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RESUMO

Durante as atividades de minerag¢do de carvdo, grandes quantidades de cinzas,
metais, 6xidos e hidrocarbonetos aromdticos policiclicos (HAP) s&o liberados ao
ambiente. As particulas de carvdo e cinzas sdo quimicamente complexas e tém a
capacidade de interagir com mecanismos celulares e ndo celulares que desencadeiam a
ativacdo de macréfagos, células epiteliais e fibroblastos, a libera¢cdo de espécies
reativas de oxigénio (ERO) e expressdo de citocinas. O objetivo do presente estudo foi
avaliar a citotoxicidade e genotoxicidade in vifro, e fisiologia respiratoria in vivo, da
exposicdo a particulas de carvdo e cinzas provenientes de Santa Catarina-Brasil. Foram
avaliadas quatro amostras, duas de carvéo mineral (COALT1 e COAL16) e duas de
cinzas produto da combustéo de cada carvéo (CFA11 e CFA16). Particularmente, a
amostra CFA16 é produto da co-combustdo com déleo combustivel e 6leo diesel. Na
avaliagdo in vitro, COAL11, COAL16 e CFA16 foram mais citotéxicas do que a cinza
CFA11 como avaliado no ensaio clonogénico. A exposi¢cdo das células V79 as particulas
de carvdo e cinzas induziram lesdes primdrias no DNA detectadas no ensaio Cometa
Alcalino. Particulas de COAL16 e CFA16, em maiores concentragdes, foram capazes de
induzir danos oxidativos no DNA em células V79, como demonstrado no ensaio Cometa
Modificado (FPG e ENDOIIl). Nos biomarcadores do ensaio CBMN-Cyt os resultados
mostraram que das concentragdes mais altas de carvdo e cinzas induziram efeitos
citotéxicos e instabilidade cromossémica. In vivo, camundongos BALB /c foram analisados
24 h apéds instilagdo intratraqueal com particulas de carvdo e cinzas. Os camundongos
expostos a particulas de carvdo apresentaram rigidez pulmonar e obstrucdes das vias
aéreas centrais quando comparado com o grupo controle, nos pardmetros da mecdnica
pulmonar. Quando expostos as particulas de carv@o e cinzas, os animais mostraram
recrutamento de células, principalmente as mononucleares, e expressdo de citocinas,
principalmente TNF-a e IL-1[3, quando comparado com o grupo controle. Na histologia,
ndo foram encontradas alterac¢des significativas nos alvéolos, nem formacdo de fibras
elasticas e coldgenas. Resultados no ensaio Cometa Alcalino mostraram efeitos
genotdxicos significativos em células de sangue periférico nos animais expostos a
particulas de carvdo e cinzas. As andlises dos elementos inorgdnicos usando o método
PIXE, demostraram translocagéio extrapulmonar de metais ao figado, bago e encéfalo.
Comparativamente, de todas as amostras avaliadas, a CFA11 apresentou o maior
diémetro no tamanho das particulas como avaliado mediante andlise de difragéo de
laser. Os resultados demostraram que o processo de combustdo altera a toxicidade das
particulas de carvdo, e o uso de combustiveis adicionais dentro do processo de queima,
como foi o caso da amostra CFA16, muda as carateristicas das particulas geradas
quanto ao tamanho e toxicidade das mesmas. Estes resultados in vitro e in vivo est@o
relacionados com os compostos contidos na superficie das particulas, tais como éxidos,
metais e HAP detectados nas amostras. Este conjunto de dados aportam ao estado do
conhecimento sobre os riscos da exposi¢cdo continua a este tipo de particulas.
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ABSTRACT

During the coal mining activities, large amounts of fly ash, metals, oxides and
polycyclic aromatic hydrocarbons (PAH) are released to the environment. Coal and fly
ash particles are chemically complex and are capable of interacting with cellular and
non-cellular mechanisms that trigger the release of reactive oxygen species (ROS) and
expression of cytokines from activated macrophages, epithelial cells and fibroblasts. The
aim of this study was to evaluate the cytotoxicity and genotoxicity in vifro, and
respiratory physiology in vivo, of exposure to coal and coal fly ash particles from Santa
Catarina-Brazil. Four samples were collected, two from coal (COAL11and COAL16) and
two from coal fly ash released during combustion (CFA11 and CFA16). Particularly, the
CFA16 sample was the product of co-firing with fuel oil and diesel oil. In vitro
evaluation, COAL11, COAL16 and CFA16 were more cytotoxic than CFA11sample as
assessed in clonogenic assay. The exposure of V79 cells to coal particles and coal fly
ash induced primary DNA damage detected in Comet Alkaline test. COAL16 and CFAT16
particles, at higher concentrations, were capable of inducing oxidative DNA damage in
V79 cells, as demonstrated in the Modified Comet assay (FPG and ENDOIII). Results in
the biomarkers CBMN-Cyt test showed that higher concentrations of coal and coal fly
ash particles induced cytotoxic effects and chromosomal instability. In vivo, BALB/c mice,
were analyzed 24 h after intratracheal instillation with coal and coal fly ash particles.
The mice exposed to coal particles showed significant rigidity and obstruction of the
central airways when compared with the control group. In addition, the animals showed
recruitment of cells, mainly mononuclear cells, and expression of cytokines, particularly
TNF-a and IL-1B as compared to the control group. Histologically, there were no
significant alterations in the alveoli, or formation of elastic and collagen fibers. Alkaline
Comet assay results showed significant genotoxic effects on peripheral blood cells in
animals exposed to coal and coal fly ash particles. The analysis of inorganic elements
using the PIXE method demonstrated the efficient metal extrapulmonary translocation
into the bloodstream to the liver, spleen and brain. When comparing particle size,
CFA11showed the largest diameter as assessed by analysis of laser diffraction. The
results showed that the combustion process alters the toxicity of coal particles and the use
of additional fuel in the firing process, modifies the toxicity and size of the particles, as
was the case of the CFA16 sample. These results in vitro and in vivo are associated with
the compounds contained in the surface of the particles, such as oxides, metals and PAH
detected in these samples. This study contribute to the state of knowledge of the risks of
continuous exposure of these particles.
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ESTRUTURA DO TRABALHO

Este trabalho estd dividido da seguinte forma: uma introdugéio geral, os objetivos
(geral e objetivos especificos), um capitulo correspondente & primeira fase in vitro,
desenvolvida no Laboratério de Reparagéio de DNA de Eucariotos da UFRGS, e outro
capitulo onde sdo apresentados os resultados correspondentes & segunda fase,
realizada in vivo, desenvolvida no Laboratério de Fisiologia da Respiragdo da UFRJ. A
seguir, sdo apresentadas uma discuss@o geral, as conclusdes (geral e especificas), as
perspectivas, as referéncias bibliogréficas e os anexos.

A introducdo geral apresenta generalidades sobre o carvdo, o carvdo na
geracbo de eletricidade, reservas de carv@o ao redor do mundo e no Brasil. Sdo
também descritos os efeitos bioldgicos do carvéo e das cinzas de carvdo, as células
envolvidas nas principais vias associadas com o desenvolvimento de transtornos
pulmonares, as particulas de carvéo-cinza e a formagdo de ERO e os agentes
genotdxicos correlacionados ao carvdo e cinzas.

O Capitulo 1 apresenta um trabalho manuscrito submetido para a revista
“Environmental Science and Pollution Research”, que abordou os efeitos genotdxicos das
particulas de carvéo e cinzas, usando o ensaio Cometa Alcalino e Modificado e o ensaio
CBMN-Cyt na linhagem de fibroblastos de pulm&o de hamster chinés V79.

O Capitulo 2 mostra resultados comparativos da inflamag¢do pulmonar aguda,
mecdnica pulmonar, efeitos genotdxicos e translocacdo extrapulmonar em camundongos
BALB/c expostos as particulas de carvéo e cinzas.

Em seguida, uma discussdo geral aborda os resultados desses dois capitulos, e a
sua importdncia para a contribuicdo cientifica desse estudo. Por fim, sdo apresentados a
conclusdo final, as perspectivas do trabalho e os anexos.

Os Anexos 1 e 2 contém publicagdes desenvolvidas durante o doutorado, mas
que ndo estéo diretamente relacionados ao presente trabalho, e que foram utilizados
na discussdo deste. O Anexo 1 contém o artigo cientifico intitulado “Genetic damage in
coal miners evaluated by buccal micronucleus cytome assay”, publicado na revista
“Ecotoxicology and Environmental Safety”, no qual foram avaliados os efeitos
genotdxicos em células da mucosa oral e concentragcdes de elementos inorgdnicos numa
populagdo exposta a residuos de mineragdo na Guadjira — Colédmbia. O Anexo 2 é um
capitulo de livro intitulado “Occupational Exposure to Coal, Genotoxicity and Cancer
Risk”, aceito pela revista “InTech - Environmental Health Risks”, que apresenta uma
ampla revisdo sobre os mecanismos associados ao desenvolvimento de cdncer e outras
doencas respiratérias e a exposicdo ao carvdo, incluindo diferentes abordagens e
biomarcadores usados em outros estudos ao nivel mundial.
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I. INTRODUCAO

1. 0 CARVAO
1.1. GENERALIDADES

O carvdo é uma rocha sedimentar que é composta de uma mistura de susténcias
quimicas orgdnicas constituidas por carbono, hidrogénio, nitrogénio, oxigénio e enxofre.
E um mineral negro e brilhante, formado a partir da vegetac¢do compactada entre os
extratos da rocha que, ao ficar enterrada, foi alterada pelos efeitos combinados de
pressdo e calor durante milhdes de anos. Isto gerou mudangas fisicas e quimicas na

vegetacgdo, transformando-a em turba e depois em carvéo (Carbunién, 2009).

Tipos de carvdo:

O indice de mudanga sofrido por um carvdo ao se transformar de turba até
antracite, conhecido como carbonizagdo, tem uma grande importdncia nas propriedades
fisicas e quimicas, sendo denominado “nivel do carvdo”. Os carvdes de categoria baixa,
como o lignite e os carvoes sub-betuminosos, sdo normalmente mais macios e
esmigalhdveis, e tém um aspecto mate e terroso. Caracterizam-se por niveis de umidade
altos e contetdo em carbono baixo, e seu conteldo energético também é baixo (Figura

1.

Aumento do contetudo em carbono

5 Sub-betuminoso i Antracit
b Lignite Hulha (Betuminoso) ntracite

Figura 1. Tipos de carvoes

Os carvdes de nivel alto sdo mais duros e resistentes, e normalmente tém uma cor
mais negra e vitrea. Contém mais carbono, menos umidade e produzem mais energia. O
antracite encontra-se no topo da escala, tem um conteddo superior em carbono e
energia, e um nivel inferior de umidade (Carbunién, 2009; Cerrején, 201 3).



1.2. O CARVAO NA GERAGCAO DE ELETRICIDADE

O carvdo é um recurso de grande utilidade em todo o mundo (Figura 2). O
carvdo térmico é utilizado nas centrais elétricas para gerar eletricidade e na
atualidade fornece 41% da eletricidade de todo o mundo. Nas centrais elétricas, o
carvdo é moido antes da queima para que seja obtido um pé fino, o qual aumenta a
drea de superficie, fazendo que se queime mais rapidamente. Nestes sistemas de
combustéo de carvéo esfarelado, o carvdo em pé é insuflado na cémara de combustdo
de uma caldeira, onde o mesmo queima a uma alta temperatura. Os gases quentes e a
energia calérica produzida convertem a dgua que passa por tubos que rodeiam a
caldeira em vapor (Campbell et al., 201 3).

O vapor de alta presséo é conduzido até a turbina, que contém milhares de pds
tipo propulsor. O vapor pressiona estas pds, fazendo com que o eixo da turbina gire
em grande velocidade. H& ainda um gerador montado num extremo do eixo da turbing,
que consiste de vdrias bobinas de cabo. A eletricidade é gerada quando estas bobinas
giram rapidamente num campo magnético forte. Depois de passar pela turbina, o vapor
condensa e regressa a caldeira para voltar a ser aquecido (Figura 2).

A eletricidade gerada transforma-se em alta tens@o (até 400.000 volts), que é
utilizada para uma transmissdo econdmica e eficaz através das linhas de alta tensdo
(Carbunién, 2009; Planete-energies, 2015).

Turbina

Carvao Mineral 3
== Esteira

I

Figura 2. Conversdo do carvdo em eletricidade. Adaptado de Carbunién (2009).

Outros usos do carvdo: o carvdo é usado na producdo de cimento, e é essencial
para a producdo de ferro e ago. Perto de 64% da produgdo de ago em todo o mundo
provém do ferro fundido em altos fornos que utilizam carvéo. Em vdrios paises, o carvéo
é convertido em um combustivel liquido cujo processo se denomina liquefacdo. O
combustivel liquido pode ser refinado para produzir combustivel de transporte e outros
produtos derivados do petréleo, como pldsticos e solventes (Campbell et al., 201 3).




O carvéo também é utilizado em refinarias de aluminio, fabricas de papel e as
indUstrias farmacéuticas. Adicionalmente, os sub-produtos do carvdo sdo utilizados como
componentes para sabonetes, aspirinas, solventes, corantes, pldasticos e fibras, como o
raiom e o nylon (Cerrején, 2013).

2. 0 CARVAO NO MUNDO

As reservas mundiais totalizam 847,5 bilhdes de toneladas, quantidade
suficiente para atender a produgdo atual por 119 anos (Cerrején, 2013). De acordo
com dados da International Energy Agency (IEA), o carvéo é a fonte mais utilizada para
geracdo de energia elétrica no mundo por meio de usinas termelétricas. Em segundo
lugar, estd a aplica¢do industrial para a gerag¢do de calor (energia térmica) (Burt et al.,
2013; International Energy Agency, 2016).
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Como é mostrado na Figura 3, existem reservas de carvdo em mais de 70
paises, em todos os continentes, mas as maiores reservas estdo localizadas na China,
Estados Unidos, Russia e India (BP, 2015).

m Europa & Eurasia
Asia
M Ameérica do Norte

Porcentagem Il Oriente Medio & Africa
B America Central e do Sul

1994

Total 1039181 2004

Total 909064 2014

Total 891531

Milhdes de
toneladas

Milhées de Milhges de
teneladas toneladas

Figura 3. Distribuigéio das reservas de carvédo em 1994, 2004 e 2014. Adaptado de
BP: British Petroleum Statistical Review of World Energy (2015).

Segundo dados da British Petroleum (BP) (2015), o consumo mundial do carvdo
cresceu 0,4% em 2014. A Figura 4 mostra a distribuigdo do consumo mundial de carvdo
mineral, medida em tonelada equivalente de petréleo (tep), uvtilizada na mensurag¢do do
poder calorifico (BP, 2015).
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Figura 4. Consumo mundial de carvéo mineral — 2014 (em Mtep). Adaptado de BP.
British petroleum (2015).

2.1. RESERVAS NO BRASIL

As reservas brasileiras sdo compostas pelo carvdo dos tipos lignite e sub-
betuminoso. No Brasil, o carvéo é encontrado principalmente nos estados do Rio Grande
do Sul, Santa Catarina, Parand (ABCM, 2015). Do volume de reservas, o Rio Grande do
Sul responde por 89,25%; Santa Catarina, 10,41%; Parand, 0,32% e S&o Paulo,
0,02%, como mostrado na Figura 5.

A maioria do carvdo rio-grandense é do tipo betuminoso alto voldétil C, enquanto o
carvdo catarinense é do tipo betuminoso alto volatil A, considerado de melhor
qualidade (Aneel, 2009; ABCM, 201 2).

Parand Sdo Paulo . .
0,32% 0,02% A abundéncia das reservas e o

desenvolvimento de tecnologias de
“limpeza” e combustdio eficiente, conjugados
a necessidade de expansdo dos sistemas
elétricos e restricbes ao uso de outras fontes,
indicam que o carvdo mineral continuard
sendo, por muitas décadas, uma das
principais fontes de geracdo de energia
elétrica no Brasil. Estima-se que 85% do
carvdo utilizado no Brasil é consumido na
Figura 5. Volume de reservas no Brasil. producdo de termoeletricidade, 6% na
Adaptado: Agéncia Nacional de Energia

Elétrica (Aneel, 2009). 6



industria cimenteira, 4% na industria de papel celulose e os restantes 5% nas industrias
de cerdmica, de alimentos e secagem de grdos (Aneel, 2009).

2.1.1. Carvdo de Santa Catarina

No sul do Brasil, os estados de Santa Catarina e Rio Grande do Sul possuem
importantes jazidas de carvdo. A bacia de Santa Catarina é uma bacia intracraténica,
na qual 1.200 m de rochas sedimentares e vulcénicas foram depositadas em uma base
gndissico-granitico (Silva et al., 2009; ABCM, 201 2).

Um constituinte importante do carvéo de Santa Catarina é a PIRITA. Pirita é um
mineral cobre-amarelado com um lustre metdlico brilhante. Ela apresenta em sua
composicdo quimica disulfeto de ferro (FeS2) e é o mineral de sulfeto mais comum.
Ocorre geralmente em pequenas quantidades em rochas igneas, metamérficas e
sedimentares (Geology, 2005). A pirita exposta ao meio ambiente durante o processo
de minera¢do e escavacdo pode reagir com oxigénio e dgua, produzindo dcido
sulfurico e lixiviando o solo. Sua oxidag¢do é exotérmica, podendo levar & combustdo
espontdnea dos depdsitos de rejeitos nas minas de carvdo o qual polui o ar e leva a
formacdo de chuva dcida (Hurlbut, 1985, Peterson, 2008).

A maioria do carvdo de Santa Catarina é extraido de minas subterréneas e é
usado quase exclusivamente para geragdo de energia elétrica pelo complexo
termelétrico (Tractebel Suez) Jorge Lacerda (Figura 6) (Silva and da Boit, 2011).

Brasil

( Este complexo

J PAESns termelétrico (Figura 6) é

Curitiba a maior planta de

energia de carvdo de
América do Sul, gerando
875MW /h de
eletricidade com um
consumo de 200000 tons
de carvéo/més.

Santa Catarina

J -
N 4
‘* E / Rio Grande do Sul
S /
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Florianépolis

Porto Alegre
£
150 km \\,
- O Area de mineragéo de \
l Termelétrica

Figura 6. Localizagdo da area de mineragéio de Santa
Catarina e o complexo termelétrico (Tractebel Suez) Jorge
Lacerda. Adaptado de Quispe et al., (2012).



A usina citada acima produz 80.000 tons/més de cinzas, das quais 80% sdo
cinzas voldateis e 20% sdo cinzas pesadas. Essa usina é uma das maiores produtoras de
cinzas do mundo (Silva et al.,, 2009). A usina queima carvdes com conteddo de enxofre
menor que 2% do total de S, com 40% de cinzas voldteis e estd equipado com
queimadores low-NOx. Cerca de 98,5% da cinza voldtil é capturada por meio de
precipitadores eletrostdticos (Silva et al., 2010; Quispe et al., 2012).

2.2. IMPACTOS DO USO DO CARVAO

O carvdo é uma das formas de producdo de energia mais agressivas ao meio
ambiente. Ainda que sua extragdo e posterior utilizagdo na produgdo de energia gerem
beneficios econdmicos (como empregos diretos e indiretos, aumento da demanda por
bens e servicos na regiGo e aumento da arrecadagdo ftributdria), o processo de
producéio, da extracdo até a combustdo, provoca significativos impactos
socioambientais (Aneel, 2009; Burt et al., 2013).

A ocupacdo do solo exigida pela exploragdo das jazidas, por exemplo,
interfere na vida da populagdo, nos recursos hidricos, na flora e fauna locais, ao
provocar barulho, poeira e erosdo. O efeito mais severo, porém, é o volume de emissdo
de gases como o nitrogénio (N) e diéxido de carbono (CO3) provocado pela combustdo.
Estimativas apontam que o carvdo é responsavel por cerca de 30% do total de
emissdes de COy, sendo o principal agente do efeito estufa (Dai et al., 2012; World
Coal Association, 2016).

No sul do Brasil existe uma considerdvel preocupagdo pela emissdo de material
particulado e a baixa eficiéncia dos sistemas de controle dessas particulas finas
(Teixeira et al., 2009). As atividades de processamento do carvdo tem sido causa de
alteragdes na qualidade do ar de algumas dreas nos estados de Santa Catarina e Rio
Grande do Sul. Além disso, o depésito desmesurado de cinzas a céu aberto pode expor
as cinzas pesadas a lixiviagdo e liberar uma série de contaminantes ao meio ambiente
(Silva and da Boit, 2011).

2.3. SUBPRODUTOS DO CARVAO: CINZAS DE CARVAO

Antes da combustdo, o carvdo é pulverizado em moinhos. Posteriormente, com ou
sem combustiveis secunddrios, é injetado em forno mediante uma corrente de ar quente
a alta velocidade, e, estando em suspensdo, é queimado a uma temperatura de 1500
+ 2000 °C, que estd acima do ponto de fusdo da maioria dos minerais presentes
(Heidrich et al., 2013).

A combustdo do carvéo produz residuos classificados como escérias, cinzas de
fundo (pesadas) e cinzas volateis (leves). As particulas mais finas (cinzas voléteis ou
também chamadas de coal fly ash) sdo obtidas por precipitagio mecdnica ou
eletrostdtica do pd em suspensdo presente nos gases procedentes da combustdo,
enquanto que as mais grossas (pesadas) caem ao fundo das caldeiras por gravidade



(Martinez, 2012; EPA, 2015). As reac¢des que se originam durante a combustdo
dependem do tipo de carvdo (grau de carbonizag¢do, origem geoldgica), do tamanho

do grdo do pé, do tipo de caldeira usado e das condigées do processo de combustéo
(Martinez, 2012).

As cinzas voldateis compdem-se principalmente por Silica (SiO2-S), Aluminio
(Al2O3-A), 6xido férrico (Fe203- F), cal (Ca O-C), carvdo sem queimar e em menor
proporcdo (cerca do 5% em peso): magnésio (MgO), 6xido de enxofre (SO3), alcalinos
(Na20 e K20 e outros elementos tragos) (Caballero & Médico, 201 3).

