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APRESENTACAO

De acordo com as Recomendacdes para Elaboracdo de Teses e Dissertacoes
vigentes no Regimento do Programa de P6s-Graduacédo em Ciéncias Farmacéuticas, da
Universidade Federal do Rio Grande do Sul, a presente tese foi redigida na forma de
encarte de publicacdes, sendo organizada da seguinte maneira:

PARTE I: composta por INTRODUCAO e OBJETIVOS. A secdo INTRODUCAO
apresenta o referencial tedrico com breve reviséo da literatura e justificativa do trabalho. A
secao OBJETIVOS mostra os principais questionamentos do trabalho que nortearam o
desenvolvimento da pesquisa.

PARTE II: subdividida em CAPITULOS | e Il correspondem a cada Manuscrito.
Os Materiais e Métodos, Resultados e Referéncias Bibliograficas especificos
encontram-se nos respectivos Manuscritos.

PARTE |Ill: abrange DISCUSSAO, CONCLUSOES, PERSPECTIVAS,
REFERENCIAS BIBLIOGRAFICAS e ANEXOS. A secdo DISCUSSAO reline as
interpretacfes e 0os comentarios gerais referentes aos resultados obtidos nos dois
manuscritos. A secdo CONCLUSOES apresenta um resumo dos principais
resultados da tese. A secdo PERSPECTIVAS apresenta os proximos trabalhos a
serem realizados. A secdo REFERENCIAS BIBLIOGRAFICAS lista as referéncias
utilizadas na Introducéo e Discussdo da tese e a secdo ANEXOS apresenta Aceite
do Comité de Etica em Pesquisa, Termo de Consentimento Livre e Esclarecido
assinado pelos participantes do estudo e Questionario de Avaliacao utilizado neste

estudo.






RESUMO

O benzeno é um solvente organico reconhecidamente carcinogénico, ao qual a
populacdo encontra-se constantemente exposta através de fontes ambientais e/ou
ocupacionais. No Brasil, 718.000 frentistas de postos de gasolina constituem um
importante grupo de risco ocupacional a este solvente organico, mesmo que
atualmente o benzeno seja encontrado em baixas concentragbes na gasolina. O
monitoramento ambiental aliado ao biomonitoramento dos individuos expostos ao
benzeno possibilita a avaliacdo da sua exposicdo cronica. No presente trabalho
foram avaliados os riscos relacionados a exposi¢cao ocupacional ao benzeno através
do monitoramento ambiental e biomonitoramento de frentistas de postos de
gasolina, investigando possiveis biomarcadores de efeito que possibilitem a
deteccéo precoce de alteracbes causadas pelo benzeno, antes do desenvolvimento
de danos aos sistemas hematoldgico, imunoldgico, hepatico, renal e ao DNA.
Adicionalmente, verificou-se o possivel envolvimento do estresse oxidativo como
mecanismo toxicolégico, especialmente através de biomarcadores protéicos e
antioxidantes enddgenos e exdégenos. No Capitulo | demonstramos que mesmo em
baixas concentracbes, o benzeno contribuiu para alteracdes significativas em
diferentes sistemas biologicos. O acido trans, trans-mucdnico urinario demonstrou
ser um biomarcador de exposi¢cdo aplicavel no biomonitoramento ocupacional aos
baixos niveis de exposicdo ao benzeno encontrados, correlacionado-se com
diversas alteracbes observadas. A expressdo das moléculas de adesdo CD80 e
CD86 em mondcitos, propostas neste trabalho como possiveis biomarcadores de
efeito relacionados a resposta imunolégica, foram alteradas em trabalhadores
expostos cronicamente a baixas concentragcdes ao benzeno em comparagcao com o
grupo nado exposto. Além disso, as transaminases hepaticas, bem como os
biomarcadores de dano renal precoce também se mostraram significativamente
aumentadas, podendo ser sugeridos como importantes biomarcadores de efeito na
avaliacdo continua da saude ocupacional. Em relagdo ao uso da enzima &-
aminolevulinato desidratase (ALA-D), como um possivel biomarcador de efeito
precoce para alteracdes hematologicas, mais estudos sdo necessarios a fim de

elucidar o envolvimento da ALA-D em anemias decorrentes da exposicdo ao



benzeno. No Capitulo Il demonstramos que os danos genéticos causados pela
exposi¢cdo ocupacional ao benzeno foram acompanhados pelo aumento da oxidagéo
e nitrosilacdo de proteinas, bem como pela deplecdo de antioxidantes enddgenos.
Adicionalmente, nossos resultados mostraram que o aumento da frequéncia de
micronlcleos estava associado com a diminuicdo da concentracdo de glutationa
reduzida e da atividade da enzima glutationa S-transferase, evidenciando o papel
fundamental de ambos antioxidantes na protecédo dos danos de DNA causados pelo
benzeno. A vitamina C foi o Unico antioxidante exdégeno que demonstrou papel
protetor sobre o dano oxidativo. O tempo de exposi¢cédo apresentou influéncia sobre
0s biomarcadores de efeito avaliados, bem como sobre o &cido trans, trans-
mucdnico, destacando a importancia do uso destes biomarcadores no
biomonitoramento continuo da saude dos trabalhadores expostos. Em conjunto,
esses resultados podem contribuir para a deteccdo precoce de possiveis alteracdes
causadas pela exposicdo ocupacional ao benzeno, bem como para o
estabelecimento de medidas preventivas para saude do trabalhador, melhorando a
sua qualidade de vida em médio e longo prazo.

Palavras-Chave: benzeno, toxicologia  ocupacional, biomonitoramento,

biomarcadores de efeito, estresse oxidativo.



ABSTRACT

Benzene is a known carcinogenic organic solvent to which the population is
constantly exposed through environmental and/or occupational sources. In Brasil,
718.000 gasoline station attendants represent an important risk group for
occupational exposures to this organic solvent, despite the low concentration of
benzene found in gasoline currently. The environmental and biological monitoring of
workers exposed to benzene enables the evaluation of its chronic exposure. In the
present study, the risks related to the occupational benzene exposure were
evaluated through environmental and biological monitoring of gasoline station
attendants. We investigated potential biomarkers of effect that may allow the early
detection of alterations caused by benzene, before damage development on
hematological, immune, hepatic and renal systems, as well as to DNA. Additionally,
the possible involvement of oxidative stress as a toxicological mechanism, especially
through proteic biomarkers and endogenous and exogenous antioxidants, was
evaluated. In Chapter I, we showed that even at low concentrations; benzene
contributes to significant alterations in different biological systems. Urinary trans,
trans-muconic acid showed to be an applicable biomarker of exposure in the
monitoring of occupational exposures to low benzene levels, also correlating with
different alterations observed in this study. The expressions of CD80 and CD86 in
monocytes, proposed in the present work as potential biomarker of effect related to
immune response, were altered in workers exposed chronically to low benzene levels
compared to nonexposed group. Furthermore, hepatic transaminases and
biomarkers of early renal damage were significantly increased, and may be
suggested as important biomarkers of effect for continuous evaluation of
occupational health. Regarding the use of 8- aminolevulinate dehydratase enzyme
(ALA-D) as a possible biomarker of early effect to hematological alterations, further
studies are needed to completely elucidate ALA-D involvement in benzene-induced
anemia. In Chapter Il, we demonstrated that the genetic damages caused by
occupational benzene exposure were accompanied by increased oxidation and
nitration of proteins, as well as by the depletion of endogenous antioxidants.

Additionally, our results showed that the increased frequency of micronuclei was



associated with reduced glutathione content and glutathione S-transferase enzymatic
activity, evidencing the fundamental role of both antioxidants in the protection of DNA
damage caused by benzene. Vitamin C was the unique exogenous antioxidant that
demonstrated protective role on oxidative damage. The time of exposure influenced
the biomarkers of effect evaluated in this study, as well as the trans, trans-muconic
acid, highlighting the importance of the use of these biomarkers on continuous health
monitoring of the exposed workers. Taken together, these results may contribute to
the early detection of benzene-induced alterations after occupational exposures, as
well as to the development of preventive measures for the health of the exposed
workers, improving their quality of life in the medium and long term.

Keywords: benzene, occupational toxicology, biomonitoring, biomarkers of effect,

oxidative stress.
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INTRODUCAO

1. Propriedades fisico-quimicas do benzeno

O benzeno, antigamente também denominado benzol, € o hidrocarboneto
aromatico de formula molecular mais simples (C¢Hs) € com peso molecular de 78,11.
Este solvente organico é obtido a partir da destilacdo do carvao mineral e do
petréleo, e em condicbes normais de temperatura e pressdo encontra-se sob a
forma liquida e incolor (Fundacentro, 2005; ASTDR, 2007; INCA, 2010). O benzeno
€ um composto organico volatil, com ponto de ebulicdo de 80,1°C, altamente
inflamavel e de odor aromatico caracteristico. Apresenta lipossolubilidade elevada,
sendo soluvel na maioria dos solventes organicos e praticamente insollvel em agua
(ASTDR, 2007; INCA, 2010). A estrutura quimica do benzeno é representada na
Figura 1.

Figura 1 - Estrutura quimica do benzeno.

2. Fontes ambientais e ocupacionais de exposi¢cdo ao benzeno

O benzeno pode ser encontrado no ambiente em geral, como contaminante
atmosférico, e também em diferentes meios ocupacionais (Dougherty et al., 2008;
Badham e Winn, 2010).

Fontes naturais de benzeno, como emissdes a partir de vulcdes e incéndios
florestais, contribuem para a presenca desse solvente organico no ambiente em
geral (ASTDR, 2007). Além disso, concentracdes de benzeno também séao
encontradas em emissdes industriais, fumaca do cigarro e de veiculos automotivos,
composta principalmente pelos derivados petroliferos (ASTDR, 2007; Weisel, 2010).
Os produtos petroliferos sdo considerados umas das mais importantes fontes de
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benzeno ambiental, principalmente através da combustdo e evaporacao da gasolina
(Dougherty et al., 2008).

Ambientes industriais que utiizam o benzeno como matéria-prima para
sintese de diversos produtos quimicos ou como subproduto de processos de
combustao representam as principais fontes ocupacionais de benzeno (Wiwanitkit,
2006; Weisel, 2010). Como exemplos dessas industrias provedoras de benzeno em
ambientes ocupacionais, destacam-se as refinarias de petréleo, as industrias
qguimicas, as industrias de tintas organicas e as industrias cal¢cadistas (Wiwanitkit,
2006; Dougherty et al., 2008; Weisel, 2010). O benzeno esta presente na fabricacdo
de borrachas, lubrificantes, corantes, detergentes, medicamentos e pesticidas
(ASTDR, 2007). Além disso, atividades ligadas ao transporte, distribuicdo e
abastecimento de gasolina também representam uma importante fonte ocupacional
de benzeno (Carrieri et al., 2006).

A gasolina, um dos principais produtos acabados do petréleo, € composta por
uma complexa mistura de hidrocarbonetos saturados e insaturados de baixo peso
molecular (Keretetse et al., 2008; Keenan et al., 2010). O benzeno € utilizado na
gasolina com a funcédo de aditivo e tem sua concentracdo estritamente controlada
(ASTDR, 2007; Keenan et al., 2010). O teor de benzeno na gasolina tem diminuido
muito ao longo dos anos (Keenan et al., 2010). No Brasil, atualmente a gasolina
apresenta cerca de 1% de benzeno na sua composicao final (Fundacentro, 2005).
Recentemente a Agéncia norte-americana de Protecdo Ambiental (US-EPA)
estabeleceu novas normas que reduzem a concentracdo de benzeno na gasolina
para 0,62% (EPA, 2011).

Além do benzeno, outros hidrocarbonetos aromaticos volateis também séo
encontrados na composicdo da gasolina, entre eles destacam-se o tolueno e o
xilenos, que juntamente com o benzeno constituem os compostos chamados BTX
(benzeno, tolueno e xilenos) (Macdonald, 2000; Chen et al.,, 2008). A presenca
simultanea destas substancias na composi¢cao da gasolina influencia na toxicidade
do benzeno, provocando diferentes tipos de danos a saude de trabalhadores
expostos (Keenan et al., 2010). Frentistas de postos de gasolina destacam-se dentre
0s principais grupos de trabalhadores expostos aos compostos BTX (Dougherty et

al., 2008). Dentre estes compostos, o benzeno distingui-se dos demais em
4



decorréncia dos seus potenciais efeitos toxicos a saude humana (Keretetse et al.,
2008; Rekhadevi et al., 2010; Tunsaringkarn et al., 2011).

3. Toxicocinética do benzeno

O benzeno é um solvente organico lipofilico, apolar que atravessa facilmente
a bicamada lipidica das membranas celulares (Oga, 2008). As principais formas de
absorcao deste solvente organico ocorrem via pulmonar e cutanea (ASTDR, 2007;
Oga, 2008). Apds a absorcdo, o benzeno é rapidamente distribuido para todo o
organismo pela corrente sanguinea, acumulando-se principalmente no tecido
adiposo (ASTDR, 2007). A biotransformacdo do benzeno ocorre principalmente via
hepatica através de reacoes de fase | e Il, e em menor propor¢cdo na medula ossea
(Oga, 2008; Weisel, 2010).

No figado, o benzeno sofre um processo de oxidacdo através da acao da
enzima citocromo P450-2E1 (CYP2E1l), dando origem ao benzeno epodxido, um
composto extremamente instavel, que por rearranjo ndo-enzimatico origina o fenol,
um dos principais metabolitos do benzeno. O fenol pode ser excretado de forma
inalterada na urina ou entdo ser biotransformado a catecol ou 1,4-benzenodiol
(hidroquinona), os quais por acdo da enzima mieloperoxidase (MPO) séao
hidroxilados a benzoquinona e 1,2,4-benzenotriol. Estes metabdlitos, apesar de
formados em pequenas concentracfes, acumulam-se na medula éssea provocando
potentes efeitos toxicos (ASTDR, 2007; Kirkeleit, 2008; Barreto et al., 2009;
Fracasso et al., 2010; Weisel, 2010). Através da enzima detoxificante
NAD(P)H:quinona-oxirredutasel (NQO1), as benzoquoninas produzidas pela
oxidacdo dos metabdlitos polifendlicos do benzeno sao reduzidas (Moran, Siegel e
Ross, 1999; Manini et al., 2008; Weisel, 2010).

O restante do benzeno 6xido pode sofrer conjugacdo com a glutationa atraves
da acdo da enzima glutationa S-transferase (GST), dando origem ao &acido
fenilmercaptarico, metabdlito atéxico do benzeno (Fracasso et al., 2010; Weisel,
2010). Além disso, o benzeno 6xido pode sofrer abertura do anel dando origem ao

muconaldeido, um dos metabdlitos toxicos do benzeno e posteriormente ao acido
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trans, trans-muconico (Kirkeleit, 2008; Barreto et al., 2009; Fracasso et al., 2010;
Weisel, 2010).

Em doses baixas, o benzeno é rapidamente biotransformado e a excrecao
dos metabdlitos ocorre principalmente através de reagcBes de conjugacdo com
glicuronideos ou sulfatos, no entanto, em doses mais elevadas, essas vias
metabdlicas sofrem saturacdo e a exalacdo do benzeno ndo metabolizado passa a
ser a principal via de eliminagédo (ASTDR, 2007).

O processo de biotransformacao do benzeno é representado na Figura 2.
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Figura 2 - Principais vias de biotransformacdo do benzeno no organismo (Adaptado de Qu et al.,
2005). CYP2EL: Citocromo P450-2E1; GSTTL1: Glutationa S-Transferasel; mEH: Epdxido hidrolase
microssomal; MPO: Mieloperoxidase; NQO1: NAD(P)H:quinona-oxirredutasel.




4. Efeitos téxicos causados pelo benzeno

O benzeno, na sua forma inalterada, ndo é tido como uma substancia toxica,
sendo necessario ser biotransformado para expressar seus efeitos téxicos (ASTDR,
2007; Weisel, 2010). A toxicidade do benzeno estd relacionada as interacfes
biolégicas que ocorrem principalmente entre os seus metabdlitos e os diferentes
alvos celulares, especialmente com a médula 6ssea (Smith, 2010).

Apesar de extensa pesquisa, nenhum metabdlito foi identificado como sendo
0 Unico responsavel pelos efeitos tdxicos causados pelo benzeno. Acredita-se que a
interacdo entre varios metabdlitos seja a causa mais plausivel para a toxicidade
desenvolvida por este solvente organico (ASTDR, 2007). Dentre os principais
metabolitos toxicos do benzeno destacam-se hidroquinona, p-benzoquinona, catecol
e muconaldeido, que podem atuar isoladamente ou em conjunto (Barreto et al.,
2009; Fracasso et al., 2010; Smith, 2010).

O benzeno é reconhecidamente uma substancia carcinogénica e tem sido
objeto de controle no ambito mundial devido a sua caracteristica de contaminante
universal e aos seus potenciais efeitos sobre a saude humana (ASTDR, 2007; IARC,
2012). E classificado no grupo Al pela Agéncia Internacional para Pesquisa do
Cancer (IARC, 2012) e considerado a quinta substancia de maior risco, segundo 0s
critérios do programa das Nacdes Unidas de seguranca quimica (Keretetse et al.,
2008; Uzma, Kumar e Hazari, 2010; Tunsaringkarn et al., 2011; IARC, 2012). Vérios
estudos tém apontado o benzeno como principal agente causador de leucemia
mieldide aguda (LMA) e sindromes mielodisplasicas (SMD), mesmo em doses
relativamente baixas de exposicao (Glass et al., 2004; Kirkeleit, 2008; Wilbur et al.,
2008; Smith, 2010).

