é instavel, prontamente ocorre auto-oxidacdo a o-
quinona, que pode reagir com GSH, RNA e DNA e/ou propiciar a geracao de
espécies reativas de oxigénio (EROs). Producdo de EROs leva, entdo, a um
aumento na cisdo do DNA e a um aumento na formacéo de 8-oxo-dGuo, o qual se
acredita ser responsavel pela transformacdo do nucleotideo G a T na cadeia de
DNA, mutacéo que pode levar a carcinogenicidade (27-28).

O BaP pode causar danos ao DNA como consequéncia da geracdo de EROs e
da ineficiente protecdo oferecida pelo sistema antioxidante enzimatico ao estresse
oxidativo causado pelas EROs, tal como foi demonstrado apos tratamento agudo
com BaP em camundongos (29). Além disso, genes também sao afetados pelo

efeito deletério de BaP, pois, ap0s a administracdo sub-aguda de BaP, através de
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injecdo intraperitoneal em camundongos, foi observado alteracdo na modulacdo da
expressdo do gene da subunidade NR1, responsavel por um dos subtipos de
receptor de glutamato N-metil-D-aspartato (NMDA). Danos neste gene estéo
associados a prejuizos na funcdo de aprendizagem e memoria e também a
comprometimento do potencial de longa duracédo (LTP) (30).

Com isso, associa-se que o dano induzido pelo BaP esteja ligado a geracao
de EROs e ao estresse oxidativo causado como consequéncia da protecao ineficaz
oferecida pelo sistema antioxidante enddégeno (17). Por sua caracteristica lipofilica, o
BaP pode facilmente atravessar a barreira hematencefalica e distribuir-se no sistema
nervoso, aumentando sua suscetibilidade a substancias toéxicas (5). Além disso,
danos encefélicos causados por compostos oxidantes podem ser mais acentuados
devido ao encéfalo ter uma alta taxa de consumo de oxigénio, um alto contetdo de
acidos graxos poliinsaturados na membrana plasmatica e um deficiente sistema de
defesa antioxidante (22). O estresse oxidativo provocado pelo BaP contribui
significativamente para os danos causados ao DNA, sendo um dos principais

mecanismos responsaveis pelos efeitos toxicos do BaP.

5. CONCLUSAO

De acordo com os nossos resultados, BaP foi capaz de causar danos graves
ao DNA no sangue e aumentar a atividade locomotora em ratas mesmo em
concentracdo baixa, proxima a encontrada nos alimentos. Mais estudos séo
necessarios para avaliar os efeitos toxicos induzidos por BaP, entretanto, com estes
resultados, observamos que faz-se necesséario uma legislagdo mais eficiente para

este composto, visto que tanto a agua como os alimentos estdo expostos na
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natureza a contaminacao por esta substancia, podendo acarretar sérios problemas a

saude humana.
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Leganda das Figuras

Figura 1. Peso relativo de ratas tratadas via gavagem com benzo[a]pireno 1mg/kg
(BaP) ou veiculo (6leo de amendoim) por 30 dias. Valores representam média * erro

padréao (n = 6-8, ANOVA de uma via de medidas repetidas, p < 0,05).

Figura 2. Distancia percorrida por ratas tratadas via gavagem com benzo[a]pireno 1
mg/kg (BaP) ou veiculo (6leo de amendoim) por 30 dias. Cada coluna representa
média £ erro padrdo da média da distancia percorrida pelos animais nos 10 minutos
de teste (n = 6-8). * p < 0,05 BaP vs Controle, teste t Student. Tendéncia no dia 28

(p = 0,07, teste t de Student).

Figura 3. Avaliagdo da memoria de reconhecimento de objetos de ratas tratadas via
gavagem com benzo[a]pireno 1 mg/kg (BaP) ou veiculo (6leo de amendoim) por 30
dias. Memoria de longa duracdo (LTP) foi avaliada 24h apds a sesséo de treino.
indice de reconhecimento obtido através da equacéo (IR) = TB / (TA + TB), onde TB
= tempo gasto explorando o objeto familiar e TA = tempo gasto explorando o objeto
novo. Valores representam mediana [intervalo interquartil] (n = 6-8, Mann-Whitney U

teste, p < 0,05).
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Figura 4: Valores médios do indice de dano ao DNA (Ensaio Cometa) em amostras

de sangue de ratas tratadas via gavagem com Benzo[a]pireno 1 mg/kg (BaP) ou

veiculo (6leo de amendoim) por 30 dias. Valores representam média + desvio padréo

da média (n = 6-8),* teste t de Student com p < 0,01.

Figuras

Figura 1

—4—Controle BaP

100 i
90 -
80 -
70 -
60 -
50 -
40 -
30 -
20 -
10 -

Peso Relativo (%)

Dias

Figura 2

Ocontrole BaP

1400 -+

[EEY
I
o
o

1000 - ,W
800 -
600 -

400 -

Distancia percorrida (cm)

200 -

21 28

Dia 14

Dia 28

40



Figura 3

A 10 B 10
09 1 0,9 1
o o
t 08 ¢ — € 03 -+
£ £
S 07 S 07 -
@ @@ |
£ 06 - £ 05 -
o o
é 0,5 E 0.5 4
S 04 | S 04 .
@O [=4] |
L 03 | — 2 03 |
c c
o2 =02 ) S —
0.1 0.1
Controle BaP Controle BaP
Figura 4
140 - *
T
§1 20 - T
2100 -
o
©
o |
2 80
3
o 60 -
T
o
O 40 - T
k<] L
=
20 -
0 . |
Controle BaP

Tabela 1. Frequéncia de dano ao DNA avaliado pelo ensaio cometa.

Classes de Dano ao DNA

0 1 2 3 4
Controle 71,17 + 6,31 20,67 + 7,55 6,00 + 2,37 2,83+ 1,33 0,00 + 0,00
BaP 29,67 +12,04° 33,67 +10,73° 26,50+19,38° 5,13+ 3,85 5,67 + 2,16

As amostras de sangue total foram obtidas de ratas tratadas por 30 dias com
benzo[a]pireno 1 mg/kg (BaP) ou com veiculo (6leo de amendoim). Valores

representam média + desvio padrdo da média. * p<0,05, teste t de Student.
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Abstract

Benzo[a]pyrene (BaP) is a compound ubiquitous in the environment and is released
as a result of incomplete combustion or pyrolysis of organic material. Due to the
presence of BaP in food and water, the objective of this study was to investigate the
effects of subchronic oral administration of BaP on behavioral parameters and
induction of damage to deoxyribonucleic acid (DNA) in male Wistar rats. Animals (6-8
per group) were treated with BaP (2 mg/kg) or corn oil (control group), via gavage,
once a day for 28 days. Test evaluation of locomotor activity and object recognition
memory (short and long term) were used to analyze behavioral changes after
administration. Blood samples from the caudal vena cava were collected for analysis
of DNA damage (comet assay). We observed a significant increase in locomotor
activity of animals BaP-treated compared to control group (p < 0.05). Results
obtained for object recognition test, evaluating short-term memory, showing a trend
deficit in the short-term memory (p = 0.064). A genotoxic effect was found in animals
BaP-treated (p = 0.001). Class three (p < 0.001) and four (p < 0.01) DNA damage in
BaP-treated group were higher than control group, which showed a higher frequency
of cells without damage (p < 0.01). Oxidative stress induced by BaP associated with
the formation of ultimate carcinogenic metabolites reported in the literature are
probably the mechanisms that resulted in damage to DNA observed in our study and
might also have contributed to the observed behavioral changes, being a major

contributor to the toxic effects of BaP.

Keywords: Benzo[a]pyrene, locomotor activity, object recognition memory, DNA
damage, comet assay.
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1. Introduction

The Polycyclic Aromatic Hydrocarbons (PAHs) family is formed by chemical
compounds ubiquitous in the environment that are released as a result of incomplete
combustion or pyrolysis of organic material, such as coal, oil, wood and fuels, like
diesel oil and petrol, and also is present in tobacco smoke. Automobile exhaust has
been recognized as the major PAH contributor in urban areas (Velasco et al. 2004).
These substances are found as a contaminant of air, water, soils and sediments
(ATSDR, 1995). Benzola]pyrene (BaP) is the most representative compound of
PAHs and it is a powerful mutagenic and carcinogenic agent which has been shown
to induce gene mutations, chromosomal aberrations and other types of genotoxic
effects in a number of experimental systems (IARC, 2012).

BaP is considered a complete carcinogen, ie, produces the initiation and
promotion of carcinogenesis (Halliwell and Gutteridge, 1989). Animal studies
indicated that BaP exposure can cause immunotoxicity and tumor formation in
multiple organs. Thus, BaP at high doses has been used as a model of tumor
formation and inducing gastric (Agha et al., 2001; Goyal et al., 2010), lung (Kamaraj
et al., 2009; Paul et al., 2011; Ravichandran et al., 2011) and skin (Shimizu et al.,
2000) carcinogenesis.