3. EFEITOS BIOLOGICOS DO CARVAO E AS CINZAS VOLATEIS DE CARVAO (COAL
FLY ASH-CFA).

O material particulado (PM) que é gerado na minera¢do e na combustdo do
carvdo é caracterizado pelo tamanho. Estas particulas séo classificadas de acordo com
o seu di@metro aerodindmico (em micras) em particulas grossas (PM10), finas (PM 2,5),
ultrafinas (PM 0,1) e nanoparticulas (Cassee et al.,, 2013; EPA, 2015). Em geral, as
particulas PM10 depositam-se nas vias aéreas superiores e sdo eliminadas pelo
clearance mucociliar ou por processos mecdnicos (como tosse ou espirro) e as particulas
PM 2,5, PM 0,1 e nanoparticulas (particulas respirdveis) sGo mais propensas a atingir o
parénquima pulmonar (Mazzoli-Rocha et al., 2010).

Estas particulas, apds serem geradas, sdo quase totalmente espalhadas na
atmosfera. Devido ao tamanho t&o pequeno, estas fracdes permanecem voando por
longos periodos de tempo, no qual podem ser inaladas pelos trabalhadores expostos
ocupacionalmente (CDC-NIOSH, 2012). Dependendo da sua toxicidade, propriedades
quimicas e concentracdo no ar, as particulas de CFA podem constituir um risco para os
trabalhadores expostos. Quando as particulas de CFA sdo inaladas e depositam-se no
pulmdo, podem gerar efeitos na sadde pela lixiviagdo de compostos genotdxicos e
alteracdes dos mecanismos imunolégicos, os quais afetam o parénquima pulmonar,
levado a doengas como bronquite, asma e até céincer (Carbone et al., 2009).

A toxicidade das particulas de carvdo e cinzas geralmente aumentam com a
diminui¢do do tamanho da particula e com a mistura de agentes orgénicos e inorgdnicos
que contribuem na composicdo das particulas, como os metais e hidrocarbonetos
aromdticos policiclicos (HAP) (Bonner, 2004; Donaldson et al., 2005; Sambandam et al.,
2015).

Especificamente, como a carga de particulas no pulmé&o aumenta, os macréfagos
alveolares e células epiteliais sdo ativados e isso conduz & liberagdo de mediadores
inflamatérios, ERO, enzimas (elastases, proteases, colagenases), citocinas (TNF-a, MIP-1)
e fatores de crescimento (TGF-B) que controlam e estimulam a fibrose, os eventos

genotdxicos e a morte celular (Borm, 1997; Gilmour et al.,, 2004; Sambandam et al.,
2015).



4. AGENTES GENOTOXICOS CORRELACIONADOS AO CARVAO E CINZAS
4.1. Metais pesados

O carvdo contém diversas quantidades de elementos traco e metais na sua
composicdo global, uma vez que é formado pela matéria orgdnica comprimida que
contém praticamente todos os elementos da tabela periédica, incluindo metais pesados.
Designa-se metal pesado ao grupo de elementos que ocorrem em sistemas naturais em
pequenas concentragdes, apresentam densidade igual ou acima de 5 g/cm3 e sdo
elementos que possuem nimero atémico maior do que 23 (Jaishankar et al., 2014).

O conteldo de metais pesados no carvdo varia segundo a jazida de carvdo e a
regido geogrdfica. Uma variedade de produtos quimicos (na sua maioria metais) estéo
associados com o carvdo, seja no carvdo diretamente ou nas camadas de rocha que
estdo por cima e entre suas jazidas (Goodell, 2006).

Muitos dos metais liberados na mineragdo e na queima de carvdo séo elementos
biologicamente téxicos. Alguns dos elementos quimicos mais comumente encontrados nos
residuos de carvdo e no carvdo incluem: Aluminio, Antimdnio, Arsénio, Bdrio, Berilio,
Cadmio, Cdlcio, Cromo, Cobalto, Cobre, Ferro, Chumbo, Magnésio, Manganés, Mercurio,
Molibdénio, Niquel, Potdssio, Selénio, Prata, Sédio, Estrdéncio, Estanho, Tério, Vanddio,
Zinco (Goodell, 2006; Toppin, 2009).

MECANISMOS DE GENOTOXICIDADE DOS METAIS: Apesar das diversas
propriedades fisico-quimicas dos metais, vdrios mecanismos predominantes sobressaem
e parecem ser comuns a alguns metais: (1) inibicdio do sistema de reparo do DNA,
resultando em instabilidade genémica e acimulo de mutagdes; (2) inibicdo de defensas
antioxidantes; (3) ativagdo de sinalizagdo mitética (4) modulagdo de express@o génica
(Figura 7). (Beyersmann and Hartwig, 2008; Leffa & Andrade, 2009).

A atividade biolégica e a toxicidade de alguns metais também sdo
influenciadas em grande parte por sua capacidade de mudar seu estado de oxidagdo
pela oxidacdo (perda de elétrons) e redugdo (ganho de elétrons). Os metais de
transicdo sdo eletronicamente estdveis em mais de um estado de oxidagdo. Como
resultado desta propriedade, os metais de transicdo desempenham importantes papeis
na catdlise de reac¢des de oxidagdo bioldégica. Metais de transicdio como Fe e Cu tém
sido amplamente estudados devido ao seu envolvimento em muitos processos de
doengas pulmonares e ndo pulmonares, em virtude da sua capacidade de aumentar a
producéio de ERO. A disponibilidade biolégica e a absorcdo de metais sdo
influenciadas em grande medida pela sua solubilidade em dgua e lipideos, mas, ainda
mais importante pela sua solubilidade em fluidos biolégicos, que contém uma variedade
de ligantes orgénicos, os quais facilitam o seu transporte pela circulagdo sanguinea
(Bresgen and Eckl, 2015).

10



]
|

Inibicdo de reparo Inibicdo de defesas Modulagdo de expressdo
do DNA antioxidantes génica

Prote‘l'nas DNA
Peroxidacéo lipidica |0Xida§50 de proteinas | Oxidag3o de acidos nucleicos
Dano na membrana | Disfun¢do de proteinas | | Alteragdo no reparo no DNA

N

MORTE CELULAR Mutagenlfldade
Carcinogénese

Figura 7. Principais mecanismos de carcinogenicidade de metais. Adaptado de Ercal
et al., (2001); Jaishankar et al., (2014).

Sabe-se que os metais redox ativos como o Fe, Cu, Cr, Co e outros sofrem
reacdes ciclicas redox e possuem a capacidade de produzir radicais ativos tais como o
radical dnion superdéxido e éxido nitrico em sistemas biolégicos (Jomova & Valko, 2011).

Além disso, a reagdo oxidativa de Fenton depende da catdlise de metais,
principalmente de Fe, assim como também de Co, Cr e V. Via reacdo de Fenton, sdo
produzidos radicais altamente reativos tais como o radical hidroxila (OH*), o qual surge
como um produto da reagdo entre superdxido, e H2O», catalisado principalmente por
Fe2+ ou Fe3+ (Jomova & Valko, 2011; Sharma et al., 2012).

Reagéio de Fenton (Fe?™ + H,O2 ——> Fe3* + HO* + HO-).

Por outro lado, os metais redox inativos, tais como Cd, As, Hg e Pb mostram seus
efeitos téxicos pela unido de grupos sulfidrila das proteinas e a depleg¢do da glutationa
(Jomova & Valko, 2011). Como consequéncia da gerac¢do de oxidantes, acontece
aumento da peroxidacdo lipidica, dano no DNA, e homeostase alterada do cdlcio e
sulfidrila (Angelé-Martinez et al.,, 2014). Estudos relatam que a atividade da proteina
de reparo O%—alquilguanina-DNA alquiltransferase é inibida por um grande nimero de
ions metdlicos, que incluem Cd, Cu, Hg, Zn e Ag. Esta inibicéio é provavelmente devida &
interacdo dos metais com os residuos de cisteina na proteina (Herndndez-Franco et al.,
2009).
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Pesquisas sugerem que a exposicdo ao Cd resulta em uma diminuicdo dos niveis
de expressdo da 8-oxoguanina DNA glicosilase (OGG1), como resultado da atenuagdo
na unido do fator de transcricéio SP1 ao promotor de hOGG1 (Giaginis et al., 2006),
enquanto que o Cr, dependendo da concentragdo, inibe a expressdo de OGG1 em
células humanas. Também se sabe que o Cr induz a inibigdo ou ativagdo da DNA
polimerase como resultado da formac¢do de adutos DNA-DNA (Hodges and Chipman,
2002). O Cd e o Ni suprimem a remogdo do dano oxidativo no DNA que é reconhecido
pela Formamidopirimidina-DNA glicosilase (Fpg), o que sugere a sua inibicdo (Hartwig
et al., 2002).

Adicionalmente, as células fagociticas podem ser outra fonte importante de ERO
em resposta a ions metdlicos. Vdrios estudos tém sugerido que a capacidade de gerar
ERO por ciclo redox de quinonas e compostos relacionados, podem requerer ions
metdlicos. Os ions metdlicos podem aumentar a produgdo do fator de necrose tumoral
alfa (TNF-a) e ativar a proteina cinase C, assim como induzir a produgéio de proteinas
de estresse (Knaapen et al., 2004; Bonner., 2007; Beyersmann and Hartwig, 2008). Por
tanto, alguns dos mecanismos associados com a toxicidade de ions metdlicos sdo muito
similares aos efeitos produzidos por muitos xenobidticos orgdnicos. As diferencas
especificas na toxicidade de ions metdlicos podem estar relacionadas com diferencas na
solubilidade, capacidade de absorgéo, transporte, reatividade quimica e complexos
que se formam dentro do organismo (Ercal et al., 2001; Jaishankar et al., 2014).

4.2. Hidrocarbonetos Aromadticos Policiclicos (HAP)

A combustdo do carvdo resulta num aumento na concentra¢do de poluentes, tais
como o diéxido de enxofre, 6xidos de nitrogénio, mercirio e HAP na atmosfera (Chen et
al., 2004; Micic et al., 2007). As combustées espontfineas que acontecem nos centros de
armazenamento do carvdo convertem-se em uma das principais fontes de geragdo de
HAP. Dentre os HAP relacionados com minerag¢do do carvdo, estdo benz[a]antraceno,
crisene, benzo[a]pireno, indeno[1,2,3-c,d]pireno e benzo[g,h,ilperileno (Achten and
Hofmann, 2009). Muitos destes sdo liberados para a atmosfera, onde formam misturas
complexas que sdo potencialmente perigosas se sdo levados em conta os efeitos
aditivos e sinérgicos.

Os HAP constituem uma familia de compostos caracterizada por possuirem dois
ou mais anéis aromdticos condensados (Figura 8). Estas substéncias, bem como os seus
derivados nitrados e oxigenados, tém ampla distribuicdo e sdo encontrados como
constituintes de misturas complexas em todos os compartimentos ambientais (Achten &
Hofmann, 2009).

Dezesseis dos HAP existentes sdo particularmente t6xicos e cancerigenos, e por
isso sdo definidos pela Agencia de Protecdo Ambiental de Estados Unidos (US EPA)
como poluentes prioritdrios (Laumann et al.,, 2011). Os seres humanos encontram-se
expostos pela inalagdo, ingestdo e absor¢do dérmica. A ligacdo entre a exposicdo
humana as misturas complexas de HAP e o desenvolvimento de doengas como o céncer,
e doengas respiratérias e cardiovasculares tém sido descritas (ATSDR, 1995; Pope et al.,
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2002; IARC, 2010). Apesar das similaridades estruturais, os HAP podem variar muito no
seu potencial cancerigeno. A IARC classificou alguns destes compostos como
carcinogénicos (grupo 1) ou provdvel carcinégeno (grupo 2A) para humanos, tendo
como exemplo benzo[a]pireno e dibenzo[a,h]antraceno, respetivamente (IARC, 2010).

Regido de baia r Regido fjord :

Benzo[a]pireno Dibenzo[a,h]antraceno Dibenzo[a,/]pireno

Regido baia
estereométricamente
impedida

Dimetilbenzo[a]antraceno Benzo[a]antraceno-7,12-dion  1-nitropireno

Figura 8. Exemplos de alguns HAP comumente estudados. Adaptado de Jarvis et al.,
(2014).

Quando os HAP s&o absorvidos no corpo, sGo metabolizados por vérios érgdos
(incluindo o figado, rins, pulmdes), sdo excretados na bilis, urina ou leite materno e
armazenados em uma quantidade limitada no tecido adiposo. As principais vias de
exposicdo sdo inalacdo, ingestio e contato dérmico. A caracteristica lipofilica dos HAP
permite a fdcil penetracdo nas membranas celulares (Yu et al.,, 2011). O metabolismo
posterior torna os HAP mais solUveis em dgua, tornando mais fdacil que sejam eliminados
pelo corpo. Porém, os HAP também podem ser convertidos em metabdlitos mais téxicos
ou carcinogénicos (Jarvis et al., 2014).

Apdés a exposicdo, estas moléculas induzem a expressdo de enzimas
metabolizadoras da fase | e I, incluindo redutases aldo-cetona, citocromo P-450,
catechol-O-methyltransferase, epdxido hidrolase, peroxidases, glutathiona S-
transferases, N-acetyltransferases, sulfotransferases e outras enzimas que catalisam
reacdes de conjugacdo (Jarvis et al.,, 2014).

HAP, MECANISMOS DE DANO NO DNA: os HAP sofrem ativagéio metabdlica
para diol-epéxidos, os quais ligam-se covalentemente ao DNA. Depois, eles formam
adutos ou induzem estresse oxidativo que geram mutacgdes. Se os mecanismos de reparo
do DNA sdo alterados pela taxa de formac¢do de adutos, o resultado é uma
acumulagdo de mutagdes no DNA que podem levar a carcinogénese. Na figura 9 é
mostrado um exemplo da formag¢do de adutos com o DNA depois da exposi¢cdo a
benzo[a]pireno. Vdrios estudos indicam que o nimero de adutos formados estd
relacionado com o grau de exposicdo ao HAP. De fato, tem sido descrito que a
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exposicdo a HAP ativa os genes envolvidos na apoptose, controle do ciclo celular e
reparo do DNA (Castorena-Torres et al., 2008). Além disso, estudos moleculares tém
revelado que adutos no DNA bloqueiam a atividade da polimerase na replicagdo,
contribuindo para o aumento de danos no DNA pela redu¢do da atividade de
reparagdo (Hsu et al., 2005).

Cosrldnga:gos Colnjug.a dos Adutos ciclicos estaveis
i Glutationa com Guanina e Adenina

Glucuronido = N7 Gunnina

Glutationa
Benzo[a] pireno (B[a]P) . GST [

GST
CYP1A1 Epéxido Glucuronidase _
CYP1B1 hidrolase Sulfatase Adutos DNA
Radical anion
e' o-semiquinona eA

Aldo- Keto
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>
HO ; :\

HO

OH

B[a]P-7,8- quinona
B[a]P-7,8- dihidrodiol

B[a]P-7,8- catecol 0, :.
Superoéxido
l l dismutase
CYP1AL Conjugados Fe2* Fe2*
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Figura 9. Vias do metabolismo, geragdo de ERO e formagdo de adutos com o
DNA depois da exposigéio a benzo[a]pireno. Adaptado de Singh et al., (2007).

Tem sido relatado que derivados BaP possuem a capacidade para entrar nos
ciclos redox e induzir a producdo de ERO, causando o estresse oxidativo (An et al.,
2011). Os radicais-cations BaP séo precursores de 6-OH-de BAP. A auto-oxidagdo
deste derivado pode resultar na formagcdo de BAP quinonas, tais como 6, 12, e 1,6-e
3,6-BAP diol (Briedé et al,, 2004; Singh et al.,, 2007) (Figura 17). Estes metabdlitos
podem sofrer ciclo redox para seus correspondentes BAP didis e produzir ERO como o
superoxido, que sdo entdo convertidos em radicais hidroxila através da reagéo de
Haber-Weiss. Os radicais livres reagem com guanina e causam danos no DNA, incluindo
a producdo de 7-hidro-8-oxo-20-desoxiguanosina (8-oxo-dG) (Bonner et al., 2005;
Singh et al., 2007).

A falha dos mecanismos de reparacdo e constante exposicdio & HAP podem
induzir mutagénese nas células. Estas mutages estdo presentes em vdrios genes,
incluindo os que participam na sobrevivéncia celular. Em particular, mutagées em p53
est@o associadas com risco de carcinogénese em individuos expostos a HAP. Uma vez
que a proteina p53 é um fator de transcricdo que regula proliferagdo celular,
diferenciacdo, apoptose e reparacdo do DNA, as mutag¢des induzidas nesta importante
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proteina podem levar a graves danos nas células e genes (Mordukhovich et al., 2010).
Na Figura 10, estdo resumidos os tipos de danos causadas por misturas complexas de
HAP.

Carcinogénese dos HAP: a formagéio de adutos em genes relacionados com a
reparagc@o do DNA ndo é o Unico mecanismo por meio do qual os HAP podem induzir
carcinogénese. Um perigo adicional da exposicdo aos HAP é a sua semelhang¢a com
hormdnios esterdides, o qual permite aos HAP a capacidade de ativar os receptores de
estrogénio (ER) e do metabolismo (Bekki et al., 201 3).

No entanto, o mecanismo mais importante de carcinogénese é um sistema de
reparo do DNA deficiente em genes chaves envolvidos no controle do ciclo celular. A
exposicdo cronica a HAP estd relacionada com uma alta taxa de mutagénese e é
provavel que o dano no DNA seja acumulativo. Vdrios estudos tém associado a
exposicdo crénica ocupacional dos HAP a vdrios tipos de céincer, incluindo o céncer de

bexiga, pulmdo, rim, figado e mama (Shen et al.,, 2006; Karami et al., 201 1; Mufioz &
Albores, 2011).

Mistura complexa
de HAP

oxidativo

\ 4
Sinalizacdo do
dano no DNA

: .
== = =)

Figura 10. Danos genotéxicos causadas por misturas complexas de HAP. Uma
grande variedade de danos de DNA, incluindo quebras simples, formagéo de adutos,
dano oxidativo e sitios abdsicos resultantes de depurinagdo podem ocorrer depois da
exposicdo a misturas complexas de HAP. A resposta a este dano estimula a sinalizagdo
de dano ao DNA. O Dano no DNA tolerdvel pode levar a outras respostas, incluindo a
parada do ciclo celular e reparacdo do DNA, enquanto que o dano ao DNA
excessivo/irrepardvel pode levar & apoptose. Ambos os cendrios sdo considerados
respostas positivas, uma vez que impedem o processo cancerigeno. As mutagdes podem
ocorrer como resultado de danos no DNA ndo reparados ou indevidamente reparados,
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ou erros na transdugdo de sinal, e sGo um resultado negativo ao promover e acelerar o
processo carcinogénico. Adaptado de Jarvis et al., (2014).

4.3. Silica (Quartzo)

O silicio (Si) é o segundo elemento mais abundante na terra, ao lado do
carbono. Um dtomo de Si combinado com dois dtomos de oxigénios forma didéxido de
silicio ou silice (SiO2). O diéxido de silicio é o componente principal da areia. O quartzo
é uma das formas cristalinas do silicio existente na natureza, que pode também ser
encontrada em outras formas cristalinas, tais como a tridimita, a cristobalita e a tripoli,
ou na forma amorfa como a silica gel ou a silica coloidal. A silica livre cristalizada, cuja
forma mais conhecida é o quartzo, é a silica cristalina ndo combinada com nenhum
elemento quimico (Mason and Thompson, 2010).

E conhecido que o pé de carvéo contém até 10% de quartzo. O quartzo faz
parte de uma matriz de carbono que influencia claramente as propriedades intrinsecas
tanto do carvdo quanto das cinzas. A presenca de quartzo nas cinzas de carvdo pode
ser atribuida aos residuos de gréos de quartzo no carvdo que ndo sofreram fusdo
durante o processo de combustdo. A presenca de quartzo nas cinzas é menor que no
carvdo mineral, sugerindo que algo do quartzo reagiu durante a combustdo e foi
incorporado dentro da matriz vitrea (Silva et al., 2010).

A inalagdo da forma cristalina da silica tem sido historicamente associada com o
desenvolvimento de uma severa doenca respiratéria, a silicose, a qual é uma
pneumoconiose pulmonar caracterizada pela proteinose alveolar e fibrose difusa
resultante na fungdo pulmonar restritiva progressiva (Hamilton et al,, 2008). Existe
evidéncia que a exposicdo a silica pode estar associada ao desenvolvimento de
doencas autoimunes, tais como esclerodermia (esclerose sistémica), artrite reumatoide,
enfermidade renal crdnica e lupus, enquanto que algumas formas de silica cristalina
podem causar cdncer de pulméo (IARC, 1997; Pelucchi et al., 2006). O mecanismo de
acdo molecular ainda ndo estd claro e ndo estd esclarecido se um Unico mecanismo
constitui a base de todas as doencas antes mencionadas. Porém, a inflamagdo severa,
produto da exposi¢cdo crénica das particulas de silica, parece ser um passo comum na
patogénese delas (Hamilton et al., 2008).
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5. CELULAS ENVOLVIDAS NAS PRINCIPAIS VIAS ASSOCIADAS COM O
DESENVOLVIMENTO DE TRANSTORNOS PULMONARES

A importéncia do papel das particulas de carvdo e cinzas em doengas do trato
respiratério, assim como em outros érgdos alvo, e a sua relagdo com alguns tipos de
cdncer como, por exemplo, o céncer gastrointestinal, é objeto de debate permanente hd
décadas (Jenkins et al., 2013; Diabaté et al., 2011).

Dados sobre os efeitos dos pés e cinzas de carvdo tém sido obtidos de estudos in
vitro (Voelkel et al., 2003; Diabaté et al.,, 2011) e estudos em animais (Gilmour et al.,
2004; Magnani et al., 2013). Porém, estudos epidemiolégicos ou de biomonitoramento
de trabalhadores de carvéo constituem uma fonte de dados de extrema importéncia na
avaliagcdo do risco e dos efeitos da exposi¢cdo ocupacional a particulas de carvéo (Rohr
et al.,, 2013; Ledn-Mejia et al., 2014).