Além de carcinogénico, o benzeno ainda apresenta acao genotoxica (Angelini
et al., 2011; Angelini et al., 2012). Dentre os principais danos de DNA causados pelo
benzeno destacam-se alteracbes cromossdmicas, hipo e hiperdiploidia, exclusdes,
trocas de cromatides irmas, quebras e falhas nas duplas fitas (ASTDR, 2007,
Dougherty et al., 2008). Os mecanismos através dos quais 0os metabdlitos do
benzeno atuam provocando genotoxicidade incluem a geracdo de espécies reativas

de oxigénio (ERO), formacdo de aductos e dano as proteinas ligadas ao DNA,
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contribuindo para a instabilidade gendmica (Kirkeleit, 2008; Pandey et al., 2008;
Fracasso et al., 2010; Angelini et al., 2011).

Adicionalmente, as células do sistema hematopoiético também séo alvos
altamente sensiveis aos efeitos toxicos do benzeno (Kirkeleit, 2008). Os metabdlitos
toxicos formados durante a biotransformacdo do benzeno atuam sobre a medula
O0ssea provocando supressdo e danificando diretamente as células progenitoras
hematopoéticas, o que pode levar a apoptose ou diminui¢do de resposta imune do
organismo (Uzma, Kumar e Hazari, 2010; Tunsaringkarn et al., 2011). A citopenia é
um dos achados clinicos mais caracteristicos da hematotoxicidade causada pela
exposicdo ao benzeno (ASTDR, 2007). Este efeito é decorrente da aplasia medular
causada pelo benzeno, que provoca hematopoiese ineficaz, e consequente
diminuicdo de todos os tipos celulares sanguineos, causando anemia, leucopenia e
trombocitopenia (ASTDR, 2007; Sun et al., 2009; Weisel, 2010; Wong et al., 2010).

Dentre outros compostos quimicos, o benzeno apresenta capacidade de
alterar a funcionalidade do sistema imunologico em humanos e animais, provocando
imunossupressdo e comprometendo a capacidade do organismo em reconhecer ou
neutralizar agentes infecciosos e/ou células neoplasicas (Ferreira et al., 2007; Haro-
Garcia et al., 2012). Alteracdes nos componentes humorais e celulares do sistema
imunologico tém sido observadas em individuos apos exposicao ao benzeno (Uzma,
Kumar e Hazari, 2010; Haro-Garcia et al., 2012). Os metabdlitos formados durante a
biotransformacdo do benzeno atuam interrompendo as respostas imunolégicas e
contribuindo para o desenvolvimento de anergia (Cho, 2008). Dentre os principais
efeitos observados destacam-se a diminuicdo dos niveis de anticorpos e leucadcitos,
deplecédo celular, disfuncéo de células T e B, reducdo da expressdo de citocinas,
entre outros (Vermeulen et al., 2005; ASTDR, 2007). Além disso, os metabdlitos do
benzeno podem interferir na resposta imune do organismo através da inibicdo da
producéo de citocinas e quimiocinas (Pons e Marin-Castano, 2011) e provocando
alteracoes nas funcfes de diferentes interleucinas e moléculas de adesao (Zhang,
Eastmond e Smith, 2002; Lan et al., 2005).

Além disso, o benzeno também pode provocar toxicidade sobre os sistemas
hepatico e renal, uma vez que a biotransformacdo e excrecdo deste solvente

organico ocorre preferencialmente através destas vias (Ferreira et al., 2007).
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5. Estresse oxidativo como mecanismo de toxicidade do benzeno

Apesar de anos de estudos, o mecanismo pelo qual o benzeno exerce sua
toxicidade ainda ndo esta totalmente esclarecido (Angelini et al., 2011;
Tunsaringkarn et al., 2011). Varios estudos tém apontado uma estreita relacdo entre
os efeitos toxicos do benzeno e a sua biotransformacao (Kirkeleit, 2008; Barreto et
al., 2009; Weisel, 2010). Durante a biotransformacdo do benzeno, alguns
metabdlitos reativos sofrem processo redox ciclico, contribuindo para o aumento da
producdo intracelular de espécies reativas de oxigénio (Barreto et al., 2009).

Em condic¢des fisiolégicas normais, as ERO podem desempenhar importante
papel na regulacao da resposta imunoldgica, participando do processo fagocitico de
defesa contra infeccdes e atuando como fatores de transcricdo na sinalizacao
intracelular, induzindo a apoptose (Vasconcelos et al., 2007). Entretanto essas
espécies reativas em excesso podem provocar alteracbes em importantes
componentes celulares através de reacbes de oxidacdo, nitracdo e halogenacéo
(Snyder, 2007; Badham et al., 2010; Uzma, Kumar e Hazari, 2010).

Além disso, a exposicdo crbnica ao benzeno também pode comprometer a
capacidade antioxidante do organismo, contribuindo para o desenvolvimento de
danos oxidativos (Keretetse et al., 2008; Uzma, Kumar e Hazari, 2010). Para se
proteger dos danos causados pelo estresse oxidativo, o organismo dispbe de um
elaborado sistema de defesa antioxidante constituido por enzimas como superoxido
dismutase (SOD), catalase (CAT), glutationa peroxidase (GSH-Px), glutationa S-
transferase (GST) e antioxidantes enddgenos nao enzimaticos, como a glutationa
reduzida (GSH) e albumina, além de antioxidantes exdégenos, como as vitaminas A,
C, E, carotenoides e flavonéides (Urso e Clarkson, 2003; Vasconcelos et al., 2007).
Tais moléculas e proteinas sao responsaveis por manter a homeostase entre a
formacédo e a degradacdo de ERO, restaurando o balanco redox (Vasconcelos et al.,
2007).

A exposicdo ao benzeno contribui para o desequilibrio entre as espécies
oxidantes e antioxidantes no organismo, promovendo processos de estresse
oxidativo, representados principalmente pela peroxidacéo lipidica que colabora para

a perda da integralidade de membranas celulares, bem como pela oxidacdo de
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proteinas e/ou enzimas, com perda de funcdo biolégica, e pelo dano de DNA,
contribuindo para a perturbacdo da funcéo celular (Rossner et al., 2007; Barreto et
al., 2009; Badham e Winn, 2010; Uzma, Kumar e Hazari, 2010). Tal fato contribui
para que o estresse oxidativo seja apontado como causa principal ou secudaria na
etiologia de diversas alteracdes causadas pela exposicédo ao benzeno (Barreto et al.,
2009; Fracasso et al., 2010).

Além disso, outros fatores importantes também podem influenciar no
mecanismo de toxicidade do benzeno, entre eles, fatores bioldgicos, como sexo,
idade, suscetibilidade genética, quantidade de tecido adiposo; bem como casos de

co-exposicao, tabagismo, consumo de alcool e habitos alimentares (Smith, 2010).

6. Monitoramento da exposi¢cdo ocupacional ao benzeno

A presenca de agentes toxicos no ambiente de trabalho vem sendo cada vez
mais preocupante, representando significativo risco a saude do trabalhador.
Doencas podem ser desencadeadas ou agravadas pela contaminacdo ocupacional
resultante da exposicdo a xenobioticos, que podem provocar intoxicagdes agudas ou
cronicas, e desenvolver sinais e sintomas que contribuem em médio e longo prazo
para a queda na qualidade de vida dos individuos expostos (Schenck, 2008).

Indmeros sdo os agentes quimicos, potencialmente toxicos, sob os quais a
populacdo encontra-se diariamente exposta no ambiente em geral ou no ambiente
de trabalho (Amorim, 2003). A exposicdo ocupacional é decorrente da atividade
profissional, em que o trabalhador encontra-se em contato com agentes quimicos de
tal forma que estes possam produzir efeitos sistémicos negativos a sua saude (Oga,
2008; Schenck, 2008). Tendo em vista que as pessoas passam mais de % de suas
vidas no ambiente de trabalho (Fritschi et al., 2009), a exposicdo ocupacional a
xenobidticos torna-se, cada vez mais, um relevante problema de saude publica
(Neves, 1999).

O monitoramento da exposi¢cdo ocupacional, juntamente com o conhecimento
dos efeitos a saude e dos limites considerados seguros, permitem avaliar os riscos

ocupacionais, estabelecer estratégias e formas efetivas de intervencdo, bem como
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melhorias nas condi¢cbes de trabalho, com o objetivo de proteger a saude dos
trabalhadores expostos ocupacionalmente (Roma-Torres et al., 2006; Pandey et al.,
2008).

O monitoramento ambiental e bioldgico (biomonitoramento) sdo ferramentas
complementares na caracterizacdo da exposi¢cdo ocupacional, permitindo uma
avaliacdo integrada da exposicdo sob a qual o individuo encontra-se exposto e
facilitando a pratica da salde ocupacional (Manno et al.,, 2010). Atualmente, o
monitoramento de exposi¢cdo ocupacional ao benzeno estd focado principalmente
nos riscos que os baixos niveis deste solvente organico pode provocar a saude dos

trabalhadores expostos (Fracasso et al., 2010).

6.1. Monitoramento ambiental

As restricdes ao uso do benzeno no ambiente ocupacional iniciaram no final
do século XIX, com a disseminacdo dos processos industriais na Europa, mais
precisamente no ano de 1897. As primeiras evidéncias da toxicidade causada pelo
benzeno no ambiente ocupacional foram o aparecimento de casos de anemia entre
mulheres de uma fabrica de pneus de bicicletas na Suécia e um caso de hemorragia
entre trabalhadores de processo de lavagem a seco na Franca (Machado, 2003).
Com a 1% Guerra Mundial houve um incremento da industria quimica e do uso
generalizado do benzeno como solvente organico em varios processos industriais,
resultando em novos relatos sobre os efeitos toxicos ocasionados por este
xenobidtico (Machado, 2003). Em 1928, o primeiro caso de leucemia relacionado
com a exposicao ocupacional ao benzeno foi descrito no Journal of Medicine of Lion
(Borgomano, 1928).

Apés o término da 12 Guerra, uma onda para regulamentacao de trabalhos
envolvendo o benzeno foi iniciada, com objetivo de reduzir os niveis de exposicéo
ocupacional a este solvente organico (Machado, 2003). Além disso, 0s inumeros
efeitos téxicos observados em estudos com humanos e animais expostos ao

benzeno, também contribuiram para a criacdo de medidas preventivas e normas
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trabalhistas em diversos paises do mundo, as quais restringiram, a0 maximo, as
concentragdes de benzeno no ambiente ocupacional (Weisel, 2010).

A ACGIH (American Conference of Governmental Industrial Hygienists)
publica anualmente uma lista de limites de exposicdo para determinadas
substancias toxicas, que servem de diretrizes para promover a saude e a seguranca
no ambiente ocupacional (ACGIH, 2011). Esses valores representam condi¢cdes sob
as quais se acredita que todos os trabalhadores possam estar expostos
repetidamente sem efeitos adversos & satde. Atualmente, 0,5 ppm (1600 pg/m°) é o
limite estabelecido pela ACGIH para exposi¢cdes ocupacionais ao benzeno (ACGIH,
2011).

No Brasil, a primeira iniciativa de reducdo da exposicdo ao benzeno ocorreu
através da resolucao interministerial de 1983, na qual os Ministérios da Saude e do
Trabalho e Emprego, juntamente com representac¢des industriais, estabeleceram a
reducdo da contaminacao pelo benzeno dos produtos acabados em até 1% do seu
volume (Machado, 2003).

Atualmente, o anexo 13-A da Norma Regulamentadora n° 15 (NR-15), de 20
de dezembro de 1995, da Secretaria de Seguranca e Saude no Trabalho é
responsavel por regulamentar acdes, atribuicbes e procedimentos de prevencao a
exposicao ocupacional ao benzeno, visando a protecdo da saude do trabalhador. O
presente anexo definiu um Valor de Referéncia Tecnologico (VRT), para o benzeno
e posteriormente uma categoria de VRT, o VRT-MPT, que corresponde a
concentracdo meédia de benzeno no ar ponderada pelo tempo, para uma jornada de
8 horas de trabalho. Os valores estabelecidos para os VRT-MPT séo: a) 1 ppm para
as industrias quimicas e petroquimicas; b) 2,5 ppm para as industrias siderargicas
(Brasil, 1995). O cumprimento do VRT é obrigatério (Brasil, 1995), entretanto néo
assegura a protecdo a saude dos individuos expostos, uma vez que nao existe limite
seguro de exposicdo para substancias cancerigenas, como o benzeno (Weisel,
2010).

Segundo a Organizacdo Mundial da Saude (OMS), estima-se que o risco de
desenvolvimento de leucemia € de 6 casos por milhdo entre as pessoas que

encontram-se cronicamente expostas ao benzeno sob niveis de 1 pg/m?® (0,0003125
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ppm) (Sorensen et al., 2003), evidenciando a falta de um limite seguro de exposi¢cao

ao benzeno (Weisel, 2010).

6.2. Biomonitoramento

O biomonitoramento tem por objetivo detectar de forma precoce e
preferencialmente reversivel as alteracBes biolégicas, que sdo indicativas da
condicao de exposicao, e que em longo prazo podem resultar em danos a saude. O
monitoramento biolégico consiste no controle repetitivo da quantificacdo de
determinado produto quimico e/ou de seus metabdlitos em diferentes fluidos
biologicos (urina, sangue, ar exalado, tecidos) de individuos expostos a agentes de
risco quimico, fisico ou biolégico, que se encontram presentes no ambiente de
trabalho (Manno et al., 2010). Além disso, o biomonitoramento busca definir a
exposi¢cdo ocupacional, quantificar a dose interna e efetiva da exposi¢ao e verificar
se os limites de exposicéo sao respeitados (Manini, De Palma e Mutti, 2007).

Como citado anteriormente, o biomonitoramento e o monitoramento ambiental
sdo ferramentas que atuam de maneira complementar na caracterizacdo da
exposi¢cao ocupacional. Entretanto, o biomonitoramento representa uma avaliacéo
mais completa e ampla, uma vez que avalia as principais vias de contato
(respiratoria, cutanea e digestiva), levando em conta a variabilidade individual e os
casos de co-exposicdo, em que os individuos encontram-se simultaneamente
expostos a uma complexa mistura de xenobioticos (Manini, De Palma e Multti, 2007).
Além disso, o biomonitoramento permite estimar a dose interna do xenobiético que
foi absorvida e os efeitos que essa substancia pode causar ao individuo exposto
(Angerer, Ewers e Wilhelm, 2007).

Através do biomonitoramento diferentes biomarcadores s&o avaliados
rotineiramente. Os biomarcadores sdo definidos como alteracdes em componentes
celulares ou bioquimicos, estruturas ou funcbes do organismo que podem ser
guantificadas em qualquer sistema ou amostra biolégica (Manini, De Palma e Mutti,
2007; Manno et al.,, 2010). Sao utilizados para verificar a interacdo entre o

xenobidtico e os individuos expostos (Manini, De Palma e Mutti, 2007).
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Os biomarcadores podem ser subdivididos em: biomarcadores de exposi¢éo,
biomarcadores de efeito e biomarcadores de suscetibilidade, de acordo com a sua
importancia toxicologica (Manini, De Palma e Mutti, 2007; Manno et al., 2010). A
subdivisdo dos biomarcadores € representada na Figura 3. Embora os
biomarcadores estejam categoricamente separados, nem sempre € possivel
classificd-los somente em uma Unica denominacdo. A atribuicdo categérica de um
biomarcador depende da sua importancia toxicolégica e do contexto em que esta
sendo usado (Manno et al.,, 2010). Dessa forma, pode-se observar que o0s
biomarcadores de suscetibilidade podem interferir na biotransformacéo e reparo,
enquanto que os biomarcadores de efeito podem ser considerados preditores do
desenvolvimento de diferentes patologias, auxiliando no papel preventivo da

toxicologia ocupacional (Angerer, Ewers e Wilhelm, 2007).
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Figura 3 - Subdivisdo dos biomarcadores (Adaptado de Manini, De Palma e Mutti, 2007).

6.2.1. Biomarcadores de exposicao

Os biomarcadores de exposicdo sdo definidos como o xenobidtico
propriamente dito e/ou seus metabdlitos ou ainda, como produtos de interacao entre
0 xenobidtico e alguma molécula-alvo ou célula do organismo (Manno et al., 2010).

Varios trabalhos avaliam a relacdo de diferentes biomarcadores de exposicdo ao
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benzeno com os efeitos toxicos causados por este solvente organico (Arayasiri et al.,
2010; Angelini et al., 2012; Carrieri et al., 2012). Dentre os biomarcadores urinarios
de exposicao, destacam-se o acido fenilmercaptuarico, acido trans, trans-mucénico,
hidroquinona, fenol e catecol, todos provenientes da biotransformacdo hepética e
medular do benzeno. A exposi¢cdo ocupacional ao benzeno também pode ser
avaliada através das concentracbes sanguineas ou urinarias deste solvente
organico, e ainda pelos niveis do solvente no ar inalado (Weisel, 2010). Apesar da
ampla variedade de biomarcadores utilizados no biomonitoramento do benzeno,
ainda objetiva-se encontrar aquele que apresente sensibilidade suficiente para
avaliar os baixos niveis de exposicdo ao benzeno e que permita uma deteccgéo
precoce dos danos causados por este xenobi6tico (Weisel, 2010).