BaP exerts its primarily effects on liver, kidneys, reproductive and immune
systems. However, BaP can readily cross the blood brain barrier and reach on many
brain regions. Thus, the central nervous system (CNS) may be extremely affected by
damage caused by BaP (Das et al., 1985; Yan et al., 2010). Behavioral changes are
usually the first indications of exposure to a neurotoxicant.

Animal studies using different doses and routes of administration, showed that

BaP was capable of causing behavioral and neurochemical changes: such as
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impaired learning and memory (through Morris water maze test) (Xia et al., 2011;
Chengzi et al.,, 2011), decreased motor activity, neuromuscular, physiological and
autonomic abnormalities, and decreased responsiveness to sensory stimuli
(Saunders et al., 2001; 2002; 2006). BaP also has changed the neurotransmitter
system of hippocampus (Xia et al., 2011), severe damage to hippocampal neurons
(Chengzi et al., 2011) and was able to cross transplacental barrier of pregnant dams
altering fetal survival and pregnancy-related hormones (Hood et al., 2000; Archibong
et al., 2002).

The human exposure of BaP occurs through ingestion of contaminated food
and water or inhalation of ambient air particles (ATSDR, 1995). Only a few countries
such as Germany, Austria and Poland, have some type of regulation for its presence
on water and for a limited number of food, such as smoked meat or some types of
fish (Simko, 2002). Previous studies suggest that BaP may be implicated in human
diseases, including cancer, cardiovascular, pulmonary, and neurodegenerative
diseases, infertility and growth retardation in children (Enomoto et al., 2008).

Therefore, the focus of this study was to evaluate the impact of subchronic
administration of BaP by gavage, in a dose typically found in water and foods, on
neurotoxicity and genotoxicity, evaluated through behavioral parameters and comet

assay, respectively.

2. Materials and Methods

2.1 Animals

Males Wistar rats, adults (120 days) weighing 250-300g, from the Center for
Reproduction and Animal Experimentation Laboratory of the Universidade Federal do
Rio Grande do Sul (UFRGS-CREAL) were used. The experiments were performed
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after approval of the protocol by the University Research Ethics Committee (number
18287) and were carried out in accordance with current guidelines for the care of
laboratory animals (Olfert et al. 1998). The animals were kept in polypropylene cages
(41 x 34 x 16 cm) (5 rats per cage) with free access to food and water, under
standard conditions of temperature (22 + 2°C), controlled humidity and 12h light/dark

cycle.

2.2 Chemicals

BaP (99% purity) and Methyl methanesulfonate (M4016) were obtained from
Sigma (Sigma - C Aldrich, St. Louis, MO, USA) and dissolved in corn oil. Low melting
point agarose (0.75%) was obtained of Pronadise and Normal melting point agarose
(1.5%) was obtained of Agargen. The NaCl, NaOH, EDTA, Tris, Triton X - 100,

DMSO all from E. Merck.

2.3 Subchronic administration and signs of toxicity

The experimental protocol was based on OECD (Organisation for Economic
Co-operation and Development, 1995) guideline 407 (Repeated Dose 28-day Oral
Toxicity Study in Rodents). The experiment was conducted distributing the rodents
into groups of 6-8 male rats each. Animals were treated by gavage for 28
consecutive days with vehicle (oil corn) or BaP 2 mg/kg. Signs of toxicity, morbidity
and mortality were observed daily. At the end of the experiment, animals were
anesthetized (xylazine 10 mg/kg and ketamine 100 mg/kg), the blood from the caudal
cava vena was collected into tubes containing heparin for DNA damage analysis and

after, animals were euthanized (by diaphragma perforation) and necropsied.
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2.4 Relative weight

Body weight was measured every day. Selected organs (heart, liver, lung,
brain, spleen, kidneys and adrenal glands) were collected and observed for
macroscopic alterations. The calculation of the relative weight was obtained using the
following equation: Relative weight = (weight of the animal X 100) / weight of the
animal on day 1). This same calculation was made for the organs (liver, kidneys,
lungs, heart, spleen, adrenal glands and brain) however, the organ weight was

divided by the weight of the animal on the last day of treatment.

2.5 Measurement of spontaneous locomotor activity

The method for the spontaneous locomotor activity was adapted from Creese
et al. (1976). The animals were placed individually in locomotor activity cages (Insight
Equipment Ltd.), (50 x 48 x 50 cm) equipped with six bars, with 16 infrared light
sensors each that detect the relative position of the animal. The total distance
traveled by the animal was evaluated for 15 minutes, the initial 5 minutes was
considered exploratory activity and the final 10 minutes the test session. The activity
was held in a dark and without noise room.

We performed two sessions of locomotor activity: the first one was before
starting the treatments, in order to evaluate the baseline locomotor activity of
animals, without treatment interference. The second session was after 26 days of

treatment, to observe the effect of BaP itself.
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2.6 Novel object recognition memory

Twenty-four hours after locomotor activity measurement, animals were trained
and tested in a novel object recognition task as previously described (Schrdder et al.,
2003; de Lima et al., 2005). Training in the object recognition task took place in the
same cages used for the locomotor activity, which were used as a context
habituation trial for the recognition memory task. The object recognition test required
that the rats recall of two plastic objects which they had been previously familiarized
with. Twenty-four hours after arena exploration, training was conducted by placing
individual rats into the cages, in which two identical objects (objects A1 and A2;
Duplo Lego toys) were positioned in two adjacent corners, 9 cm from the walls.
Animals were left to explore the objects for 5 min. In a short-term memory (STM) test
given 1.5 h after training, the rats explored the cages locomotor activity for 5 min in
the presence of one familiar (A) and one new (B) object. All objects presented similar
textures, colors, and sizes, but distinctive shapes. A recognition index calculated for
each animal was expressed by the ratio TN / (TF+TN) [TF = time spent exploring the
familiar object A; TN = time spent exploring the new object B. After each trial objects
were washed with 10% ethanol solution. In a long-term memory (LTM) test given 24
h after training, the same rats explored the cages for 5 min in the presence of a
familiar object A and a new object C. Recognition memory was evaluated as STM
test. Exploration was defined as sniffing or touching the object with the nose and/or

forepaws. Sitting on the object was not considered exploration.

2.7 Genotoxicity assays

Single cell gel electrophoresis or comet assay was performed to assess
potential genotoxic effects in the exposed group. The comet assay method was
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adapted from Collins et al. (2008) and was conducted under low indirect
incandescent light situations (60 W) in order to minimize light-induced damage to
DNA cells. Blood samples were transported to the laboratory under refrigeration (10
to 20°C) and processed immediately. A standard protocol was adopted for comet
assay preparation and analysis. Slides were prepared by mixing 5 pyL whole blood
and 95 pL low melting point agarose (0.75%). The mixture was poured onto a frosted
microscope slide coated with normal melting point agarose (1.5%). After
solidification, the coverslip was removed and the slides were placed in lysis solution
[2.5 M NaCl, 100 mM ethylenediaminetetraacetic acid (EDTA) and 10 mM Tris, pH =
10.0-10.5, with freshly added 1 ml Triton X-100 and 10% dimethyl sulfoxide] for a
minimum period of 1h and a maximum of 5 days. Subsequently, the slides were
incubated in freshly made alkaline buffer (300 mM NaOH and 1 mM EDTA, pH =
12.6, both from E. Merck) for 10 min. The DNA was electrophoresed for 20 min at 25
V (0.9 V/icm) 300 mA, and the buffer was neutralized with 0.4 M Tris (pH = 7.5).
Finally, DNA was stained with silver nitrate, and the slides were coded for blind
analysis. The electrophoresis procedures and the efficiency for each electrophoresis
run were checked using negative and positive internal controls consisting of whole
human blood collected in the laboratory: the negative internal control being whole
blood and the positive internal control whole blood mixed with methyl
methanesulfonate (M4016) to 8x10™ M final concentration. This mixture was
incubated at 37°C for 2 h. Images of 100 randomly selected cells (50 cells from each
of two replicated slides) were analyzed from each sample. Each electrophoresis run
was considered valid only if the negative and positive controls yielded the expected
results. The damages were visually scored according to tail size into five classes,

from no tail (0) to maximal (4) long tail, resulting in a single DNA damage score for
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each subject and, consequently, for each study group. Therefore, a group damage
index (DI) could range from O (all cells with no tail, 100 cells x0) to 400 (all cells with

maximally long tails, 100 cells x4).

2.8 Statistical analysis

The relative body weight was analyzed by one-way repeated measures
ANOVA. Comparisons between groups in novel object recognition memory test were
performed using Mann-Whitney U test. The results of locomotor activity and

gentoxicity assay (comet) were analyzed by Student’s t-test.

3. Results

3.1 Relative weight

Figure 1 shows relative body weights (meanz standard error of the 0,7,14, 21
and 28 days). There was no statistical difference between groups. The relative
weights of organs (liver, kidneys, lungs, heart, spleen, adrenal glands and brain) also

did not show statistical differences between groups (data not shown).

3.2 Spontaneous locomotor activity

BaP effects on total distance are presented in Figure 2. Figure 2A represents
the basal locomotor activity, performed before starting treatment. Figure 2B
represents the average of total distance after 26 days of treatment, which was
considered the measure of locomotor activity itself.