Os mecanismos para explicar o destino das particulas nas vias respiratérias tém
sido revisados em vdrias pesquisas (Linak et al., 2007; Cohen et al., 2008). Fatores
importantes incluem propriedades intrinsecas da particula (quimicas e morfoldgicas),
assim como fatores no hospedeiro, que incluem o volume pulmonar, taxa de respiragéo e
profundidade. Estudos em animais e também em biopsias humanas tém sido a base de
um continuo debate sobre os pardmetros cruciais da toxicidade da particula, a qual
inclui aspectos como a durabilidade da particula e a lixivia¢do, deposi¢cdo de particulas,
translocagdo e remogdo de particulas através da linfa mucociliar e intersticial (nodos
linfaticos) (Knaapen et al., 2004; Schmid et al., 2009).

A deposicdo de particulas de carv@o ou cinzas atingem duas células alvo
principais: macréfagos e células epiteliais. Como consequéncia, outras células, como
também componentes intersticiais, podem ser afetados (Schins and Borm, 1999;
Knaapen et al., 2004) como é mostrado na Figura 11.

5.1. Macréfagos

Os macréfagos s@o células fagociticas mononucleadas presentes no tecido
conectivo dos vertebrados. Sdo células extremamente versdteis devido ao papel que
tém na apresentagdio e processamento de antigenos, na produgcdo de moléculas com
atividade biolégica, por exemplo, citocinas e fatores de crescimento, e no metabolismo
de lipideos. Estas células caracterizam-se pela sua capacidade de fagocitar e
degradar material particulado (Hirota and Ter, 2012).
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Figura 11. Principais vias associadas com o desenvolvimento de transtornos
pulmonares induzidos por particulas de carvdo. As células alvo primdrias de
particulas de pé de carvdo inaladas sGo macréfagos e células epiteliais. Os macréfagos
ativados (fagocitose, toxicidade) produzem quantidades excessivas de espécies reativas
do oxigénio (ERO) e citocinas. As ERO podem ser adicionalmente geradas por
mecanismos independentes & via celular devido a propriedades quimicas intrinsecas de
particulas de carvéo (por exemplo presenca de radicais na superficie ou de ferro). As
células epiteliais e fibroblastos, os quais sdo os principais produtores de componentes
da matriz extracelular (ECM), incluindo coldgeno, proteoglicanos e fibras eldsticas, séo
também conhecidos por produzir citocinas e ERO depois da estimulagdo. Adicionalmente,
as células fagociticas (neutréfilos, monécitos/ macréfagos) podem ser recrutados
mediante quimiocinas produzidas pelos macréfagos alveolares ou também células
epiteliais, e podem amplificar a produc¢do local de ERO e citocinas. Ambas, ERO e
citocinas, podem causar dano ou proliferagéo do tecido epitelial local e mesenquimal, o
que pode ter consequéncias na morfologia do tecido pulmonar e deposicdo de
componentes da ECM. A formagdo e degradag¢do da ECM podem também ser afetadas
por ERO e pelas proteases e antiproteases produzidas por vdrios tipos de células no
tecido circundante. O tecido local também contém fatores antioxidantes para fazer
frente a ERO, tal como no fluido de recobrimento epitelial e nas células alvo, e citocinas
antagonistas presumivelmente atuando como mecanismos feedback anti-inflamatério.
Adaptado de Schins & Borm, (1999).
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Os macréfagos alveolares sdo considerados células chaves em relagéo as
doencgas pulmonares induzidas pelo pé mineral, tais como a pneumoconiose, silicose ou
asbestose (Castranova and Vallyathan, 2000). O importante papel dos macréfagos
alveolares (e intersticiais) na eliminagdo de particulas baseia-se em vdrias observagdes,
como o fato do nimero de macréfagos alveolares nos pulmdes aumentar em pessoas e
animais cronicamente expostos a particulas minerais, a fagocitose resultar em um
aumentado estado de ativag@io do macréfago e, durante a sua ativagéo, uma ampla
gama de produtos incluindo oxidantes, lipideos bioativos, citocinas, fatores de
crescimento, proteases e antiproteases poderem ser liberados. Vdrias células
pulmonares podem atuar como alvos para estes mediadores, incluindo fibroblastos,
células epiteliais e células endoteliais, e, além disso, todos estes tipos de células podem
liberar mediadores secunddrios (Castranova & Vallyathan, 2000) (Figura 7). Por Gltimo,
a fagocitose de macréfagos representa a fase lenta de remocgéo de particulas, que
pode ser saturada rapidamente, causando uma sobrecarga de particulas (Oberddrster,
1995) e afetando grandemente o parénquima pulmonar.

5.2. Células epiteliais

O epitélio das vias respiratérias é uma barreira mucosa pseudo-estratificada,
que consiste em vdrios tipos de células situadas de forma adjacente, fortemente
aderidas entre si, com escassa matriz extracelular e relacionadas com o tecido
conjuntivo através da membrana basal (Fréhlich & Salar-Behzadi, 2014). O tecido
epitelial constitui uma barreira de defesa contra as agressées ambientais e a infecgdo,
proporcionando néio somente uma barreira mecdnica e fisica para impedir a entrada
de particulas estranhas, mas também por sua capacidade para orquestrar as respostas
imunes inatas e adaptativas (Camelo et al., 2014).

As células epiteliais também produzem vdrios componentes da matriz
extracelular, tais como laminina, coldgeno IV e fibronectina, os quais s@o importantes
componentes da membrana basal, e também secreta vdrios produtos no lume do trato
respiratério, incluindo mucos e proteinas surfactantes (Sziksz et al., 2015).

A superficie das vias respiratérias inferiores, onde tem lugar o intercambio de
gases, estd coberta principalmente por dois tipos de células do epitélio alveolar: células
epiteliais alveolar tipo | (ATI), as quais cobrem 90% da superficie das vias
respiratérias devido ao seu fendtipo aplanado e cuja fungdo principal é o intercambio
de gases (Figura 12); e as células epiteliais alveolares (ATIl), que sdo as mais
abundantes e cuja fungéio é manter o espago alveolar pela secre¢éo de vdrios tipos de
proteinas, agentes tensoativos e outros componentes da ECM (Serrano-Mollar, 201 2).
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Figura 12. Células do epitélio. O epitélio de pulmdo adulto é composto por diversos
tipos de células. O epitélio traqueobronquial forma uma camada pseudoestratificada
que consiste em células ciliadas e células secretoras (Clara) e Células Gobelet. Abaixo
desta camada, as células basais humanas (que acredita-se que sdo as células
progenitoras epiteliais) estdo presentes em grande nimero. Células neuroendécrinas
também podem estar presentes e tornam-se inervadas por células ganglionares.
Acredita-se que possuem o papel de regulacdo da proliferacéo e diferenciacdo celular.
Os bronquiolos respiratérios levam aos alvéolos, que na sua maioria estdo alinhados por
células alveolar tipo | (ATI) e células tipo Il (ATIl). Adaptado de Camelo et al.,
(2013).

Além das agdes de fatores derivados dos macréfagos sobre o epitélio, as células
epiteliais podem interagir diretamente com particulas depositadas e isto pode resultar
num dano reversivel ou irreversivel no epitélio. Estas células representam a principal
barreira para a entrada no corpo. Devido a sua localizagdo e fungdo, as células
epiteliais sdo um dos principais alvos do PM, e o impacto sobre estas células inclui
inflamagdo, citotoxicidade e genotoxicidade (Davies, 2014).

No caso especifico dos efeitos biolégicos produzidos por particulas de carvdo,
estes come¢cam quando as particulas entram em contato com o epitélio respiratério, onde
podem ser absorvidos e entrar na circulagdo sistémica ou podem ser submetidos ao
clearance mucociliar. O clearance mucociliar é o mecanismo pelo qual os cilios das células
epiteliais bronquiais eliminam as particulas capturadas no muco das vias respiratérias
(Figura 13). Alternativamente, as particulas podem ser ingeridas por macréfagos
localizados na barreira ar-sangue ou podem ser metabolizadas. A magnitude destes
processos é dependente do tamanho da particula. Outros fatores importantes sdo a
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agregacgdo, forma, material, cristalinidade, carga superficial e a hidrofilia da superficie
das particulas (Fréhlich & Salar-Behzadi, 2014).
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Figura 13. Destino das particulas inaladas. As particulas inaladas sdo conduzidas as
vias respiratérias (epitélio bronquial) e os alvéolos, podendo ser absorvidas através do
epitélio bronquial e entrar na circulagdo sistémica ou removidas do epitélio bronquial
pelo clearance mucociliar e ser depois absorvida no trato gastrointestinal (GIT). Via de
absorgéio: setas pretas; vias de metabolizacdo e excrecdio: setas azuis. Adaptado de
Frohlich & Salar-Behzadi, (2014).

Na bronquite, as células epiteliais bronquiais podem ser afetadas. As
hiperplasias das células produtoras de muco e glandulas nas paredes dos brénquios
podem levar ao aumento da producdo de muco, assim como & disfuncéo das células
ciliadas, resultando em uma remogéio mucociliar prejudicada (Schins & Borm, 1999).
Estudos deixam evidente que as células bronquiais e as células epiteliais alveolares
possuem um papel muito ativo na toxicidade das particulas, uma vez que estas células
tém importantes funcdes imunoinflamatérias. De fato, vdrios dos produtos tipicamente
liberados pelas células inflamatérias, tais como ERO e citocinas, sGo também produzidas
ou secretadas em certa medida pelas células epiteliais do pulmdo (Sager et al., 2008).

5.3. Fibroblastos

Os fibroblastos ndo sdo uma populacdo homogénea de células, e sim
morfologicamente heterogéneos, com diferentes aparéncias, dependendo de sua
localizagdo e atividade. Os fibroblastos sintetizam glicosaminoglicanos e coldgeno da
matriz extracelular (ECM), e séo responsdveis pela sintese de todas as fibras do tecido
conjuntivo, incluindo a reticular, de coldgeno e eldsticas (Figura 14 e 15) (Kendall and
Feghali-Bostwick, 2014).
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Figura 14. Fungdes dos fibroblastos Figura 15. Estrutura do tecido conetivo

Os macréfagos ativados e outros tipos de células, incluindo neutréfilos e células
epiteliais, liberam vdrios fatores que estimulam a quimiotaxia nos fibroblastos,
crescimento, proliferagéio e/ou produgéo de coldgeno. Na fibrose pulmonar, os
fibroblastos intersticiais sdo considerados efetores celulares chaves. Isto também pode
ser o caso da fibrose induzida pelo carvéo e outros tipos de pd, uma vez que o
desenvolvimento da fibrose caracteriza-se pela substituicdo do parénquima pulmonar
normal pela matriz de coldgeno, sendo os fibroblastos pulmonares a principal fonte de
coldgeno e outros componentes da matriz intersticial (Ancochea et al., 2004).

5.4. Células inflamatérias recrutadas

Quando existe deposicdo de particulas no pulmdo, as células inflamatérias, tais
como os monécitos periféricos sanguineos ou neutréfilos, podem ser recrutados do
sangue periférico, por fatores liberados mediante a ativacgdo de macréfagos
alveolares, ou também por outras células pulmonares (células epiteliais, fibroblastos,
endotélio) (Grommes and Soehnlein, 2011).

O recrutamento de neutréfilos pode conduzir a um aumentado e persistente
estado inflamatério na regido alveolar, o qual é conhecido como alveolite (Trujillo et al.,
2013). Além do dano direto por particulas, as células epiteliais alveolares podem
chegar a ser significativamente prejudicadas por uma variedade de fatores produzidos
por estas células inflamatérias, incluindo ERO e proteases (Grommes and Soehnlein,
2011). Seja pela agéio direta das particulas ou pela ag¢do indireta (por exemplo,
proteases, ERO), o epitélio alveolar pode ser destruido e/ou remodelado. O consumo
de oxigénio pode ser afetado pela perda de células alveolares funcionais de tipo | e
sua substituicéio por células proliferativas de tipo Il ou fibroblastos, levando & fibrose
alveolar (Camelo et al., 2014).
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6. MECANISMOS E MEDIADORES

Os mecanismos de toxicidade de particulas de carvéo e cinzas podem ser
arbitrariamente subdivididos em vdrias vias que envolvem a produg¢do de ERO e a
protecdo antioxidante, a expressdo e liberagdo de citocinas, fatores de crescimento e
produtos relacionados, tais como eicosanoides e receptores de citocinas. Estas vias estéo
baseadas sobre conceitos chaves da ativagdo de macréfagos e inflamagdo pulmonar, e
s@o considerados mediadores cruciais nos efeitos respiratérios que sdo observados na
exposicdo crénica as poeiras minerais (Refsnes et al., 2006).

6.1. Redes de citocinas

As citocinas regulam a fun¢do de todas as células nucleadas, séio multifuncionais
e participam numa ampla gama de eventos bioldgicos, incluindo inflamacdo,
metabolismo, crescimento celular e diferenciagéio, morfogénese, fibrogénese e
homeostase (Zhang and An, 2007). Além das células do sistema imune, as principais
fontes de citocinas no pulmdo sdo células epiteliais, células endoteliais e fibroblastos.

No campo de pesquisa sobre particulas, as citocinas atualmente sdo
consideradas importantes mediadores dos efeitos téxicos e patogénicos observados em
humanos expostos ds poeiras minerais (Rimal et al.,, 2005; Bonner, 2007). Vdrias
citocinas tém sido estudadas em relagdo as particulas de carvdo e cinzas de carvdo,
incluindo Fator de necrose tumoral-a (TNFQ), Fator de crescimento transformante beta
(TGF-B), Interleukina-1 (IL-1), Interleukina-6 (IL-6) e Fator de crescimento derivado de
plaquetas (PDGF) (Vallyathan et al., 1998; Schins & Borm, 1999; Ates et al.,, 2011).
Além disso, vdrios outros fatores podem ser liberados das células inflamatérias, e
também de outras células pulmonares, em resposta a exposicdo de poeiras minerais.
Entre estes fatores estdo eicosanoides, tais como prostaglandina-E> (PGE»), tromboxano
A2 (TXA2) e leucotrieno B4 (LTB4) e moléculas de adesdo, tais como as Intercelular-I
(ICAM-I) (Demers et al., 1993; Church and Robinson, 201 2).

A classificacdo das citocinas levando em consideracdo doencas das vias
respiratérias é mais adequada. Dentre destas, sdo consideradas as categorias citocinas
pré inflamatérias, citocinas derivadas de células T, citocinas quimoatraentes
(quimiocinas) para eosinéfilos, neutréfilos, monécitos/macréfagos e células T, citocinas
anti-inflamatérias e fatores de crescimento (Tabela 1) (Chung, 2001; Mclnnes, 2008).

TABELA 1. TIPOS DE CITOCINAS

Categoria Citocinas

Linfoquinas IL-4, IL-5, IL-6, IL-10, IL-13

Fatores quimotdticos para neutréfilos Quimiocinas CXC (IL-8, GRO-a, ENA-78), IL-1, TNF,
IL-17

Eosinéfilos Quimiocinas CC (eotaxina, RANTES, MCP-4), GM-
CSF

Monécitos/macréfagos MCP-1, MIP-1a, RANTES

Células T IL-16 (CD4+), MIP-1a (CD8+), STCP-1 (Th2),
RANTES (memoria), MCP-1

Proinflamatérias IL-1[3, TNF-q, IL-6

Antiinflamatérias IL-10, IL-1RA, IFN-y

Fatores de crescimento TGF-[3, PDGF, EGF, IGF
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IL: interleucina; GRO- d: oncogene O relacionado com crescimento; ENA-78: ativador de
neutréfilo 78 derivado de células epiteliais; TNF: fator de necrose tumoral; RANTES: ativacdo
regulada, células T normais expressas e secretadas; MCP: proteinas quimotdticas de mondcitos;
GM-CSF: fator estimulante de coldnias de macréfagos e granulécitos; MIP-1 d: proteina 1d
inflamatéria de macréfagos; STCP-1: proteina-1 quimoatraente estimulada por células T; Th2:
células helper T-tipo 1; IL-IRA: receptor antagonista IL-1; IFN-y: interferon gamma; TGF-[:
fator de crescimento transformante [3; PDGF: fator de crescimento derivado de plaquetas; EGF:
fator de crescimento epidermal; IGF: fator de crescimento parecido a insulina. Adaptado de

Chung (2001).
Fator de necrose tumoral-a e receptores (TNF-)

TNFQ é uma proteina de 17 kDa predominantemente liberada por macréfagos e
mondcitos, mas que também pode ser produzida por outras células, tais como os
neutréfilos e linfocitos. A liberagéio de TNFO é aumentada por vdrios agentes, incluindo
ERO e vdrias citocinas, tais como interferon-y (INF y) e IL-1. O gene TNF-Q humano estd
localizado no cromossoma 6, unido ao gene que codifica para o Fator de Necrose
Tumoral-f, préximo & regido do Complexo Maior de Histocompatibilidade (MHC) (Khan,
2008). Efeitos importantes de TNF-a incluem a indugdo do crescimento de fibroblastos,
liberagéio de colagenase e PGE3, expressdo de moléculas de aderéncia de neutrdfilos,
aumento da produgéio de ERO pelos neutréfilos, macréfagos e fibroblastos, e a indugéio
da express@o de antioxidantes. TNF-O é um agente quimiotdctico para neutréfilos e
também para monécitos (Bonner, 2007).

Existem dois tipos de receptores de TNF, TNF-R1 (CD120a ou P55) e TNF-R2, os
quais est@o envolvidos em processos inflamatérios e pertencem & superfamilia de
receptores de TNF. Estes receptores sdo proteinas transmembrana com dominios
intracelulares que carecem de atividade enzimdtica intrinseca e, em consequénciaq,
requerem proteinas citopldsmicas que ajudam a iniciar as vias de sinalizagdo. TNF-R1
possui um dominio de morte intracelular e TNF-R2 interage com moléculas da familia do
fator 2 associado ao receptor (TRAF). Apds a unido de TNF-0 aos seus receptores,
acontece a indugéio de duas vias de sinalizagdo intracelular. Uma via conduz a
transcricdo de outros genes, e outra via conduz & morte celular e apoptose. Os dois
principais fatores ativados por TNF-O sdo AP-1 e NF k-B (Khan, 2008).

O TNF-a liberado pelos macréfagos tem sido observado em resposta a vdrios
tipos de poeiras minerais. Estudos demostram o papel do TNF-O e mediadores na
inducdio de fibrose pela exposicdo ocupacional as particulas e cinzas de carvdo, nos
quais a liberacdo de TNF-O pelos macréfagos alveolares se mostra aumentada (Lee et
al., 2010). Além do TNF-Q ser considerado um fator crucial na pneumoconiose, vdrios
autores tém demostrado a importéncia do TNF-O na génese da doenca nos diferentes
estdgios da doenca (Lee et al., 2010; Ulker et al., 2008).

A grande e relativamente estdvel variag¢do individual na liberagdo de TNF-O e a
sua relagdo com o desenvolvimento de CWP tém, aparentemente, relagdo com os
polimorfismos genéticos. A transcricdo de TNFQ é regulada por um promotor de 1100
pares de bases e bialelismo causado por muta¢des pontuais (G a A) nas posicdes -238
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e -308, que provavelmente sdo contribuintes significativos para a expressdo diferencial
das citocinas na populagcdo humana (Kim et al., 2002; Ates et al., 2011).

Interleucina-1

As proteinas interleucina-1 IL-Ta e IL-1B compartilham 26% de homologia, mas
encontram-se unidas a um receptor IL-1 idéntico de 80 kDa. Os genes IL-1 estdo
localizados no cromossomo 2. Uma variedade de células ativadas produz IL-1, incluindo
mondcitos, macréfagos, linfécitos-B, células Natural Killer, neutréfilos e fibroblastos. As
principais fontes de IL-1 sdo estimuladas pelos mondcitos e macréfagos, os quais
predominantemente liberam IL-1[3 (Khan, 2008).

A expressdo de IL-1 nestas células pode ser aumentada por vdrios agentes,
incluindo TNF-O. A aderéncia aos mondcitos também induz a libera¢do de IL-1. A

producdo de IL-1 pode ser atenuada por PGE2 e glucocorticosteréides (Bonner, 2007;
Khan, 2008).

Vdrias poeiras minerais sdo conhecidas por estimular a liberagdo de IL-1 pelos
mondcitos/macréfagos, incluindo silica e asbestos, evidenciando o papel chave de IL-1
no processo inflamatério (Cassel et al., 2008; Dostert et al., 2008).

Interleucina-6

A interleucina-6 (IL-6) é uma citocina pré inflamatéria membro da familia das
citocinas denominadas “citocinas tipo IL-6”. IL-6 é uma citocina multifuncional produzida
pela maioria das células nucleadas, incluindo monécitos, macréfagos (alveolares), células
endoteliais, fibroblastos e células B e T (Khan, 2008). O gene que codifica para IL-6
estd localizado no cromossoma 7. As moléculas de IL-6 tém diferentes tamanhos (de 17
kD a 85 kD) e os mondcitos liberam preferencialmente uma proteina de 24 kD. IL-6
possui uma variedade de efeitos que sGo mediados via receptores especificos de IL-6
(80kD). IL-6 é um regulador chave de células B e células T. Vdrias citocinas sdo
conhecidas por estimular a liberagéo de IL-6, incluindo IL-1, TNF- a, PDGF e TGF-[3
(Scheller et al., 2011).