No Brasil, o &cido trans, trans-mucoOnico urinario € o biomarcador de
exposicao preconizado pela portaria n°34 de 20 de dezembro de 2001, do Ministério
do Trabalho e Emprego (Brasil, 2001). A correlacdo entre este biomarcador urinario
e 0 benzeno no ar é detectada a partir de niveis ambientais menores do que 1 ppm
(Weisel, 2010). Esses niveis viabilizam a utilizacdo do acido trans, trans-mucoénico
urinario como principal biomarcador de exposi¢cao no Brasil, onde os limites para a
exposicado ao benzeno variam de 1 a 2,5 ppm (Fundacentro, 2005). O &cido trans,
trans-muconico é um biomarcador bastante sensivel, apresentando concentracdes
elevadas em exposicOes a partir de 0,1 ppm de benzeno. Os niveis de acido trans,
trans-mucoénico urinario correlacionam-se tanto com exposicdes isoladas realizadas
horas anteriores a analise, como com exposicfes cronicas em diferentes ambientes
ocupacionais (Weisel, 2010). De acordo com a ACGIH, o limite biolégico maximo
permitido para o acido trans, trans-muconico € de 500 ug/g creatinina (ACGIH,
2011). No Brasil, ndo existe um limite bioldgico estabelecido, entretanto, considera-
se que pessoas ndo expostas ocupacionalmente ao benzeno devem apresentar
niveis menores do que 500 pg/g creatinina para este biomarcador de exposi¢cao ao
benzeno (Brasil, 2001). Ainda segundo a portaria n°34 de 20 de dezembro de 2001,
a correlacdo entre os niveis urinarios de acido trans, trans-mucénico e benzeno no
ar deve ser baseada nos valores estabelecidos pelo érgdo alemdo DFG (Deutsche

Forschungsgmeinschaft), de acordo com a Tabela 1 (Brasil, 2001).
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Tabela 1. Correlagédo das concentracdes de acido trans, trans-mucénico urinario com
benzeno no ar, obtidas a partir dos valores estabelecidos pelo DFG, corrigidos para

grama/grama de creatinina.

Benzeno Ar Acido trans, trans-mucénico urinario
ppm mg/m?® mg/l mg/g creatinina
0,3 1 -- --

0,6 2 1,6 1,3
0,9 3 -- --
1 3,3 2 1,6
2 6,5 3 2,5
4 13 5 4,2
6 19,5 7 5,8

A principal desvantagem do acido trans, trans-muconico, como biomarcador
de exposicédo ao benzeno, € o fato de sua concentracdo basal ser influenciada por
fatores e caracteristicas individuais, como o habito de fumar e a dieta, podendo ser
encontrado na urina de individuos ndo expostos ao benzeno, uma vez que o acido
trans, trans-muconico também €& metabdlito do acido soérbico, usado largamente
como aditivo em diferentes alimentos (Pezzagno, Maestri e Fiorentino, 1999; Oga,
2008; Hoet et al., 2009).

6.2.2. Biomarcadores de efeito

Os biomarcadores de efeito correspondem a qualquer alteracdo bioquimica
ou fisioloégica decorrente da interacdo entre o xenobidtico e o organismo, e que
dependendo da sua magnitude pode ser considerada como um potencial distirbio
da saude ou uma doenca propriamente dita (Manini, De Palma e Mutti, 2007; Manno
et al., 2010). Na maioria dos casos, este grupo heterogéneo de indicadores
apresenta boa correlacdo com o0 grau e tempo de exposicdo aos xenobidticos,
podendo ser utilizado como preditores de doencas clinicas e auxiliando na avaliacdo

de risco a saude ocupacional (Manno et al., 2010; Silins e Hogberg, 2011).
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O uso de biomarcadores de efeito no biomonitoramento ocupacional permite
identificar tanto os xenobidticos envolvidos na exposicdo, bem como os efeitos
toxicos que estes agentes podem causar a saude do trabalhador (Silins e Hogberg,
2011). Uma subclasse importante destes biomarcadores é representada por
biomarcadores de dano precoce, caracterizados por testes mais indicativos de um
efeito subclinico ou de uma resposta clinica precoce (Manno et al., 2010).

Os biomarcadores de genotoxicidade representam um grupo importante de
indicadores que tém sido cada vez mais aplicados em estudos ocupacionais
envolvendo agentes mutagénicos ou carcinogénicos, como é o caso do benzeno.
Estes indicadores incluem alteracdes genéticas, aberracdes cromossémicas, teste
do micronucleo e ensaio cometa, entre outros (Pandey et al., 2008; Jarabek et al.,
2009; Manno et al., 2010; Angelini et al., 2012).

Dentre os biomarcadores de genotoxicidade, o ensaio do cometa destaca-se
pela sua simplicidade, sensibilidade, versatilidade, rapidez e economia. Através do
ensaio cometa é possivel avaliar dano e reparo de DNA em qualquer célula
eucariotica (Collins, 2004). Muitos trabalhos tém avaliado a genotoxicidade em
trabalhadores expostos ocupacionalmente ao benzeno através deste biomarcador
(Roma-Torres et al., 2006; Keretetse et al., 2008; Fracasso et al., 2010).

O teste do micronucleo € outro teste citogenético usado para avaliar a
instabilidade gendmica decorrente da exposi¢cdo ocupacional a agentes genotoxicos
(Zalacain, Sierrasesumaga e Patino, 2005). Este biomarcador permite avaliar
alteracoes a nivel de cromossomo, tais como quebra, perda e rearranjo
cromossomico, todos eventos relacionados a carcinogénese (Gonzalez-Yebra et al.,
2009).

Além dos biomarcadores de genotoxicidade, diversos parametros
hematoldgicos também tém sido utilizados rotineiramente no biomonitoramento da
exposicado ocupacional ao benzeno. Alteracbes nos niveis de células sanguineas,
tais como reducdo na contagem de linfécitos, neutréfilos e plaquetas, diminuicdo dos
niveis de hemoglobina e consequente desenvolvimento de anemia, estdo entre 0s
principais efeitos hematotdxicos decorrentes da exposicdo ocupacional ao benzeno
(Kirkeleit, 2008).
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A enzima &-aminolevulinato desidratase (ALA-D) € uma das enzimas
envolvidas na via biossintética do grupo prostético heme, sendo portanto, essencial
para a eritropoiese (Baierle et al., 2010). A inibicdo da ALA-D pode prejudicar a
sintese do grupamento heme, e consequentemente a producdo de hemoglobina,
resultando em consequéncias patoldgicas, tais como a anemia (Souza et al., 2007).
A atividade enzimatica da ALA-D tem sido relatada como um potencial biomarcador
de efeito precoce para as alteracbes hematoldgicas decorrentes da exposi¢cao ao
chumbo (Sakai, 2000; Rocha et al., 2012), e vérios estudos tém demonstrado a
inibicdo enzimatica em populacdes expostas ocupacional ou ambientalmente a este
metal (Sakai, 2000; Ahamed et al., 2011; Wang et al., 2011). Baseando-se no fato de
gue um dos principais efeitos hematotdxicos decorrentes da exposicdo ocupacional
ao benzeno é o desenvolvimento de anemia, como descrito acima, a avaliacdo da
atividade enzimatica da ALA-D pode ser um biomarcador de grande utilidade no
biomonitoramento do benzeno.

Alteracbes imunologicas como reducdo dos niveis de imunoglobulinas
séricas, complemento, citocinas, numero de linfocitos e mondcitos circulantes tém
sido utilizadas como biomarcadores de efeito para demonstrar a acdo imunotéxica
decorrente da exposicdo ocupacional ao benzeno (Uzma, Kumar e Hazari, 2010;
Haro-Garcia et al.,, 2012). Assim, a resposta imune deficiente observada em
individuos expostos ao benzeno pode ser decorrente tanto da supresséao de células
produtoras de imunoglobulina, quanto da diminuicdo da imunidade celular (Uzma,
Kumar e Hazari, 2010). O baixo nivel de linfécitos T circulantes pode contribuir para
o desenvolvimento da carcinogénese, uma vez que estas células sdo as principais
responsaveis pela imunovigilancia contra as células tumorais (Costello et al., 1998;
Dai et al., 2009). A ativacdo das células T é mediada principalmente por moléculas
de adesdo B7-1 (CD80) e B7-2 (CD86) presentes na superficie das células
apresentadoras de antigeno (Dai et al., 2009). A auséncia ou expressao anormal
dessas moléculas de adesdo € considerado um dos principais mecanismos de
escape das células tumorais frente a imunovigilancia, o que pode ser considerado
um dos possiveis mecanismos patogénicos envolvidos no desenvolvimento de
algumas leucemias (Costello et al., 1998; Dai et al., 2009). Sendo assim, a avaliacédo

da expressdo das moléculas de adesdo CD80 e CD86 pode ser relevante no
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biomonitoramento de individuos expostos ocupacionalmente ao benzeno, uma vez
que a leucemia € um dos principais efeitos toxicos causados por este solvente
organico (Smith, 2010).

Outro grupo importante de biomarcadores de efeito é representado por
parametros bioquimicos que sao indicativos da funcéo hepatica e renal de individuos
expostos (Manno et al., 2010). Dentre os principais biomarcadores de funcao
hepatica estdo bilirrubina, fosfatase alcalina e transaminases. Em relagdo aos
biomarcadores renais, albumindria, p-2-microglobulina e  N-acetil-B-D-
glicosaminidase (NAG) destacam-se como biomarcadores de dano renal precoce,
indicativos de dano glomerular e tubular, respectivamente (Silins e Hogberg, 2011).
Embora néo totalmente especificos, esses biomarcadores de efeito podem ser
usados em conjunto com outros biomarcadores mais tradicionais, com a finalidade
de contribuir para a avaliacdo dos riscos a saude ocupacional e para a
implementacdo de novas politicas eficazes na prevencdo de doencas no ambiente
de trabalho (Manno et al., 2010).

Os biomarcadores do estresse oxidativo também séo indicadores importantes
no biomonitoramento da exposi¢cdo ocupacional ao benzeno (Silins e Hogberg,
2011), uma vez que 0 estresse oxidativo € indicado como um dos principais
mecanismos responsaveis pela toxicidade causada por este solvente orgéanico
(Rossner et al., 2007; Barreto et al., 2009; Badham e Winn, 2010; Uzma, Kumar e
Hazari, 2010). A interacdo do benzeno com o organismo de individuos expostos
ocupacionalmente, pode ser investigada por diversos tipos de biomarcadores de
dano oxidativo, tais como proteinas carboniladas e nitrosiladas (dano oxidativo
proteico), malondialdeido (peroxidacéo lipidica), 7,8-dihidro-8-oxoguanina (dano

oxidativo de DNA) e antioxidantes enddgenos (Silins e Hogberg, 2011).

6.2.3. Biomarcadores de suscetibilidade

Adicionalmente aos biomarcadores de exposicao e efeito, os biomarcadores
de suscetibilidade também sdo de extrema importancia na avaliacdo de riscos, uma

vez que permitem identificar eventuais subgrupos com maior suscetibilidade a
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exposicao (Bolufer et al., 2006; Smith, 2010). Estes biomarcadores indicam uma
condicdo adquirida ou congénita, baseada na capacidade limitada do organismo,
frente a exposicao a uma substancia quimica especifica (Manno et al., 2010).

Os biomarcadores de suscetibilidade podem ser representados pelo
polimorfismo de genes especificos envolvidos no metabolismo do benzeno e no
reparo do DNA. A variabilidade genética pode resultar na ativacdo das enzimas
metabolizadoras (CYP2E1 e MPO) e/ou na diminuicdo da atividade das enzimas
detoxificantes (GST e NQO1), influenciando na suscetibilidade individual e
resultando em efeitos diferentes para uma mesma exposicao (Silins e Hogberg,
2011). As variacBes polimérficas destas enzimas podem estar associadas com
desenvolvimento de leucemia, hematotoxicidade, aberra¢cdes cromossémicas e
alteracdes metabolicas, entre outros efeitos (Qu et al., 2005; Zhang et al., 2007; Kim
et al., 2008; Kirkeleit, 2008; Smith, 2010; Angelini et al., 2012).

Adicionalmente, o polimorfismo da enzima ALA-D também pode ser de
extrema importancia na avaliagdo da toxicidade do benzeno. A variabilidade
genética poderia contribuir para a inibicdo da ALA-D e prejudicar a sintese do
grupamento heme da hemoglobina, contribuindo consequentemente para o
desenvolvimento de anemia (Souza et al., 2007). A relacéo entre o polimorfismo da
ALA-D e a toxicidade ao chumbo ja é bastante relatada (Sakai, 2000; Chia, Yap e
Chia, 2004; Montenegro et al., 2006; Miyaki et al., 2009), entretanto ndo existem
relatos sobre o polimorfismo desta enzima e a toxicidade ao benzeno.

Tendo em vista os diversos efeitos toxicos causados pelo benzeno, a
exposicao crénica a este xenobidtico representa um importante problema de saude
publica. Apesar dos inimeros esfor¢cos para regulamentar as emissées de benzeno
e de seu uso restrito, um grande numero de trabalhadores ainda continua exposto
em diversas situacfes de trabalho. Frentistas de postos de gasolina constituem um
importante grupo de risco decorrente da exposicdo ocupacional ao benzeno, mesmo
com as baixas concentracfes deste xenobidtico encontradas na gasolina. Dessa
forma, o monitoramento da saude dos trabalhadores expostos ao benzeno
juntamente com a avaliacdo dos niveis de exposi¢cdes no ambiente de trabalho € de
extrema importancia para conhecer os mecanismos de toxicidade sob o0s quais 0

benzeno atua; além de contribuir para a detec¢do precoce de danos causados pelo
20



benzeno, e para a elaboracdo de medidas preventivas a saude, visando em médio

ou longo prazo, a maior qualidade de vida do trabalhador.
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OBJETIVOS

1. Objetivo geral

Avaliar os riscos relacionados a exposicdo ocupacional a baixos niveis de
benzeno, através do monitoramento ambiental e do biomonitoramento em frentistas
de postos de gasolina, investigando possiveis biomarcadores que possibilitem a
deteccdo precoce dos danos causados pelo benzeno aos sistemas hematoldgico,
imunologico, hepatico, renal e ao DNA. Além disso, avaliar a influéncia do tempo de
exposicdo, tabagismo, co-exposicdo e do estresse oxidativo, como possivel

mecanismo de toxicidade.

2. Objetivos especificos

— Avaliar niveis de exposicdo ocupacional (dose externa) sob 0s quais
individuos encontram-se expostos ocupacionalmente ao benzeno, tolueno e
xilenos (BTX);

— Quantificar os biomarcadores de exposicdo urinarios dos compostos BTX:
acido trans, trans-muconico (benzeno), acido hipuarico (tolueno), metilhiparico
(xilenos);

— Quantificar os biomarcadores de exposi¢cdo sanguineos dos compostos BTX:
benzeno, tolueno e xilenos sanguineo;

— Avaliar hematotoxicidade, imunotoxicidade, nefrotoxicidade, hepatotoxicidade
e genotoxicidade causadas pela exposicdo ocupacional ao benzeno, através
de diferentes biomarcadores de efeito;

— Estudar possiveis correlacfes entre os niveis de exposicdo e os diferentes
biomarcadores de efeito;

— Avaliar a possivel influéncia do tempo de exposicdo ocupacional sobre os
diferentes biomarcadores de efeito;

— Quantificar biomarcadores de dano oxidativo e antioxidantes enddgenos e
exdgenos;
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— Estudar possiveis correlacbes entre os biomarcadores de efeito e
biomarcadores de dano oxidativo;

— Estudar possiveis correlacbes entre os biomarcadores de efeito e
antioxidantes enddgenos e exégenos;

— Avaliar a possivel influéncia do tempo de exposi¢cdo ocupacional sobre os

biomarcadores de dano oxidativo e antioxidantes.
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Abstract

Introduction: Benzene is one of the most hazardous components of gasoline.
Elucidation of effective biomarkers may provide tools for the early detection of
biological alterations caused by benzene exposure and may contribute to the
reduction of occupational diseases. This study aimed to assess potential biomarkers
for various biological systems in workers exposed to low benzene levels.

Methods: Sixty gasoline station attendants (GSAs), who were divided into two groups
(44 non-smokers and 16 smokers), and 28 non-exposed subjects were evaluated.
Environmental and biological monitoring of benzene exposure was performed.
Among the biomarkers evaluated were CD80 and CD86 expression in lymphocytes
and monocytes, as well as ALA-D activity. The influence of confounding factors and
toluene co-exposure were considered.

Results: Although exposures were below ACGIH (American Conference of
Governmental Industrial Hygienists) limits, reduced ALA-D activity; higher mALB
levels; decreased CD80 and CD86 expression in monocytes; and increased ALT,
AST and NAG activities were found in both groups of GSA compared to non-exposed
subjects. Furthermore, according to multiple linear regression analysis, benzene
exposure contributed to a decrease in CD80 and CD86 expression in monocytes,
ALA-D inhibition, and increased transaminases.

Conclusions: These findings suggest, for the first time, a potential effect of low
benzene exposure on CD80 and CD86 expression and ALA-D activity, effects that
could be used as markers for the early detection of benzene-induced alterations.
However, additional studies are necessary to elucidate the mechanisms of such
alterations.

Keywords: CD80 and CD86 expression; ALA-D activity; early renal damage
biomarkers; low benzene exposure; transaminases, occupational toxicology.
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1. Introduction

Gasoline is a complex mixture of saturated and unsaturated hydrocarbons and
is composed mainly of paraffins, olefins and aromatics (Keenan et al., 2010;
Keretetse et al., 2008). Aromatic compounds are predominantly composed of
benzene, toluene and xylenes (BTX) (De Palma et al., 2012; Hopf et al., 2012;
Keretetse et al., 2008). Among these constituents, benzene stands out for its
hazardous effects on human health (Keretetse et al., 2008; Rekhadevi et al., 2010;
Tunsaringkarn et al., 2011). Airborne benzene vapors generated from gasoline are
accompanied by high concentrations of many other hydrocarbons, which share very
similar metabolism and detoxification pathways. Simultaneous exposure to these
other hydrocarbons may have a significant impact on benzene toxicity (Keenan et al.,
2010).