In Figure 2A, no differences were observed in baselines locomotor activity for
all rats, both control or treated groups, before starting treatment (considered basal

locomotor activity).
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However, as can be seen in figure 2B, BaP-treated group (2 mg/kg) presented
increased total distance (768.225 + 112.356 cm) in comparison to control group

(293.571 £ 147.637 cm) after 26 days of treatment (p < 0.05).

3.3 Novel object recognition memory

Figure 3 shows the effect of BaP on object recognition memory. There was no
significant difference between groups in the training trial (median [interquartile
ranges]) recognition indices were 56.1 [42.2 / 65.3] for control group and 47.7 [40.6 /
53.8] for group treated with BaP (p = 0.64).

In the STM retention trial (median [interquartile ranges]) recognition indices
were 51.4 [43.6 / 59.9] for control group (corn oil-trated) and 38.6 [21.0 / 48.0] for
group treated with BaP. Comparison of STM recognition indices has indicated a
tendency of deficit in STM in group treated with BaP (p = 0.065) in comparison to
control group.

There was no significant difference between groups in LTM retention trial
(median [interquartile ranges]) recognition indices were 42.9 [39.0 / 56.0] in the

control group and 42.3 [32.0 / 47.0] in the group treated with BaP (p =0.410).

3.4 Genotoxicity assays

The genotoxic effect (comet assay) was found in BaP-treated group
comparing to control group (p = 0.001) (Figure 4). DNA damage grade 3 (p <0.001)
and 4 (p <0.01) found in group treated with BaP were higher than those observed for

control group, which showed a higher frequency of undamaged DNA (Table 1).
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4. DISCUSSION

Although BaP was administrated in a dose of 2 mg/kg that corresponds to
similar levels of contamination in smokers, heavy consumers of smoked or grilled
meat and fish, or individuals with heavy occupation exposure (ATSDR, 1995), an
important point that should be taken into consideration is that the levels of BaP found
in the environment are reflective of accumulations over a long period of time
(Saunders et al., 2006) whereas the doses used in laboratory are acute, subchronic
(30 days) or chronic (90 days). Thus, the actual effect of BaP on organisms may be
more intense.

It has been reported that rodents when placed in a new environment tend to
explore the site. Therefore, it was observed that all animals, for both groups, did not
differ between themselves in the beginning of treatment. After locomotor activity, we
observed an increase in total distance traveled by animals treated with BaP 2 mg/kg.
One explanation for this increase may be obtained from the study by Xia et al (2011).
They observed that the administration of BaP increased levels of endogenous
monoamine (epinephrine and norepinephrine) in rat hippocampus. The increase in
the interaction of monoamines which act on the adrenergic receptors may be
responsible for the observed increase in activity (Stone et al., 2007). To confirm this
hypothesis, the dosage of endogenous monoamines after administration of BaP can
be performed in areas directly connected to the motor control, such as cerebellum
and motor cortex.

On the other hand, our results differ to those found in the literature, where
BaP-treated animals showed a decrease in the distance traveled after single dose
treatment (Saunders et al., 2002 and 2006). Previous studies reported a reduction in

glutamatergic N-methyl-D-aspartate (NMDA) receptor subunit (NR2B), in offspring of
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rats treated with BaP at low-level doses (McCallister et al., 2008; Brown et al., 2007).
This result explains, in part, the decrease in locomotor activity; however, the
reduction in NMDA receptor subunit was found when in utero exposure occurs when
synapses are first formed. Moreover, Saunders and co-workes used higher doses of
BaP (25-200 mg/kg) in their studies. Locomotor activity reduction can also be
explained by the adrenergic stimulation produced by BaP in high doses, due to the
administration of B;-adrenoceptor agonists and high doses of a;-adrenoceptor
agonists produce the same effect (Consoli et al.,, 2007; Stone et al.,, 2007).
Furthermore, a significant correlation between neurotoxic effects, BaP, and brain
metabolite concentrations was also observed in these studies, suggesting that
metabolism plays an important role in modulating the neurobehavioral effects of BaP.
Moreover, the recovery coincided with decreased concentration of BaP metabolites.
More studies are needed to elucidate which mechanism might be involved in the
toxicity of this compound after administrations of lower doses (found in foods) and for
longer periods. The difference between our finding and those previous studies could
be explained by the dose used and the treatment time.

In the object recognition test, we observed that animals treated with BaP
showed a tendency of deficits in short-term memory, performed 1.5h after the training
session. However, this deficit was not observed in long-term memory, performed 24h
after the training session. This behavioral test is considered a non-aversive task to
the animals, so, the longest time between training and the test long-term memory
deteriorates the performance of novel object recognition of the animals. Thus, the
best results with this test are generally found between sixty to ninety minutes after
training (Sik et al., 2003). The deficit of object recognition memory is, in part, in

agreement with other studies that showed deficits in another type of memory, the
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spacial memory, of the Morris water maze test (Xia et al., 2011, Chengzi et al., 2011)
after administration of BaP. This tendency would probably be confirmed by
increasing the period of treatment or increase the number of animals per group.

In rodents, hippocampus is a structure of nervous system critical for learning
and memory. Studies suggest that BaP may be responsible for lesions in the
hippocampus of animals affecting the learning and memory (Grova et al., 2007,
Wormley et al., 2004). In a study using a transmission electron microscopy were
found neuronal ultrastructural alterations such as vacuole formation, from swollen
and distorted mitochondria, endoplasmic reticulum expansion, Golgi apparatus
disruption, nucleolus collapse or fragmentation and myelin sheath degeneration in
hippocampal neurons of the animals treated with BaP, at the same dose used in our
study (2 mg/kg) (Chengzi et al., 2011).

Regarding the body relative weight, there were no statistically significant
differences in body mass gain of the animals throughout the treatment period, we
consider that observed changes are direct effects of the substance and not an
indirect systemic toxicity.

Furthermore, a genotoxic effect was observed in animals treated with BAP.
Severe damage to DNA, grade 3 and 4, were significantly greater in animals treated
with BaP compared to controls. This result is in agreement with other studies, where
BaP also caused serious damage to DNA of cervical cells in mice (Gao et al., 2011).
The difference in our study is that this genotoxicity was observed in a typically dose
found in food or water.

There are three principal pathways currently proposed for metabolic activation
of BaP: the pathway via bay region dihydrodiol epoxide by cytochrome P450

enzymes (CYPs), the pathway via radical cation by one-electron oxidation, and the
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ortho-quinone pathway by dihydrodiol dehydrogenase. The first two pathways
produce electrophiles that can covalently bind to DNA and cause cancer. The route
of PAH-o-quinone, in addition to DNA adducts, reactive oxygen species (ROS)
derived from the metabolism of BaP are formed and can produce oxidative stress,
which contribute for DNA cleavage (Xue and Warshawsky, 2005).

In most cases, oxidation of PAHs by P450 enzymes is an initial step in the
activation process to produce the polar biochemically reactive electrophilic species
(ultimate carcinogenic metabolites) capable of interacting with cellular
macromolecules, particularly nucleic acids and proteins. The reactive intermediates
can bind to DNA, forming covalent adducts, which eventually cause carcinogenesis
or other forms of toxicities. BaP-dihydrodiol, BaP-quinones and BaP- 7,8-dihydrodiol-
9,10-epoxide (BPDE) are reactive intermediate resulting from the metabolism of BaP
by cytochrome P450. BaP is catalyzed by cytochromes P450 enzymes, such as
CYP1Al and CYP1B1. Two studies demonstrated that CYP1A1 is the major enzyme
responsible for the detoxification of orally ingested BaP, whereas CYP1B1 is the
major enzyme responsible for BaP-induced chemical toxicity (Uno et al., 2004, 2006).
Among these metabolites, BPDE is capable of binding covalently to DNA to form
BPDE-DNA adducts (binds to the exocyclic nitrogen of deoxyguanosine or
deoxyadenosine in DNA) (Chiapperino et al., 2005) considered as a crucial initial
step in the sequence leading from the generation of mutations to uncontrolled cell
growth and tumor formation (Flowers et al., 1996).

Several studies have classified BaP and its metabolites as potent oxidants.
Selvendiran and Sakthisekaran showed that BaP interacts with membrane lipids and
consequently induces free radical formation (Selvendiran and Sakthisekaran, 2004).

The effects of BaP on antioxidant enzymes activity in brain superoxide dismutase
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(SOD), catalase (CAT) and glutathione peroxidase (GSH-Px) and the levels of
malondialdehyde (MDA), were considered as an index of oxidative tissue damage
(Saunders, et al., 2006). Oxidative stress in the CNS through the generation of ROS
and the repression of enzymatic antioxidants may be a critical mechanism of effects
induced by BaP. The CNS is extremely susceptible to attack by ROS derived from
BaP metabolism due to its high oxygen consumption, high iron, lipid content and low
level of antioxidants. Oxidative stress can cause alterations in gene expression,
impair cellular signaling, disrupt membrane integrity, alter neurotransmission and
cause neuronal cell death (Lebel, 1991). Thus, oxidative stress may be one of the
mechanisms responsible for behavioral changes observed in our study.