IL-6 contribui notavelmente na iniciagéio e na extens@o do processo inflamatério,
pelo que tem um importante papel na resposta da fase aguda e sepse (Scheller et al.,
2011). Além disso, tem sido descrito que IL-6 desempenha um papel fundamental na
patogénese de doencas pulmonares. De fato, vdrios estudos em animais e seres humanos
tém demostrado uma possivel associagdo entre a expressdo de IL-6 e o desenvolvimento
de fibrose (Pantelidis et al., 2001; Qiu et al., 2004).
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7. PARTICULAS DE CARVAO - CINZA E A MATRIZ EXTRACELULAR (ECM)

O tecido conectivo dos pulmdes consiste de coldgeno, fibras eldsticas e
proteoglicanos. Os coldgenos sGo as moléculas mais abundantes da matriz extracelular.
Componentes ndo colagenosos importantes da matriz extracelular sdo elastina,
fibronectina, laminina, proteoglicanos e hialuronano. Vdrios componentes da matriz
extracelular tém atividade quimiotdtica para as células inflamatérias e fibroblastos, tais
como coldgeno |, lll e IV, laminina e fibronectina (Pelosi et al.,, 2007). Os componentes
da matriz extracelular sGo produzidos por uma variedade de células pulmonares. Os
coldgenos intersticiais do pulmdo s@o sintetizados pelos fibroblastos, células endoteliais,
células mesoteliais pleurais e células epiteliais alveolares. Vdrias citocinas e compostos
relacionados sdo capazes de estimular a produgdo de coldgenos (Theocharis et al.,
2016). A degradacdio de coldgenos intersticiais estd determinada por colagenases que
sdo sintetizadas por células intersticiais, por macréfagos e neutréfilos. As colagenases
podem ser ativadas por processos oxidativos e, por exemplo, tém sido detectadas em
pacientes com fibrose pulmonar (Wilson and Wynn, 2009).

Outras proteases que degradam coldgeno do pulmdo incluem elastases de
neutréfilos da matriz, catepsinas e gelatinase e as elastases de macréfagos (Yamashita
et al.,, 2014). As sinteses de proteases podem ser aumentadas por citocinas, tais como
TNFa, IL-1 e PDGF. Vdrias citocinas tém, por um lado, um papel no aumento do
crescimento de fibroblastos e /ou produgéio de coldgeno e, por outro lado, aumentam a
degrada¢do da matriz de coldgeno. Fontes destas antiproteases incluem macréfagos e
fibroblastos pulmonares e a sua produgéio pode ser estimulada por citocinas, tais como
IL-1 e TGF-B (Greene and McElvaney, 2009).

8. PARTICULAS CARVAO-CINZA E A FORMAGCAO DE ERO

O papel das ERO estd sendo estudado na patogénese de uma variedade de
doengas pulmonares. Basicamente, tém sido propostos dois mecanismos pelos quais a
exposicdo ao pd mineral provoca a formagdo de ERO in vivo:

1) Formagdo de ERO pelas propriedades intrinsecas das particulas, por exemplo,
mecanismos ndo celulares; e

2) Excessiva formag¢do de ERO pelos macréfagos e neutréfilos ativados durante a
fagocitose de particulas e a inflamacdo persistente (Knaapen et al., 2004).

1) Geragdo nédo celular de ERO: vdarios mecanismos tém sido propostos sobre a
toxicidade néo celular de particulas minerais relacionados com as propriedades fisico-
quimicas tais como tamanho, forma, presenca de HAP, metais na superficie e conteGdo
de ferro (Zhang et al., 2002; Dwivedi et al., 2012).

O ferro presente nas particulas pode ter um papel importante na toxicidade de
particulas de carvdo e cinzas de carvéo. Altas concentracdes de ferro no organismo
podem levar & oxidagdo de biomoléculas (via reagdo de Fenton) e posteriormente das
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leses pulmonares. A formagdo de radicais hidroxila via reagdo de Fenton pode ser um
fator determinante na prevaléncia de doengas pulmonares nos mineiros de carvdo. Isto é
devido provavelmente aos componentes que contém ferro do carvdo e das cinzas (Cohn
et al., 2006), o que estaria relacionado com a geragdo de ERO em fluidos bioldgicos, e
poderia causar dano oxidativo direto, mediante mecanismos ndo celulares (Schins &
Borm, 1999; Porter et al., 2002).

Outro fator importante que determina a capacidade de gerac¢do oxidante das
particulas minerais sGo os metais presentes nessas particulas, os quais podem aumentar
a geragdo de ERO via reagdes de Haber-Weiss (Knaapen et al., 2004; Bonner, 2007).
Adicionalmente, os constituintes orgdnicos como os HAP associados com a superficie da
particula podem ser fatores que também contribuem para a formagdo oxidante (Bonner,
2007). Durante sua ativag@o metabdlica, os radicais semiquinona podem ser produzidos
e podem sofrer ciclo redox, levando & formag¢do de ERO (Donaldson et al, 2005,
Mgller et al., 2014).

2) Geragdo celular de ERO: dentro do pulmdo, ERO e espécies reativas do nitrogénio
(ERN) podem ser gerados endogenamente por vdrios tipos de células, incluindo células
fagociticas, endoteliais vasculares e células epiteliais pulmonares. Numerosos estudos
demonstraram a capacidade de particulas oriundas do ambiente e fibras minerais,
incluindo amianto, silica cristalina, metais pesados contidos nos pés, cinza com éleo, cinza
de carvdo e material particulado, de induzir a produgcéo de ERO (in vivo) em neutréfilos
e em macréfagos, um processo que provavelmente envolve a ativacdo de NADPH
oxidases (van der Vliet, 2008; Magnani et al., 2013; Joshi et al., 2015).

Os fagdcitos sdo também uma fonte potente de ERN, incluindo éxido nitrico (NO:)
e peroxinitrito (ONOO-), o que desencadeia a atividade induzivel da enzima éxido
nitrico sintase (iINOS) (Fubini and Hubbard, 2003; Sugiura and Ichinose, 2011). Embora
os neutréfilos sejam considerados os mais potentes fagdcitos em respeito a geragéio de
ERO relacionado com particulas, a principal fonte de ERN no pulm&o sdo os macréfagos
alveolares (Knaapen et al., 2004; Laskin et al., 2010).

8.1. TIPOS DE DANOS CAUSADOS PELAS ERO EM MACROMOLECULAS
Dano oxidativo

Os efeitos celulares mais importantes das ERO no pulmdo podem ser:

e Dano nas membranas celulares mediante processos de peroxidacdo lipidica.
e Oxidagdo de proteinas

e Dano no DNA de células alvo.

A peroxidacdo lipidica é um processo de reacdo em cadeia nos dcidos graxos
insaturados da membrana, resultando na formacdo de radicais lipidicos, e pode levar
ao dano celular e remodelamento do tecido (Piljac Zegarac, 2015).
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A peroxidacdo de lipideos da membrana conduz & perda da fluidez da membrana
e da elasticidade, & deteriora¢do da fungdo celular e inclusive & ruptura celular. Os
diferentes produtos diretos da peroxidacdo lipidica, como o malondialdeido (MDA) e
isoprostanas e 4-hydroxynonenal, sdo considerados entre os mais importantes
biomarcadores de estresse oxidativo nos tecidos. O malondialdeido é um composto
carbonilico reativo e, por sua vez, mutagénico e cancerigeno. Reage com o DNA
formando adutos. De fato, a medicdo das sustdincias reativas do dcido tiobarbitdrico
(TBARS) constitui um ensaio bem estabelecido, utilizado para detectar a peroxidacdo de
lipideos em presenga de malondialdeido (Piljac Zegarac, 2015).

As reagdes das ERO com proteinas podem conduzir & inativagdo de enzimas
envolvidas no metabolismo celular ou na modificagdo estrutural de componentes intra ou
extracelulares. A oxidagéio de proteinas pode causar a fragmentagéio de residuos de
aminodcidos, a formagdo de cross-links proteina-proteina e oxidagdo do esqueleto das
proteinas, o que conduz, por fim, & perda da fun¢do. As proteinas danificadas afetam
as vias intracelulares e sdo fatores que contribuem para diferentes transtornos e
doencas. Se os mecanismos proteoliticos responsdveis pela degradag¢do de proteinas
ndo funcionam corretamente, as proteinas alteradas acumulam-se na célula e podem
contribuir para o desenvolvimento de condi¢ées patolégicas (Piljac Zegarac, 201 5).

Vdrios ensaios tém sido desenvolvidos para detectar especificamente os
biomarcadores de dano oxidativo de proteinas, como por exemplo, nitrotirosina, que é
um produto proveniente da nitracdo da tirosina e a formag¢do de grupos carbonil, que

se formam nas cadeias laterais das proteinas durante a oxidac¢do (Piljac Zegarac,
2015).

O dano oxidativo no DNA pode ter vdrias consequéncias, que v@o desde morte
celular e destruicdo do tecido, até proliferagéo celular. Além destas intera¢es diretas
com o DNA, as ERO podem também atuar como reguladores de cascatas sinalizadoras
a nivel intracelular e fatores de transcricdo de uma variedade de genes, incluindo
aqueles de citocinas pré-inflamatérias, moléculas de adesdo e proto-oncongenes
(Schieber and Chandel, 2014).

O 7-hidro-8-oxo0-2’-deoxiguanosina (8-oxodG), produto da oxidagéio do C8
da deoxiguanosina (dG), é uma das modificagdes oxidativas mais prevalentes que
ocorrem no DNA em resposta as ERO. A proporg¢éo 8-oxodG/dG (Figura 16) pode ser
considerada como um biomarcador de estresse oxidativo e tem sido estudado em
relagéio & exposicdo as poeiras minerais in vifro e in vivo (Haghdoost et al., 2005).
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Figura 16. Produtos da oxidagéio da Guanosina gerados por distintos mecanismos
de estresse oxidativo. R’ desoxirribosa; 8-OH-dG: 8-hidroxi-2’-desoxiguanosina; 8-
(ox0)dG: 8-oxo0-2’-desoxiguanosina; FapyG: 2,6-diamino-4-hidroxi-5-formamido-
pirimidina; FapyA: 5-formamido-4,6-diamino-pirimidina. Adaptado de Oliva et al.,
(2009).

Comparado aos compostos carcinogénicos e genotdxicos solUveis, as particulas
formam um grupo mais especifico, uma vez que o seu comportamento e caracteristicas,
tanto fisicas quanto quimicas, séo totalmente diferentes e normalmente muito complexas.
Isto se dd& principalmente porque os mecanismos de genotoxicidade induzidos por
particulas sdo pobremente entendidos. Para que os efeitos genotéxicos acontecam, é
necessdrio que as particulas fagocitadas pelas células alvo entrem e estejam em contato
préoximo com o DNA. Além disso, o aspecto de internalizagcdo de particulas permite
também a avalia¢do dos mecanismos nos sistemas celulares, os quais s@o indiretamente
ativados na produgdio de ERO/ERN, que contribuem para os efeitos genotéxicos nestas
células (Figura 17) (Knaapen et al., 2004).

Levando em consideragdo o possivel papel dos grupos reativos estdveis
localizados na superficie das particulas, estes precisam de interagdo direta ou a
proximidade das particulas com moléculas alvo, por exemplo, um receptor (sinalizagéo
celular) ou DNA gendmico (genotoxicidade) (Moller et al., 2014). Além disso, tem sido
descrito que as particulas podem também gerar residuos de difusdo livre em suspengéo
em solu¢des aquosas, o que dd das particulas a capacidade de “atuar a distancia”
(Knaapen et al., 2004).
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Figura 17. Possiveis mecanismos de dano no DNA induzido por particulas em geral.
1) As particulas podem ativar a explosdo oxidativa fagocitica (genotoxicidade
secunddria). (2) Alternativamente, as particulas podem também gerar diretamente
ERO/ERN em células alvo (2-5). 3) Por exemplo, via ativagdo similar a enzimas NAD(P)H
através da superficie das particulas reativas. 4) Pela ativagéio mitocondrial. 5) Além
disso, metais solUveis (transicdo) associados & particula podem aumentar a geragdo de
ERO por meio de reag¢des Haber-Weiss. 6) Compostos genotdxicos absorvidos (por
exemplo, HAP) podem danificar diretamente o DNA. 7) Finalmente, depois da
translocagdo de particulas no nicleo, o dano pode ser induzido pelos radicais estdveis
unidos & superficie. As vias 3 e 4 sdo ainda hipotéticas, é sdo necessdrias maiores
investigacdes para esclarecer o seu papel. Adaptado de Knaapen et al., (2004).

Adicionalmente, estudos in vivo realizados até o momento levam & pergunta: a
inflamagdo pulmonar poderia ser relacionada com efeitos genotdxicos secunddrios? Este
questionamento estd baseado na divida se fendmenos como estresse oxidativo,
inflamac¢do e dano no DNA s&o independentes ou sdo gerados por uma causa comum
(particulas), ou se existe uma sequéncia de eventos inter-relacionados, mas que sdo
potencialmente diferentes. A Figura 18 ressalta trés possiveis rela¢des onde a oxidagdo
do DNA é um evento secunddrio & producéio de ERO ou inflamacéio. E possivel que o
estresse oxidativo estimule a inflamagdo (relagdo A) ou a inflamacdo mediada pelas
particulas cause estresse oxidativo (relagéo B). Porém, também é possivel que as
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particulas causem ambos, tanto estresse oxidativo como inflamag¢do por diferentes
mecanismos de acdo (relagdo C) (Moller et al., 2014).

Tém sido realizadas tentativas para decifrar a sequéncia de eventos em sistemas
como condicdes acelulares, cultura de células e modelos animais, mas sem conclusdes que
possam ser aplicadas das condi¢cdes de exposicéio humana (Moller et al., 2014).

Relagao A Relagdao B Relagdo C

Particulas

.

Inflamagao

Figura 18. Relagéio entre a exposi¢do a particulas e a geracdo de estresse oxidativo,
inflamagdo e dano oxidativo no DNA (OxDNA). Adaptado de Moller et al., (2014).

8.2. O PAPEL DAS ERO NAS DOENCAS PULMONARES INDUZIDAS POR
PARTICULAS DE CARVAO-CINZAS

As doengas pulmonares ocupacionais mais frequentes no mundo sdo as geradas
pela inalagdo de pés minerais como o amianto, silica e o pé de carvdo. A inalagdo de
particulas de carvdo ou cinzas pode causar uma variedade de doengas pulmonares,
incluindo pneumoconiose simples (CWP), fibrose macica progressiva (PMF), bronquite
crénica, perda da fungdo pulmonar e enfisema (Schins and Borm, 1999; Santo Tomas,
2011; Burt et al., 2013)

Vdrios estudos tém proporcionado apoio adicional para o papel significativo
das ERO em transtornos pulmonares associadas com a exposi¢cdo as particulas e cinzas
de carvdo (Petsonk et al.,, 2013). As ERO podem desempenhar um papel-chave nos
mecanismos de iniciagdio e progressdo de vdrias das doengas citadas anteriormente
apds a exposicdo a estas particulas. Estimulos primdrios induzidos por ERO resultam no
aumento da secre¢do de citocinas pré-inflamatérias e de outros mediadores,
promovendo eventos que parecem ser importantes na progressdo da lesdo celular e
doenca pulmonar. Evidéncias sugerem que a inala¢do de particulas insoliveis, tais como
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particulas de carvdo ou cinzas, pode estar envolvida na facilitagdo de miltiplas vias
para a geragdo persistente de ERO, o que pode levar a uma continua inflamagéo que
conduz & progress@o de doencas como pneumoconiose (Vallyathan et al., 1998; Porter
et al., 2002). Além disso, considera-se que as ERO tém um papel muito importante na
patogénese de enfisema, mediante o dano oxidativo a antiproteases, reduzindo a sua
atividade. O enfisema surge da degradagéo da matriz extracelular do pulmdo. Esta
matriz esta composta por fibras eldsticas formadas principalmente por coldgeno tipo 1V,
proteoglicanos e elastina. A reduzida atividade de antiproteases pode causar uma
destruicdo exagerada do tecido pulmonar pelas proteases (Raut et al, 2013),
caracteristica do enfisema tipico observado em trabalhadores de carvéo (Petsonk et al.,

2013).

A bronquite crénica é considerada uma doenca ocupacional comum em mineiros
de carvdo, a qual consiste em uma inflamagdo crdnica, caracterizando-se por um fluido
exudativo inflamatério e infiltrado celulares no epitélio que reveste as vias respiratérias
centrais e as glandulas associadas. Neutréfilos ativados, macréfagos alveolares,
eosindfilos e células epiteliais produzem ERO, o que leva a diferentes tipos de dano,
como peroxidagdo lipidica da membrana. Essa produgéio de ERO conduz a ativagdo da
transcricdo de genes de citocinas pré-inflamatérias e quimiocinas, & regulagdo positiva
de moléculas de adesdo e aumento da libera¢do de mediadores pré-inflamatérios que
regulam as respostas inflamatérias no pulmé&o. Os brdnquios inflamados produzem uma
secrecdo mucosa abundante, o que conduz a tosse e dificuldade para a entrada e saida
de ar dos pulmdes (Jang et al, 2016), caracteristica comum em pessoas expostas
cronicamente & mineracgdo de carvdo.

32



OBJETIVOS



Il. OBJETIVOS

OBJETIVO GERAL:

Avaliar a citotoxicidade e genotoxicidade na linhagem de fibroblastos de
pulmdo de héamster chinés (células V79), e fisiologia respiratéria em
camundongos, de particulas de carvdo e cinzas provenientes de Santa Catarina.

OBJETIVOS ESPECIFICOS:

Avaliar o potencial citotéxico de particulas de carvéo e cinzas de carvdo em
células V79.

Avaliar os efeitos genotdxicos de particulas de carvdo e cinzas de carvéo em
células V79.

Avaliar a capacidade das particulas de carvéo e cinzas de carvdo de induzir
danos oxidativos no DNA em células V79.

Avaliar o citoma (CBMN-Cyt) de células V79 apds exposicdo as particulas de
carvdo e cinzas de carvdo.

Analisar a mecdnica respiratoria de camundongos expostos das particulas de
carvdo e cinzas.

Analisar a indugdo de citocinas (TNF-Q, IL-1B e IL-6) em tecido pulmonar de
camundongos expostos ds particulas de carvdo e cinzas.

Avaliar os efeitos genotdxicos no sangue periférico de camundongos expostos ds

particulas de carvdo e cinzas.

Analisar a celularidade e morfometria do tecido pulmonar dos camundongos
expostos as particulas de carvéo e cinzas.

Analisar a formagdo de fibras eldsticas e de coldgeno no tecido pulmonar dos
camundongos expostos ds particulas de carvdo e cinzas.

Analisar a franslocagéio de metais a érgdos extrapulmonares de camundongos
expostos as particulas de carvdo e cinzas.
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CAPITULO |

CYTOTOXICITY AND GENOTOXICITY INDUCED BY COAL AND COAL
FLY ASH PARTICLES SAMPLES IN V79 CELLS

Manuscrito submetido para publicagdo na revista

“Environmental Science and Pollution Research”.
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APRESENTACAO

CAPITULO |

O Capitulo | apresenta o trabalho que originou um manuscrito, o qual foi
submetido & revista “Environmental Science and Pollution Research”, em janeiro de 2016,
infitulado “CYTOTOXICITY AND GENOTOXICITY INDUCED BY COAL AND COAL FLY
ASH PARTICLES SAMPLES IN V79 CELLS”.

Os resultados deste capitulo indicam que a exposicdo das células V79 a
particulas de carvdo e cinzas induz dano no DNA. Além disso, o uso de endonucleases
especificas (ENDO Ill e FPG) indicou a presenga de dano oxidativo no DNA. Também, os
biomarcadores do ensaio CBMN-Cyt mostraram que a exposi¢cdo a altas concentracdes
de particulas de carvdo e cinzas induzem efeitos citotéxicos e instabilidade
cromossdmica. Estes resultados poderiam estar associados com o conteddo de compostos

como 6xidos, HAP e metais presentes na superficie destas particulas.
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Abstract

Exposure to coal or coal combustion products can cause harmful effects in in
vitro and in vivo systems, mainly by the induction of oxidative damage. The aim of this
work was to assess cytotoxic and genotoxic effects using the V79 cell line treated with
coal and coal fly ash particles derived from a coal power plant located in Santa
Catarina-Brazil. Two coal samples (COAL11 and COAL16) and two coal fly ash
samples (CFA11 and CFAL16) were included in this study. COAL16 was co-firing with
a mixture of fuel oil and diesel oil. The comet assay data showed that exposure of V79
cells to coal and coal fly ash particles induced primary DNA lesions. Application of
lesion-specific endonucleases (FPG and ENDO III) demonstrated increased DNA
effects indicating the presence of high amounts of oxidative DNA lesions. The
cytokinesis-block micronucleus cytome assay analysis showed that exposure of V79
cells to high concentrations of coal and coal fly ash particles induced cytotoxic effects
(apoptosis and necrosis) and chromosomal instability (nucleoplasmic bridges, nuclear
buds and MN formation). These results may be associated with compounds contained in
the surface of the particles as hazardous elements, oxides and PAH which were detected
in the samples.

Key words: Coal, coal fly ash, DNA oxidative damage, comet assay, micronucleus

assay.
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1. Introduction

Coal is a heterogeneous mixture containing large quantities of organic and
inorganic matter. The organic components of coal consists of chemical compounds
including carbon, hydrogen, oxygen, sulfur, nitrogen and organometallic forms
(Oliveira et al. 2011). The presence of mineral matter in coal may result in a number of
environmental problems related to mining, preparation and combustion of the coals

(Depoi et al. 2008; Ribeiro et al. 2011).

In Santa Catarina (Brazil), where the largest thermal plants is located, the coals
used for power production tend to have high contents of ash and sulfur (Silva et al.
2009). Due to high concentrations of mineral matter such as sulfides, clays, and quartz,
Brazilian coal must be pulverized and beneficiated, specifically with flotation, before its
combustion. Then, the coal is burned inside a boiler, producing a solid combustion-by-
product known as coal ash (Quispe et al.2012). Coal ash is composed of amorphous
inorganic components, minerals such as silicates, oxides and hydroxides mainly of iron,
sulfates, carbonates, phosphates and sulfides, and organic constituent or unburnt coal
(char) (Vassilev and Vassileva 1996a,b). The combustion temperature is an important
factor which determines the physical properties of the particles. High  temperature
(>1400°C) is used in conventional combustion, the major aluminosilicate melts and
condenses to form small, spherical particles (Borm, 1997). Depending on the toxicity,
the chemical properties and concentration in air, the particles of fly ash can constitute a

risk to exposed workers due to inhalation (Donaldson et al. 2005).

When coal is being burnt a significant amount of toxic substances are formed
and released into the environment including components such as asbestos, silica,

selenium (Se), cadmium (Cd) arsenic (As), chromium (Cr), copper (Cu) and mercury
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(Hg) (IARC 1997; NRC 2006; IARC 2012) and polycyclic aromatic hydrocarbons
(Rohr et al. 2013). PAH are considered to pose potential health hazards because some

PAH are known carcinogens (Liu et al. 2008).