Benzene has been classified as a Group | carcinogenic chemical by the
International Agency for Research on Cancer (IARC, 2012), and it is known to cause
the hematologic disorders leukemia and myelodysplastic syndrome and to have
several deleterious effects on many other biological systems after long-term
exposures (De Palma et al., 2012; Uzma et al., 2010). The hematopoietic system is
highly sensitive to the toxic effects of benzene. Exposure to benzene is associated
with bone marrow depression and aplastic anemia, resulting in a progressive
decrease in erythrocytes, thrombocytes and each of the various types of leukocytes
(Sun et al., 2009; Weisel, 2010; Wong et al., 2010). Consequently, benzene can

induce immune system depression, which increases the risk for opportunistic

33



infections and compromised immune surveillance (Tunsaringkarn et al., 2011; Uzma
et al., 2010).

Biological monitoring has been used as a potential tool for better assessing
integrated benzene exposures (Hays et al., 2012). Biomarkers of effect are a
heterogeneous group of biomarkers that can reflect early biological changes in
response to benzene toxicity, indicative of health risks (Uzma et al., 2010).
Simultaneous evaluation of biomarkers of exposure and effect may be useful in the
estimation and reduction of risks caused by occupational exposure to benzene. Such
assessments may also be adopted for preventative health initiatives by acting
effectively on health surveillance for improving the safety of occupationally exposed
workers (De Palma et al., 2012; Tunsaringkarn et al., 2011).

The present study aimed to assess potential biomarkers to detect early effects
on different biological systems of gasoline station attendants (GSAs) exposed to low
levels of benzene, a recognized professional category of risk. For this purpose,
environmental and biological monitoring was performed. The toxic effects of benzene
on hematopoietic, immune, hepatic and renal systems were evaluated using different
biomarkers of effect. We analyzed the possible influence of additional hydrocarbons
present in gasoline, as well as other confounding factors such as age, smoking and

exposure time.

2. Materials and Methods

2.1. Study Population
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A total of 88 male subjects participated in this study. The exposed group
consisted of 60 gasoline station attendants from Rio Grande do Sul, Brazil. GSAs
were divided into two groups: non-smokers (n=44) and smokers (n=16). All subjects
had been working in their current job position for at least 6 months. The non-exposed
group consisted of 28 subjects who were non-smokers and who had no history of
occupational exposure to benzene.

Each participant answered a structured questionnaire about general health,
lifestyle, smoking status and history of exposure. Personal monitors were used to
assess the BTX concentration in the breathing zone during the daily work shifts
(approx. 8 hours). Urine and blood samples were collected from all participants at the
end of the work shift following 3-4 consecutive days of exposure.

This study was approved by the Ethics Committee in Research from the
Federal University of Rio Grande do Sul/RS (No. 21728/11) and informed consent

was obtained from each participant.

2.2. Exposure Assessment

Personal breathing-zone air samples were collected using passive samplers
(SKC 575-002%). BTX (benzene, toluene, o-, m-, p-xylenes) were desorbed with
dichloromethane and analyzed by gas chromatography and flame ionization
detection (GC-FID). GC column Innowax (25 m, 0.2 mm, 0.4 um) was used. The
initial oven temperature was 40°C, and the temperature was increased by 4°C min™
until it reached 53°C, followed by an oven ramp rate of 40°C min™ up to 200°C. The

FID detector temperature was kept at 250°C.
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Blood BTX levels were analyzed by headspace GC-FID. For analysis, 1 mL of
blood was added to 4 mL of NaCl 30% (w/v) and 10 ug mL™ nitrobenzene (internal
standard, IS; 100 pL) into 20 mL headspace vials. After vortexing (10 s), the samples
were incubated at 60°C for 15 minutes and then injected into the GC-FID system. A
GC OV-1 column (30 m, 0.32 mm, 1 um) was used. The initial oven temperature of
80°C was maintained for 2 min, increased by 10°C min™® to 110°C, and then
increased by 20°C min™ until the temperature reached 200°C, which was maintained
for 3 minutes. The FID detector temperature was kept at 250°C.

Quantification of urinary metabolite of benzene (trans,trans-muconic acid - t,t-
MA) was carried out by high-performance liquid chromatography with UV detection
(HPLC-UV) after solid phase extraction (SPE) according to a previously described
analytical method (Ducos et al., 1990), with modifications (SPE cartridge: 100 mg;
sample volume: 200 pL). Quantification of urinary metabolites of toluene (hippuric
acid - HA) and xylenes (methylhippuric acid - mHA) was simultaneously performed by
HPLC-UV (Bulcédo et al.,, 2008). The creatinine concentration was measured by
spectrophotometry as previously described (Jaffé, 1886) using commercial kits

(Doles reagents, Goiania, GO, Brazil).

2.3. Hematological Biomarkers

Erythrogram, white blood cell parameter analyses and platelet analyses were
performed using a hematology analyzer (Cobas Micros 60 System).
o0-Aminolevulinate dehydratase (ALA-D) activity was assayed in erythrocyte

lysates according to a previously described method (Sassa, 1982). The enzymatic
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activity was also determined in the presence of the reducing agent dithiothreitol

(DTT).

2.4. Imnmune System Biomarkers

Expression of CD80 and CD86 in the membranes of peripheral blood
mononuclear cells was analyzed by flow cytometry. Erythrocytes were lysed, and
leukocytes were resuspended in PBS buffer. A total of 10° leukocytes were incubated
with PE-conjugated anti-CD80 and FITC-conjugated anti-CD86. The cells were
immediately analyzed using FACSC Canto Il Flow Cytometer (Becton Dickinson, San

Jose, CA) using FlowJo Software (TreeStar).

2.5. Hepatic Biomarkers

Serum aspartate aminotransferase (AST) and alanine aminotransferase (ALT)
were quantified using Cobas Integra 400 plus® (Roche, Indianapolis, IN) laboratory

kits.

2.6. Renal Biomarkers

Classical biomarkers of renal function (serum creatinine, urea and uric acid)
were determined using Cobas Integra 400 plus® (Roche, Indianapolis, IN) laboratory
kits. Microalbuminuria (MALB) was quantified in a Cobas Mira® analyzer (Roche,
Indianapolis, IN) by an immunoturbidimetric method. Urinary NAG (N-acetyl-beta-D-
glucosaminidase) was determined by spectrophotometry based on a previously

described method (Maruhn, 1976).
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2.7. Statistical Analysis

Data analysis was performed with IBM SPSS Statistics software (version 19).
All study variables were tested for normality using Shapiro-Wilk test. Appropriate
parametric tests of statistical significance (ANOVA) and equivalent nonparametric
tests (Kruskal-Wallis test) were employed to compare groups, followed by multiple

comparison tests (Tukey’s post hoc test). The results were expressed as

meanzstandard error of the mean (SEM) or median (interquartile range), according to
the distribution of the variables. Spearman’s rank correlation tests were used to
evaluate the relationship between variables. Multiple linear regression models were
applied to verify the involvement of benzene exposure on the biomarkers of effect.
The influence of confounding factors (age, smoking habits and exposure time) and
toluene co-exposure were considered. Variables that had a non-normal distribution
were log transformed to be included in multivariate regressions. The significance

level for all tests was p<0.05.

3. Results

The main characteristics of the study population assessed by the
guestionnaire are summarized in Table 1.

Personal exposure to BTX in air is reported in Table 2. GSAs were exposed to
significantly higher BTX concentrations than the non-exposed group. Higher median
BTX personal sampling levels were found in GSA smokers compared to GSA non-
smokers; however, no significant differences were observed within the GSA groups.

Data showed that GSAs were exposed to very low levels of BTX, with all values
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found to be below the ACGIH (American Conference of Governmental Industrial
Hygienists) limits.

Regarding blood biomarkers of exposure to BTX, only 10 (22.8%) non-smoker
GSAs and 8 (50%) smoker GSAs presented detectable levels of blood benzene (B-
BZ). Higher B-BZ concentrations were observed in GSA smokers compared to GSA

non-smokers, with median B-BZ levels of 7.1 ng mL™ (3.7-9.9 ng mL™) versus 5.5 ng

mL™ (3.0-12.6 ng mL™), respectively; however, a statistically significant difference
was not observed. Similar levels of blood toluene (B-TOL) were found in both GSA
groups, with median concentrations of 8.7 ng mL™ (6.7-9.7 ng mL™) and 8.5 ng mL™
(6.9-9.8 ng mL™) for GSA smokers and non-smokers, respectively. The non-exposed
group did not present measurable levels of B-BZ and B-TOL. Undetectable blood
xylenes levels were found in all of the study population.

Significant differences were found for t,t-MA levels between both GSA groups
versus the non-exposed group (p<0.001; Table 2). Although t,t-MA levels were higher
in both GSA groups compared to the non-exposed group, the median values were
below the biological exposure index (BEl: 500 pg g™ creatinine) established by
ACGIH.

The urinary biomarker of exposure to toluene was not significantly changed
among the groups (p>0.05; Table 2). HA median values were below the biological
limit value for occupationally exposed people (BEI: 1.6 g g™ creatinine; ACGIH).
Furthermore, the urinary biomarker of exposure to xylenes could not be detected in
any members of the study population (Table 2).

The results of classical hematological parameters are summarized in Table 3.

Decreased red blood cells and increased neutrophil counts were observed in both
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GSA groups relative to the non-exposed group (p<0.001). In addition, lower
hemoglobin levels were found in non-smoker GSAs when compared to the non-
exposed group (p<0.001). Other hematological parameters did not present significant
differences among the groups. All hematological parameters are within the reference
values for adult men.

Figure 1 shows ALA-D enzymatic activity results, indicating that both GSA
groups showed reduced ALA-D activity in relation to the non-exposed group
(p<0.001). No significant difference in ALA-D activity was observed between the GSA
groups. When the reducing agent DTT was added, increases of 30.3%, 22.0% and
16.0% in ALA-D activity were obtained for non-smoker GSAs, smoker GSAs and the
non-exposed group, respectively, corresponding to the ALA-D reactivation index (%).
ALA-D/DTT activities for both GSA groups remained lower than the non-exposed
group (p<0.001; Figure 1), and significant differences were observed in ALA-D
activity when assayed either with or without DTT in all groups (p<0.001).

Expression of CD80 and CD86 in the membranes of peripheral blood
mononuclear cells is shown in Figure 2. Although no significant difference was found
in CD80 expression in lymphocytes among the studied groups (p>0.05; Figure 2A),
CD86 expression in lymphocytes was reduced in both GSA groups compared to the
non-exposed group (p<0.05; Figure 2A). Monocyte CD80 and CD86 expression was
significantly lower in both GSA groups in relation to the non-exposed group (p<0.05;
Figure 2B).

Transaminase enzymes were increased in GSA non-smokers and smokers in

relation to the non-exposed group: 26.6 + 1.5 U L and 25.8 + 1.9 U L™ versus 11.0 +

0.8 U L™ (p<0.001) for AST, respectively; 25.4 + 2.0 U L™ and 23.9 + 3.0 U L™ versus
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12.9 + 1.1 U L™ (p<0.001) for ALT, respectively. All enzymatic activities were within
reference values.

Classical markers of renal function were within reference values and did not
show significant differences among the groups (p>0.05) (data not shown). Figure 3
shows the results of early biomarkers of renal damage. Both GSA groups showed
increased MALB concentration and higher NAG activity compared to the non-
exposed group ((p<0.05 for both; Figure 3A) (p<0.001 for both; Figure 3B),
respectively).

Spearman’s correlations were analyzed in all subjects, as a single sample.
Personal benzene and toluene exposure were well correlated (r= 0.83; p<0.001). No
significant correlations were found between personal exposure to airborne benzene
or toluene and their blood levels, respectively (p>0.05 for both). A significant
correlation was observed between personal benzene exposure and t,t-MA (r= 0.35;
p<0.01). Toluene levels in the air were not significantly correlated to HA levels
(p>0.05).

Personal exposure to benzene and toluene levels, as well as tt-MA
concentrations, were significantly correlated to ALA-D activity, expression of CD80
and CD86 in monocytes and AST and ALT enzymatic activities (Table 4).
Additionally, we observed that increased t,t-MA levels were accompanied by an
increase of mALB levels (r= 0.30; p<0.01).

Table 5 summarizes the main correlations between exposure time versus
ALA-D activity, CD80 and CD86 expression in monocytes, mALB concentrations, and

NAG, AST and ALT activities.
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Table 6 displays the main results of the multiple linear regression models. In
relation to ALA-D, the best-fit model revealed that exposure time was the only factor
that significantly contributed to reduced enzymatic activity. Urinary t,t-MA was
modeled as the best predictor for decreased CD80 and CD86 expression in
monocytes and increased transaminases. Individual toluene exposure, age and
cigarette smoking did not show significant influences on the multiple regression

models.

4. Discussion

Characterization of human exposure is an important element in occupational
studies, risk evaluations and risk management (Weisel, 2010). Environmental and
biological monitoring are complementary tools used to assess integrated exposures,
occupational health risk evaluation and occupational health practice (Manno et al.,
2010). In the present study, environmental monitoring indicated that GSAs were
exposed to low levels of BTX, with median values well below the threshold limit value
time-weighted average proposed by ACGIH to the working environment (ACGIH,
2011).

The low concentration of benzene exposure observed in our study may be due
to the reduced percentage of this organic solvent in gasoline (EPA, 2011).
Nevertheless, even low levels of benzene exposure may represent a critical factor in
the development of leukemia. This is because benzene content cannot be completely
eliminated from gasoline, and there are no safe limits for exposures to carcinogens,

such as benzene (Catrrieri et al., 2006; Weisel, 2010). The World Health Organization
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(WHO) has estimated that the risk of developing leukemia is approximately six cases
per million among people who experience lifetime exposure to benzene
concentrations of 1 pg m™ in the air (WHO, 1996). Based on these data, occupational
exposure to benzene should be considered as a serious public health concern
(Manini et al., 2008).

Despite low exposure levels, personal benzene and toluene exposure were
highly correlated with each other, indicating the co-exposure occurrence in gasoline
stations.

Our data showed significant differences in t,t-MA levels between both GSA
groups and the non-exposed group. Additionally, t,t-MA excretion correlated with
personal benzene exposure, which confirmed the relevance of this biomarker, even
at low levels. HA, in contrast, showed no significant differences among the three
studied groups. This indicated a low specificity of this biomarker in the monitoring of
toluene exposure, which has already been evidenced in our previous studies with
painters (Moro et al., 2012; Moro et al., 2010).

The hematotoxic effects caused by chronic benzene exposure have been
thoroughly studied; thus, classical hematological parameters are routinely evaluated
in such cases (Kirkeleit, 2008; Robert Schnatter et al., 2010). Our results showed
that benzene occupational exposure affected both red blood cell and neutrophil
counts; however, these parameters remained within the reference values. According
to previously described work, alterations in the number of blood cells are not
especially sensitive indicators of early benzene effects (Swaen et al., 2010). These
data have been reinforced by experimental studies showing that low levels of

hydroguinone exposure, an immunotoxic metabolite of benzene, does not alter bone
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marrow or peripheral leukocyte and erythrocyte counts but does affect the function of
circulating leukocytes (Ribeiro et al., 2011; Shimada et al., 2012).

Our study showed, for the first time, that circulating mononuclear cells from
GSAs, especially monocytes, presented a marked reduction on expression of co-
stimulatory molecules CD80 and CD86. According to multiple linear regression
analysis, t,t-MA was the only factor that significantly contributed to this reduction,
demonstrating the involvement of benzene in the reduced expression of these
immunological accessory molecules. CD80 and CD86 molecules play a key role in
the activation and proliferation of T-cells and the production of cytokines (Chanan-
Khan et al., 2011; Mohamed et al., 2012; Dolen e Esendagli, 2013), which are
important effectors of immunological surveillance (Costello et al., 1998; Dai et al.,
2009; Dolen e Esendagli, 2013). The lack of both such surface molecules may lead
to hyporesponsiveness or anergic T cells (Dai et al., 2009). Studies have reported
that leukemia patients express lower levels of CD80 and CD86 compared to healthy
people (Dai et al., 2009; Zhao et al., 2012). In addition, the abnormal expression of
CD80 and CD86 is considered one of the major mechanisms of tumor cell escape
from immune surveillance, which may be one of the pathogenic mechanisms of some
types of leukemia (Costello et al., 1998; Dai et al., 2009).

Based on the fact that occupational exposure to benzene is closely linked to
the development of leukemia, the assessment of these co-stimulatory molecules in
benzene-exposed workers may serve as an interesting tool in biological monitoring.
However, the mechanism of CD80 and CD86 molecules in regulating immune
responses is very complex. Additional studies are necessary to elucidate the

involvement of benzene on the regulatory mechanisms of CD80 and CD86 molecules
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and to determine whether these molecules could be predictors of alterations that
contribute to leukemia development.