Therefore, oxidative stress induced by BaP associated with the formation of
ultimate carcinogenic metabolites of BaP is probably the mechanism that resulted in
damage to DNA. However, further studies are needed to clarify the mechanisms

involved in behavioral changes observed in this study.
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Legends to the figures

Fig. 1. Effects of BaP on relative weight. The BaP or the vehicle (corn oil) were
administered orally (by gavage) once a day during 28 days. Each line represents the

mean + SEM. (n= 6-8) evaluated by one-way repeated measures ANOVA.

Fig. 2. Effects of BaP on spontaneous locomotor activity. The BaP or the vehicle
(corn oil) were administered orally (by gavage) once a day during 28 days. (A) Basal
locomotory activity, were performed before starting treatment and (B) locomotor
activity after 26 day treatment. Each column represents the mean £+ SEM. (n= 6-8). *

p < 0.05 vs. vehicle - treated group. Student’s t-test.
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Fig. 3. Effect of BaP on recognition memory deficits. The BaP or the vehicle (corn oil)
were administered orally (by gavage) once a day during 28 days. A. Training B.
Short-term memory test (STM) was performed 1.5 h after training and C. long-term
memory (LTM) at 24 h after training. The proportion of the total exploration time that
the animal spent to investigate the new object was the “Recognition Index”
expressed by the ratio TN/TF+TN, TF= time spent exploring the known object and
TN= time spent exploring the new object. Data expressed as median [interquartiles

ranges], (n = 6-7). Comparisons between groups - Mann-Whitney U test.

Fig. 4. Effect of BaP on DNA damage (Comet assay) in blood samples from rats. The
BaP or vehicle (corn oil) were administered orally (by gavage) once a day during 28
days. Each column represents mean * standard deviation of mean of the index DNA
damage. (n = 6 rats per group), * p = 0.001 vs. vehicle - treated group, Student's t

test.
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Figure 4
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Table 1. Frequency of DNA damage evaluated by Comet Assay

Group Grade of DNA Damage (%)
0 1 2 3 4
Control 50.33 + 5.04 28.33+6.76 17.33+294 233+080 1.67+1.05
BaP 28.67 £ 2.28" 21.83+2.40 25.67+3.47 16.00+1.88" 7.83+1.97

Blood samples from rats treated with BaP or vehicle (corn oil) were administered
orally (by gavage) once a day during 28 days. Each line represents mean + standard
deviation of mean (n = 6 rats per group), Student’s t-test inter-class. * p < 0.01, ** p <

0.001.
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Abstract

Benzo[a]pyrene (BaP) is an environmental contaminant produced during incomplete
combustion of organic material that is well known as a mutagenic and carcinogenic
toxicant. BaP may also cross the blood-brain barrier and target the central nervous
system (CNS) causing neurotoxicity. However, there are few studies addressing the
molecular, cellular and behavioral alterations consequents to BaP exposure. Toxic
injuries toward CNS can activate astrociticitary responses involving changes in the
level of glial fibrillary acidic protein (GFAP) and S100B. Moreover, it is well
characterized that cell signaling pathways, such as mitogen activated protein kinases
(MAPKs), which regulate cell proliferation, survival and death, as well as
neuroplasticity, are in many cases involved in the mechanism of neurotoxicity of
environmental toxicants. Therefore, the aim of this study was to evaluate the effect of
subchronic oral administration of BaP on behavioral and neurochemical parameters.
Wistar male rats (90 days, weight 250-300g) were treated with BaP (2 mg/kg) or corn
oil (control) via gavage, once a day for 28 days (n=12/group). Thereafter,
spontaneous locomotor activity and short- and long-term memory (through the test of
object recognition) were evaluated. Neurochemical parameters such as GFAP and
S100B content in the hippocampus, serum and CSF were measured through ELISA,
while the total and phosphorylated forms of MAPKs (ERK1/2, p38™*"K and JNK1/2)
were evaluated in the hippocampus by western blotting. The results showed that BaP
induces a significant (p < 0.05) increase on locomotor activity and a decrease in the
short-term memory as compared to control group. The content of S100B was
increased significantly (p < 0.05) in cerebrospinal fluid, but decreased (p < 0.05) in
the serum of BaP-treated animals. GFAP trend (p = 0.07) in animals treated with
BaP, suggesting a trend for astrogliosis. Regarding the modulation of MAPKs, BaP
treatment induced a decrease (p < 0.01) on ERK2 phosphorylation in the
hippocampus without any changes of p38"*P¥ or JNK1/2 phosphorylation. Thus, BaP
2 mg/kg induces an astroglial response, impair, both motor and cognitive behavior,
with parallel inhibition of ERK2, a signaling enzyme involved in the hippocampal
neuroplasticity. All these effects suggest BaP neurotoxicity as concern for
environmental pollution.

KEYWORDS: Benzo[a]pyrene, locomotor activity, object recognition, GFAP, S100B,
MAPKs
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Introduction

Benzo[a]pyrene (BaP) is a member of the group of polycyclic aromatic
hydrocarbons (PAHs) which is a widespread environmental contaminant formed
during incomplete combustion or pyrolysis of organic material. This substance is
found as a contaminant of air, water, soils and sediments. Human exposure to
significant amounts of BaP occurs through the ingestion of contaminated food and
water or the inhalation of particulates in the air (ATSDR 1995). Automobile exhaust
(especially from diesel engines), industrial emissions and forest fires are important
sources of environmental BaP (Liu et al. 2002; IARC 2012). Additionally, tobacco
smoke contains high concentrations of PAHs, especially BaP (IARC 2012).

Several studies suggest that BaP can cause damages to human health,
including cancers, cardiovascular, pulmonary and neurodegenerative diseases and it
has been implicated in infertility and growth retarded child (Enomoto et al. 2008).

The role of BaP as a potent mutagen and carcinogen agent is well defined
(IARC 1973), however, only recently the neurotoxic effects of BaP have been
receiving attention. As a highly lipophilic compound, BaP readily crosses the blood-
brain barrier and reaches the central nervous system (CNS) causing neurological
alterations (Das et al. 1985; Yan et al. 2010).

The ionotrophic glutamate receptors alpha-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) and N-methyl-D-aspartate (NMDA) receptors
mediate excitatory synaptic transmission that are crucial for many physiological
aspects of brain development and adult brain plasticity including learning, memory
and cognition. Prenatal exposure to BaP results in diminished mRNA expression of
the NMDA receptor subunit NR2B, resulting in late life deficits in cortical neuronal

activity in the offspring (McCallister et al. 2008). Aditionally, gestational exposure to
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BaP induced a decrease in the post-natal expression of ionotrophic glutamate
receptor subunits NR2A and NR2B (of NMDA receptor) and GIuR1 (of AMPA
receptor), suggesting that synaptic plasticity and behavioral deficits observed as a
result of gestational BaP exposure may be related with down-regulation of these
glutamate receptor subunits (Brown et al. 2007).

Several studies demonstrate the pivotal role of the hippocampus to memory
formation and learning (Zola-Morgan and Squire 1990; Lubenov and Siapas 2009). It
was noted that sub-chronic administration of BaP in rats prejudices their performance
in Morris water maze test and induces changes of hippocampal neurotransmitter
systems (Xia et al. 2011) and damage of hippocampal neurons (Chengzi et al.
2011), reinforcing BaP as a neurotoxic pollutant that may act on the hippocampus
and impair learning and memory.

Astrocytes are intimately associated with neurons and play an important role in
brain homeostasis. Glial activation in response to injury stimuli commonly involves
changes in glial fibrillary acid protein (GFAP), S100B protein and antioxidant
defenses (Eng et al. 2000, Donato et al. 2009). GFAP is a specific astrocyte marker;
currently, tissue GFAP increase is taken as a sign of astrogliosis, associated with
conditions of brain injury (Eng et al. 2000).

The calcium binding protein S100B is found in brain tissue, predominantly in
the astrocytes, which secrete this molecule. Extracellular S100B plays a trophic role
in neuronal and glial cells, but elevated extracellular levels of this protein could
induce apoptosis in neural cells (Van Eldik and Wainwright 2003). Cerebrospinal fluid
and serum S100B levels have been used as markers of brain insult (Andreazza et al.