The aim this work was to assess the cytotoxic and genotoxic potential effects of
the coal and coal fly ash particles, from coal power plant located in Santa Catarina-
Brazil, in vitro using the V79 (Chinese hamster lung fibroblasts) cell line. For an
assessment of cytotoxicity the clonogenic assay was used. The comet assay was applied
using the standard protocol for the detecting of primary DNA damage as well as a
protocol using specific endonucleases for the detection of oxidative damage. The

CBMN-Cyt assay was used as a measure of cytotoxic, cytostatic and genotoxic effects.

2. Materials and Methods

2.1. Reagents and chemicals

Dulbecco’s Modified Eagles Medium (DMEM) and fetal bovine serum (FBS),
trypsin-EDTA, L-glutamine and antibiotics were purchased from Gibco BRL (Grand
Island, NY, USA). Hydrogen peroxide (H,O;), dimethyl sulfoxide (DMSOQO) and
cytochalasin B and methyl methanesulfonate, were purchased from Sigma (St. Louis,
MO, USA). Low-melting point agarose and agarose were obtained from Invitrogen
(Carlsbad, CA, USA). Formamidopyrimidine-DNA glycosylase (FPG) and
endonuclease Il (Endolll) were obtained from New England BioLabs (Beverly, MA,
USA). Hydrochloric acid (HCI; 5 M), potassium chloride (KCI), methanol, ethanol and
acetic acid were obtained from Merck (Darmstadt, Germany). All reagents were of

analytical grade.
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2.2.Characteristics of coal and coal fly ash particles
Coal and Coal Fly Ash (CFA) particles samples used in this work were
previously characterized and data are available in (Silva et al. 2009; Quispe et al. 2012;

Silva et al. 2010; Oliveira et al.2012).

Briefly, samples were collected in Santa Catarina State- Brazil, where the Jorge
Lacerda — Tractebel Suez Thermoelectric Complex is located. The Jorge Lacerda power
plant has seven different pulverizing fuel units. The feed coals and coal fly ash were
collected simultaneously from each of these units over a five-day period. The coal is, in
general, high volatile C to high volatile A bituminous in rank, although individual units
may be receiving different ratios of the blend components. Four samples, two coal
(COALL11 and COAL16) and two coal fly ash (CFA1l and CFA16) were included in
this study. Particularly, the coal fly ash sample 16 (CFA16) was collected from Unit 3
while co-firing with a mixture of fuel oil and diesel oil as part of the boiler start-up
procedure. Representative samples of around 15-20 kg of coal fly ash and 2 kg of coal
were collected from each unit. The coal fly ash samples were collected from the
respective electrostatic precipitators. The samples were dried in a furnace (40 °C, 16 h),
homogenized and sieved through a 450 um screen. Subsamples of this material were
ground to pass through a 20-mesh sieve.

The coal samples were ashed at 815 °C. The resultant ashes, in addition to the
powdered portions of each fly ash sample, were calcined at 1050 °C and then fused into
borosilicate disks following the methods described by Norrish and Hutton (1969). The
loss on ignition at 1050 °C was also determined for each sample as part of the
preparation process. The major element oxides in each ash sample were determined by
X-ray fluorescence (XRF) spectrometry techniques using a Philips PW2400

spectrometer system.
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The coal and coal fly ash samples were acid digested following a two-step
method devised to retain volatile elements (Querol et al. 1997). The process involved a
hot HNOj3 extraction, followed by HF-HNO3; -HCIO, digestion of the residue. The
resulting solutions were analyzed by inductively coupled plasma atomic-emission
spectrometry (ICP-AES) and inductively coupled plasma mass spectrometry (ICP-MS)
for a range of major and trace elements. Morphology and composition of particles and
minerals were investigated using a Field Emission Scanning Electron Microscope (FE-
SEM; Zeiss Model ULTRA plus) equipped with an energy dispersive X-ray

spectrometer (EDS).

2.3. Quantification of polycyclic aromatic hydrocarbons (PAH)

The PAH present in the sample were quantified by using HPLC/ UV/Vis.
Extraction and clean-up are essential parts in the analysis of organic compounds
originated from solid matrices. The technique has been adapted, followed by studies
bases Cavalcante et al. (2008) and Sun et al. (1998). 5 g of dry soil samples (30°C
during 24 h) were used (in triplicate). The extraction by ultrasound technique was
adapted and optimized using solvents with different polarities, hexane and acetone
(1:1), the soil and the solvents were put into the ultrasound machine during 10 minutes,
then they were centrifuged and the extract was removed. The extraction was repeated
four times and the extracting solution was then vacuum filtered in order to eliminate
non soluble materials and concentrated in a rotavapor. Adsorption chromatography with
a glass column was used for the clean-up procedure. After adding the extract to the
adsorption column, the compounds were eluted with different solvent systems,
performed with some changes of Begas (2013).The elute volume was reduced to 1 mL
and finally, each extract was injected into a chromatographic system (HPLC-UV) in

duplicate. The chromatographic conditions were: 5 um Kromasl reverse phase column
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(250 x 4,6 mm), injection volume 20 uL, mobile phase acetonitrile (A): water MilliQ
(B), gradient method t (A:B): 0 (1:1), 10 min (7:3), 20 min (8:2), 25 min (8:2), 28 min
(1:1) and 30 min (1:1) and A=254. Analytic curves were built by external

standardization for quantification.

2.4. Cell culture and treatment

V79 is a Chinese hamster lung fibroblast cell line and was obtained from the Rio
de Janeiro cell bank (Rio de Janeiro, Brazil). The choice of this cell line for this study
was based on the fact that the V79 cells have stable karyotype and is a good
experimental model system widely used in genotoxicity and cytotoxicity assays. Cells
were grown as monolayers in continuous culture in cell culture flasks of 25 or 75 cm?
under standard conditions in DMEM supplemented with 10% heat-inactivated FBS, 0.2
mg/mL L-glutamine, 100 IU/mL penicillin and 100 pug/mL streptomycin. The cells were
incubated at 37°C under a humidified 5% CO, atmosphere. For establishing cultures or
passage of V79 cells, 0.15% trypsin—0.08% EDTA and phosphate-buffered saline

solution (PBS) was used.

To prepare the particle suspensions for in vitro experiments, coal and CFA
particles were suspended in DMEM without FBS and just before use the samples were
twice sonicated for 10 min to obtain a uniform dispersion and to prevent particle
aggregation. Starting from the concentration of 1 mg/mL serial dilutions were
performed to prepare incubation culture medium DMEM with decreasing
concentrations of samples. All experiments were independently repeated at least three

times.
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2.5. Cytotoxicity assay

The clonogenic assay allows cell viability assessment by colony formation. 200
cells were seeded in each well of 6 well-plates. After 24 hours, cells were exposed to
five different concentrations of coal and coal fly ash and a negative control (FBS-free
medium) during 24 h at 37 °C. Then, the treatment-containing media was removed and
the cells were washed with PBS and reincubated in complete medium at 37 °C in a
humidified atmosphere containing 5% CO, for six days. After this period, the colonies
were fixed with methanol, stained with 1% crystal violet and counted. The survival was
expressed as a percentage relative to the negative control. We determined the 1Csg
values and selected five concentrations of each sample to be used in the next

experiments.
2.6. Comet assay
2.6.1. Alkaline comet assay

The alkaline comet assay was performed as described by Singh et al. (1988) with
minor modifications. Briefly 3 X 10° V79 cells were seeded in each well of 12 well-
plates. After 24 h, the cells were exposed to the coal and coal fly ashes and negative
control FBS-free medium for 3 h and to positive control (150 uM H,0,) for 2 h. After
treatment, the cells were trypsinized and re-suspended in complete medium. Twenty
microliters of this cell suspension was mixed with 90 ul of 0.75% low-melting point
agarose (LMP). This mixture was placed into a slide previously coated with 1.5% of
normal melting point agarose processed at 60 °C. The agarose layers were covered with
a cover slip and after gel solidifying the cover slips were removed. The slides were
immersed overnight in lysis solution (2.5M NaCl, 100mM EDTA and 10mM Tris, pH

10.0-10.5, 1% with freshly added 1% Triton X-100 and 10% DMSO) at 4 °C in dark.
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Afterwards, the slides were placed for 30 min in alkaline buffer at 4 °C (300mM NaOH
and 1mM EDTA, pH > 13) to unwind the DNA. The alkaline electrophoresis was
carried out for 30 min at 25 V and 300 mA. The gels were neutralized with 0.4M Tris
(pH 7.5) with 3 washes of 5 min each. The gels were dried at room temperature. Slides
were then rinsed and stained with SYBR Gold fluorescent stain. Slide analyses were
performed by means of an automated scoring PathFinder ~ Screen Tox system (Imstar,
France) (Sharma et al. 2012). Finally, for each sample, 400 cells (100 cells from each of
two replicate slides per culture) were evaluated for genotoxicity by the analysis of the %

Tail DNA parameter (the proportion of DNA in the comet tail) (Duez et al. 2003).
2.6.2. Modified comet assay

The modified alkaline comet assay enables identification of oxidative DNA
damage through the use of specific enzymes that repair oxidative damage: (a)
Formamidopyrimidine DNA glycosylase (FPG) recognizes the common oxidized purine
8-oxoGua, and also ring-opened purines, or formamidopyrimidines (Fapy); (b)
Endonuclease I11 converts oxidized pyrimidines to strand breaks (Collins 2014; Azqueta

et al. 2014).

The modified comet assay includes the same steps of the standard comet assay
up to the step of cell lysis. After this step, the slides are removed of the lysis solution
and washed three times with buffer enzymes (HEPES 40 mM, KCI 100 mM, EDTA 0,5
mM, bovine serum albumin 0,2 mg/mL, pH 8,0), drained, and incubated at 37 °C in
enzyme buffer supplemented with 60 pl of FPG (1 ug/mL solution) for 45 min and
Endolll (1 pug/mL solution) for 30 min; the following steps were carried out as

mentioned above.
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2.7. Cytokinesis-block micronucleus cytome (CBMN-Cyt) assay

To verify the potential genotoxic effects of coal and coal fly ashes, 15 x 10* cells
per well were seeded in 12-well plates. After 24 h, the cells were exposed to the
particles (coal and coal fly ashes) for 24 h or 40 uM MMS for 2 h as a positive control.
After treatment, the culture medium was discarded and replaced with fresh culture
media. Cytochalasin B (4.5 ng/mL) was added and the cells were incubated for another
48 h. The cells were then harvested and spread onto clean microscope slides. The slides
were then fixed in an ethanol:glacial acetic acid (3:1) solution and stained with 10%

Giemsa for 10 min.

For the analysis 1000 binucleated (BN) cells were scored under a light
microscope (magnification 1000X). Five hundred cells per slide were scored and
classified to determine the ratios of mononucleate, binucleate, multinucleate cells in
order to determine the nuclear division index (NDI). The NDI is a biomarker of
cytostasis and provides a measure of the proliferative status of the viable cell fraction. It
is calculated using the formula NDI = (M1 + 2M2 + 3M3 + 4M4)/N, where M1-M4
represent the number of cells with 1-4 nuclei, and N is the total number of viable cells
scored (excluding necrotic and apoptotic cells). Cytotoxicity effects were assessed by
the frequency of necrotic and apoptotic cells. When 500 cells were randomly scored, the
number of apoptotic cells and necrotic cells were counted. Micronucleus frequency,
NPBs and NBUDs per 1000 BN cells per slide were used as indicators of DNA damage

and chromosomal instability.
2.8. Statistical analysis

Each treatment group was compared with the control samples (untreated) using

one-way ANOVA followed by Tukey's post hoc test. Graph Pad Prism 5.0 software was
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Frequency (%)

used for the statistical analysis (GraphPad Inc., San Diego, CA). Differences were

considered significant when the P-value was less than 0.05.

3. Results

3.1. Characteristics of coal and coal fly ash particles

Characteristics of the frequency distribution of particle diameters of coal and
coal fly ashes particles samples are shown in Figure 1. Coalll shows a mean diameter
of 29.74 um and at least 40% of the sample showed particles less than 10 um. CFA1l
had an average diameter of 65.52 um, but approximately 25% had particles smaller than
10 um. Coal16 showed an average diameter of 37.34 um and more than 30% had a size

less than 10 um. CFAL6 all particles had a diameter less than 10 um.
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Figure 1. Histogram of the frequency distribution of particle diameters of (a) Coal
11 (COAL11), (b) coal 16 (COAL16), (c) coal fly ash 11 (CFA11) and (d) coal fly
ash 16 (CFAL6) particles samples indicated by analysis of laser diffraction.
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Chemistry composition of coal and coal fly ashes samples (wt %) are presented
in Table 1. The composition of oxides was similar in all samples. In particular, higher

concentrations were observed for SiO, followed by Al,O3.

Table 1. Chemistry composition of coal (COAL11 and COALL16) and coal fly ashes
(CFA11 and CFAL6) samples (wt %) indicated by XRD data.

Compounds COAL11 CFAl11 COAL16 CFAle
Si0O, 63.32 61.42 63.11 56.23
TiO, 0.43 1.22 1.82 1.46
Al; 04 28.37 24.98 27.53 29.29

Fe,03 2.32 6.01 2.00 4.79
MgO 0.32 0.83 0.23 0.97
Cao 1.05 1.64 0.78 1.56
Na,O 0.61 0.59 0.63 0.46
K,O 2.98 2.85 3.01 3.32
P,0s 0.00 0.07 0.00 0.22
503 0.60 0.33 0.89 1.66

In Table 2 trace element concentrations in coal and coal fly ashes samples (ppm)
are shown (Silva et al., 2010). Concentrations of trace elements in coal samples were

similar, but in general the coal fly ashes had higher concentrations of trace elements.

3.1.1. Quantification of polycyclic aromatic hydrocarbons (PAH)

Table 3 shows the results of quantification of PAH. Compounds found in higher
concentrations in all sample particles are Anthracene, Fluoranthene,
Benzo(a)anthracene. In particular, the amounts of PAH were higher in coal samples
compared to coal fly ash samples. Specifically, in COAL11 contents of naphthalene,
phenanthrene and benzo(a)anthracene are significant, whereas in COAL16 contents of

acenaphthene, anthracene and fluoranthene were higher.
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Table 2. Trace elements concentrations in coal (COAL11 and COAL16) and coal fly ashes
(CFA1l and CFA16) samples (ppm) analyzed by coupled plasma atomic emission
spectrometry (ICP-AES) and inductively coupled plasma mass spectrometry (ICP-MS).

Trace elements COAL11 CFAl1l1 COALl6 CFAl6
As 9.73 10.0 12.82 139.0
B 34.38 <1 60.16 <1
Ba 219.18 427.0 215.34 729.1
Be 4.27 7.9 411 12.6
Bi <0.8 <1 <0.8 7.2
Ccd <0.8 <1 <0.8 3.4
Ce 83.51 168.1 85.86 194.0
Co 6.88 15.0 8.40 17.7
Cr 59.46 105.3 61.85 161.1
Cs 10.40 239 10.42 29.3
Cu 17.09 38.5 21.07 54.8
Dy 5.34 10.6 5.42 14.3
Er 2.82 5.6 2.79 7.7
Eu 1.01 1.9 1.02 2.3
Ga 16.38 30.4 16.78 110.9
Gd 7.22 14.2 7.25 17.1
Ge 7.67 14.7 6.50 85.2
Hf 5.74 10.7 5.71 14.5
Hg 0.18 0.00044 0.23 0.6817
Ho 1.06 2.2 1.06 3.0
La 31.37 63.6 32.42 75.0
Li 41.27 79.1 42.33 104.6
Lu <0.8 1.1 <0.8 1.5
Mn 141.40 307.3 120.50 326.5
Mo 2.44 5.3 2.72 19.6
Nb 32.46 113.2 32.93 126.3
Nd 35.19 68.3 36.16 79.5
Ni 14.96 35.0 19.09 43.6
Pb 19.26 43.2 25.07 161.0
Pr 8.08 16.3 8.36 19.0
Rb 57.15 122.2 56.04 143.8
Sb <0.7 2.1 0.62 7.1
Sc 14.11 25.7 14.77 36.8
Se 3.01 5.2 3.78 18.6
Sm 7.60 144 7.88 16.9
Sn 3.93 7.4 4.03 36.5
Sr 67.27 132.0 61.99 200.3
Ta 5.24 64.3 5.20 81.8
Tb 0.91 1.8 0.91 2.4
Th 15.15 335 15.42 41.3
Tl 1.42 4.2 1.82 9.7

Tm <0.8 1.1 <0.8 1.5
6.92 14.5 6.12 24.8
\' 103.48 197.9 108.46 351.3
w 4.01 23.1 4.10 71.0
Y 34.25 69.0 33.79 92.8
Yb 3.20 6.4 3.24 8.7
Zn 91.76 219.9 91.24 913.0
Zr 263.74 530.9 245.53 746.0
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Table 3. PAH

concentration per sample (x standard deviation) analyzed by

HPLC/UV/Vis.
COAL11 CFAl11 COAL16 CFAl6
Compounds
(ngkg™) (ngkg™) (ngkg™) (ng-kg™)
Naphthalene 14532.0+867.5 2725.6+15.17 2456.0£202.5 16.4+0.053
Acenaphthene 15.2+0.543 13.9+2.72 26.9+0.766 5.240.127
Phenanthrene 994.3+45.2 194.4+19.5 251.4+10.3 23.2+1.7
Anthracene 3247.0+50.10 2837.0+30.17 4448 0+51.15 3052.0+6.88
Fluoranthene 2582.04325.1 1431.0+8.69 7986.0£217.9 6356.0+371.0
Benzo(a)anthracene 3477.0+88.55 429.446.10 2218.0£46.40 1540.0£9.98
Benzo(g,h,i)perylene 1.0+6.49 1.045.53 1.0£1.20 0.9+4.98
Benzo(b)fluoranthene 0.81£0.016 0.240.003 0.6£0.001 0.2+0.080
Dibenzo(a,h)anthracene 15.2+0.164 16.3+0.561 15.6+0.624 13.2+0.006
Indeno(1,2,3-c,d)pyrene 9.610.015 ND 9.7+0.013 ND
Benzo(k)fluoranthene 0.8+0.002 ND 0.8+0.007 ND

3.2. Cytotoxicity

The clonogenic assay was employed to determine the colony-forming ability in

V79 cells exposed to different concentrations of mineral coal dust and coal fly ash. As

demonstrated in Figure 2, COAL11 and CFA11, COAL16, and CFAL16 particle samples

were able to decrease the cell viability in a dose-dependent manner.

COAL11 showed a higher cytotoxic effect when compared to CFA1l. In

addition, by nonlinear regression application, 1Cs, values of 0.4 mg/mL and 0.83

mg/mL for COAL11 and CFAL1, respectively, were determined. CFA16 was slightly

more cytotoxic than COAL16, with ICs values of 0.59 mg/mL for COAL16 and 0.55

mg/mL for CFA16 (Figure 2).

Based on these results, concentration ranges that induced up to 50 % of decrease

in the viability were chosen for genotoxicity analysis.
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Figure 2. Cell viability of V79 exposed to COAL11, coal fly ash 11 (CFA1l),
COAL16, and coal fly ash 16 (CFAL16) particles samples, evaluated using
clonogenic assay after 24 h exposure time for V79 cell line. The concentration was
considered cytotoxic when cell survival was 50%. The results are shown as the
mean of three independent experiments.

3.3. Genotoxicity and oxidative DNA Damage in V79 cells

3.3.1. Alkaline comet assay

After verifying the cytotoxic profile, the DNA damage potential of the four
samples was evaluated by the alkaline comet assay. For this purpose, cells were exposed
to 0.025, 0.05, 0.1, 0.2 and 0.4 mg/mL COAL11; 0.05, 0.1, 0.2, 0.4 and 0.8 mg/mL
CFA11; and 0.0375, 0.075, 0.15, 0.3 and 0.6 mg/mL COAL16 or CFA16 for 3 h at 37

°Cand 5 % CO..

In the results, for COAL11 and CFA11l samples, a dose-dependent relationship
was observed for the % Tail DNA parameter (Figure 3a, 3b). Furthermore, a significant
increase in % Tail DNA was detected in cells exposed to 0.2 and 0.4 mg/mL COAL11
and 0.1, 0.2, 0.4 and 0.8 mg/mL CFA11 when compared to the negative control (P <

0.05). As demonstrated in Figure 4, COAL16 and CFA16 samples induced a significant
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% Tail DNA

% Tail DNA

increase in DNA damage when cells were exposed to 0.075, 0.15, 0.3 and 0.6 mg/mL

concentrations, compared to the negative control (P <0.05).
3.3.2. Lesion-specific endonucleases-modified comet assay

The induction of oxidative damage was evaluated through the modified version
of the comet assay where slides were treated with the FPG and Endolll repair enzymes
which introduce breaks at DNA sites with oxidative lesions. In COAL11 and CFA1l
samples no significant increase in the % Tail DNA was observed when slides were
incubated with ENDO Il or FPG enzymes in comparison to the negative control

(Figure 3a,3b).

Coal 11- % Tail DNA- ENDOIII
Coal 11- % Tail DNA- FPG

3 Without enzymes

X3 Endo Il 3 Wwithout enzymes

FPG

% Tail DNA

CFA11 - % Tail DNA- ENDOIII

204 )
3 Without enzymes

EX) Endo lll

3 Without enzymes
FPG

% Tail DNA

Figure 3. (A) Coal 11 (COAL11) and (B) coal fly ash 11 (CFAL1l). % Tail DNA in Alkaline Comet Assay
(white) and oxidative damage % Tail DNA (dotted) in the modified comet assay in V79 cells after treatment
with Endo 111 and FPG enzyme. *Statistically significant difference in relation to the negative control (NC) (p
< 0.05). *Oxidative damage increase significant difference in relation to the negative control with ENDO 111

and FPG (p < 0.05). The results are shown as the mean * standard error. 53



As shown in Figure 4, for COAL16, no increase in induction of DNA breaks
was observed after ENDOIII incubation. However, using the FPG enzyme, a significant
increase in oxidative damage was detected in cells exposed to 0.6 mg/mL COAL16
when compared to the related negative control (Figure 4a). For the CFA16 sample, a
significant increase in oxidative damage was found in comparison to the related
negative control using 0.3 mg/mL ENDOIII or 0.3 mg/mL and 0.6 mg/mL FPG,
respectively (Figure 4b). Taken together, it was observed that for all samples, the
ENDO Il enzyme was able to produce a slight increase in the % Tail DNA parameter,

however in some of the samples evaluated the increase was not statistically significant.
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Figure 4. (A) Coal 16 (COALL16) and (B) coal fly ash 16 (CFA16). % Tail DNA in Alkaline Comet Assay
(white) and oxidative damage % Tail DNA (dotted) in the modified comet assay in V79 cells after
treatment with Endo 111 and FPG enzyme. *Statistically significant difference in relation to the negative
control (NC) (p < 0.05). “Oxidative damage increase significant difference in relation to the negative
control with ENDO |11 and FPG (p < 0.05). The results are shown as the mean * standard error.