We also assessed ALA-D activity in an attempt to evaluate early biomarkers of
hematological alterations caused by benzene exposure. The enzymatic activity of this
enzyme was reduced in both GSA groups compared to non-exposed subjects. ALA-
D inhibition compromises the heme synthesis of hemoglobin, which may ultimately
contribute to the development of anemia (Baierle et al., 2010), a common
hematotoxic effect resulting from benzene exposure (Robert Schnatter et al., 2010;
Smith, 2010). Furthermore, this enzymatic inhibition leads to ALA (5-aminolevulinic
acid) accumulation. ALA behaves as an endogenous pro-oxidant, increasing the
formation of reactive oxygen species (ROS) in cells (Muzyka et al., 2004; Muzyka et
al., 1998). The involvement of ROS in the inhibition of ALA-D was evaluated by using
the reducing agent DTT, a thiol-reducing agent that has been used in vitro to prevent
and/or reverse ALA-D inhibition induced by oxidizing agents (Valentini et al., 2007).
Although ALA-D activity, when assayed with DTT, was higher in both GSA groups, it
was still significantly lower than the activity observed in the non-exposed group,
suggesting that mechanisms, other than oxidation of thiol groups, could be involved
in ALA-D inhibition.

Linear correlations showed that the decreased ALA-D activity was correlated
with higher t,t-MA excretion, along with personal benzene and toluene exposures.
These findings suggested the possible involvement of benzene and toluene on ALA-
D inhibition. A previous study from our group indicated toluene as the major inducer
of ALA-D inhibition in painters exposed to a mixture of organic solvents (Moro et al.,

2010). To the best of our knowledge, the correlation between benzene exposure and
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ALAD inhibition has not been previously shown, as its action had already been
proposed on other enzymes responsible for the heme biosynthesis (Muzyka et al.,
2004). According to multivariate analysis, exposure time was the only factor which
significantly contributed to the reduction of enzymatic activity. This suggests that
chronic exposure to benzene may contribute to ALA-D inhibition, which, in the long-
term, can supposedly cooperate in the decrease of enzymatic synthesis. However,
further studies are needed to completely elucidate the involvement of this enzyme in
the development of anemia in subjects exposed to benzene

Regarding hepatic biomarkers, both GSA groups showed increased
transaminase activities compared to that of the non-exposed group. A multiple linear
regression analysis showed that t,t-MA levels were significantly associated with
increased AST and ALT activities, suggesting the involvement of occupational
benzene exposure on hepatic alterations observed in GSAs. Despite the fact that
transaminase activities were within the reference values, these hepatic biomarkers
may be an important tool in continuous occupational biomonitoring. The increase in
the transaminase activities was associated with the time of exposure to benzene,
enabling the observation of the degree or persistence of the hepatic alterations and
consequently the early detection of disorders caused by occupational benzene
exposure.

Regarding the possible link between benzene exposure and renal alterations,
our results demonstrated that the classical biomarkers remained within reference
values. However, we found higher mALB levels and increased NAG activity in both
GSA groups compared to the non-exposed group. These increases were

accompanied by increased exposure time, suggesting that in the long term, benzene
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may contribute to the development of alterations in glomerular and tubular cells of
exposed subjects. Several studies have used these biomarkers of early renal
dysfunction to assess the nephrotoxicity caused by solvent exposure and other
xenobiotics (Franchini et al., 1983; Gonzalez-Yebra et al., 2006; Ohno et al., 2007,
Jarosinska et al., 2008; Prozialeck et al., 2009). Our results suggest the reliability of
these biomarkers of effect because they indicated kidney system alterations before
such alterations were recognized by classic markers of renal function. Additionally,
our findings support the hypothesis that in long-term occupational exposure to low
benzene levels may be associated with an increased risk of developing renal
alterations.

In addition to correlations observed with already established biomarkers of
effect (AST, ALT, mALB and NAG), exposure time was also associated with the
proposed novel effect biomarkers (enzyme ALA-D, CD80 and CD86 expression in
monocytes). This suggests that chronic benzene exposure is associated with the
progress of various alterations that in long-term can result in damage, which
substantiates the reliability of these biomolecules as suitable biomarkers of effect.

Our study had some limitations. First, the reduced number of GSA smokers in
relation to non-smokers may have contributed to the lack of influence of smoking
habits on the biomarkers evaluated. Additionally, further studies are needed to
completely elucidate the benzene involvement on the ALA-D inhibition and on the

reduced expression of CD80 and C86 in monocytes.

5. Conclusions
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In the present study, we suggested, for the first time, potential early
biomarkers of hematological and immunological alterations (enzyme ALA-D in
erythrocytes and CD80 and CD86 expressions in monocytes) for the biological
monitoring of low benzene exposure. However, additional studies are necessary to
elucidate the mechanisms of such biomarkers and the possible relationship with
hematological alterations. Additionally, AST and ALT, as well as mALB and NAG
were shown to be useful biomarkers for detecting alterations in the liver and kidney,
respectively, in continuous biomonitoring of workers exposed to low benzene levels.
Taken together, these findings may contribute to the early detection of benzene-
induced alterations after occupational exposures and also may promote the
development of preventive health measures for exposed workers, ultimately

improving their quality of life.
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Table 1. Main characteristics of the study population.

Non-exposed group

Gasoline station attendants

Non-smokers Smokers
No. of subjects 28 44 16
Age (years) 304+1.8 33814 343+£26

Time of occupational exposure

(months)

114.0+135 135.8 +30.8

The values are expressed as mean + SEM.
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Table 2. BTX personal exposure and urinary metabolites.

Non-exposed group Gasoline station attendants
(n=28)
Non-smokers (n=44) Smokers (n=16)

Benzene (ug m™) 42.0 (34.1-52.4) 70.7 (58.1-1067.1)°  165.5 (102.7-2207.5)"
Toluene (ug m®) 107.2 (78.4-172.3) 328.0 (213.0-945.1)" 430.3 (219.7-3945.1)
o0-Xylene (ug m™) 30.0 (21.6-65.3) 154.4 (30.5-313.5)°  347.4 (29.8-627.4)
m-Xylene (ug m?) 20.0 (17.4-25.5) 29.8 (24.0-58.3) 32.3(23.4-32.8)
p-Xylene (ug m®) 21.2 (18.4-27.0) 28.8 (22.3-36.5) 31.0 (21.0-34.6)°
t,t-MA (ug g creatinine) 70.0 (50.0-120.0) 320.0 (190.0-450.0)°  400.0 (300.0-600.0)°
HA (g g™ creatinine) 0.3 (0.16-0.44) 0.3 (0.2-0.7) 0.3 (0.3-0.6)
mHA (g g™ creatinine) n.d. n.d. n.d.

t,t-MA: trans,trans-muconic acid; HA: hippuric acid; mHA: methylhippuric acid; n.d.: not
detectable.
The values are expressed as median (interquartile range).

"p<0.001 compared to the non-exposed group (Kruskal-Wallis test/Tukey test).
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Table 3. Hematological parameters.

Non-exposed group

Gasoline station attendants

Red blood cells (10° mm™)
Hemoglobin (g dL™)
Hematocrit (%)

White blood cells (10° mm™)
Lymphocytes (%)
Monocytes (%)

Neutrophils (%)

Eosinophils (%)

Basophils (%)

Platelets (10° mm™)

(n=28)

Non-smokers (n=44) Smokers (n=16)
5.2+0.1 49+0.1 49+0.1
15.1 +0.1 144 +0.1° 15.0 £ 0.3
44.2 +0.3 435+0.5 43.7+0.8
7.1+0.3 7.2 £0.2 7.7+0.3
36.2+1.3 33.6+1.2 32.6+1.9
8.9+0.4 9.0+0.5 9.0+0.7
52.0+1.5 57.0+1.0 58.4+2.0
2.3+0.2 2.0+0.2 2.3+05
0.5+0.1 0.3+0.1 0.3+0.1

242.7 £9.6 234.4£9.0 237.2 £15.0

The values are expressed as mean + SEM.

"p<0.001 compared to the non-exposed group (ANOVA/Tukey).






Table 4. Spearman’s correlations between personal exposures to benzene and toluene and t,t-MA versus biomarkers of effect (n=88).

Benzene personal exposure (g m™) Toluene personal exposure (ug m™) t,t-MA (ug g™ creatinine)
ALA-D (UL™ r=-0.40 (p<0.001) r=-0.31 (p<0.01) r=-0.40 (p<0.001)
CD80+ in monocytes (%) r=-0.37 (p<0.01) r=-0.40 (p<0.001) r=-0.36 (p<0.01)
CD86+ in monocytes (%) r=-0.48 (p<0.001) r=-0.53 (p<0.001) r=-0.41 (p<0.001)
AST (U L™ r=0.51 (p<0.001) r=0.39 (p<0.001) r=0.50 (p<0.001)
ALT (U LY r= 0.35 (p<0.01) r=0.29 (p<0.01) r=0.32 (p<0.01)

t,t-MA: trans,trans-muconic acid; ALA-D: &-aminolevulinate dehydratase; AST: aspartate aminotransferase; ALT: alanine aminotransferase.
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Table 5. Spearman’s correlations between time of benzene exposure versus biomarkers of

effect (n=88).

Exposure time (months)

ALA-D (U L™ r=-0.67 (p<0.001)
CD80+ in monocytes (%) r=-0.32 (p<0.01)
CD86+ in monocytes (%) r=-0.56 (p<0.001)
AST (UL™Y r= 0.66 (p<0.001)
ALT (U L™ r= 0.56 (p<0.001)
mALB (mg g™ creatinine) r=0.20 (p<0.05)
NAG (U g™ creatinine) r=0.23 (p<0.05)

ALA-D: &-aminolevulinate dehydratase; AST: aspartate aminotransferase; ALT: alanine

aminotransferase; mALB: microalbuminuria; NAG: N-acetyl-beta-D-glucosaminidase.
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Table 6. Multiple linear regression models.

ALA-D Log CD80+ Log CD86+ AST (U L™ ALT (U L™

(U LY in monocytes (%)  in monocytes (%)
R square= 0.351 R square= 0.288 R square= 0.566 R square=0.367 R square= 0.307
B p-values B p-values B p-values B p-values B p-values

Log personal benzene exposure (ug m=)*  0.064 0.734 -0.224 0.261 -0.244  0.119 0.309 0.096 0.072 0.708

Log personal toluene exposure (ug m=)? -0.194 0.313 -0.211 0.296 -0.140 0.378 -0.083 0.656 0.144 0.460

Log t,t-MA (ug g™* creatinine)? -0.112 0.329  -0.278  0.044  -0.379 <0.001 0.242 0033 0.242 0.045
Age (years)® 0.295 0.143  -0.043  0.846  -0.093 0575 0.045 0814 0.257 0.204
Exposure time (months)? 0.752 0.001 0.081 0730  -0.197 0262  0.344 0.087 0.170 0.418
Smoking® 0.046 0.713 0.047 0749  -0.109 0313  0.018 0.883 -0.104 0.428

ALA-D: 6-aminolevulinate dehydratase; AST: aspartate aminotransferase; ALT: alanine aminotransferase; t,t-MA: trans,trans-muconic acid.
3Categorical variable. "Continuous variable.
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Figure legends

Figure 1. ALA-D enzymatic activity assayed with or without the reducing agent
dithiothreitol (DTT). The data are represented as mean + SEM. *p<0.001 compared
to the non-exposed group, **p<0.001 compared to the non-exposed group and the

smoker GSA group, #p<0.001 compared to ALA-D/DTT. (ANOVA/Tukey).

Figure 2. (A) Expressions of CD80 and CD86 in lymphocytes. (B) Expressions of
CD80 and CD86 in monocytes. Values are expressed as mean + SEM. *p<0.05
compared to the non-exposed group, **p<0.001 compared to the non-exposed group.

(ANOVA/Tukey).

Figure 3. (A) Microalbuminuria levels. (B) NAG activity. The data are represented as

mean + SEM. *p<0.05 compared to the non-exposed group, **p<0.001 compared to

the non-exposed group (ANOVA/Tukey).
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Abstract

We evaluated genotoxic effects of exposure to low levels of benzene, a class |
human carcinogen, among gasoline station attendants (GSA). Oxidative stress and
the protective effects of antioxidants on DNA damage were also analyzed. Although
exposures were below ACGIH (American Conference of Governmental Industrial
Hygienists) limits, the GSA group presented higher DNA damage indices and
micronucleus frequencies, increased oxidative protein damage, and decreased
antioxidant capacity relative to the control group. Duration of benzene exposure was
correlated with DNA and protein damage. The biomarkers evaluated in this work may
provide early signals of damage in subjects occupationally exposed to benzene.
Keywords: Low benzene exposure; genotoxicity; protein carbonyl; 3-nitrotyrosine;
vitamin C.
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1. Introduction

Benzene, a hazardous component of gasoline, is a genotoxic class | human
carcinogen [1-4]. Benzene exposure has been strictly regulated [5]; its use in
workplaces is declining, reducing occupational exposure and associated health
hazards [6, 7]. Concern remains with regards to prolonged exposure to low levels of
benzene in occupational and environmental settings [7].

The mechanisms of benzene toxicity remain elusive [8]. Reactive oxygen
species (superoxide anion, hydrogen peroxide, hydroxyl radical) resulting from
benzene metabolism [3, 9, 10] may damage biomolecules [5,6], and may lead to
DNA strand breaks, micronuclei, and chromosomal aberrations [6,11]. Thus, the
genotoxic effects of benzene may be associated with oxidative DNA damage [11,
12].

Biological monitoring is fundamental for evaluation of risks to human health
due to exposure to chemical substances [7]. In Brazil, biological monitoring of
occupational benzene exposure is performed by quantification of the urinary
metabolite t,t-muconic acid [13], formed via cytochrome P450-catalyzed oxidation [9,
14].

Evaluation of biomarkers of susceptibility or effect are also important tools
[15]. The comet and micronucleus assays are widely used in biomonitoring studies to
evaluate genotoxicity and DNA damage [4, 12, 16-19]. Oxidative damage biomarkers

can also supply information about early biological effects and eventual health risks

[3].
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We have investigated genotoxicity caused by low-level exposure to benzene
among gasoline station attendants. Comet and micronucleus assays were conducted
to evaluate genetic damage. The involvement of oxidative stress was assessed
through biomarkers of protein oxidation and nitration. Possible protective effects of

endogenous and exogenous antioxidants were also analyzed.

2. Materials and Methods

2.1. Subjects

Initially, 105 male subjects were recruited, including 70 exposed workers and
35 non-exposed individuals. All participants were interviewed about aspects of
general health, lifestyle, smoking status, and history of exposure. Individuals were
excluded based on any diagnosed diseases, taking medication or antioxidant
vitamins at the time of the study, smoking, and any subjects who had failed to
provide the required samples of personal air, urine, blood, and buccal cells.
Individuals who had worked in their current job position for less than 6 months were
also excluded. Based on these exclusion criteria, 71 men were enrolled. The
exposed group comprised 43 gasoline station attendants (GSA). The control group
consisted of 28 subjects with no history of occupational exposure to benzene or other
xenobiotics. The average ages of the GSA and control groups were 33.9 + 1.5 and
30.4 + 1.8 years, respectively. No significant difference between GSA and control
group was found related to age. The mean exposure time in the GSA group was 9.7
+ 1.1 years (range 0.5 - 32 years). This study was approved by the Research Ethics

Committee of the Federal University of Rio Grande do Sul/RS (No. 21728/11) and
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informed consent was obtained from all participants prior to their enroliment in the

study.

2.2 Sampling

Sampling was conducted at the end of the work shift, after 3-4 consecutive
days of exposure. Individual air samples were collected in the breathing zone of
study subjects during the daily work shift, for approximately 8 h. After air sampling,
the samples were capped, transported to the lab and stored at -20°C until analysis.
Urine samples were collected and stored in polyethylene bottles at -80°C until t,t-
muconic acid analysis. Blood venous samples were collected by venipuncture using
vacuum tubes. EDTA-blood tube was collected and centrifuged at 1500 g for 10 min
at 4°C. Aliquots of EDTA-plasma were stored at -80°C until analysis of the protein
damage biomarkers, a-tocopherol, retinol, lycopene, and B-carotene. The remaining
erythrocytes were used to measure reduced glutathione content. A blood-heparin
tube was collected for comet assay analysis. To avoid any damage associated with
storage, the samples were processed immediately. The remaining heparin-blood was
stored at -80°C for antioxidant enzymes analysis. Serum was obtained by
centrifugation at 1500 g for 10 min and stored at -80°C until measurement of nitric
oxide and vitamin C levels. Additionally, buccal cells were collected for the

micronucleus assay.

2.3. Benzene exposure
Airborne benzene was collected using passive samplers (SKC 575-002%).

Benzene was determined in samples after desorption with dichloromethane followed
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by gas chromatography with flame ionization detection (GC-FID) analysis.
Chromatographic separation was achieved using an Innowax GC column (25 m, 0.2
mm, 0.4 um), with the following chromatographic conditions: 99.99% purity H, was
used as carrier gas, pressure 10,055 psi, initial column temperature 40°C, increased
at 4°C min™® to 53°C, followed by an oven ramp rate of 40°C min™* to 200°C. FID

detector temperature was kept at 250°C. The results were expressed as pug m™.

2.4. Urinary t,t-muconic acid (t,t-MA)

Urinary tt-MA was measured by solid-phase extraction followed by high
performance liquid chromatography and UV detection (HPLC-UV), according to the
method previously described [20], with some modifications. The t,t-MA levels were

expressed as pg g creatinine.

2.5. Creatinine concentration
Urine samples were collected and refrigerated at 4°C until further analysis.
Creatinine concentration was measured by spectrophotometry [21], utilizing

commercial kits (Doles Reagents, Goiania, GO, Brazil).