2007; Vicente et al. 2004).
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Mitogen-activated protein kinases (MAPKs) are a family of serine-threonine
kinases that amplify and integrate signals originating from a variety of extracellular
stimuli and may regulate cell differentiation, survival, cell death and synaptic plasticity
(Sweatt, 2004; Thomas and Huganir, 2004). The best known MAPKs include the
extracellular signal-regulated kinases 1 and 2 (ERK1/2), c-Jun amino-terminal
kinases 1 to 3 (JNK1/2/3) and p38™*"X (a, B, y and ) (Cargnello and Roux, 2011). Al
these kinases become functional upon phosphorylation at both a threonine and a
tyrosine residue by an upstream MAPK (Chen et al.2001; Thomas and Huganir,
2004). In the hippocampus activation of MAPK pathway may occur in response to
glutamate, through activation of NMDA and AMPA receptors (Jerusalinsky et al.1992;
Sweatt, 2001), oxidative stress (Runchel, 2011), growth factors and cytokines (Kim
and Choi, 2010) or by activation of other protein kinases. MAPKs misregulation are
associated, in many cases, with detrimental processes including dendritic spine loss,
cell death and may impair learning and memory (Sanderson and Dell’Acqua, 2011).
Therefore, alteration of ERK, JNK and p38“APX pathways by neurotoxicants may
imply in important functional changes of CNS.

Despite numerous studies evaluating the possible mechanisms involved in the
behavioral deficits associated with neurotoxicity induced by BaP, some parameters
have not been fully elucidated. Therefore, the aim of this study was to evaluate the
impact of oral administration of BaP in rat hippocampus on the glial marker GFAP
and S100B protein, and on MAPKSs signaling pathways. Extracellular S100B was also
assessed at serum and CSF and behavioral assessments of locomotion and memory

were taken in order to evidence BaP-dependent neurological impairment.
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Materials and Methods
Chemicals

Benzo[a]pyrene (99% purity) was obtained from Sigma (Sigma - C Aldrich, St.
Louis, MO, USA) and dissolved in corn oil. Anti-S100 and anti-GFAP antibodies were
from Dako. Peroxidase-conjugated secondary antibody was from Amersham. Triton
X-100, sodium dodecyl sulfate (SDS), acrylamide and bis-acrylamide were obtained
from GE Healthcare Life Science. Glycine, Tris, TEMED, B mercaptoethanol were
obtained from Amresco Life Science. Bovine serum albumin (BSA) was from Inlab.
Primary antibodies anti-JNK1/2, anti-ERK1/2 and anti-p38™*", Ammonium persulfate
(APS), o-phenylenediamine (OPD) and anti-S100B monoclonal antibody were
obtained from Sigma (St. Louis, MO, USA). Mouse anti-f actin was obtained from
Santa Cruz Biotechnology. Immobilon nitrocellulose and goat anti-mouse IgG HRP
(horseradish peroxidase) was from the Millipore. The anti-phospho-ERK1/2, anti—
phospho-JNK1/2, anti-phospho-P38"*"X antibodies and LumiGLO reagent (luminol
chemiluminescent substrate) were purchased from Cell Signaling (Beverly, MA,

USA). All other reagents were of analytical grade.
Animals

Twenty-four male Wistar rats, adult (90 days) weighing 250-300g, from the
Center for Reproduction and Animal Experimentation Laboratory of the Universidade
Federal do Rio Grande do Sul (UFRGS-CREAL) were used. The experiments were
performed after approval of the protocol by the University Ethics Committee (number
18287) and were carried out in accordance with current guidelines for the care of
laboratory animals (Olfert et al. 1998). The animals were kept in polypropylene cages

(41 x 34 x 16 cm) (5 rats per cage) with free access to food and water, under
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standard conditions (12h light/12h dark cycle, at a constant temperature of 22 +2°C

and controlled humidity).

Subchronic administration

The experimental protocol was based on OECD (Organisation for Economic
Co-operation and Development) guideline 407 (Repeated Dose 28-day Oral Toxicity
Study in Rodents). Rats were divided into 2 groups: control (n=12) and BaP (n=12).
Animals were treated by gavage for 28 consecutive days with corn oil (control) or
BaP 2mg/kg. This dose is equivalent to contamination levels in smokers, consumers
of high amounts of products as smoked or grilled meat and fish, or even individuals

with high occupational exposure (ATSDR, 1995).

Relative body weight

Body weight was measured every day and the animals were observed daily for
signs of toxicity, morbidity and mortality. The calculation of the relative weight was
obtained daily with the body weight of the rats, using the following equation: Relative

Weight = (weight of the animal X 100) / weight of the animal on day 1.

Measurement of spontaneous locomotor activity

The method used for evaluation of spontaneous locomotor activity was
adapted from Creese et al. (1976). The animals were placed individually in locomotor
activity cages (Insight Equipment Ltd.), (50 x 48 x 50 cm) equipped with six bars,
each with 16 infrared light sensors that detect the relative position of the animal on
the box. The total distance traveled by the animal was evaluated for 15 minutes (5

initial minutes considered exploratory activity and the 10 final minutes the test
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session). The test was performed after 26 days of treatment and the activity was

performed in a dark room with no noise.

Novel object recognition memory

Twenty-four hours after locomotor activity measurement, animals were trained
and tested in a novel object recognition task as previously described (Schréder et al.
2003; de Lima et al. 2005a,b). Training in the object recognition task took place in
the same cages used for the locomotor activity. These cages were thus used as a
context habituation trial for the recognition memory task. The object recognition test
required that the rats recall which of two plastic objects they had been previously
familiarized with. Twenty-four hours after arena exploration, training was conducted
by placing individual rats into the cages, in which two identical objects (objects Al
and A2; Duplo Lego toys) were positioned in two adjacent corners, 9 cm from the
walls. Animals were left to explore the objects for 5 min. In a short-term memory
(STM) test given 1.5 h after training, the rats explored the locomotor activity cages for
5 min in the presence of one familiar (A) and one novel (B) object. In a long-term
memory (LTM) test given 24 h after training, the same rats explored the cages for 5
min in the presence of familiar object A and a novel object C. Recognition memory
was evaluated as for the STM test. All objects presented similar textures, colors, and
sizes, but distinctive shapes. A recognition index calculated for each animal was
expressed by the ratio TN/(TF+TN) [TF = time spent exploring the familiar object A;
TN = time spent exploring the novel object B. Between trials the objects were washed
with 10% ethanol solution. Exploration was defined as sniffing or touching the object

with the nose and/or forepaws. Sitting on the object was not considered exploration.
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Cerebrospinal fluid and serum samples

At the end of the behavioural experiment, animals were anesthetized using
ketamine/xylazine (10 mg/kg and 50 mg/kg, respectively) and then positioned in a
stereotaxic holder for cerebrospinal fluid collection from the cisterna magna. The
puncture was performed using an insulin syringe (27 gauge 9 1/200 length). Rats
were then removed from the stereotaxic apparatus and placed in a flat place; whole
blood from the caudal vena cava was collected. Serum was separated by
centrifugation at 3000 x g for 5 min. CSF and serum samples were frozen (-20°C)

until further analysis (Netto et al. 2006).

Hippocampal tissue samples

The animals were Kkilled by piercing the diaphragm, brains were removed, and
hippocampi were dissected out and placed in cold saline medium with the following
composition: 120 mM NaCl; 2 mM KCI; 1 mM CaCl,; 1 mM MgSO,; 25 mM HEPES;
1 mM KH,PO, and 10 mM glucose, adjusted to pH 7.4. Hippocampal samples were
then homogenized in specific buffers for biochemical measurements, described as

follows.

ELISA for S100B and GFAP

The S100B content in the CSF and serum was measured by ELISA (Leite et
al. 2008). Briefly, 50 yL of sample plus 50 pL of Tris buffer were incubated for 2 h on
a microtiter plate previously coated with monoclonal anti-S100B (SH-B1). Polyclonal
anti-S100B was incubated for 30 min and then peroxidase-conjugated anti-rabbit
antibody was added for a further 30 min. A colorimetric reaction with o-

phenylenediamine was measured at 492 nm. The standard S100B curve ranged from
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0.025 to 2.5 ng/mL. ELISA for GFAP in the hippocampus (Tramontina et al. 2007)
was carried out by coating the microtiter plate with 100 uL samples containing 30 ug
of protein for 48 h at 48°C. Incubation with a rabbit polyclonal anti-GFAP for 2 h was
followed by incubation with a secondary antibody conjugated with peroxidase for 1 h,

at room temperature; the standard GFAP curve ranged from 0.1 to 10 ng/mL.
Western blotting

The slices of the hippocampus were solubilized with SDS-stopping solution
(4% SDS, 2 mM EDTA, 8% B-mercaptoethanol, and 50 mM Tris, pH 6.8) and the
samples (70 g of total protein/track) were separated by SDS-PAGE using 10% gels
(Leal et al. 2002; Cordova et al. 2004). The proteins were transferred to nitrocellulose
membrane using a semidry blotting apparatus (1.2 mA/cm? 1.5 h) as described by
Bjerrum and Heegaard (1988) (Bjerrum 1988). The membranes were blocked (1 h)
with 5% skim milk in TBS (Tris 10 mM, NaCl 150 mM, pH 7.5). ERK1/2, p38"APX,
JNK1/2 total, phosphorylated forms and [(-actin were detected using specific
antibodies diluted in TBS-T containing BSA (2%) in the ratio 1:5,000 for anti-phospho
ERK1/2, 1:1,000 for both anti-phospho P38"P¥ anti-phospho JNK 1/2 and anti-total
JNK 1/2, 1:40,000 for anti-total-ERK1/2, 1:10,000 for anti-total p38™"X, 1:2,000 for j-
actin. The reactions were developed by chemioluminescence (LUmiGLO®). All steps
of blocking and incubation were followed by three times washing (5 min) of the

membranes with TBS-T (Tris 10 mM, NaCl 150 mM, Tween-20 0.05%, pH 7.5).
Quantification and statistical analysis

The relative body weight was analyzed by one-way repeated measures

ANOVA. Comparisons between groups in novel object recognition memory test were
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performed using Mann-Whitney U test. Locomotor activity, S100B (CSF, serum and
hippocampus) and hippocampal GFAP were analyzed by Student's t test.