3.3.3. CBMN-Cyt assay in V79 cells

Cells were exposed to the same concentration ranges evaluated in the comet

assay and analyzed by the CBMN-Cyt assay. Firstly, the nuclear division index was

determined to detect cytostatic effects. No differences were observed among the

cultures exposed to the negative control and to coal and coal fly ashes particles (Table

4).
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The results for COAL11 (Table 4) show that the number of apoptotic and
necrotic cells increased in a dose-dependent manner with mineral coal concentration,
but the finding was only statistically significant at concentrations 0.2 mg/mL and 0.4
mg/mL (P < 0.05). The chromosomal damage or instability status was determined by
MN frequency, NPBs and NBUDs in the BN cells. These biomarkers were significantly
different in the highest concentrations when compared to the negative control group (P

< 0.05).

For the CFA11 sample (Table 4), the increase in the number of apoptotic cells
was only significant for a concentration of 0.8 mg/mL compared to the negative control.
A dose-dependent trend was observed in MN frequency, NPBs and NBUDs but only the
highest concentration (0.8 mg/mL) was significantly different comparing with negative

control group (P < 0.05).

The results for COAL16 sample are shown in Table 4. The number of apoptotic
and necrotic cells were statistically significantly increased at the highest concentrations
(0.3 mg/mL and 0.6 mg/mL). The biomarkers MN, NPBs and NBUDs were statistically
significantly increased at the highest concentration (0.6 mg/mL) compared to the

negative control (P < 0.05).

Table 4 also shows the results of CFA16 sample. The number of apoptotic cells
was only significantly increased in 0.6 mg/mL and the positive control (P < 0.05). The
number of necrotic cells was significantly increased at concentrations of 0.3 and 0.6
mg/mL when compared to the negative control group (P < 0.05). The values of the
biomarkers MN, NPBs and NBUD were significantly increased in the concentration 0.6
mg/mL compared to the negative control (P < 0.05). The positive control, MMS showed

the expected effect demonstrating the sensitivity of the test system.
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Table 4. CBMN cytome biomarkers in V79 cells exposed to different concentrations of coal and coal fly ash samples

Groups (mg/mL) NDI MN NPBs NBUDs APOP (%) NECR (%)
COAL1L
0 2.01#0.02 2.08+0.38 1.0+0.50 1.08+0.28 0.70+0.13 0.65:0.26
0.025 2.02+0.03 3.33:0.57 1.7520.25 1.2520.25 1.21#0.11 0.93:0.18
0.05 2.03:0.03 3.16:0.52 1.91:0.38 1.83:0.38 1.13:0.30 0.98:0.16
0.1 1.99:0.04 3.91:0.38 1.9120.57 2.1620.38 1.25:0.18 1.35:0.40
0.2 1.99:0.01 4.25:0.50* 2.41+0.28* 2 50+0.66* 1.55:0.25* 1.88+0.51*
0.4 1.99:0.03 4.16:0.52* 2 66:0.80° 2 58+0.87* 2.71:0.27* 2 48+0.20*
CFA11
0 1.91:0.01 1.41:0.28 1.25:0.43 1.1620.14 0.48:0.07 0.43:0.14
0.05 1.93:0.01 3.41:0.94 1.7520.25 1.6620.16 0.58+0.18 0.6120.17
0.1 1.92+0.01 3.16:1.12 2412118 1.50+0.25 0.75:0.31 0.65:0.35
0.2 1.90:0.02 3.83:0.62 2.58:0.80 1.50:0.27 0.81:0.28 0.65:0.17
0.4 1.89:0.02 4.25:0.86 2.91:0.38 1.6620.14 1.11:0.54 1.10:0.39
0.8 1.90:0.01 4.91:0.94* 4.00:0.43* 2.00:0.43* 1.46:0.44* 1.20:0.44
COAL16
0 1.99:0.03 3.41:0.62 1.91:0.14 1.41:0.28 0.75:0.18 0.55:0.12
0.0375 2.00+0.06 4.41+1.50 3.58+1.23 1912038 1.13+0.16 0.86:0.18
0.075 1.96:0.01 4.83:0.62 433#1.15 2.91:0.38 1.46:0.16 1.30:0.39
0.15 2.00+0.04 5.41+0.80 4.50+2.70 2.7520.25 1.50+0.38 1.38+0.69
0.3 1.99:0.03 5.16:0.72 5.25:0.86 3.25:0.66 1.56:0.51* 1.50+0.36*
0.6 2.00:0.02 £.91:0.38* B.0B+2.08* 3.91:2 00* 1.76:0.58* 1.66:0.33
CFAL6
0 1.97+0.01 2.33:0.14 1.0020.25 0.83:0.38 1.43:0.88 0.50:0.40
0.0375 1.97+0.02 4.16:1.04 2.25:0.66 1.08:0.76 1712051 0.90:0.35
0.075 2.0120.03 458166 2.41:0.38 1.8320.87 2.46:0.79 1.43:0.18
0.15 2.02+0.05 458052 1.91+1.04 1.58+0.80 2.03:0.80 0.95:0.22
0.3 2.04:0.03 4.75:0.50 2.25:0.25 2.16:0.14 2.10:0.68 1.76:0.45°
0.6 2.04:0.01 5.5821.12* 3.00+1.25¢ 2.83:0.76* 3.45:1.38* 1.80+0.05*
40 pM MMS 1.980.05 13.2021.75* 7.87:0.75* 5.33:0.80* 3.30:0.45* 2 68+0.50°

The biomarkers MN, NPBs, and NBUDs were counted by scoring 1000 binucleated cells per slide, whereas 500 cells were scored to calculate the Apop, Necr, and NDI.
BN, binucleated cells; NDI, nuclear division index; Apop, apoptotic cells; Necr, necrotic cells; MN, micronuclei; NPBs, nucleoplasmic bridges; NBUDs, nuclear buds.
Data are expressed as mean + standard error of three independent experiments. *Significant difference compared with negative control group within a column, p < 0.05.
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4. Discussion

It is known that extraction and burning of coal is an important pollution factor,
which may represent a threat to human health and natural populations (Ledn-Mejia et al.
2011; Rohr et al. 2013). In Santa Catarina (Brazil), where the largest of the thermal
plants in Brazil is located, the coals used for power production tend to be high in ash
and sulfur (Silva et al. 2009). In the present study the potential cytotoxicity and
genotoxic effects of the coal and coal fly ash particles from Santa Catarina, was
assessed in vitro using V79 (Chinese hamster lung fibroblasts) cells. Four samples were
tested, two samples of coal particles and two samples of fly ash products of the coal

burning process.

In our study we applied the comet assay using the standard protocol and specific
endonuclease-modified comet assay to determine DNA strand breaks and oxidative
damage, respectively. In this work the enzymes Endo Il and FPG were used. The
endonucleases are lesion-specific and convert DNA base lesions to breaks under the
conditions of the alkaline comet assay (Collins, 2014). FPG and ENDOIII recognize
different types of oxidative damage. While FPG is specific for oxidized purines and
ring-opened purines, ENDOIII recognizes oxidized pyrimidines, including thymine
glycol and uracil glycol (Dizdaroglu, 2005; Collins, 2014). For sample COAL16, a
statistically significant increase in levels of DNA damage was observed when using 0.6
mg/mL FPG while for sample CFAL16 increased DNA damage was observed when
using 0.3 mg/mL Endo and both concentrations of FPG. These results demonstrate that
the components of coal and coal fly ash are capable of inducing oxidative DNA damage
likely caused by the components of these particles. The effects induced by coal
exposure have been described in different cells such as murine alveolar type 11 epithelial

cells (C10) (Albrecht et al. 2002) and in 7TD1 cells (Gosset et al. 1991). ROS
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generation and oxidative damage by coal fly ash particles have been described in
different cell lines, in human peripheral blood mononuclear cells (Dwivedi et al.2012),
in rat alveolar macrophages (NR8383) (Diabaté et al. 2002), in BEAS-2B human lung
epithelial cells (Diabaté et al. 2011) and in rat lung epithelial (RLE) cells (van Maanen

et al. 1999).

Our data showed that 50% of the coal and coal fly ash particles have diameter
less than 30 pm, in particular 10% of sample COAL11 contains particles of 3.44 um,
CFA11 contains 5.91 um particles, COAL16 contains particles of 3.69 um and CFA16
contains particles of 0.70 um. Comparing the diameter of all samples, CFA16 contains
smaller particles, it is possible the use of mixture of fuel oil and diesel oil in the

combustion led to a more efficient burning and the formation of smaller particles.

Other components contained in coal particles were trace elements such as As,
Co, Cr, Fe, Hg, Mn, Ni, Pb, V and Zn. In coal fly ash particles representative trace
elements were As, Ba, Ce, Cr, Mn, Hg, Pb, Ni, Rb, Sr, V, Zn and Zr. High temperature
combustion as used in coal combustion, can release metals such as Cd, Pb and Zn which
become volatile in the cooling phase and are condensed on the surface of core
aluminosilicate (Silva et al. 2010). It is known that redox active metals like Fe, Cu, Cr
and Co and other metals undergo redox cycling reactions and possess the ability to
produce reactive radicals such as superoxide anion radical and nitric oxide in biological
systems (Jomova and Valko, 2011). Furthermore, Fenton oxidative reaction depends of
catalysts of metal mainly Fe, but also Co, Cr, V, Co. Via Fenton reaction are produced
radicals highly reactive such as the hydroxyl radical (OH-), which arises as a product of
the reaction between superoxide and H,O, catalyzed mainly by Fe2+ or Fe3+ (Sharma
et al. 2012). On the other hand, the redox inactive metals, such as Cd, As, Hg and Pb

show their toxic effects via bonding to sulphydryl groups of proteins and depletion of
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glutathione (Jomova and Valko, 2011). DNA damage caused by ROS can be recognized
by DNA glycosylases, apurinic/apyrimidinic endonucleases of the base excision repair
mechanism and in some cases by the nucleotide excision repair machinery, leading to
increase on DNA strand-breaks (Sander and Wilson, 2005) as was observed in this

study.

The samples analyzed in this study contained oxides such as TiO,, Al,03, Fe;0s3,
Ca0, MgO, MnO, Na;0, K0, P,0s, SOz and SiO, also known as silica. These elements
are most commonly found in coal and coal mining residues. Silica arranged in a three-
dimensional network forms the quartz. Importantly, in all of the particles samples a high
concentration of SiO, was found. IARC classified inhaled crystalline silica (quartz or
cristobalite) from occupational sources as a Group 1 carcinogen (IARC, 1997). Silica
can also initiate apoptosis in response to oxygen- and nitrogen-based free radicals,
leading to mitochondrial dysfunction, increased gene expression of death receptors

(Fubini and Hubbard, 2003).

Some effects may be associated with early events in carcinogenesis, eg
micronucleus formation, which has been suggested as a predictive of cancer risk
biomarker (Bonassi et al. 2011). Accordingly, our results in the CBMN-Cyt
demonstrate increased chromosomal instability associated with exposure to coal and
coal fly ashes. There is a growing concern whether the human populations remain at
risk of exposure to carcinogenic coal products such as silica dust and organic

compounds (Jenkins et al. 2013).

In the CBMN-Cyt assay analysis, DNA damage events are scored specifically in
once-divided binucleated (BN) cells and include (a), micronuclei (MNi), a biomarker of

chromosome breakage and/or whole chromosome loss, (b), nucleoplasmic bridges
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(NPBs), a biomarker of DNA misrepair and/or telomere end-fusions, and (c), nuclear
buds (NBUDs), a biomarker of elimination of amplified DNA and/or DNA repair
complexes (Fenech, 2007). Accordingly, when we compared the CBMN-Cyt
biomarkers to measure the chromosomal instability assessed by biomarkers MN, NPBs
and NBUD, we found a statistically significant increases of the biomarkers in the
highest concentrations of the coal and coal fly ash samples. Despite the genotoxic
effects caused by exposure to the highest concentrations of these particles, none of these
particle samples caused cytostatic effects evaluated using the nuclear division index
(NDI), which provides a measure of the proliferative status of the viable cell fraction

(Fenech, 2007).

In our results, cells that were exposed to COAL11 and COAL16 particles
showed comparable genotoxic effects. Particularly the CFA16 sample showed stronger
genotoxic effects in exposed cells than the sample CFA1l. CFAL6 contains higher
concentrations of anthracene, fluoranthene, benzo(a)anthracene compared with CFA11.
Despite the structural similarities, PAHSs can vary greatly in their carcinogenic potential.
The exposure to particle-bound PAHs can lead to DNA adduct formation and ROS
generation (Singh et al. 2007). The response to this damage stimulates different
signaling pathways. DNA damage tolerable can lead to responses such as cell cycle
arrest and DNA repair, while the excessive / irreparable damage DNA can lead to the
activation of the apoptosis program against damage caused by carcinogens (Castorena-
Torres et al. 2008; Jarvis et al. 2014). This coincides with the results of CBMN-cyt that
in highest concentrations caused cell death as it was shown in apoptosis and necrosis

biomarkers.
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Conclusions

In summary, our data show that the components contained in the particles may
be related to ROS generation, DNA damage and formation of pro-mutagenic adducts, as
evidenced by the biomarkers used in this study. The comet assay results showed that
exposure of V79 cells to coal and coal fly ash particles induced primary DNA lesions.
Besides, in the Cyt-CBMN analysis the V79 cells exposed to high concentrations of
coal and coal fly ash particles were also able to induce cytotoxic effects (apoptosis and
necrosis) and chromosomal instability (nucleoplasmic bridges, nuclear buds and MN

formation).
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APRESENTACAO

CAPITULO 11

O Capitulo Il apresenta um manuscrito intitulado “COMPARATIVE ACUTE LUNG
INFLAMMATION,  PULMONARY  MECHANICS, GENOTOXIC  EFFECTS AND
EXTRAPULMONARY TRANSLOCATION METAL IN MICE EXPOSED TO COAL AND COAL
FLY ASH PARTICLES”.

Este manuscrito relata os efeitos da exposi¢cdo das particulas de carvdo e cinzas,
em camundongos BALB/c, apds 24 h de instilagdo intratraqueal. Estes efeitos estéio
relacionados com a significativa rigidez pulmonar e obstrugdo das vias aéreas centrais
detectadas na mecdnica pulmonar, recrutamento de células, principalmente
mononucleares, e liberagéio de citocinas pré-inflamatorias. Também sé@o descritos os
efeitos genotdxicos em células de sangue periférico dos camundongos e a translocag¢do

eficiente de metais como Cr, Fe e Ni do pulmé&o para o figado, bago e encéfalo.
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Abstract

Continuous exposure to particles of coal mining can cause a variety of diseases, such as
Coal Workers Pneumoconiosis (CWP); silicosis; cancer and Chronic Obstructive Pulmonary
Disease (COPD), as emphysema and chronic bronchitis. Particle load in the lung increases the
alveolar macrophages and epithelial cells are activated, leading to the release of inflammatory
mediators, Reactive Oxygen Species (ROS), enzymes, cytokines and growth factors that control
and stimulates the fibrosis, genotoxic events and cell death. The aim of the present work was to
compare the acute lung inflammation, pulmonary mechanics, genotoxic effects and
extrapulmonary translocation metal in BALB/c mice exposed to coal (COAL11 and COAL16) and
coal fly ash (CFA11 and CFA16) particles after 24 hours of intratracheally instilled BALB/c mice

with 100 mg/kg of coal and CFA particles.

In results, only animals acutely exposed to coal particles showed significant rigidity and
obstruction of the central airways. However, all animals exposed to coal and coal fly ash particles
showed recruitment of cells, mainly mononuclear cells, and expression of cytokines, particularly
TNF-a and IL-18 as compared to the control group. In histological analysis were not found
significant alterations in the alveoli, or significant formation of elastic fibers and collagen. Comet
assay alkaline data showed that exposure of animals to coal and coal fly ash particles induced
significant primary DNA lesions. By Particle-induced X-ray emission technique (PIXE) was
demonstrated the content of Cr, Fe and Ni in the liver, spleen and brain, showing the efficient
translocation of metals from the bloodstream to extrapulmonary organs. These results are
associated with the chemical heterogeneity of coal and coal fly ash particles such as the content

of oxides, metals and PAH as was shown in this study.

Key words: Coal, coal fly ash, inflammation, ROS, DNA damage, metals translocation.
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1. Introduction

There are numerous damaging environmental impacts of coal that occur through its
mining, preparation, combustion, waste storage, and transport. Prior to its combustion, coal is
pulverized and burned at temperatures of 1000 -1300 °C (Silva et al., 2010). During this process,
the inorganic particles do not have complete combustion and particulate coal fly ashes are
produced (Martinez, 2012). Although coal fly ash particles are generally large and spherical in
shape, there are usually irregularly-shaped particles present also, such as angular particles of
quartz (Jones et al., 2009, Silva et al., 2010). The properties of fly ash generated during the coal
combustion process will depend on the temperature used, the boiler type, the control devices
used, such as electrostatic precipitators (Strand et al., 2002), and the type of coal which
determines the properties of the coal fly ash due to its degree of carbonization and geological

origin (Tsiridis et al., 2006, Oliveira et al., 2011, Mozgawa et al., 2014).

The chronic inhalation of coal dust or coal fly ash particles can cause a variety of lung
diseases, including simple pneumoconiosis (CWP), progressive massive fibrosis (PMF), chronic
bronchitis, loss of pulmonary function and emphysema (Schins & Borm, 1999, Santo Tomas,
2011). It is known that coal dust contains up to 10% of quartz. Quartz is part of a carbonaceus-
matrix that clearly influences the intrinsic properties of coal dust (Jones et al., 2009).
Paradoxically, crystalline silica (quartzo) is classified as carcinogenic to humans but the coal dust
is not by the International Agency for Research on Cancer (IARC, 1997, Schins & Borm, 1999;

Guidi et al., 2015).

When the coal and fly ashes particles are inhaled, they activate macrophages,
neutrophils and epithelial cells. Activated macrophages and neutrophils produce excessive
amounts of reactive oxygen species (ROS) and cytokines. Epithelial cells and fibroblasts which
are the main producers of components of the extracellular matrix (including collagens,

proteoglycans and elastic fibres) are also known to produce cytokines and ROS upon stimulation
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(Schins & Borm, 1999; Sakai & Tager, 2013). ROS can also be generated by independent
mechanisms in addition to the cellular pathway due to the inherent chemical properties of coal
dust and components such as oxides (Vassilev and Vassileva 1996a,b), metals (Knaapen et al.,
2004, Silva et al. 2010) and polycyclic aromatic hydrocarbons (PAH) (Liu et al., 2008; Rohr et al.

2013).

Experimental studies have led to the understanding of some of the biological
mechanisms of pulmonary oxidative stress and inflammation induced by coal and coal fly ash
particles (Smith et al., 2006, Kania et al., 2014). The alveolar wall has a large surface area and is
composed of type | alveolar epithelial cells, endothelial cells, and the fused basement membrane
between these two types of cells. This arrangement of cells forms a thin air-blood barrier
and contributes to effective gas exchange. Inhaled ultrafine particles are able to migrate from
the alveolar surface into the blood circulation (Furuyama et al., 2009). In fact, It has been
described that inhaled insoluble particles penetrate into the microvasculature of the lung,
entering the blood circulation and are then deposited in extrapulmonary organs in animals
(Kreyling et al. 2002; Oberddrster 2002, Furuyama et al., 2009). The extrapulmonary toxicity
probably depends upon the amount, water solubility and components of the particles. In this
context, metals can be translocated to extrapulmonary organs, making them available to cause

direct toxicity to other organ systems (Kreyling et al., 2002, Mani et al., 2007).

The aim of the present work was to compare the acute lung inflammation, pulmonary
mechanics, genotoxic effects and extrapulmonary translocation in BALB/c mice exposed to coal
(COAL11 and COAL16) and coal fly ash (CFA11 and CFA16) particles from Santa Catarina

State-Brazil.
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2. Materials and Methods
2.1. Animals

Male BALB/c mice (5-8 weeks old and 25-30 gr) were purchased from CEMIB-UNICAMP
(Centro multidisciplinar para investigacdo biologica -Brazil). The mice were housed in plastic
cages under controlled environmental conditions (controlled temperature of 24°C, 50% humidity
controlled and artificial light (12-h light/12-h dark cycle). All animals had access to water and food
ad libitum. This study was approved by Ethics Committee on the Use of Animals, Health Sciences
Center of the University Federal de Rio de Janeiro (UFRJ). All de animals received humane care
in compliance with the “Principles of Laboratory Animal Care” formulated by the National Society
for Medical Research and with the “Guide for the Care and Use of Laboratory Animals” prepared

by the National Academy of Sciences, USA.

2.2. Characteristics of coal and coal fly ash particles

Samples were collected in Santa Catarina State- Brazil, where is located the Jorge
Lacerda — Tractebel Suez Thermoelectric Complex. The Jorge Lacerda power plant has seven
different pulverized fuel units. The feed coals and coal fly ash were collected simultaneously from
each of these units over a five-day period. The coal is, in general, high volatile C to high volatile A
bituminous in rank, although individual units may be receiving different ratios of the blend
components. In this study four samples were included, two coal (COAL11 and COAL16) and two
coal fly ash (CFA11 and CFA16). The coal fly ash samples were collected from the respective
electrostatic precipitators. Particularly, the coal fly ash sample 16 (CFA16) was collected from
Unit 3 were taken while co-firing with a mixture of fuel oil and diesel oil as part of the boiler start-
up procedure. More details about coal and coal fly ash particles samples used in this work are

available in Silva et al. (2009), Silva et al. (2010), Oliveira et al.(2012), and Quispe et al. (2012).