2.6. Comet assay

A standard protocol was adopted for comet assay preparation and analysis
[22, 23]. Slides were prepared by mixing 5 pL whole blood and 95 pL low-melting-
point agarose (0.75%). The mixture was poured into 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 (NaCl 2.5 M,
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ethylenediaminetetraacetic acid (EDTA) 100 mM, Tris 10 mM, pH 10.0-10.5, with
freshly prepared Triton X-100 1% and dimethylsulfoxide 10%) for a minimum of 1 h
and a maximum of 5 d. Subsequently, the slides were incubated in freshly made
alkaline solution (NaOH 300 mM and EDTA 1 mM, pH 12.6) for 10 min. Separation of
DNA fragments was obtained by electrophoresis for 20 min at 25V (0.9V cm?) and
300 mA and then the solution was neutralized with Tris 0.4 M (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 reference controls. The negative reference
control was whole blood and the positive reference control consisted of whole blood
mixed with methyl methanesulfonate at a final concentration of 8 x 10> M. 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. DNA damages were visually scored according to talil
size into five classes, from no tail (0) to maximal (4) tail length, resulting in a single
DNA damage score (DNA damage index — DNA DI). Therefore, the DNA damage
score could range from 0 (all cells with no tail, 100 cells x 0) to 400 (all cells with
maximally long tails, 100 cells x 4). All analyses performed in this study were
considered valid when DNA DI values in positive and negative controls were 380-400

and 0-4, respectively.

2.7. Micronucleus (MN) assay
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For the micronucleus assay, buccal cells were collected at the end of the work
shift. Subjects were asked to wash their oral cavities with water before sampling.
Small brushes were used to collect samples from buccal mucosa. Cells were fixed
with acetic acid: methanol (75:25, v/v), transferred onto clean microscope slides in
duplicates and stained with Giemsa 5%. The criterion of scoring cells with MN was as
described in the literature [24]. One thousand cells were counted for each sample.

Results were expressed as the micronucleus frequency per 1000 cells.

2.8. Protein carbonyl (PCO) assay

PCO were determined using a noncompetitive ELISA method [25], with some
modifications. Total protein concentration in plasma was measured by the Bradford
method using bovine serum albumin as standard. PCO levels were determined as
follows: plasma samples were diluted with PBS buffer to a normalized concentration
of 4 mg protein mL and then samples were derivatized with 2,4-dinitro-
phenylhydrazine (DNPH) and incubated in Maxisorb multiwallplates (Nunc Immuno
96 Microwell™ Maxisorp) overnight at 4 °C in the dark. Protein carbonyls were
detected using a dinitrophenyl rabbit IgG-antiserum (Sigma) as the primary antibody
and a monoclonal anti-rabbit immunoglobulin G peroxidase conjugate (Sigma) as the
secondary antibody. Color development was performed with o-phenylenediamine
and H,O, and the reaction was stopped with H,SO, after 15 min incubation at 37 °C.
The absorbance was measured using a microplate reader with a detection
wavelength of 492 nm. Each sample was analyzed in triplicate. Plasma protein

carbonyl concentration was expressed as nmol mg™ protein.
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2.9. 3-Nitrotyrosine (3-NT) assay

3-NT plasma levels were assessed according to Weber et al. [26]. Total
protein concentration in plasma was measured by the Bradford method and the
samples were diluted to 2 mg protein ml™. The diluted samples were incubated in
Maxisorb multiwallplates (Nunc Immuno 96 Microwell™ Maxisorp) overnight at 4 °C
in the dark. A noncompetitive ELISA method was used to measure 3-NT levels.
Polyclonal anti-nitrotyrosine (Millipore) and monoclonal goat anti-rabbit IgG, HRP-
conjugate (Millipore) were used as primary and secondary antibodies, respectively.
After color development, the reaction was stopped and the absorbance was
measured at 492 nm in an ELISA microplate reader. The samples were assayed in

triplicate. The 3-NT content in plasma was expressed as pmol mg™ protein.

2.10. Nitric oxide (NO)
Serum NO levels, indicated by nitrites/nitrates (NO,) concentration, were
measured in the Cobas Mira automated analyzer, by a modified Griess method as

described by Tatsch et al. [27]. The contents of NO were expressed as pmol 1™,

2.11. Erythrocyte reduced glutathione (GSH)

GSH levels were measured by spectrophotometry at 412 nm, as previously
described in the literature [28]. The erythrocytes were hemolyzed by Triton X-100,
and precipitated with 20% trichloroacetic acid (w/v). After centrifugation, the
supernatant aliquots were reacted with 10 mM of 5,5'-dithio-bis(2-nitrobenzoic acid)

(DTNB). The GSH content was expressed as pmol ml™ of erythrocytes.
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2.12. Antioxidant enzymes

Enzyme assays were performed in 96-well microplates and measured by
spectrophotometry in a microplate reader (SpectraMax M2, Molecular Devices).
Superoxide dismutase (SOD), catalase (CAT), and glutathione S-transferase (GST)
activities were determined as previously described [29-31]. Activities were expressed

as units per mg protein.

2.13. Exogenous Antioxidants

Serum vitamin C levels were quantified by HPLC with UV detector (HPLC-UV),
according to a method developed by our group [32]. Serum samples were
deproteinized with 10% perchloric acid (v/v) and the supernatants were measured at
245 nm. Vitamin C concentrations were expressed as mg | ™.

Simultaneous quantification of a-tocopherol, retinol, lycopene, and -carotene
was performed according to a method developed in our laboratory [33]. Plasma
samples were extracted with ethanol:n-butanol solution (50:50, v/v) and supernatants
were injected into the HPLC system. Samples had their absorption monitored at 450
nm for the quantification of lycopene and B-carotene. Fluorescence at two different
excitation and emission wavelengths was monitored to quantify retinol (340 and 520
nm, exc./ em.) and a-tocopherol (298 and 328 nm, exc./ em.). Results were

expressed as pmol 1™,

2.14. Statistical analysis
Analysis of the data was performed with IBM SPSS Statistics software

(version 19). All study variables were tested for normality by the Shapiro-Wilk test.
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Comparisons between groups were achieved by Student’s t-test and Mann-Whitney
U-test. The results were expressed as mean + standard error of the mean (SEM) or
median (interquartile range), according to variables distribution. Correlation tests
were performed according to Pearson's correlation coefficient and Spearman’s rank

according to each variable. Values of p<0.05 were considered significant.

3. Results

Personal benzene exposure levels were determined by personal passive air
sampling (Table 1). Gasoline station attendants (GSA) were exposed to significantly
higher benzene concentrations than the control group (p<0.001). However, GSA
were subject to very low levels of benzene exposure, since all values were below the
ACGIH (American Conference of Governmental Industrial Hygienists) limits.

Biological monitoring was performed through the determination of urinary t,t-
MA levels (Table 1). The median levels of t,t-MA in the GSA group were significantly
elevated (4.4-fold) compared to the control group (p<0.001). All t,t-MA concentrations
were also found below the biological limits established by ACGIH.

Genotoxicity results are presented in Figure 1. Regarding the DNA damage
index, assessed by the comet assay, a significant increase in the damage score was
observed in the GSA group compared to controls (p<0.001) (Figure 1A). According to
tail size score, the damage scores were classified into five classes. The results
showed significant difference between the groups for classes 0, 1 and 2. The classes
3 and 4 showed no damaged cell for the both groups (Figure 1B). In relation to MN
assay, the frequency of abnormal cells was significantly higher (3.8-fold) in the GSA

group compared to controls (p<0.001) (Figure 1C).
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Results of oxidative protein damage, assessed through PCO and 3-NT
concentrations, are shown in Figure 2. The GSA group showed increased PCO and
3-NT levels in relation to controls: 0.36 + 0.01 vs 0.28 + 0.01 nmol mg™ protein
(p<0.001) (Figure 2A) for PCO and 9.47 + 0.96 vs 5.64 + 0.56 pmol mg™ protein
(p<0.001) for 3-NT (Figure 2B). The GSA group also showed increased NO levels,
233.17 + 16.07 vs 184.45 + 9.74 pmol I (p<0.001).

Antioxidant status was evaluated in terms of endogenous (enzymatic and non-
enzymatic) and exogenous antioxidants. Endogenous antioxidant status is shown in
Table 2. Regarding the erythrocyte reduced glutathione (GSH) levels, a significant
difference was found between GSA and control groups (p<0.001). Mean GSH levels
in the GSA group were decreased 1.2-fold in relation to the control group. Decreased
SOD and CAT activities were also observed in the GSA group compared to controls;
however, no significant difference was found between them (p>0.05). Additionally,
GSA showed decreased GST activities compared to the control group (p<0.01).

In relation to the exogenous antioxidants, decreased vitamin C levels were
found in the GSA group compared to the control group (p<0.05) (Table 3). No
significant differences were observed between the groups for a-tocopherol, retinol,
lycopene, or B-carotene (p>0.05) (Table 3). All the results, except for lycopene, were
within the reference value ranges [34].

Univariate correlations were analyzed in all subjects, as a single sample.
Personal benzene exposure was positively associated with urinary t,t-MA excretion
(r=0.51; p<0.001).

Personal benzene exposure and t,t-MA levels were directly correlated with

DNA DI and micronucleus frequency (Table 4). Moreover, the elevation on DNA DI
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was accompanied by increased micronucleus frequency (r= 0.25; p<0.05).
Additionally, air-borne benzene and its urinary metabolite were positively associated
with biomarkers of protein damage and inversely correlated to GSH levels and GST
activity (Table 4).

Additional correlations were revealed among biomarkers of DNA and protein
damages, GSH and GST. DNA DI was correlated with PCO (r= 0.59; p<0.001)
(Figure 3A). Furthermore, frequencies of micronuclei also showed positive
correlations with PCO concentration (r= 0.25; p<0.05) (Figure 3B) and 3-NT levels
(0.38; p<0.001) (Figure 3C). Negative correlations between MN frequency versus
GSH concentration (r= -0.37; p<0.01) and MN frequency versus GST activity (r= -
0.25; p<0.05) were observed.

Vitamin C was the unique exogenous antioxidant that showed association with
biomarkers of DNA and protein damage. Vitamin C levels were inversely correlated
with DNA DI (r=-0.30; p<0.05) (Figure 4A) and PCO (r= -0.34; p<0.01) (Figure 4B).

Our study also revealed a significant correlation between time of benzene
exposure and tt-MA levels (r= 0.61; p<0.001). Table 5 summarizes the main
correlations between time of exposure to benzene vs biomarkers of genotoxicity,

biomarkers of protein damages, GSH levels, and GST activity.

4. Discussion

Monitoring occupational exposures to chemical substances is important in
evaluating risks and implementing strategies for improving occupational conditions to

establish a safe work environment [7,12]. Monitoring of air and of personnel
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employed at gasoline stations is important, due to the known health effects of
petroleum products, especially benzene [12]. Gasoline station attendants evaluated
in our study were exposed to low benzene levels, with median values well below the
Threshold Limit Value-Time Weighted Average (TLV-TWA) proposed by ACGIH to
working environments. The low levels of personal benzene exposure evidenced in
our work may be due to the development of measures to control the benzene content
of gasoline [35, 36]. In gasoline, this solvent has been replaced to a large degree by
other, less toxic solvents [37]. Recently, the U. S. Environmental Protection Agency
(EPA) set new regulations that lower the acceptable benzene concentration in
gasoline to 0.62% [36]. However, benzene in gasoline cannot be eliminated [37, 38].
TLV-TWA values have dropped substantially in past decades. The first limit for
occupational exposures to benzene proposed by ACGIH was 100 ppm [7, 35].
However, in 1997, the ACGIH established a new TLV-TWA, 0.5 ppm (1600 pg m>)
for occupational benzene exposure, which is currently being adopted [7, 35]. The
estimated risk of developing leukemia is determined based on the airborne benzene
concentration. According to the World Health Organization, the risk of developing
leukemia has been estimated at approximately 6 cases per million among subjects
who experience chronic exposures to benzene in the air at concentrations of 1 pg m™
during their lives [39]. However, the isolated information obtained from the
environmental monitoring of benzene levels cannot be used to estimate personal
exposure. In this context, biomarkers of exposure or biological effects are helpful
complementary tools for a suitable monitoring of the occupational exposures [39].
Biological monitoring was performed by determining urinary t,t-MA excretion,

whose results confirmed the exposure to low levels of benzene. Urinary tt-MA
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allowed a distinction between exposed and control groups. t,t-MA levels were higher
in the GSA group compared to controls; however, all the median values were below
the biological exposure index (BEI: 500 pg g™ creatinine), according to ACGIH [35].
Increased tt-MA excretion accompanied elevated airborne benzene levels,
highlighting the value of this biomarker [37, 40].

Despite the fact that exposures as determined by environmental and biological
monitoring were below the ACGIH limits, GSA revealed some imbalance in oxidative
state, resulting in damage to different cellular macromolecules. DNA damage was
assessed through comet and MN assays. Our results revealed that the GSA group
presented an increased DNA damage index and a higher frequency of micronuclei in
buccal cells compared to controls (Figure 1). Considering these findings, we suggest
that occupational benzene exposure induces DNA damage, since the increases in
both biomarkers of genotoxicity were associated with higher personal benzene
exposure and t,t-MA levels. Additionally, the elevation of DNA DI was accompanied
by increased micronucleus frequencies - evidence that occupational exposure to
benzene leads to DNA damages, which, if not repaired, could be expressed as
micronuclei [12].

According to Angelini et al. [11], the genotoxicity of benzene could be
associated with the generation of reactive oxygen species (ROS) during the redox
cycling of benzene metabolites, which can also inhibit topoisomerase IlI, a critical
enzyme in DNA replication and repair. Both the topoisomerase Il inhibition and the
ROS imbalance in such cases also contribute to genomic instability, leading to DNA
strand breaks, gene deletions and rearrangements and chromosomal alterations, as

well as to oxidative DNA damage [6, 11, 12, 41].
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Besides oxidative damage to DNA, the continuous production reactive species
during benzene metabolism could induce toxicity to key cellular components, other
than DNA [42]. Indeed, the activation of benzene and its metabolites culminates in
damage to lipids, proteins, and carbohydrates by various chemical reactions such as
oxidation, nitration, and halogenation leading to functional alterations in different
tissues [3,43]. Furthermore, chronic benzene exposure compromises antioxidant
capacity, which also contributes to the development of oxidative damage in exposed
subjects [3,4].

It was possible to observe protein oxidative damage due to oxidation and
nitration reactions, indicated by increased PCO and 3-NT levels, respectively, in the
GSA group compared to controls (Figure 2). These alterations were closely
associated to the airborne benzene concentrations and the urinary t,t-MA excretion.
According to Barreto et al. [44], the multiple forms of reactive species produced
during the biotransformation of benzene could contribute to the development of
oxidative damage, and could be the cause of increased levels of the biomarkers of
protein damage.

In our study, the elevated NO levels observed in GSA group may have
contributed to the development of protein damage, since NO reacts directly with the
tyrosyl radical to form 3-nitrotyrosine [45]. Moreover, in high concentrations, nitric
oxide together with superoxide anion (O;") give rise to peroxynitrite (ONOQO"), which
is a major nitration agent [46-48]. To our knowledge, there are no reports involving 3-
NT as a biomarker of oxidative damage in subjects occupationally exposed to
benzene. In addition to protein nitration, peroxynitrite could also induce protein

carbonylation, a common oxidative protein damage [46]. Both forms of protein
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damage observed in our study can lead to changes in protein function and
subsequent alteration in biological responses [46]. Based on our data, PCO and 3-
NT could be useful early biomarkers in occupational studies, indicating eventual
worker health risks.

Regarding the endogenous antioxidant status, lower GSH levels and
decreased SOD, CAT and GST activities were observed in the GSA group. However,
a significant difference compared to controls was found only for GSH and GST. The
benzene exposure was implicated in alterations observed in GSH levels and GST
activity, since the reduction of both antioxidants was accompanied by increased
personal benzene exposure and tit-MA excretion. These data indicate the
involvement of benzene on imbalance of antioxidant defense and demonstrate the
consumption of cellular antioxidant defenses that act in the attempt to protect the
cells from free radicals produced during benzene biotransformation [49]. GSH is an
important intracellular radical scavenger, which regulates the redox status of many
other cellular substances, thus playing an essential role in the detoxication processes
[3, 6], especially those involved in the biotransformation of benzene [43].

In addition to GSH, enzymes of the antioxidant defense system participate in
detoxication of benzene and its metabolites. These enzymes remove the reactive
intermediates produced during benzene biotransformation, maintaining homeostasis
[50]. SOD neutralizes excessive superoxide anions originating during benzene
biotransformation and is considered the primary defense mechanism against
oxidative stress [51]. Although not significant in our study, SOD inhibition could be
implicated in the reduction of CAT activity observed, since lower SOD activity is

linked to a decreased production of hydrogen peroxide, the substrate of catalase
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[50]. The same hypothesis could be suggested for the GST inhibition, since hydrogen
peroxide is also removed by GST, in conjunction with GSH, and converted to water
and molecular oxygen [50, 52]. Moreover, reduced SOD activity may be linked to the
fact that superoxide anion could be used on peroxynitrite formation. According to
Trujillo et al. [46], the reaction of ONOO" production occurs quickly enough to
outcompete O, dismutation catalyzed by SOD, leading to enzyme inactivation [53].

In addition, GSH and GST are involved in benzene biotransformation in the
liver. In the first step, benzene is oxidized to benzene oxide in a reaction catalyzed by
cytochrome P450 2E1; rearrangement generates phenol; reaction with GSH
catalyzed by GST produces less toxic metabolites, such as S-phenylmercapturic
acid, which is excreted in the urine [6, 14, 54]. Therefore, another possible
explanation to the diminished GSH levels and GST activity observed in our study
could be linked to S-phenylmercapturic acid excretion. However, this metabolite was
not measured in the present work.