The optical density (O.D.) of the bands was quantified using Scion Image®
software. The phosphorylation level was determined as a ratio of O.D of the
phosphorylated band/O.D. of the total band (Posser et al. 2007). Data are expressed
as percentage of the control (considered as 100%) and the values are presented as
mean = S.E.M. Statistical significance was assessed by Student’s t test. A value of p

< 0.05 was considered significant.

Results

Data of the relative body weights (0,7,14, 21 and 28 days) are show in Figure
1. There was no significative difference between control and BaP-treated animals.

Figure 2 shows the effects of BaP on total distance traveled by animals. As
can be seen, the total distance in group treated with BaP 2mg/kg (8428.59 + 947.08
cm) has increased significant (p < 0.05) in comparison to control group (5517.92 +
673.98 cm) after 26 days of treatment.

Figure 3 shows the effect of BaP on the object recognition memory task. There
was no significant difference between groups in the training trial (median
[interquartile ranges] recognition indices were 51.1 [46.2 / 57.4] in the control group
and 55.0 [49.7 / 61.6] in the BaP-treated group (p= 0.549). However, BaP-treated
animals showed a significant deficit in the short term memory. The STM retention trial
presented median [interquartile ranges] recognition indices were 55.9 [52.5 / 58.4] in
the control group and 45.7 [43.3 / 51.1] in the group treated with BaP (p < 0.01).

There was no significant difference between groups in long-term memory that
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showed recognition indices of 50.0 [44.6 / 67.1] on the control group and 60.3 [51.3 /
68.6] on the BaP-treated group.

Regarding the glial marker analysis it was observed a trend of increase of
GFAP immunocontent in hippocampus in BaP-treated rats (p = 0.07) evaluated by
ELISA (Figure 4). S100B immunocontent increased in the CSF (p = 0.004; Fig. 5A)
and decreased in the serum (p = 0.04; Fig. 5B) in BAP-treated animals. It was not
observed alteration in the hippocampal S100B immunocontent in BaP-treated rats
compared to control animals (Fig. 5A)

Concerning the evaluation of MAPKs, it was observed that BaP-treated
animals showed a significant decrease in the level of phosphorylation of ERK 2 (p <
0.05), but not on ERK1 (p = 0,098) (Fig.6A). Moreover, there were no alterations in
the phosphorylation of JNK 1 and JNK 2 (p = 0,816 and p = 0,608, respectively) (Fig.
6B) and p38M*"X (p = 0,959) (Fig. 6C). The total content of each MAPK was not

altered by the treatment.
Discussion

In the present work we demonstrated that BaP administered in vivo induced
deficit cognitive, caused changes in glial markers and decrease hipopocampal ERK2
activity, an important signaling enzyme which participates in the synaptic plasticity
process. All these effects indicate that BaP causes neurotoxicity in a dose that did
not alter the body mass gain of the animals throughout the treatment, taken out a
systemic toxicity.

Behavioral changes are often the first signs of neurotoxic effects after toxicant
exposure. Subchronic oral administration of 2 mg/kg of BaP caused an increase in

locomotor activity of animals. Previous study showed that administration of BaP
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increased endogenous levels of monoamine (norepinephrine, epinephrine,
dopamine, inter alia) in hippocampus of rat (Xia et al. 2011). The increase in
adrenergic stimulation may be responsible for the increased activity observed (Stone
et al., 2007). The dosage of endogenous monoamines after administration of BaP
can be performed in areas directly connected to the motor control, such as
cerebellum and motor cortex, likely to confirm this hypothesis.

However, our result is opposite to reported in the literature, where BaP-treated
animals showed a decrease in the distance traveled after single dose treatment
(Saunders et al., 2002 and 2006). Differente in our study, were used higher doses of
BaP (25-200 mg/kg) in these studies. Decrease in locomotor activity was also
observed on the offspring of rats exposed during pregnancy to BaP (McCallister et al.
2008; Brown et al., 2007) and this effect was related to impairment of glutamate
receptor subunit (NR2A, 2B and GIluR1) expression. However, in our study we used
adult animals exposed to BaP and changes in the glutamate receptors subunits was
not described. Locomotor activity reduction can also be explained by the adrenergic
stimulation produced by BaP in high doses, due to the administration of [3,-
adrenoceptor agonists and high doses of a;-adrenoceptor agonists produce the
same effect (Consoli et al., 2007; Stone et al., 2007).

The object recognition test is a non-aversive task and analyzes the natural
tendency of animals to explore the environment and discriminate new facts.
Recognition memory is known as a working memory that consists of two distinct
components, the act of recall and familiarity (Ennaceur and Delacour, 1988;
Eichenbaum et al. 2007). In our study, BaP-treated animals showed deficits in short
term memory, however, this deficiency was not observed in long-term memory. The

longest time between training and testing long-term memory deteriorates the
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performance of novel object recognition. Thus, the best results with this test are
generally found between sixty to ninety minutes after training (Sik et al. 2003). The
deficit of object recognition memory is, in part, in agreement with other studies that
showed deficits in another type of memory, the spacial memory, of the Morris water
maze test (Chengzi et al. 2011; Xia et al. 2011).

Among the brain structures involved in the formation and retention of memory,
the hippocampus plays a key role. A study using transmission electron microscopy
found neuronal ultrastructural alterations such as vacuole formation, from swollen
and distorted mitochondria, endoplasmic reticulum expansion, Golgi apparatus
disruption, nucleolus collapse or fragmentation and myelin sheath degeneration in
hippocampal neurons of the animals treated of BaP compared with control (Chengzi
et al. 2011). The dose used in this study is the same used by us, however in this
study, the BaP treatment was 90 days. It is possible to suggest that the deficit in
memory in rats treated with BaP, observed in this study, is related to these same
changes observed in the hippocampus of animals earlier. Thus, changes in the
hippocampus of animals exposed to BaP appear early, at about 30 days of
treatment.

Furthermore, there seems to be a close link between the levels of
neurotransmitters modified in the hippocampus, previously reported, and differences
in behavioral performance, also observed in memory, in animals treated with BaP
(Xia et al. 2011).

This is the first study that evaluates the impact of exposure to BaP in vivo on
glial marker proteins GFAP and S100B, as well of cell signaling pathway the MAPKs.

Only two studies evaluated the immunocontent of GFAP in cultured brain cells

after exposure of BaP. However, the aim was to evaluate the maintenance and cell
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transformation after administration of BaP (Markovits et al. 1979 and Tripier et al.
1979). Moreover, recent studies, also in vitro, demonstrated that BaP induces

8MAPK and

activation of mitogen activated protein kinase family members, such as p3
ERK, but not JNK, in HepG; cells and other cell types (Lin et al, 2008 and Song et al.
2011).

A restriction of in vitro studies is not to consider the metabolism of substances.
In the case of BaP, previous studies have shown that the toxic effects of this
compound are generally due to its metabolites. These studies have shown that the
accumulation of both BaP and metabolites in brain tissue corresponded with the
appearance of behavioral effects, demonstrating that the metabolism plays an
important role in modulating BAP-induced neurotoxicity in rats (Saunders et al. 2002
and 2006). Benzo(a)pyrene is metabolized to toxic dihydrodiols (4,5; 7,8; 9,10-diols)
and non-toxic hydroxy products (3- and 9[OH] B(a)P) (Baird and Ralston 1997).

Several studies have classified BaP and its metabolites as potent oxidants.
The effects of BaP on antioxidant enzymes such as superoxide dismutase (SOD),
catalase (CAT) and glutathione peroxidase (GSH-Px) and in the malondialdehyde
(MDA) levels are considered as an index of oxidative tissue damage (Saunders et al.
2006).

The CNS is extremely susceptible to attack by reactive oxygen species (ROS)
derived from BaP metabolism due to its high oxygen consumption, high iron and lipid
content and low levels of antioxidants. Oxidative stress can cause alterations in gene
expression, impair cellular signaling, disrupt membrane integrity, alter
neurotransmission and cause neuronal cell death (Lebel 1991). Astrocytes are also
responsible for the main antioxidant defense in brain tissue and oxidative stress is a

common feature in several neurodegenerative diseases (Jellinger 2009).
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The trend observed in immunocontent of GFAP in the hippocampus of BAP-
treated animals would probably be confirmed by increasing the period of treatment of
animals. An important point that should be taken into consideration is that the levels
of BaP found in the environment are reflective of increasing accumulations over a
long period of time whereas the doses used in laboratory are acute, subchronic (30
days) or chronic (90 days). Thus, the actual effect of BaP on organisms may be more
intense. It should be considered that increased GFAP does not signify only
astrogliosis in a harmful response to an injury, but may be also a protective reaction
of the CNS (Liberto et al. 2004).