To prepare the particle suspensions for animal experiments, prior to intratracheal
instillation, COAL and CFA particles were suspended in sterile saline solution (0.9% NaCl) and
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just before use in animals, the samples were twice sonicated for 10 min to obtain a uniform

dispersion and to prevent particle aggregation.

2.3. Experimental design

Thirty BALB/c mice were included in this study. Mice received 100 mg/kg of COAL and
CFA particles, as previously described in murine models of acute inflammation (Broeckaert et al.,
1997). Were included four groups exposed to COAL and CFA particles and one control group (six
animals in each experimental group). Animals were instilled intratracheally with 60 pL of this
particles suspension. Control mice were instilled with 60 L saline solution. Twenty four hours
following a single instillation, blood samples from the inferior vena cava were obtained for
analysis of genotoxicity by comet assay. In parallel to the collection of the animal blood samples
additional samples of human blood by finger pricks were collected and processed under the same
conditions. These samples were used as internal standards. The animals were tracheotomized
and were analyzed the pulmonary mechanics parameters. After euthanized the animals, samples
of spleen, brain, liver, and lungs were collected and used for analysis of metals by PIXE. The left
lung was collected and immediately stored in buffer formalin and processed for histological

analyses. Lung right was cryo-preserved and used for analysis of cytokines.

2.4. Pulmonary mechanics

Twenty-four hours after saline or particle suspension administration the animals were
sedated (diazepam, 1 mg i.p.), anesthetized (pentobarbital sodium, 20 mg/kg body weight i.p.)
and paralyzed (pancuronium bromide, 0.1 mg/kg). After placed in the supine position on a
surgical table and a snugly fitting cannula (0.8 mm ID) was introduced into the trachea.
Afterwards, the animals were mechanically ventilated (Samay VR15, Universidad de la
Republica, Montevideo, Uruguay) with a frequency of 100 breaths min=' tidal volume of 0.2 mL,
flow equal to 1 mL s-1, and positive endexpiratory pressure amounting to 2 cmH20. The anterior
chest wall was surgically removed. A pneumotachograph (1.5-mm ID, length = 4.2 c¢m, distance

75



between side ports = 2.1 cm) was connected to the tracheal cannula for the measurement of
airflow (V). Changes in lung volume were obtained by flow signal digital integration. The pressure
gradient across the pneumotachograph was determined by means of a Validyne MP45-2
differential pressure transducer (Engineering Corp, Northridge, CA, USA). Equipment resistive
pressure (=Req.V’) was subtracted from pulmonary resistive pressure so that the present results
represent intrinsic values. Transpulmonary pressure was measured with a Validyne MP-45
differential pressure transducer (Engineering Corp, Northridge, CA, USA). Briefly, we determined
lung resistive (AP1) and viscoelastic/inhomogeneous (AP2) pressures, static elastance (Est), and
viscoelastic component of elastance (AE) by the end-inflation occlusion method (Bates et al.,
1985). AP1 selectively reflects airway resistance, and AP2 represents stress relaxation or
viscoelastic properties and mechanical heterogeneities of the lung (Bates et al., 1989; Saldiva et

al., 1992). Lung mechanics were measured 10-15 times in each animal.

2.5. Histological study

Heparin (1000 IU) was intravenously injected immediately after the determination of
respiratory mechanics. The trachea was clamped at end expiration, and the abdominal aorta and
vena cava were sectioned, yielding a massive hemorrhage that quickly euthanized the mice. The
lungs of mice control and mice instilled with COAL and CFA particles were quickly excised for
histological analyses. Pulmonary left lobes were immediately formalin fixed and processed
according to routine histological procedures. The right lungs were removed en bloc and quick-
frozen by immersion in liquid nitrogen and fixed with Carnoy’s solution (Nagase et al., 1992). After
fixation, the tissue was embedded in paraffin. Four-um-thick slices were cut and stained with
hematoxylin-eosin (HE) or picrosirius red. Slides were qualitatively screened for histological

lesions in the alveolar and the airway tissues.

Morphometric analysis was performed with an integrating eyepiece with a coherent
system made of a 100-point and 50 lines (known length) grid coupled to a conventional light
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microscope (Axioplan, Zeiss, Oberkochen, Germany). The volume fraction of collapsed and
normal alveoli was determined in each sample by the point-counting technique (Gundersen et al.,
1988) across 10 random non-overlapping microscopic fields at x400 magnification. The total

amount of points also included those falling on tissue, airways and other non-alveolar structures.

The number of mononuclear (MN) and polymorphonuclear (PMN) cells in the pulmonary
tissue was counted in each animal across 10 random non-overlapping microscopic fields at
x1000 magnification in a 10,000 um?2- In the same field the amount of points that fell on lung
tissue was also counted, so that cellularity was expressed as percentage of lung tissue area

(Gundersen et al., 1988; Capelozzi et al., 1997).

2.6. Cytokine analyses

The analyses of pro-inflammatory cytokines released were performed by ELISA kits
(R&D Systems Europe, Abingdon, UK) for tumor necrosis factor-a (TNF-a), IL-1f and IL-6

according to the manufacturer’s protocols.

2.7. Alkaline comet assay

The comet assay was carried out according to of the original methodology (alkaline
version) described by Singh et al., 1988; with minor modifications. For the preparation of the
samples, 10 uL of whole blood were mixed with heparin and 120 uL of low melting point agarose
(LMA)(Invitrogen) at 37 °C. This mixture was placed in a slide previously covered with 1.5% of
normal melting point agarose (NMA) (Cambrex Bioscience Rockland) processed at 60 °C. The
mixture of LMA and blood on the slide was covered with a cover slip. After solidifying of the gel on
the slides, the cover slip was removed and the slides were immersed in lysis solution (2.5 M
NaCl, 100 mM EDTA and 10 mM Tris, pH 10.0-10.5, 1% with freshly added 1% Triton X-100 and
10% DMSO) at 4 °C. Direct light exposure of the samples was avoided during the whole process.

The slides were removed of lysis solution and placed for 30 min close to the anode of an
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electrophoresis box containing alkaline buffer at 4 °C (300 mM NaOH and 1 mM EDTA, pH > 13).
The electrophoresis was carried out for 30 min at 25 V and 300 mA. Afterwards the alkalinity was
neutralized with 0.4 M Tris (pH 7.5) with washes of 5 min for each slide. Finally, the DNA was
stained with 30 ul Syber Green solution (2 pl/mL) and assessed using a fluorescence microscope

equipped with a green filter of 540 nm.

For each sample images of 100 randomly selected cells (50 cells from each of two
replicate slides) were analyzed from each animal. The cells were classified according to tail size
into five classes ranging from undamaged (0) to maximally damaged (4), obtaining a measure of
the individual damage for each animal and consequently for each analyzed group. The
calculation of the damage index was carried out according to the visual classification system
(Collins, 2004). The values for the damage index can range from 0 (100 cells class 0) up to 400

(100 cells class 4).

2.8. Particle-induced X-ray emission (PIXE)

To measure the total content of metals was used the particle induced X-ray emission
(PIXE) technique (He et al., 1993; Johansson et al., 1995). This technique is multielemental
character, high sensitivity, simplicity and high sample throughput (Mireles et al., 2004). Samples
of spleen, liver, brain and lungs were collected. For the analyses, the samples were dried at
40 °C for 96 h, then macerated using a mortar, and finally pressed into pellets which were
positioned on the target of the reaction chamber. A 3 MV Tandetron accelerator provided 2.0
MeV proton beams with an average current of 5 nA at the target. The X-rays induced by the
beam in the samples were detected by a Si(Li) detector with an energy resolution of about 155 eV
at 5.9 keV. The spectra were analyzed with the GUPIXWIN software package (Maxwell et al.,
1995; Campbell, 2000) and the final results are expressed in parts per million (ug g ). The

chemical elements analyzed in the samples by the PIXE method were: sodium (Na),
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magnesium (Mg), aluminum (Al), silicon (Si), phosphorus (P), sulfur (S), chlorine (Cl),
potassium (K), calcium (Ca), manganese (Mn), iron (Fe), copper (Cu), zinc (Zn), rubidium (Rb),
chromium (Cr) and nickel (Ni). The organic matrix of the organs evaluated (the organic
composition of the sample) was determined by the Rutherford Backscattering Spectrometry

(RBS) technique.

2.9. Statistical analyses

For each histological parameter, pulmonary mechanics, cytokines and PIXE analyses
measured in controls and treated mice, the mean values + standard deviation (SD) were
calculated. Each exposed group was compared with the control group using one-way ANOVA
followed by Tukey's post hoc test. Student's t test (Welch correction) were used to compare the
chemical elements analyzed by PIXE. Differences were considered to be significant at the 95%
level (p < 0.05). All analyses were performed with the PRISMA 5.0 statistical software package

(GraphPad Inc., San Diego, CA).
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3. Results

3.1. Characteristics of coal and coal fly ash particles

Scanning electron microphotographs of CFA11 and CFA16 are shown in Figure 1. The
particles are spherical in shape and form aggregates with particles of smaller sizes.
Approximately 40% of COAL11 particles have a smaller diameter of 10 um. In CFA11 and
COAL16, a percentage of 25% and 30% of the particles had a diameter less than 10 pum

respectively. In CFA16, 100% of the sample consisted of particles smaller than 10 um (data not

shown).

Figure 1. Electron scanning micrographs of (A) coal fly ash 11 (CFA11) and (B) coal fly ash 16
(CFA16) particles samples.
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3.2. Pulmonary mechanics

In Table 1, pulmonary mechanics parameters of animals exposed to coal (COAL11 and
COAL16) and coal fly ash (CFA11 and CFA16) particles are shown. In elastance and AP1 (Table
1) parameter analysis we observed significantly differences in animals exposed to coal particles
(COAL11 and COAL16) in relation with control group. In AE viscoelastic component of elastance
and AP2 (Table 1) parameter we found a significant increase only in animals exposed to COAL16

particles compared to the control group.

3.3. Histology

In analysis of histology was found a significant increased number of mononuclear cells in
lung parenchyma of animals exposed to COAL11, CFA11, COAL16 and CFA16 particles
compared with control group (Table 1). Significantly higher values of polymorphonuclear cells
were found in the lung tissue of animals exposed to COAL16 particles compared with the control
group (Table 1). In Figure 2 are showed representative photomicrographs of lung parenchyma of
exposed group to coal and coal fly ash particles and control group. The COAL11 and COAL16
particles exposure caused significant inflammation in the lung parenchyma, evidenced by
thickening of septa and alveolar edemas mainly in the COAL16 exposed group particles. In Table
1 is shown the percentage of normal and collapsed areas in pulmonary tissue. It was not found
significant alterations in alveoli of animals exposed to coal and coal fly ash particles in relation to
control group. In analysis of collagen and elastic fiber formation no significant difference was
found between tissue lung of animals exposed to coal and coal fly ash particles and the control

group (Table 1).
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Figure 2. Representative photomicrographs of lung parenchyma stained with hematoxylin-eosin
in control animals and in mice intratracheally instilled with a suspension of COAL11, CFA11,
COAL16 and CFA16 (n = 6). Blue arrow indicates cell infiltrate along the alveolar septum. Red
arrows indicate alveolar collapse. Twenty random non-coincident microscopic fields were

evaluated per animal at a magnification of x 200. Bar equals 100 pum.
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Table 1. Respiratory mechanics, histological outcomes and inflammatory markers in lung parenchyma.

CTRL COAL11 CFA11 COAL16 CFA16
Mechanics
AP1 (cmH20) 0.03+0.02 0.85+0.65 0.14+0.08 1.32+£1.10* 0.48+0.23
AP2 (cmH:0) 0.65+0.05 1.3840.58 0.7940.10 2.75+1.78* 1.26+0.44
Est (cmH.0/mL) 18.50+2.72 47.56+20.20* 28.35+7.39 39.36+10.60* 28.66+6.90
AE (cmH20/mL) 3.2410.25 6.95+3.03 3.86+0.60 10.75+5.71* 5.95+2.22
Histology
Normal area (%) 39.69+8.46 40.01+4.39 38.37+3.50 33.7545.77 38.98+2.15
Alveolar collapse (%) 45.51+8.39 45.20+6.25 44 45+7.79 55.9248.96 51.35+2.46
PMN (cel x 10-3/am?2) 31.21£7.05 48.04+11.49 40.05+5.87 59.13+£19.61* 44.68+9.73
MN (cel x 10-3/am?) 29.1046.58 37.77+4 83" 38.32+3.86* 48.55+5.13* 41.68+6.19*
Collagen fiber formation (tissue fibers %) 0.15+0.02 0.21£0.05 0.13+0.01 0.29+0.13 0.22+0.07
Elastic fiber formation (tissue fibers %) 0.20+0.12 0.25+0.08 0.16+0.06 0.22+0.07 0.23+0.14
Cytokines
TNF-a (pg/mg of protein) 94.90+32.71 342.04+£103.15* 264.10+£81.11* 525.26+138.05* 280.21+£107.44*
IL-1B (pg/mg of protein) 114.46+31.19 491.36+£109.17* 277.81+£150.58 546.06+124.52* 397.78+181.39*
IL-6 (pg/mg of protein) 79.39+22.35 282.88459.92 182.54167 44 960.16+794.02* 288.51£205.63

Values are mean = SD. Control mice (CTRL, n=6) and exposed group (COAL11 =6, CFA11 =6, COAL16 =6, CFA11 =6); AP1 and AP2, resistive and

viscoelastic/inhomogeneus pressures, respectively; Est, static elastance; AE, viscoelastic component of elastance; PMN and MN, polymorpho-and mononuclear

cells, respectively; percentage of normal and collapsed areas in pulmonary tissue. *Significantly different from CTRL group (p<0.05).
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3.4. Cytokines

Table 1 shown inflammation markers. Significant levels of TNF-a cytokine expression
were observed in animals exposed to coal and coal fly ash particles compared with the control
group. IL-1B was significantly higher in all exposed groups except CFA11 exposed group in
relation to control group. Significant levels of IL-6 expression were only observed in animals

exposed to COAL16 particles compared with control group.

3.5. Alkaline comet assay

In the Figure 3 is shown significant DNA damage index values in mice exposed to coal

and coal fly ash particles compared with the control group.

200+

DI (Damage Index)

Figure 3. DNA damage index values for mice exposed to coal (COAL11 and COAL16) and coal
fly ash (CFA11 and CFA16) particles comparing with control group. “Significantly different from

CTRL group (p<0.05). The results are shown as mean + standard deviation.
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3.6. Particle-induced X-ray emission (PIXE)

The chemical elements present in significant concentrations in lung, liver, spleen and
brain determinate by the PIXE method are presented in Figure 4. Additional results of the other

inorganic elements are shown as supplementary results.

In lungs (Figure 4a), elements significantly higher in COAL11, CFA11 and COAL16 were
Cr, Fe, Ni and Si. In CFA16 were significantly higher Cr and Si. In liver (Figure 4b), we found
significant difference for animals exposed to COAL11 and CFA16 in elements such as Cr, Fe
and Ni compared with the control group. In CFA11 exposed animals was statistically significant
levels of Fe and Ni, and in COAL16 only Fe levels were significantly higher. In spleen (Figure 4c),
the animals exposed to COAL11 showed significantly higher Fe, Cr and Ni. CFA11 exposed
animals showed significant levels of Cr and Fe. In exposed group to COAL16 and CFA16 was
found significant difference in Cr and Ni, and Fe respectively. As seen in Figure 4d, in brain no
significant difference was observed in the concentrations of the elements of animals exposed to
COAL11 and CFA11 particles. Only significant values were found in animals exposed to COAL16

in Fe and Ni and in CFA16 significant difference in Ni in relation to control group.
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Figure 4. Significant concentration of inorganic elements in (a) lung, (b) liver, (c) spleen and (d) brain mice samples
(ppm) of the control group and exposed group to coal (COAL11 and COAL16) and coal fly ash (CFA11 and CFA16)
particles by PIXE method (mean + standard deviation). ). *Significant increase in relation to the control group at P <0.05;
Student's t test (Welch correction). 86



4. Discussion

The production, extraction and combustion process of coal generates significant
environmental impacts and potential hazards for living organisms (Teixeira et al., 2009; Leon-
Mejia et al., 2011). Several studies show that chronic inhalation of coal and coal fly ash
particles can causes adverse pulmonary health effects such as bronchitis, asthma,
progressive massive fibrosis, cancer and pneumoconiosis (Schins & Borm, 1999, Cohen et al.,
2008). In this work we compared acute lung inflammation, pulmonary mechanics, genotoxic
effects and extrapulmonary translocation in BALB/c mice exposed to coal (COAL11 and COAL16)

and coal fly ash (CFA11 and CFA16) particles from Santa Catarina State-Brazil.

In our study we analyzed pulmonary mechanics parameters of animals exposed to coal
(COAL11 and COAL16) and coal fly ash (CFA11 and CFA16) particles. A statistically significant
increase in pulmonary impedance was observed, the elastance and AP1parameters were
statistically significant in the exposed group to the coal particles (COAL11 and COAL16)
compared with control group. Which means that there were changes that made lungs more rigid
and obstruction of central airways. When we analyzed the AE viscoelastic component of
elastance and AP2 parameters, we found that only the exposed animals to particles COAL 16
showed significant changes, the lung became more rigid and the parenchyma more

inhomogeneous compromising significantly also peripheral airways.

As was shown in the results, these particles induced influx of mononuclear inflammatory
cells and significant increase in the release of cytokines such as TNF-a which was observed in
animals exposed to both coal particles and coal fly ash particles. It is known that TNF-a has a
primary role in coordinating the inflammatory response and activating the cascade of cytokines
and the stimulation of neighboring cells which produce mediators involved in the recruitment of
neutrophils, monocytes and lymphocytes (Driscoll et al., 1997; Khan, 2008). IL-1f acts
synergistically with TNF-a to initiate the inflammatory cascade. IL-1B has similar biological effects
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to TNF-a and together are known as cytokines of fast response and act on the amplification of
inflammation through the activation of macrophages which secrete other pro-inflammatory
cytokines such as IL-6 and IL-8, lipid mediators, ROS and RNS (Schins & Borm, 1999; Chung,
2006). The increase in IL-1[3 levels was statistically significant in all the exposed groups except in
animals exposed to CFA11 in relation to the control group. This effect may be associated with
determining factors in the inflammatory process, such as particle size and PAH concentrations in

CFA11 sample.

A mixture of organic and inorganic agents contribute to the composition of coal and coal
fly ash particles, including transition metals and PAH (Bonner, 2007; Masto et al., 2015), some of
these particle constituents influence their characteristics such as solubility. There are particles
that are poorly soluble and generates a persistent inflammation, which may explain the influx of
pro-inflammatory cytokines, with a peak influx 24 h after particles intratracheal instillation. In this
context, there are several factors that determine the toxicity of a particle and plays an important
role in determining the toxic response such as dose size, deposition, durability and defense
(removal of macrophages and inflammatory cells) (Borm et al., 2004). These particles of coal and
coal fly ash, in addition to PAHs and metals also contain hazardous oxides as silica (SiO2) and
Al,03. In vitro and in vivo studies showed that these oxides promote the formation of oxidants,
oxidative stress and inflammatory processes persistent in lung (Fubini & Hubbard, 2003; Lin et

al., 2006; Krewski et al., 2007; Alshatwi et al., 2013; Guidi et al., 2015).

These coal and coal fly ash particles are heterogeneous and vary in diameter. It is
generally accepted that the particle size is an important factor in determining the toxic effects of
particulate matter (Donaldson et al., 2005; Mazzoli-Rocha et al., 2010). In particular, these coal
and coal fly ash samples are composed of fine and ultrafine particles. Approximately 40% of
COAL11 particles consisted of particles smaller than 10 um. In CFA11 and COAL16, a
percentage of 25% and 30% of the particles had a diameter less than 10 um respectively.
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Particularly, in CFA16 all particles were smaller than 10 um. Notably CFA16 sample is a product
of co-firing with a mixture of fuel oil and diesel oil, which greatly influenced its characteristic. It is
possible that the use of these fuel mixture in the combustion led to a more efficient burning and

the formation of smaller particles.

The probability of deposition and toxicity of the particle in the respiratory tract increases
abruptly in accordance with the size. Due to their small size, many ultrafine particles have a
reactive surface that can react and inactivate many mediators and important cellular components
(Borm et al., 2004). A significant influx of mononuclear cells in lung parenchyma of animals
exposed to COAL11, CFA11, COAL 16 and CFA16 particles was observed. Interestingly, only
recruitment of polymorphonuclear cells was found in the lung tissue of animals exposed to
COAL16 particles. In fact, in the analysis of histology was observed thickening of alveolar septa,
increased edema and cellular infiltrates in the lung parenchyma of animals exposed to COAL16
particles, indicating an active inflammatory process as was evidenced also in the increased

expression of IL-6 in the lung of animals exposed to these particles.

When the particles are in the alveolar space they may react with the extracellular matrix.
Immediately, phagocytic cells such as neutrophils, monocytes and macrophages are activated,
trying to clean the particles. Depending on the particle surface characteristics, this removal
process may succeed or not. In response, activated macrophages can also express transcription
factors; followed by the release of ROS and RNS, quimotactics factors, Iytic enzymes, cytokines
and growth factors with eventual cell death (necrosis / apoptosis) (Shi et al., 2001). In addition,
Both ROS and cytokines can cause damage or proliferation of local mesenchymal and epithelial
tissue local and can have effects on lung tissue morphology, cell migration and the deposition of

ECM (extracellular matrix) components (Schins & Borm, 1999, Fubini & Hubbard, 2003).
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ECM formation and degradation can also be affected by ROS, but also proteases and
antiproteases produced by several types of cells in the surrounding tissue. The local tissue
factors also contain antioxidants such as the epithelial coating fluid and intracellularly in target
cells, as well as cytokine antagonists presumably acting as anti-inflammatory feedback
mechanisms (Schins & Borm, 1999). It has been described that the complexity of this response
leads to the development of pulmonary disorders induced by exposure to mineral coal particles
(Cui et al., 2015) and coal fly ash (Zierold & Sears, 2015). In fact, it has been reported that coal
fly ash particles are cytotoxic (Kondo et al., 1993) and fibrogenic (Gursinsky et al., 2006). The
prolonged exposure to coal fly ash or coal dust can contribute to severe interstitial fibrosis in

miners exposed chronically (Jindal et al., 2001).