Linear correlations showed that the higher biomarkers of genotoxicity were
accompanied by increased levels of protein damage markers (Figure 3). These data
suggested that oxidative stress was involved in the development of genotoxic effects
caused by benzene exposure. Additionally, the increased frequency of micronuclei in
buccal cells was associated with diminished GSH content and GST activity. The
depletion of antioxidant mechanisms occurs in an attempt to contain the development
of DNA damage etiologically related to oxidative stress. According to Fracasso et al.
[6], this negative correlation reveals that these antioxidants may play an important

defense role against benzene-dependent DNA damage, suggesting that subjects
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with lower GSH levels and/or GST activity could be less protected than subjects with
higher activity of these cellular antioxidant systems.

In relation to exogenous antioxidants, only vitamin C demonstrated linkage to
decreases in biomarkers of DNA and protein damages. Our data agree with that
reported in the literature regarding the protective effect of this exogenous antioxidant
[55, 56]. The intake of vitamin C could be an alternative to protect against the
mutagenic and carcinogenic effects of environmental chemicals, and it has been
used as a prophylactic agent in several occupational studies [56].

Other exogenous antioxidants did not demonstrate association with
biomarkers of damage. Despite being considered an alternative response of the
organism against oxidative stress [47], the relationship between exogenous
antioxidants levels and markers of oxidative stress is often contradictory, since their
concentrations are closely altered by diet [47].

With regard to time of exposure to benzene, several relationships with different
biomarkers of genotoxicity and protein damage, as well as antioxidants were
observed. These findings indicate the possibility of the use of these biomarkers in the
continuous monitoring of surveillance activities for occupational hazard.

In conclusion, our results indicate that benzene exposure is linked to
genotoxicity and oxidative stress. This study has also provided evidence that GSH
and GST may protect against benzene-induced DNA damage, and vitamin C against
both DNA and protein damage. The biomarkers evaluated in this work may be useful
in biomonitoring studies, since the alterations observed in this study can provide
early signals of damage to biomolecules in subjects occupationally exposed to

benzene.
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Table 1. Environmental and biological monitoring.

Control group (n=28) GSA group (n=43) ACGIH Limits
Benzene (ug m™) 42.01 (34.10-52.47) 76.20 (54.34 — 1285.48)? 1600.0
t,t-MA (ug g creatinine) 74.85 (47.60 — 121.50) 326.30 (189.60 — 454.00)% 500.0

The values are expressed as median (interquartile range).

% p<0.001.
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Table 2. Endogenous antioxidant status in study population.

Control group (n=28) GSA group (n=43)
GSH (umol ml™ of erythrocytes) 62.31 +2.25 52.90 + 0.972
SOD (U SOD mg™ protein) 15.92 + 2.46 13.72 +1.41
CAT (U CAT mg™* protein) 7.84 +0.56 6.99 + 0.45
GST (U GST mg™* protein) 4.59 + 0.92 2.12 +0.15°

The values are expressed as mean + SEM.

2p<0.001; ? p<0.01.
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Table 3. Exogenous antioxidant status in study population.

Control group (n=28)

GSA group (n=43)

Reference Values”

Vitamin C (mg I 6.47 £0.73
a-tocopherol (umol I 22.27+1.34
Retinol (umol I™") 2.41 +0.07
Lycopene (umol I 0.78 £0.10
B-carotene (umol 1) 0.34 +0.03

4.36 + 0.38°
21.38+1.11
2.24 +0.08
0.90 £ 0.06

0.33+0.03

4-15

12 - 42

1.05-2.80

04-0.6

0.19-1.58

The values are expressed as mean + SEM.

2p<0.05. # According to Burts et al.[34].
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Table 4. Spearman’s correlations among personal benzene exposure, trans, trans-muconic acid, biomarkers of genotoxicity, protein

damage and endogenous antioxidants (n=71).

Personal benzene exposure (g m™) t,t-MA (ug g creatinine)
DNA DI (arbitrary units) r=0.47 (p<0.001) r=0.26 (p<0.05)
MN (frequency/1000 cells) r=0.33 (p<0.01) r=0.49 (p<0.001)
PCO (nmol mg™ protein) r=0.70 (p<0.001) r=0.51 (p<0.001)
3-NT (pmol mg™ protein) r=0.27 (p<0.05) r=0.32 (p<0.01)
GSH (umol ml™ of erythrocytes) r=-0.22 (p<0.05) r=-0.43 (p<0.001)
GST (U GST mg™ protein) r=-0.31 (p<0.05) r=-0.30 (p<0.05)
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Table 5. Correlations between time of benzene exposure versus biomarkers of genotoxicity, protein damages and endogenous antioxidants

(n=71).
Time of benzene exposure (years)

DNA DI (arbitrary units) r=0.40 (p<0.001)

MN (frequency/1000 cells) r=0.52 (p<0.001)

PCO (nmol mg™ protein) r=0.50 (p<0.001)

3-NT (pmol mg™ protein) r=0.40 (p<0.001)

GSH (umol mi™ of erythrocytes) r=-0.37 (p<0.001)

GST (U GST mg™ protein) r=-0.24 (p<0.05)
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Figure List

Figure 1. Biomarkers of genotoxicity in gasoline station attendants and control group.
(A) DNA damage index (DNA DI) obtained from the comet assay; (B) DNA damage
classes; (C) micronuclei (MN) frequency per 1000 cells counted in the micronucleus

assay. Data represented as mean + SEM. *p<0.001.

Figure 2. Biomarkers of oxidative protein damage in gasoline station attendants and
control group. (A) Protein carbonyl (PCO) levels; (B) 3-nitrotyrosine (3-NT) levels.

Data represented as mean + SEM. *p<0.001.

Figure 3. (A) Correlation between DNA damage index and PCO (r= 0.59; p<0.001,

n=71); (B) correlation between MN frequency and PCO (r= 0.25; p<0.05, n=71); (C)

correlation between MN frequency and 3-NT (r= 0.38; p<0.001, n=71).

Figure 4. (A) Correlation between vitamin C and DNA damage index (r= -0.30;

p<0.05, n=71); (B) Correlation between vitamin C and PCO (r=-0.34; p<0.01, n=71).
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DISCUSSAO

O monitoramento da exposicdo ocupacional a diferentes substancias
quimicas possibilita a avaliacdo dos riscos e a implementacdo de estratégias que
visam melhorias nas condi¢cdes de saude e seguranca no ambiente de trabalho
(Roma-Torres et al., 2006; Pandey et al., 2008), apresentando papel fundamental
em estudos ocupacionais (Weisel, 2010). O monitoramento ambiental e o
biomonitoramento atuam como ferramentas complementares na caracterizagcado da
exposicao ocupacional, permitindo uma avaliacdo global da exposi¢éo sob a qual o
individuo encontra-se exposto (Manno et al., 2010). A caracterizacdo da exposicao
ocupacional que acomete frentistas de postos de gasolina € de extrema importancia,
visto os efeitos toxicos causados pelos produtos petroliferos, especialmente pelo
benzeno (Pandey et al., 2008). Atualmente, o monitoramento da exposicao
ocupacional ao benzeno esta focado principalmente na prevencdo da saude de
trabalhadores submetidos a baixos niveis de exposi¢éo (Fracasso et al., 2010).

Os resultados do presente trabalho indicam que os frentistas avaliados
estavam expostos a baixos niveis de benzeno, com valores abaixo dos valores
preconizados pela ACGIH e pela NR-15, confirmando a eficacia das medidas
adotadas no controle do teor deste solvente organico na gasolina, bem como suas
concentracbes no ambiente de trabalho (Fundacentro, 2005; ACGIH, 2011; EPA,
2011). No Brasil, a percentagem maxima de benzeno permitida na gasolina é de 1%
(Fundacentro, 2005). Com base nos efeitos toxicos que a exposi¢ao ocupacional ao
benzeno pode provocar a saude humana, a presenca deste solvente na gasolina
vem sendo cada vez mais substituida por outros solventes menos téxicos
(Chanvaivit et al., 2007). Recentemente, novas normas de regulamentacdo foram
implementadas nos Estados Unidos, reduzindo ainda mais os teores de benzeno,
chegando a 0,62% (Smith, 2010; EPA, 2011). No entanto, a concentracdo de
benzeno na gasolina ndo pode ser totalmente eliminada, podendo ser apenas
controlada (Carrieri et al., 2006; Chanvaivit et al., 2007).

Da mesma maneira, os limites de benzeno ambiental vem diminuindo

drasticamente ao longo das Ultimas décadas. Atualmente, o limite estabelecido pela
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ACGIH para exposi¢do ocupacional ao benzeno é de 0,5 ppm, correspodendo a
concentracdo maxima ambiental de 1600 ug/m*®(ACGIH, 2011).

Adicionalmente, também foram encontradas baixas concentracdes de tolueno
e xilenos no ambiente ocupacional, com valores bastante abaixo dos limites
estabelecidos pela ACGIH para tolueno (75400 ug/m®) e xilenos (434000 pg/m?3)
(ACGIH, 2011). No Brasil, os limites ambientais preconizados para o benzeno pela
NR-15 sdo de 1 ppm para as industrias quimicas e petroquimicas e 2,5 ppm para as
industrias siderurgicas (Brasil, 1995). Enquanto que para o tolueno e xilenos, o limite
estabelecido é de 78 ppm para ambos os solventes organicos (Brasil, 1995). Apesar
das baixas concentracdes encontradas para benzeno e tolueno no ambiente
ocupacional, os niveis dos solventes organicos no ar inalado pelos frentistas se
mostraram altamente correlacionados, evidenciado a ocorréncia de co-exposicao,
mesmo em baixas concentracdes nos postos de gasolina avaliados.

A baixa exposi¢cdo ao benzeno e ao tolueno também foi confirmada pelas
baixas concentracdes dos seus respectivos biomarcadores de exposicao avaliados
no presente trabalho. Em relacdo aos xilenos, ndo foram encontrados niveis
guantificaveis, tanto para o seu biomarcador de exposi¢do sanguineo, quanto para o
urinario. Apesar da elevada especificidade apresentada pelos biomarcadores
sanguineos do benzeno e do tolueno, ndo foram encontradas correlagdes entre os
seus niveis sanguineos e ambientais, bem como entre estes biomarcadores
sanguineos e 0s seus respectivos metabdlitos urinarios. Segundo Weisel (2010), a
falta de correlacdo encontrada pode ser justificada pelo fato de que a concentracao
sanguinea reflete a exposicao recente, correspondendo aos ultimos minutos antes
da coleta de sangue, enquanto que a concentracédo do ar reflete os valores médios
ao longo da exposicdo total. Dessa forma, a diferenca entre os tempos de
amostragem pode ter interferido nos resultados obtidos.

Em relacdo aos biomarcadores urinarios do benzeno (acido trans, trans-
mucbnico) e do tolueno (&cido hipurico), ambos apresentaram valores dentro dos
limites bioldgicos estabelecidos pela ACGIH e pela NR-7 (Norma Regulamentadora
n° 7 que estabelece os parametros biol6gicos para controle da exposicdo a agentes
guimicos, como o tolueno). No Brasil, ndo existe um limite biol6gico estabelecido

para o acido trans, trans-mucdnico, 0 que se emprega € a correlacao entre o0s niveis
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urinarios deste biomarcador e os niveis de benzeno no ar com base nos valores
estabelecidos pelo 6rgédo alemao DFG (Brasil, 2001).

Apesar da dificuldade em realizar o monitoritoramento biologico de
exposi¢cdes ocupacionais a baixos niveis, devido a baixa confiabilidade dos
biomarcadores tradicionais nestas condi¢cdes (Lovreglio et al., 2010), nossos
resultados mostraram aumento no biomarcador urinario de exposicdo ao benzeno
nos frentistas em comparacdo com o grupo controle, demonstrando que o &cido
trans, trans-muconico pode ser considerado um biomarcador aplicavel no
biomonitoramento da exposicdo a baixos niveis de benzeno. Além disso, este
biomarcador urinario demonstrou ser mais efetivo no biomonitoramento do benzeno
do que os niveis do préprio solvente organico no sangue. Os niveis de acido trans,
trans-muconico urinario mostraram estar associados com as concentracdes de
benzeno no ar, destacando a utilidade deste biomarcador na caracterizacdo da
exposicao interna aos baixos niveis de benzeno (Chanvaivit et al., 2007; Weisel,
2010).

O &cido hiparico demonstrou baixa especificidade no biomonitoramento do
tolueno. A validade deste biomarcador de exposicdo vem sendo frequentemente
guestionada, em decorréncia da diminuicdo da exposicdo ocupacional ao tolueno e
também pelo fato de que o acido hipuarico urinario também pode ser encontrado em
individuos ndo expostos, provenientes de alimentos, bebidas e medicamentos que
contenham acido benzéico ou benzoatos, comprometendo a utlizacdo deste
metabdlito no biomonitoramento de exposi¢des a baixos niveis de tolueno (Truchon,
Tardif e Brodeur, 1999; Roma-Torres et al., 2006; Ukai et al., 2007).

Os dados obtidos pelo monitoramento ambiental e biomonitoramento
demonstraram que os frentistas encontram-se submetidos a baixos niveis de
exposicdo. Entretanto, tal fato ndo impediu que alteracdes em diferentes sistemas
biolégicos, bem como nos sistemas oxidante e antioxidante do organismo, fossem
observadas.

A hematotoxicidade do benzeno € rotineiramente avaliada atraves de
parametros hematoldgicos classicos (Kirkeleit, 2008; Robert Schnatter et al., 2010).
No presente estudo, embora tenham sido observadas diferencas significativas entre

os frentistas e o grupo ndo exposto, em alguns parametros hematoldgicos avaliados,
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tais alteracdes ndo apresentam relevancia clinica no biomonitoramento ao benzeno,
uma vez que todos os parametros avaliados encontram-se dentro dos valores de
referéncia. Entretanto, alteracbes hematolégicas ndo sdo os indicativos mais
sensiveis para evidenciar efeitos precoces do benzeno em células sanguineas
(Swaen et al., 2010).

Assim, com o objetivo de avaliar possiveis biomarcadores precoces de
alteracbes hematoldgicas causadas pela exposi¢cdo ao benzeno, nés avaliamos a
ALA-D. A ALA-D é uma enzima envolvida na biossintese do grupamento heme da
hemoglobina, que necessita de grupamentos tidlicos reduzidos (-SH) para a sua
atividade (Fukuda, Paredes e Batlle, 1988; Fonte et al., 2007). No presente estudo,
foi observada uma inibicdo na atividade enzimatica da ALA-D em frentistas, o que
compromete a sintese do grupamento heme e consequentemente contribui para o
desenvolvimento de anemia (Baierle et al., 2010), um comum efeito hematotoxico
resultante da exposicdo ao benzeno (Robert Schnatter et al.,, 2010; Smith, 2010).
Embora os nossos resultados demonstrem o envolvimento de agentes oxidantes na
inibicdo da enzima ALA-D, n@s sugerimos que outros mecanismos também possam
estar envolvidos, uma vez que, se 0s grupamentos —SH fossem o0s Unicos alvos de
inibicdo, a reativacdo da atividade enzimatica pelo agente redutor DTT seria total, o
gue nao ocorreu. As associacoes observadas entre a inibicdo da atividade
enzimatica e aumento nos niveis de benzeno e tolueno no ar, bem como aumento
da excrecdo do acido trans, trans-muconico, sugerem o possivel envolvimento de
benzeno e tolueno na inibicdo da ALA-D em frentistas e reforcam a nossa hipoétese.
Um estudo anterior do nosso grupo, revelou o tolueno como principal responsavel
pela inibicdo da atividade da enzima ALA-D em pintores (Moro et al., 2010). Além
disso, a literatura tem relatado o possivel envolvimento do benzeno na inibicdo de
outras enzimas responsaveis pela sintese do grupamento heme da hemoglobina,
como a ferroquelatase (Muzyka et al.,, 2004). No entanto, conforme nosso
conhecimento, este € o primeiro estudo a descrever a associacao entre a inibicdo da
enzima ALA-D e exposicdo ocupacional ao benzeno.

Uma analise multivariada foi realizada para avaliar a influéncia da co-
exposicao sobre a atividade da enzima ALA-D. Considerando os niveis de benzeno

e tolueno no ar, excrecédo de 4cido trans, trans-mucénico, tempo de exposicao, idade
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e tabagismo, foi obervado que a inibicdo da atividade enzimatica da ALA-D esta
intimamente relacionada com o tempo de exposi¢do ao benzeno, ou seja, a inibicao
da enzima é acompanhada pelo aumento no tempo de exposi¢cdo. As demais
variaveis independentes avaliadas no modelo estatistico ndo apresentaram
influéncias significativas sobre a inibicdo da ALA-D. Dessa forma, ndés sugerimos
gue a exposicdo crbnica ao benzeno ao longo tempo pode contribuir para a
diminuicdo da sintese enzimética da ALA-D. Entretanto, mais estudos sao
necessarios para elucidar o envolvimento desta enzima em anemias decorrentes da
exposicdo ao benzeno e para verificar se esta enzima pode ser um possivel
biomarcador precoce de efeito para este xenobiotico.