S100B calcium binding protein, expressed and secreted by astrocytes in
vertebrate brain, intracellularly, binds to many protein targets, possibly modulating
cytoskeleton plasticity, cell proliferation and astrocyte energy metabolism (Van Eldik
and Wainwrigh, 2003). We did not find any changes in S100B immunocontent in
hippocampus of BaP-treated animals. On the other hand, the present study showed
that CSF S100B is high in the BaP-treated animals. In serum, unlike the CSF, BaP-
treated animals showed a decrease in the levels of S100B. Studies indicate a link
between neurodegenerative disease and exposure to environment chemicals
(Spencer 1992; Tilson 2000). An overproduction of S100B by activated glia can lead
to exacerbation of neuroinflammation and neuronal dysfunction. As an example
Guillain-Barré syndrome is an immune-mediated inflammatory disease in the
peripheral nervous system. Patients with this syndrome showed, among other
features, an increase of S100B in the CSF (Wang, 2012). A decrease in serum
S100B, as observed in our study, was recently observed in Alzheimer’s disease
patients (Chaves et al. 2010). It should be noted that the expression and secretion of

S100B are not necessarily interdependent events (Gongalves et al. 2008).
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A functional activation of aryl hydrocarbon receptor (AhR) is responsible for
the biological effects of BaP. The binding and activation of this receptor by BaP, and
subsequent entry into the nucleus, induces transcriptional activation of genes
involved in metabolism of this substance (Schmidt and Bradfield, 1996). Metabolites
of BaP are substances known to cause DNA damage. In response to DNA damage,
some transcription factors are activated, such as p53 (Lin at al. 2008). The activation
of p53 is associated with its phosphorylation which leads to a reduced interaction
between p53 and its negative regulator, oncoprotein MDM2. Previous studies have

8 MAPK and

reported that mitogen-activated protein kinases (MAPKSs), such as ERK, p3
JNK to be responsible for p53 phosphorylation (Huang et al. 1999). The MAPK
signaling pathways regulate many cellular processes, including gene expression,
differentiation and cell death and dysfunction of the effectors comprising these
pathways has been linked to many pathological processes. p38 " phosphorylates
p53 in response to DNA damage and stimulates the transcription of several
proapoptotic p53 target genes. Studies have shown that treatment with a metabolite
of the BaP induces activation of ERK1/2 and p38 but not JNK in HL60 cells (Lin et al.
2008).

Reactive oxygen species also are reported to play a key role in cell signaling,
and activation of MAPKs is known to play a major role in ROS-signaling pathways.
The imbalance in the antioxidant system induced by BaP, probably also plays a key
role in alteration of MAPK. In our study, only ERK 2 was altered in BaP-treated
animals. Studies have shown ERK signalling as a crucial player in synaptic and
neuronal plasticity and also in learning and memory. In this context it is interesting to

note that there are multiple upstream regulators of ERK in the hippocampus, such as:

norepinephrine, dopamine, nicotinic ACh, muscarinic ACh, histamine, estrogen,
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serotonin, brain derived neurotrophic factor (BDNF), NMDA receptors, metabotropic
glutamate receptors, AMPA receptors, voltage-gated calcium channels, reactive
oxygen species, various PKC isoforms, PKA, nitric oxide, NF1, and multiple ras
isoforms and homologs (Sweatt 2004). As mentioned above, one study found that
the administration of BaP caused an increased in levels of endogenous monoamine
neurotransmitters (Xia et al. 2011). Thus, it seems to be a link between changes in
the levels of endogenous monoamines in the hippocampus, changes in the
phosphorylation of ERK (as observed in our study) with deficits in memory and
learning (as in our studies and others). Although ERK1/2 has generally been
associated with cell survival and proliferation (Torii et al. 2004), the role of ERK1/2 is
more diverse since it is reported to be pro-survival in some cells and proapoptotic in
other cell lines (Iryo et al. 2000). Depending on cell type MAP kinases are
differentially involved in the regulation of cell survival and apoptosis (Mukherjee et al.
2009). As mentioned above, studies of cells observed an increase in phosphorylation
of p38 MAPX  This was not observed in our study; however, as the effects of exposure
to BaP may be cumulative results, an increase in the time of treatment of animals
with BaP could get this result.

In conclusion, BaP affects different systems in the body, including neurons
and glial cells. The BaP-induced effects on behavioral parameters, on secretion
S100B in CSF and serum, and decreased ERK 2 in the hippocampus may be due to
oxidative damage by stress produced by the powerful oxidizing effect of BaP.
However, further studies are needed to clarify the mechanisms involved in the

neurotoxity produced by BaP.
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Figure 1. Effects of BaP on relative weight variation of rats. Benzo[a]pirene 2 mg/kg
(BaP) or vehicle (corn oil) were administered orally (by gavage) once a day during 28
days. Relative Weight = (weight of the animal X 100) / weight of the animal on day 1.
Values represent mean = SEM (n = 12, one-way repeated measurements ANOVA, p

< 0.05).

Figure 2. Effects of BaP on spontaneous locomotor activity of rats. Benzo[a]pyrene 2
mg/kg (BaP) or corn oil (control) administered orally (by gavage) once a day during
28 days. Each column represents the mean £ SEM. (n=12 per group). * p < 0.05 vs.

vehicle - treated group by Student’s t- test.

Figure 3. Effect of BaP on recognition memory deficits of rats. Benzo[a]pyrene 2
mg/kg (BaP) or vehicle (corn oil) were administered orally (by gavage) once a day
during 28 days. A) Training B) Short-term memory test (STM) was performed 1.5h
after training and C) Long-term memory (LTM) at 24 h after training. “Recognition
Index” expressed by the ratio TN/TF+TN, TF= time spent exploring the familiar object
and TN= time spent exploring the novel object. Data expressed as median
[interquartiles ranges], (n = 12). Comparisons between groups - Mann-Whitney U

test.* p < 0.05.

Figure 4. Effect of BaP on GFAP content in the hippocampus of rats.
Benzo[a]pyrene 2 mg/kg (BaP) or vehicle (corn oil) were administered orally (by
gavage) once a day during 28 days. Hippocampi were dissected out and the contents
of GFAP were measured by ELISA. Values (GFAP optical densities) are mean *
standard error of twelve rats in each group. *Significantly different between groups

(Student’s t- test, p < 0.05).
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Figure 5. Effect of BaP on S100B levels in the hippocampus, cerebrospinal fluid
(CSF) and serum of rats. Benzo[a]pyrene 2 mg/kg (BaP) or vehicle (corn oil) were
administered orally (by gavage) once a day during 28 days. A. Hippocampal S100B
content. B. Cerebrospinal fluid (CSF) S100B content (collected by cisterna magna
puncture). C. Serum S100B content (collected from the caudal cava vena). The
S100B content was measured by ELISA. Values are mean * standard error (n = 12

per group). *Significantly different between groups (Student’s t- test, p < 0.05).

Figure 6. Effect on MAPK’s in the hippocampus of rats submitted to BaP.
Benzo[a]pyrene 2 mg/kg (BaP) or vehicle (corn oil) were administered orally (by
gavage) once a day during 28 days. Phosphorylation of p38™APX JNK1/2, ERK1/2
was detected by specific antibodies against the biphosphorylated region of each
kinase and the reactions were developed by ECL. The panels show representative
western blot and quantitative analysis of phosphorylation for each MAPK. (A)
ERK1/2; (B) JINK 1/2 and (C) p38™*"X_ The data are expressed as percentages of the
control (considered as 100%). Values are mean + standard error of 5-6 rats in each

group. *Significant differences from control (Student’s t-test, p < 0.05).
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Figure 3
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Figure 5
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Figure 6
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Discussao

1.1 Resumos dos resultados

Fémeas Machos Machos
PEFETIEH® ATELERS (120 dias) (120 dias) (90 dias)
Dose BaP Administrada 1 mg/kg 2 mg/kg 2 mg/kg
Inalterado Inalterado Inalterado
Peso Corporal
Atividade Locomotora Aumentada Aumentada Aumentada
Memoéria Tendéncia de
Curta-duracéo _ diminuicéo Diminuida
Mem©éria
Longa-duragéo Inalterada Inalterada Inalterada
Dano ao DNA Aumentado Aumentado

Conteldo de GFAP

Tendéncia de

(hipocampo) aumento
Contetdo S100B . . Inalterado
(hipocampo)
Conteudo de S100B (LCR) . . Aumentado
Conteldo de S100B . .
(soro) Diminuido
MAPKs (hipocampo) ERK 2
(p*#APK ERK 1/2, INK 1/2) Diminuida




O papel de BaP como um potente agente mutagénico e carcinogénico ja esta
bem definido (IARC 1973), no entanto, s recentemente os efeitos neurotdéxicos do
BaP tém recebido atencdo. Tendo em vista que ainda existem lacunas sobre os
mecanismos por meio dos quais BaP induz toxicidade, o objetivo deste trabalho foi
avaliar a toxicidade de BaP em parametros comportamentais e neuroguimicos.

Um achado interessante de nosso estudo esta relacionado ao efeito de BaP
(em doses baixas) sobre a atividade locomotora. Tanto nos machos quanto nas
fémeas BaP aumentou a atividade dos animais, resultado oposto ao encontrado na
literatura, onde a atividade locomotora apresentou-se diminuida apos a exposicdo a
altas doses deste composto (Saunders et al. 2002 e 2006). Nestes estudos,
utilizando doses uUnicas de BaP (25-200 mg/kg) foi observado uma correlagcéo
significativa entre os efeitos neurotoxicos de BaP e as concentracdes cerebrais e
plasmaticas dos metabolitos de BaP, sugerindo que o metabolismo desempenha um
papel importante na modulacdo dos efeitos neurocomportamentais de BaP. Assim,
esta diminuicdo na atividade locomotora pode ser reflexo de uma toxicidade
sistémica causada por este composto em doses tédo elevadas. A diferenca entre os
nossos resultados e aqueles da literatura pode ser explicada pela dose utilizada e o
tempo de tratamento.

Estudos anteriores ja demonstraram que BaP prejudica o processo de
memoria e o aprendizado (Xia et al., 2011, Chengzi et al., 2011). Em nosso estudo,
nos observamos déficit na memoria de curta duracdo dos animais tratados com BaP
utilizando o Teste de Reconhecimento de Objetos, que é considerado uma tarefa
nao aversiva para os animais. A memoéria de reconhecimento € conhecida como
uma memoria de trabalho que envolve o ato de recordar e a familiaridade. As bases

anatbmicas que envolvem estes processos estdo sendo estudadas, mas a
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participacdo do hipocampo parece fundamental (Squire et al., 2007), visto que um
comprometimento na atividade ou até mesmo uma lesdo desta regido cerebral
prejudica o desempenho da memaria na tarefa de reconhecimento de objetos (Clark
et al., 2000; Hammond et al., 2004).

Alteracbes na ultraestrutura de neurdnios hipocampais de ratos tratados
oralmente com BaP (2mg/kg por 90 dias) foram observadas por microscopia
eletrbnica de transmissdo. Estes neurbnios apresentaram alteracbes como:
vacuolizacdo de mitocondrias, desnaturacdo da bainha de mielina, expansdo do
reticulo endoplasmaético, interrupcdes no aparato de Golgi e irregularidades do
nacleo (Chengzhi et al., 2011). Estas alteracbes podem explicar, em parte, o déficit
de memodria apresentado pelos animais tratados com BaP em nosso estudo e nos
demais estudos que envolvem memoéria e aprendizado ap0s a exposi¢do ao BaP.

As fémeas nao foram testadas para a memdéria de curta duracdo, somente na
memoéria de longa duracdo, onde todos os grupos (machos e fémeas) nado diferiram
dos resultados apresentados pelos animais dos respectivos grupos controles. Os
ratos machos de 120 dias de idade apresentaram uma tendéncia de déficit na
memoria de curta duragéo, tendéncia esta que foi comprovada apos o tratamento de
um grupo contendo um namero maior de animais (capitulo I11).

O Ensaio Cometa ou Eletroforese Gel de célula Unica € uma técnica rapida e
eficiente quando usada para quantificar multiplas classes de danos ao DNA e
detectar os efeitos do reparo ao DNA em células individualizadas de mamiferos. O
objetivo da técnica ndo é detectar mutacdes, mas sim lesdes gendmicas, que podem
ser reparadas, e se nao reparadas, podem resultar em mutacdo (Fairbairn et al.,
1995). Esta técnica € utilizada amplamente na genética meédica, genética

toxicoldgica, ecotoxicologica, em diagnodsticos e tratamentos médicos, medicina
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ambiental, ocupacional, biomonitoramento ambiental, além de outras aplicacdes.
Sendo assim, estando o BaP amplamente distribuido no ambiente, esta técnica
torna-se uma ferramenta 0til para a identificacdo rapida dos danos ao DNA
causados por este composto (Contijo et al., 2003).

De acordo com os nossos resultados, BaP induziu danos graves ao DNA
tanto nos machos quanto nas fémeas. Estes resultados demonstraram que a
genotoxicidade foi observada em uma dose encontrada na 4gua e nos alimentos.

O SNC é extremamente suscetivel ao atague de espécies reativas de
oxigénio derivadas do metabolismo de BaP, devido ao seu elevado consumo de
oxigénio, alto teor de lipidios e baixo nivel de defesas antioxidantes. O estresse
oxidativo pode causar alteracfes na expressao génica, prejudicar a sinalizacao
celular, afetar a integridade da membrana, alterar a neurotransmissdo e causar a
morte celular neuronal (Lebel, 1991). O estresse oxidativo induzido pelo BaP pode
contribuir significativamente para os danos causados ao DNA, sendo um dos
principais mecanismos atribuidos aos efeitos toxicos do BaP.

Nosso trabalho € o primeiro que avalia os efeitos da administracdo de BaP in
vivo sobre os astrécitos, através dos marcadores GFAP e da proteina S100B, e
sobre a via de sinalizagdo celular pelas MAPKs. Estudos anteriores, in vitro,
mostraram que BaP altera os niveis de GFAP (Markovits et al. 1979 and Tripier et al.
1979) e das MAPKs, ERK 1/2 e p38M*"X (Lin et al. 2008 and Song et al. 2011). A
proteina S100B néao foi testada anteriormente, tanto in vitro ou in vivo.

O conteudo de GFAP apresentou uma tendéncia a astrogliose. Considerando
gue no ambiente a exposicdo ao BaP é constante, provavelmente, um aumento no
tempo de administracdo apresentaria um resultado significativo. Deve ser

considerado que um aumento no imunocontetdo de GFAP néao significa apenas uma
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astrogliose em resposta a uma lesédo prejudicial, mas pode ser também uma reacéo
de protecédo do SNC (Liberto et al. 2004).

Em nosso estudo, observamos um aumento nos niveis de S100B no liquor e
uma diminuicdo no soro dos animais tratados com BaP. Tanto o aumento de S100B
no liguor como a diminuicdo no soro também foram observados em doencas
neurodegenerativas (Wang, 2012; Chaves et al. 2010). Estudos indicam uma ligacao
entre doencas neurodegenerativas e a exposi¢cao a produtos quimicos do ambiente
(Spencer 1992; Tilson 2000).

Dentre as MAPKs estudadas em nosso estudo, somente a ERK 2 mostrou-se
diminuida. Estudos tém demonstrado que ERK exerce um papel crucial na
plasticidade sindptica e neuronal e também nos processos de aprendizado e
memoria. Neste contexto, € interessante notar que ha multiplos reguladores da ERK
no hipocampo: noradrenalina, dopamina, acetilcolina, histamina, estrogénio,
serotonina, fator neurotréfico derivado do encéfalo (BDNF), os receptores NMDA, os
receptores de glutamato metabotropicos AMPA, canais de calcio voltagem-
dependentes, espécies reativas de oxigénio, varias isoformas da PKC, PKA, 6xido
nitrico, NF1 e multiplas isoformas ras e homélogos (Sweatt 2004). No que se refere
ao BaP foi demonstrado que a administracdo causou um aumento nos niveis
endogenos das monoaminas (Xia et ai. 2011). Assim, sugerimos que pode haver
uma relacdo entre as alteragbes nos niveis de monoaminas enddgenas no
hipocampo e as mudancas na fosforilagdo de ERK e os déficits de memoria e
aprendizado também observados em nosso estudo.

Um ponto importante que deve ser levado em consideracéo, € que embora as
concentracfes de BaP utilizadas neste estudo (1 mg/kg e 2 mg/kg) correspondam ao

nivel de contaminacdo em fumantes, consumidores de carne defumada, grelhada ou
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peixe, ou ainda de individuos com exposicdo ocupacional pesada (ATSDR, 1995),
0s niveis de BaP encontrados no ambiente séo reflexo de acumulacdes durante um
longo periodo de tempo (Saunders et al., 2006), enquanto as doses utilizadas em
laboratorio sédo agudas (Unica dose), subcronicas (30 dias) ou crdnicas (90 dias).

Assim, os efeitos reais de BaP no organismo podem ser mais intensos.
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Conclusodes

Em concluséo, BaP foi capaz de induzir déficit cognitivo e dano ao DNA, e
pela primeira vez ao nosso conhecimento, alteracdes astrogliais (proteina S100B no
liquor e soro, e tendéncia de GFAP hipocampal) e na via de sinalizacdo MAPK in
vivo em doses encontradas como contaminante de aguas e alimentos. No0ss0s
resultados contribuem para a compreensao dos mecanismos de toxicidade de BaP e
apontam para a necessidade de uma legislacdo mais eficiente para este composto,

visto que pode acarretar sérios problemas a saude.
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