No presente estudo também foi observado diminuicdo na expressdo das
molécula de adesdo CD80 em mondcitos e CD86 em linfocitos e mondcitos de
frentistas expostos ao benzeno. Estas moléculas desempenham papel importante na
ativagcdo da células T (Chanan-Khan et al., 2011; Mohamed et al., 2012), as quais
participam ativamente da resposta imunolégica. As expressdes diminuidas das
CD80 e CD86 podem provocar anergia das células T, principais efetoras da resposta
imune do organismo (Dai et al., 2009). Nossos resultados mostraram que as baixas
expressdes dessas moléculas em mondcitos estavam correlacionadas com o
aumento da exposicdo ao benzeno e tolueno no ar, bem como com o0s niveis
aumentados do acido trans, trans-muconico. Analise multivariada foi utilizada para
avaliar o envolvimento de cada um dos fatores acima citados sobre as expressfes
das moléculas CD80 e CD86 em mondcitos. Nossos resultados demonstraram que a
diminuicdo das expressfes esta associada principalmente com os niveis de acido
trans, trans-muconico urinario, revelando o envolvimento da exposi¢cdo ao benzeno
sobre a baixa expressdo dessas moléculas imunoldgicas. Além disso, a literatura
tem reportado que pacientes leucémicos apresentam menor expressao de CD80 e
CD86 do que pessoas saudaveis (Dai et al., 2009; Zhao et al., 2012). A expressao
anormal dessas moléculas €& sugerida como um dos possiveis mecanismos
patolégicos da leucemia (Dai et al., 2009), decorrente da diminuicdo da resposta
imune.

Tendo em vista que a exposi¢cdo ocupacional ao benzeno esta estreitamente

relacionada com o desenvolvimento de leucemia, a avaliacdo de moléculas de
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adesao pode ser um potencial biomarcador no biomonitoramento de trabalhadores
expostos ao benzeno, avaliando distarbios ligados ao sistema imune. Entretanto, o
mecanismo de ativacdo das células T é muito complexo e mais estudos séo
necessarios para verificar qual o real envovimento destas moléculas de adeséo na
leucemia induzida pelo benzeno em trabalhadores expostos.

Adicionalmente, foi observado aumento das enzimas hepéticas em frentistas.
Apesar dos valores obtidos estarem dentro dos valores de referéncia, essas
alteracBes parecem estar intimamente ligadas aos efeitos toxicos causados pela
exposicdo ao benzeno, uma vez que o acido trans, trans-muconico urinario foi o
Unico fator que significativamente contribui para o aumento das transaminases, no
cenario de co-exposi¢ao entre benzeno e tolueno visualizado nos postos de gasolina
do presente estudo. Além disso, o aumento das transaminases foi acompanhado
pelo tempo de exposicdo ao benzeno, destacando a importancia do uso destes
biomarcadores no monitoramento continuo da saude dos trabalhadores expostos.

O figado é o principal 6rgdo responsavel pela biotransformacdo de
substancias quimicas téxicas (Malaguarnera et al., 2012) e o controle das enzimas
hepaticas, apesar de pouco executado, € recomendado no biomonitoramento de
trabalhadores expostos (Barberino et al., 2005). Embora o aumento das
transaminases nao seja considerado um biomarcador especifico (Manno et al.,
2010), o uso dessas enzimas hepaticas pode contribuir em longo prazo para a
deteccéo precoce dos danos causados pela exposi¢cdo ocupacional ao benzeno.

Em relacdo aos biomarcadores classicos de funcdo renal avaliados neste
estudo, os resultados encontrados estavam todos dentro dos valores de referéncia.
Entretanto foi observado um aumento nos niveis de microalbumindria em frentistas,
acompanhado pelo aumento nos niveis de acido trans, trans-mucdnico urinario, bem
como pelo tempo de exposicdo, sugerindo que a exposicdo ao benzeno pode em
longo prazo, contribuir para o desenvolvimento de alteracbes nas células
glomerulares renais de individuos expostos. Nossos resultados também
demonstraram o aumento da enzima N-acetil-beta-D-glucosaminidase em frentistas,
sugerindo um possivel efeito nas células tubulares renais. Além disso, 0 aumento
dessa enzima foi acompanhado pelo aumento do tempo de exposi¢cdo ao benzeno,

justificando o seu uso como biomarcador de efeito em alteragbes precoces. Esses
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biomarcadores de funcédo renal precoce ja vém sendo utilizados em varios estudos
com o0 objetivo de avaliar de forma precoce os potenciais danos que diferentes
xenobioticos podem causar ao sistema renal (Franchini et al., 1983; Gonzalez-Yebra
et al.,, 2006; Ohno et al.,, 2007; Jarosinska et al., 2008; Prozialeck et al., 2009).
Nossos resultados corroboram para 0 uso desses biomarcadores no
biomoniotramento do benzeno, uma vez que eles apontaram alteracées nao
detectadas pelos biomarcadores classicos da funcao renal.

Nossos resultados também comprovaram a acao genotoxica decorrente da
exposi¢cdo ocupacional ao benzeno, uma vez que o aumento nos biomarcadores de
genotoxicidade foi acompanhado por elevados niveis de benzeno no ar e pelo
aumento do acido trans, trans-muconico urinario. Além disso, 0 aumento nas
quebras das fitas de DNA, evidenciado pelo ensaio cometa, foi acompanhado pelo
aumento na frequénca de microndcleos, sugerindo que a falta de reparo do dano de
DNA contribui para o aparecimento de microndcleos (Pandey et al., 2008).

O processo de biotransformacdo do benzeno tem sido associado a producéo
de espécies reativas de oxigénio e estresse oxidativo (Barreto et al., 2009). De
acordo com Angelini et al. (2011), as espécies produzidas durante a
biotransformacédo do benzeno inibem a enzima topoisomerase Il, contribuindo para a
instabilidade do material genético e provocando quebras na molécula de DNA,
alteracoes cromossémicas e danos oxidativos (Kirkeleit, 2008; Pandey et al., 2008;
Fracasso et al., 2010; Angelini et al., 2011).

Adicionalmente, as espécies reativas de oxigénio, produzidas durante a
biotransformacdo do benzeno, podem atuar sobre outras macromoléculas
importantes do organismo, provocando dano em lipidios, proteinas e carboidratos
(Badham et al., 2010), e alterar a capacidade antioxidante, contribuindo para o dano
oxidativo (Keretetse et al., 2008; Uzma, Kumar e Hazari, 2010).

No presente estudo os danos genéticos causados pela exposi¢cdo ocupacional
ao benzeno foram acompanhados pelo aumento da oxidacdo e nitrosilacdo de
proteinas e pela deplecdo de antioxidantes endégenos, como a GSH e GST. Os
niveis elevados de Oxido nitrico encontrados nos frentistas podem ter contribuido
para o desenvolvimento dos danos oxidativos proteicos, uma vez que o 6xido nitrico

reage diretamente com o radical tirosil dando origem a 3-nitrotirosina (Greenacre e
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Ischiropoulos, 2001). Além disso, em altas concentra¢des, o 0xido nitrico liga-se ao
anion superoxido dando origem ao peroxinitrito, que atua promovendo nitrosilagcéo e
carbonilacdo de proteinas (Ricciardolo et al., 2006; Rossner et al., 2007; Trujillo et
al., 2010).

Além disso, sugerimos que a deplecdo dos mecanismos antioxidantes ocorreu
na tentativa de conter o desenvolvimento do dano genético etilogicamente
relacionado ao estresse oxidativo. Adicionalmente, nossos resultados mostraram
gue o aumento da frequéncia de micronucleos estava associado com a diminui¢ao
da concentracédo de GSH e da atividade da enzima GST. De acordo com Fracasso
et al. (2010), esta correlacdo revela o importante envolvimento destes antioxidantes
na defesa contra o dano de DNA induzido pelo benzeno, sugerindo que os
individuos com niveis reduzidos de GSH e/ou GST podem ser mais suscetiveis do
gue aqueles individuos com uma maior agcao destes sistemas antioxidantes.

Adicionalmente, a vitamina C foi 0 Unico antioxidante exdgeno que
demonstrou efeito protetor contra os danos oxidativos causados pela exposicao
ocupacional ao benzeno. Para os demais antioxidantes exdégenos nao foi encontrado
gualquer associacdo com biomarcadores de dano de DNA e proteinas. Apesar
destes antioxidantes serem considerados uma resposta alternativa do organismo
frente ao estresse oxidativo (Rossner et al., 2007), a relacdo entre os niveis de
antioxidantes exogenos e marcadores de estresse oxidativo € muitas vezes
contraditoria, pois suas concentracdes sao facilmente alteradas pela dieta.

Adicionalmente, o tempo de exposicdo influenciou significativamente os
possiveis novos biomarcadores de efeito propostos neste estudo (enzima ALA-D e
expressdo de CD80 e DC86 em mondcitos), bem como os biomarcadores ja
estabelecidos em outros estudos para diferentes xenobiéticos (transaminases,
microalbumindria e N-acetil-beta-D-glucosaminidase). Além disso, os niveis de acido
trans, trans-muconico também aumentaram com o aumento do tempo de exposicao.
Ainda foi possivel observar influéncia do tempo de exposicdo sobre os
biomarcadores de genotoxicidade, biomarcadores de dano protéico e antioxidantes.
Esses resultados destacam a confiabilidade do uso destes biomarcadores em
estudos de biomonitoramento envolvendo o benzeno, sugerindo que o tempo de

exposicdo esta associado com o desenvolvimento de diferentes alteracdes
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observadas neste estudo. Além disso, podem indicar a suscetibilidade ao
desenvolvimento de doencas em trabalhadores expostos ao benzeno. Dessa forma,
0 uso destes biomarcadores pode representar uma tentativa de deteccdo precoce
dos efeitos toxicos causados pela exposicdo ocupacional ao benzeno,
compreendendo o principal objetivo do biomonitoramento. Finalmente, o tabagismo
e a co-exposicdo ao tolueno ndo apresentaram influéncia sobre os resultados

obtidos neste estudo.
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CONCLUSOES

— Os resultados deste estudo demonstraram que, mesmo em baixas
concentragbes, o benzeno interage com diferentes sistemas bioldgicos,
provocando alteracdes.

— O éacido trans, trans-mucénico urinario demonstrou ser um biomarcador de
exposicdo aplicavel no biomonitoramento a baixos niveis de exposi¢cdo ao
benzeno, correlacionado-se com diversas alteragdes observadas.

— A expressdao das moléculas de adesdo CD80 e CD86 em mondcitos
demonstrou ser potencial biomarcador de efeito util no biomonitoramento das
alteracbes imunoldgicas causadas pelo benzeno. A sua relacdo no
desenvolvimento da leucemia induzida pelo benzeno precisa ser melhor
estudada.

— Em relagdo ao uso da ALA-D, como um possivel biomarcador de efeito
precoce para alteragcbes hematologicas decorrentes da exposicdo ao
benzeno, mais estudos sdo necessarios para avaliar o uso desta enzima.

— Os efeitos da exposicdo ocupacional ao bezeno contribuem para o
desenvolvimento de danos genotoxicos induzidos pelo estresse oxidativo.

— GSH, GST e vitamina C desempenham papel fundamental na protecdo dos
danos de DNA causados pelo benzeno.

— Em conjunto esses resultados podem contribuir para a deteccéo precoce das
alteracdes causadas pela exposicdo ocupacional ao benzeno, bem como para
o desenvolvimento de medidas preventivas para saude do trabalhador,

melhorando a sua qualidade de vida.
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PERSPECTIVAS

— Avaliar toxicidade do benzeno em frentistas do sexo feminino, como um
possivel grupo de maior suscetibilidade aos danos causados pela exposicado
ocupacional.

— Avaliar a influéncia do benzeno e de seus metabdlitos sobre a atividade
enzimatica da ALA-D e sobre a expressao das moléculas de adesdo CD80 e
CD86, in vitro.

— Avaliar a influéncia do estresse oxidativo sobre a expressdo das moléculas de
adeséo CD80 e CD86.

— Avaliar biomarcadores de suscetibilidade, através das isoformas polimérficas
das enzimas envolvidas na biotranformacéo do benzeno e com isso identificar
eventuais subgrupos com maior suscetibilidade a danos decorrentes da
exposicao ao benzeno.

— Estudar possiveis correlagdes entre os biomarcadores de suscetibilidade e os

biomarcadores de danos causados pelo exposi¢céo ao benzeno.
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ANEXO I

Termo de Consentimento Livre e Esclarecido assinado

pelos participantes do estudo

TERMO DE CONSENTIMENTO LIVRE E ESCLARECIDO

Vocé esta sendo convidado a participar de um estudo intitulado “AVALIACAO DOS
DANOS CAUSADOS PELO BENZENO NO AMBIENTE OCUPACIONAL E SUA INTER-
RELAGAO COM DIFERENTES BIOMARCADORES”, que tem como objetivo avaliar os
possiveis problemas causados a saude do trabalhador através da exposi¢cao ao benzeno no
posto de gasolina. Este estudo € importante para prevencdo das possiveis alteracdes em
exames de sangue, urina e material bucal coletado com escova dental.

O estudo sera desenvolvido no Laboratério de Toxicologia (LATOX) da Universidade
Federal do Rio Grande do Sul em parceria com o Centro de Vigilancia em Saude e Centros
de Referéncia em Saude do Trabalhador (CERESTS).

Os pesquisadores responsaveis pelo estudo sdo a Profa. Dra. Solange Cristina
Garcia e a doutoranda Angela Maria Moro da UFRGS. Em qualquer etapa do estudo vocé
tera acesso aos pesquisadores responsaveis para esclarecimento de eventuais davidas,
fone (51) 33085297. Além disso, a secretaria do Comité de Etica em pesquisa da UFRGS,
fone (51) 33083629, também poderd ser contactada para apresentar recursos ou

reclamacfes em relacéo ao estudo.

Procedimentos a serem realizados

Vocé deverd realizar coleta de sangue (cerca de 10 ml), urina (cerca de 50 ml) e
material bucal coletada com escova. A presenca de benzeno no ambiente de trabalho
também serd avaliada através de um prendedor com filtros que sera colocado na gola da
camisa. Além disso, vocé devera responder a um questionario sobre habitos de vida e uso
de medicamentos. As amostras coletadas serdo armazenadas no Laboratério de Toxicologia
(LATOX), da Faculdade de Farmacia da UFRGS, sob a responsabilidade da Profa. Dra.
Solange Cristina Garcia. Vocé recebera os resultados de todos os exames laboratoriais
realizados no sangue, urina e amostra bucal. A equipe médica dos CERESTSs realizardo

encaminhamentos, caso seja encontrada qualquer alteragéo.

Riscos individuais, possibilidade de excluséo e beneficios
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A coleta de sangue é um procedimento de baixo risco e desconforto, que sera
realizada sem nenhum custo ao voluntario. Fica claro que sua participacdo na pesquisa é
voluntéria, sendo que vocé podera desistir de fazer parte do trabalho a qualquer momento,
sem qualquer tipo de constrangimento, restricbes ou consequéncias por parte dos
pesquisadores. No caso de aceite, fica claro que ndo havera beneficio financeiro pela sua

participacdo, nem riscos ou prejuizos a saude.

Confidencialidade

Os dados desta pesquisa serdo disponibilizados aos Centros de Referéncia em
Salde do Trabalhador (CERESTS) para encaminhamento aos trabalhadores expostos ao
benzeno. Além disso, os dados serdo utilizados em publicacdes em revistas médico-
cientificas, sendo mantida em sigilo a identificacdo dos participantes.

Acredito ter sido suficientemente informado a respeito das informacdes que li ou que
foram lidas por mim, descrevendo o estudo “AVALIACAO DOS DANOS CAUSADOS PELO
BENZENO NO AMBIENTE OCUPACIONAL E SUA INTER-RELAQAO COM DIFERENTES
BIOMARCADORES”. Concordo, voluntariamente, em participar deste estudo e poderei
retirar 0 meu consentimento a qualquer hora, antes ou durante o0 mesmo, sem penalidades

ou prejuizo ou perda de qualquer beneficio que eu possa ter adquirido.

Identificacdo do voluntario

Nome:

RG (numero de identidade):

Data: , / /

Ass. do Responsavel pelo estudo Assinatura do voluntério
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ANEXO 11l

Questionario de Avaliacéo utilizado no estudo

QUESTIONARIO DE AVALIACAO

IDENTIFICACAO

Data:

Nome:

Telefone:

Idade: Data de nascimento: /

Etnia;

Entrevistador:

DADOS GERAIS

Funcao:

Tempo que exerce a funcdo:

Numero de horas diarias de permanéncia no trabalho?

Turno: (1) Manhd  (2) Tarde  (3) Noite

Jornada de Trabalho Semanal:

Funcao anterior:

Tempo que exerceu a funcéo:

EQUIPAMENTOS DE PROTECAO INDIVIDUAL (EPIs)
Uso de EPIs: (1) SIM  (2) NAO

Quais?

Méscaras Respiradoras ( )

Oculos de Seguranca: ()

Calcados de Seguranca: ( )

Luvas: ()
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Aventais Impermeéveis: ( )
DADOS DE DIAGNOSTICO

Faz uso de medicamentos? Quais? Por quanto tempo?

Faz uso de Polivitaminicos?

Apresenta alguns destes sintomas ?
) dor de cabeca
) tontura
) dor de estdbmago
) dor pernas
) irritacéo olhos
) irritac&o nariz
) irritacao pele
) palpitacbes
) bronquite

) falta de ar

) dor coluna

) cansaco

) problemas auditivos
) dor muscular

) sonoléncia

) alteracdo salivacao
) tremores

) insbnia

) alteracdo humor

(
(
(
(
(
(
(
(
(
(
() rinite alérgica
(
(
(
(
(
(
(
(
(
(

) outros sintomas
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HABITOS DE VIDA

FUMO: () Nunca fumou () Fumante () Ex-fumante
Se sim, quantos cigarros por dia?

Com que idade comecou a fumar? anos

Ex-fumante

Se sim, quantos cigarros por dia?

Ha quanto tempo parou de fumar? anos meses

ETILISMO

Faz uso de bebidas alcodlicas? ( )SIM ( ) NAO

Qual a frequéncia, a quantidade e o tipo de bebida (por semana)?

Fez uso de bebidas alcodlicas nos ultimos 2 dias? Qual?
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