When macrophages are activated they release cytokines and / or growth factors which
stimulate collagen production by fibroblasts (Zhao et al., 2015). The period of exposure of
animals to coal and fly ash particles used in this study was 24 hours and did not lead to the
formation of collagen and elastic fibers which are produced in longer periods of time. Neither a
significant alteration in alveolar areas was observed in lung tissues of animals exposed.
Therefore the observed results in pulmonary mechanics could be associated with inflammatory
processes, mainly related with the activation of mononuclear phagocytic cells, but not to

alterations on the alveoli.

The results from exposed animals to particles of coal and coal fly ash showed a
significant increase in levels of DNA damage in relation to the control group. Among the possible
mechanisms of DNA damage induced by particles, the activation of the phagocytic oxidative burst
is considered (Knaapen et al., 2004). In addition, this response can be intensified by the metal
content of these particles, because these metals are present in the form of easily water-
soluble salts, they can increase ROS generation through the Haber-Weiss reactions, inducing a
significantly greater oxidative and inflammogenic reactivity (Knaapen et al., 2004, Di Pietro et
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al. 2009) and DNA strand breaks (Sander and Wilson 2005; Angelé-Martinez et al., 2014). In our
study, significant concentrations of metals such as Cr, Fe and Ni were present in lung, liver,
spleen and brain. Fe was a common metal in all organs analyzed, which is related to the
composition of coal and important content of pyrite in coal Santa Catarina (Silva et al.,
2010).These results show the efficient translocation of metals from the lung by the bloodstream to
extrapulmonary organs. Mani, et al., 2007 demonstrated that the toxic metals inhaled with fly ash
in rats may get translocated into extrapulmonary organs as liver; Wallenborn et al., 2007 showed
that PM-associated metals deposited in the lung of rats may be released into systemic circulation
and reach organs such as heart and liver at different rates depending on their solubility and can

be deposited and hence may manifest their toxic effects on different tissues (Zeng et al., 2016).

Conclusions

In summary, our data shows that the coal particles induced changes in the lungs which
became more rigid, leading to resistance to movement during the respiratory cycles and induced
the obstruction of central airways. The most significant changes in pulmonary mechanics were
observed in animals exposed to COAL16 particles samples that lead to the parenchyma more
inhomogeneous compromising significantly also peripheral airways. The complex composition of
these particles causes persistent inflammation, which can be associated with the results in
pulmonary mechanics, the activation of mononuclear phagocytic cells and proinflammatory
cytokine release. The comet assay results showed that animals exposure to coal and coal fly ash
particles induced primary DNA lesions which can be associated with oxidative damage
consequence of the activation of phagocytic cells and cell independent mechanisms due to
intrinsic chemical properties of the coal and coal fly ashes as well the presence of surface
radicals, oxides, PAH and metals as Cr, Fe and Ni which translocated efficiently through the

bloodstream to the liver, spleen and brain as shown.
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Supplementary results

Table 1. Concentration of inorganic elements in lung, liver, spleen and brain mice samples (ppm) of the control group and
exposed group to coal (COAL11 and COAL16) and coal fly ash (CFA11 and CFA16) particles by PIXE method.

Inorganic elements (ppm)

Na Mg Al Si P S Cl K Ca Mn Fe Cu Zn Rb Cr Ni
Control 12420.3+ 696.1+ 359.7+ 630.2+ 9502 6+ 4688.3+ 6943+ 11859+ 520.8+ 20930 11448+ 15339  4795+227 800+33.9 497+244 418+208
44331 285.7 199.2 2789 167.8 4131 2560.6 2026.4 261.3 4634
Lung (n=6)
COAL11 24185410478 T34+ 27295+ 4787 8583+ 6936+ 9340.6= Ga21.3x 690+ 529+137 2716.6% 19.9+99 581295 BO.Tx28.2 510.9% 229.4%
914 1447 1 1227.0* 509.8 1645.3 2600.7 105621 466.3 756.3" fi3.3* 18.8*
CFA11 21234£1956.8 6784z 4109.3« 8197.9% 8342+ 6602.6= 8543.6= 10382+ 766 51.8+255 3070.3% 247+5.1  88.7+293 684x244  4536% 175.1%
58.3 25496 1959.7* 806.3 2063.3 2706.7 1283.2 198.7 8694~ 147 4" 711®
COAL16 | 302514866866  T70D.3+ 4880+ 2195 6% 8151+ 6298+ 4828 1+ 101146+  1608.83+  440+133  3103% 18.1+2.8 102.9+ 56.9+37 1 420 6% 172%
162.5 35424 3500.9* 12037 4382 5893.6 anr 10923 802.1* 43.0 1351 60.5*
CFA16 187113 4301 23453+ 3508.6% 7568+ 63356+ 1215+ 12143« 1336.2+ 36.1= 2445 6+ 127+5.3 66.6x8.1  59.9+207 349% 143.9+
61126 108.2 11249 1471.1* 787 38T 3896 10226 755.9 185 1199.1 1804 65.9
Control 4571.3:+560.5 1627+ 383.8+ 387 4+ 6613.3+ 8017 .6+ 4555 3+ 12308+  ZBHEDHBI §6+26 3673+ 36.2+4 8 138.9+ 626+163 11008 124004
796 553 2274 2100.1 1364 6858 5443 arhs 243
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Control 9263+1886 8621+ 176.1+61.9 128 8+ 10675 3+ T35+ 53562 3+ 15698+ 485 1+ 16.6x 460 3+ 21 331 827206 327+ 108 .5+ b 4+
15567 619 8557 1400.5 145.0 118.8 24 814 94 18.7 78
2093.8
COALM 89636107119 7505+ 183+36.9 191 8+ 11518 6+ 6316+ 5196 .6+ 161356+ 1603 3+ 120+ 660 3+ 2264 1 8158+58 28 5+ 1457+ T27+24 3
7.6 895 208.7 2103 267.8 2268.7 40 152.0 73 36.0
2735
Brain
(n=6) CFA11 9360947 0 745 8+ 107 2+ 152 2+ 12629 6+ 5848+ 5348+ 171553+ 2077 4+ 16.4+ 7138+ 199+4 6 87 8+56 301+ 2021+ 755+
96.9 100.5 12.1 299.6 114.1 3779 1905.2 3048.9 29 150.7 b4 6.8 19.1
COAL16 | 10017647221 878.4x 136.9+ 244 4+ 11854+ 61326+ b676+ 16018+ 16128+ 123+ o957 7% 19.8+4.3 92004 32,0+ 137 .2+ [TRES
1408 1421 1378 671.8 1748 1431 12124 17 166.3* 11.0 647 6.6
20850
CFA16 9314+£539.8 891.3+ 134.1+45.6 91.2+82 11864 3+ 500+ B0+ 16245+ 3304+ 126+ T03.6+ 229+34 86.5+3.9 RYWE S 120.5+ o1.2%
6438 8359 1225 2525 809.0 X 2186 155 616 79
b65

*Significant increase in relation to the control group at P <0.05; Student's t test (Welch correction).

98



DISCUSSAO GERAL



V. DISCUSSAO GERAL

Nos Ultimos anos a mineragdo do carvdo teve um notdvel aumento na sua
demanda mundial. Porém, apesar das vantagens econdmicas, a producdo de energia
elétrica a partir do carvdo mineral é uma das formas mais agressivas ao ambiente
(Silva et al.,, 2010). Sabe-se que durante as atividades de mineragéo de carvdo,
grandes quantidades de particulas de carvdo, HAP, metais e 6xidos sdo liberados ao
ambiente (Burt et al.,, 2013; Rohr et al., 2013). Uma vez liberadas, estas substéncias
constituem misturas complexas e, se os efeitos sinérgico, aditivo e potencializador da
mistura resultante forem levados em consideragdo, este é um dos maiores riscos para a
saude e seguranca das populagdes expostas.

De acordo com a International Energy Agency (IEA), o carvdo mineral é
responsdvel por 40% da producdo de energia elétrica mundial (IEA, 2015). O Brasil
conta com importantes reservas e termelétricas no sul do pais, especificamente no estado
de Santa Catarina (Silva et al.,, 2009). Durante o processo de combustdo do carvéo, os
elementos nele contidos sdo volatizados e emitidos para a atmosfera juntamente com
parte da matéria inorgdnica, que é liberada sob a forma de particulas de cinzas
voldteis. Estas particulas sdo coletadas em precipitadores eletrostdticos, mas na maioria
das vezes esse método ndo é totalmente eficiente, e grande parte dessas particulas de
cinzas sdo liberadas ao ambiente (Burt et al.,, 2013; Liv et al.,, 2015; Wang et al,,
2015).

Estudos experimentais sobre os impactos negativos do carvdo tém sido relatados
na literatura, em animais (Leén et al.,, 2007; Zocche et al., 2010), em bactérias
(Chakraborty & Mukherjee, 2009), plantas (Naidoo and Chirkoot, 2004) e humanos
(Rohr et al.,, 2013, Leén-Mejia et al,, 2011; Ledén-Mejia et al.,, 2014; Minina et al.,
2015). O ponto comum entre esses estudos é a avaliagdo do dano potencial para os
organismos vivos ocasionado pela mineragdo de carvdo.

Com a finalidade de compreender melhor os efeitos da exposi¢éio as particulas
de carvdo e cinzas, este trabalho avaliou duas amostras de carvdo e das cinzas
geradas a partir da queima dos mesmos, provenientes do estado de Santa Catarina.
Esta avalia¢do foi realizada in vitro na linhagem de fibroblastos de pulmdo de hamster
chinés (células V79) e in vivo em camundongos expostos mediante instilagdo
intratraqueal.

Como demonstrado no Capitulo |, os resultados in vitro usando o ensaio Cometa
Alcalino mostraram que a exposi¢cdo das células V79 as particulas de carvdo e cinzas
induziram lesdes primdrias no DNA, e, no ensaio Cometa Modificado, foi evidenciado
dano oxidativo. Adicionalmente, nos biomarcadores do ensaio Cyt-CBMN, as
concentragdes mais altas induziram citotoxicidade e instabilidade cromossémica.

No Capitulo Il séio demostrados os efeitos da exposicéio a particulas de carvdo
e cinzas em camundongos BALB/c apés 24 horas de instilagéo intratraqueal. Estes
efeitos foram relacionados com a mecénica pulmonar, recrutamento de células
(principalmente as mononucleares) e liberac¢do de citocinas pré-inflamatérias. Também,
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os resultados obtidos mostraram efeitos genotéxicos em células de sangue periférico e a
translocagéo de metais como Cr, Fe e Ni do pulméo para o figado, baco e encéfalo.

Um ponto importante que deve ser salientado na discussdo sobre os efeitos e as
propriedades das particulas de carvdo e cinzas avaliadas é o processo de combustdo
das mesmas. Antes da combustdo, o carvdo é pulverizado, sendo, posteriormente,
injetado em presengca ou ndo de combustiveis secunddrios, no forno e queimado a altas
temperaturas (Heidrich et al, 2013). As reac¢des que sdo originadas durante a
combustdo, e as propriedades das particulas derivadas, sdo dependentes do tipo de
carvdo, do tamanho do pé de carvéo, do tipo de caldeira usada e das condicdes do
processo de combustdo, como, por exemplo, o uso de combustiveis adicionais (Martinez,
2012).

Como se pode observar na Figura 1 e nas Tabelas 1, 2 e 3 (Capitulo 1), estas
particulas sdo bastante heterogéneas, tanto em tamanho quanto na sua composi¢do.
Curiosamente, a amostra CFA16 foi queimada com uma mistura de 6leo combustivel e
dleo diesel, que, evidentemente, influenciaram nas suas caracteristicas quimicas. Esta co-
combustéio pode explicar o fato de que elementos que normalmente volatilizam-se
durante a combustdo do carvéo ficaram condensados na matriz das particulas (Silva et
al., 2010), os quais possivelmente contribuiram para a heterogeneidade da composigcdo
e para a maior concentragdo destes elementos trago. Como observado na Figura 1, de
todas as amostras, a CFA16 teve menor tamanho nas particulas, sendo portanto possivel
que o uso da mistura de combustivel diesel e éleo empregados na queima COAL16
levassem a um processo de combustéio mais eficiente e & formaglo de particulas
menores.

De modo geral, em relagdo & concentragdo de 6xidos nas amostras de carvéo e
cinzas (Tabela 1, Capitulo ), observa-se uma homogeneidade, exceto SiO2 e Al,O3, que
encontram-se em maior concentragcdo. Também ¢é importante salientar que estas
particulas contém quantidades significativas de didéxido de silicio (SiO32), também
conhecido como silica, e 6xido de aluminio (Al2O3) na sua superficie. Estudos nos quais
foram avaliadas in vitro a citotoxicidade (Sandberg et al., 2012; Zhang et al., 2015) e
a genotoxicidade (Guidi et al., 2015) da silica propdem, como ponto comum, a geragdo
de estresse oxidativo. Com respeito & silica, estudos in vivo descrevem que a geragdo
de estresse oxidativo (formacdo de radicais hidroxila ou ERN) desencadeiam eventos de
sinalizagdo para NF-kB e AP-1, levando isto a um ponto chave na patogénese de
diversas doencas como silicose, fibrose e céncer (Ding et al.,, 2002, Chen et al., 2002,
Cox, 2011). Além disso, estudos in vitro (Achary et al., 2012; Rajiv et al.,, 2016) e in
vivo, descrevem que nanoparticulas de 6xido de aluminio (Al203) promovem a formagdo
de radicais, como o radical hidroxila, e induzem estresse oxidativo (Shrivastava et al.,
2014). Em adicdo, outros estudos experimentais sugerem que a presenca de Al estd
associada com processos inflamatérios no pulméo, os quais podem desencadear doengas
respiratérias (Wagner et al,, 2007) e processos cancerigenos (Spinelli et al.,, 2006;
Exley et al., 2007).

E importante ressaltar que, além dos éxidos, outros fatores também influenciam
nas propriedades destas particulas, como a presenca de metais e componentes
orgdnicos como os HAP na superficie do carvéo e nas cinzas (Tabelas 2 e 3, Capitulo ).
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Esses componentes contribuem notavelmente na formagdo de ERO e danos no DNA, e
influenciam nos mecanismos de reparacdo do DNA, na mutagénese e na proliferagdo
celular. Além desse conjunto de observages, estes fatores poderiam também influenciar
na capacidade das particulas de gerar processos inflamatérios (Knaapen et al., 2004,
Moller et al., 2014).

Os resultados de genotoxicidade e dano oxidativo in vitro, descritos no Capitulo
|, estdo relacionados com os componentes destas particulas. Sugere-se que existe uma
soma de efeitos de cada componente na mistura, isto é, éxidos, metais e HAP. Sabe-se
que a presenca de metais soluveis, tais como o Fe, Pb, Hg, Cd, Ag, Ni, V, Cr, Mn e Cu,
associados as particulas sdo capazes de gerar ERO via rea¢do de Haber-Weiss,
seguido da indugdio de estresse oxidativo (Knaapen et al., 2004; Lodovici & Bigagli,
2011).

Dentre os compostos associados das particulas, os HAP possuem um papel
importante na genotoxicidade das mesmas. Os HAP podem ser metabolicamente
ativados e podem também induzir a formagdo de ERO, levando a estresse oxidativo e
formacdo de adutos ou quebras simples no DNA (Perera et al., 2005; Mazzoli-Rocha et
al, 2010; Valavanidis et al., 2013). Muitos dos HAP sdo considerados carcinogénicos,
sendo associados a diversos tipos de céncer, como céncer de pulmdo, de estdmago e de
pele (ATSDR, 2013; Jarvis et al.,, 2014). A principal via de ativagdo metabdlica dos
HAP é a geragdo de diol epdxidos catalisada pelo citocromo P450, dando lugar &
formagdo de adutos no DNA, de radicais catiénicos e & formagdo de quinonas com
atividade redox (Desler et al., 2009; Das et al., 2014). Particularmente, as amostras de
carvdo apresentaram maior conteldo de HAP quando comparadas com as cinzas, o que
provavelmente influenciou os efeitos inflamatérios significativos observados no pulméo
dos animais expostos. Os HAP presentes, e em altas concentracdes, em todas as
amostras foram Antraceno, Fluranteno e Benzo(a)antraceno. O Antraceno e o
Fluoranteno sdo considerados agentes mutagénicos, mas ndo carcinogénicos, e estdo
classificados no Grupo 3 pela IARC (IARC, 2010), embora existam estudos em modelos
experimentais que demostrem as propriedades do Fluoranteno e seus efeitos
carcinogénicos (Bostrém et al., 2002). O Benzo(a)antraceno é classificado pela IARC no
grupo 2A, isto é, com “comprovacdo limitada em humanos e evidéncias suficientes de
carcinogenicidade em animais” (IARC, 2010). Porém, o Benzo(a)antraceno é considerado
um composto mutagénico para uma ampla variedade de organismos, incluindo os seres
humanos (US Environmental Protection Agency, 1999; European Commission, 2002; Kido
et al.,, 2013).

Comparando de forma geral a resposta das células in vitro, tanto no ensaio
Cometa Alcalino e Modificado (Figura 3, Capitulo 1) quanto nos biomarcadores do
ensaio CBMN-Cyt (Tabela 4, Capitulo 1), foi observado que os efeitos das particulas
COAL11, COAL16 e CFA16 foram mais citotéxicos e genotdxicos e causaram maior
dano oxidativo que os efeitos da cinza CFA11. E provavel que a diferenca dos efeitos
observados entre CFA11 e CFA16 esteja associada com as concentragdes mais altas dos
compostos em CFA16, como anteriormente mencionado, derivados da combustéo com
combustiveis adicionais. Nesse sentido, a toxicidade e o dano oxidativo induzido por
particulas de carvdo e cinzas tém sido descritos em vdrios estudos usando diversas
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linhagens celulares e usando diferentes biomarcadores (Dwivedi et al, 2012;
Sambandam et al.,, 2015). Diabaté et al. (2011) evidenciaram que células epiteliais
bronquiais BEAS-2B expostas &s cinzas de carvdo induziram a geragcdo de ERO,
aumento de glutationa total intracelular e da producdo de OH-1, levando & conclusdo
de que, provavelmente, os metais de transicéio biodisponiveis da matriz das cinzas de
carv@o contribuem para estes efeitos. Estudos usando o teste de Salmonella/Microssoma
(Teste de Ames) e o ensaio cometa Alcalino em células sanguineas humanas indicam que
os lixiviados de cinzas de carvdo tém um potencial mutagénico e genotdxico
(Chakraborty & Mukherjee, 2009). Adicionalmente, Gasparotto et al. (2013)
demonstraram em macréfagos in vitro que as cinzas de carvdo contém particulas
ultrafinas e componentes que induzem dano celular sub-crdnico, efeitos inflamatérios e
estresse oxidativo.

Considerando os provdveis efeitos que podem ser induzidos in vivo pela
exposicdo as particulas de cinzas e carvdo, a literatura aponta que alguns destes
efeitos podem estar associados a eventos precoces de carcinogénese (por exemplo, a
formag¢do de micronicleos), os quais tém sido sugeridos como um biomarcador preditivo
de risco de cdncer (Bonassi et al.,, 2011). Coerentemente, nossos resultados do ensaio
CBMN-Cyt (Tabela 4, Capitulo I) mostraram uma maior instabilidade cromossémica
associada com a exposicdo as particulas de carvdo e cinzas. De fato, existe uma
preocupacgdo cada vez maior sobre o risco da exposicdo a produtos carcinogénicos
derivados da mineragdo de carvdo, tais como silica, metais e compostos orgdnicos
(Jenkins et al., 201 3).

Embora seja dificil comparar as andlises in vitro e in vivo devido & complexidade
que envolve um organismo vivo, algumas das respostas de estudos in vitro observadas
no Capitulo | apoiam os resultados obtidos in vivo no Capitulo Il.

De modo geral, observa-se que os pulmdes de animais expostos agudamente ds
particulas de carv@o apresentaram rigidez e obstru¢des das vias aéreas centrais
(Tabela 1, Capitulo Il). Nestes experimentos, os animais expostos &s particulas de
COAL16 também mostraram comprometimento das vias aéreas periféricas, como
observado pelos parémetros significativos do componente viscoeldstico da elasténcia e
AP2, respectivamente. Este fato corrobora os efeitos observados para a mistura de
concentragdes significativas de compostos contidos na amostra COAL16, como SiO», alto
contetdo de antraceno, fluoranteno, acenafteno e benzo(a) antraceno. Como descrito
por Hartwig (2002), as lesdes pulmonares podem surgir apds exposicdo das particulas
que contém compostos capazes de gerar dano oxidativo como os HAP. Estas lesGes
podem estar associadas & morte celular (Ghanem et al.,, 2006) e efeitos inflamatérios
potenciais em modelos murinos (Happo et al., 2008).

Em relacdo & resposta inflamatéria (Tabela 1, Capitulo 1l), observou-se um
significativo influxo de células mononucleares nos animais expostos, tanto &s particulas
de carvdo quanto das de cinzas. Porém, o recrutamento de células polimorfonucleares foi
evidente somente nos animais expostos a COAL16. Essas respostas significativas nos
permitem associar este recrutamento de células mononucleares com a liberagdo de
citocinas durante o processo inflamatério. Todos os animais expostos a estas particulas
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apresentaram aumentos significativos de TNF-O quando comparados com o grupo
controle. A expressdo de IL-1 B também foi evidente em todos os animais, porém niveis
mais baixos foram encontrados nos expostos das particulas de CFA11. Na andlise
histolégica pode se observar que a exposicdo a particulas de COALT1 e COAL16
provocaram uma importante inflamag¢do no parénquima pulmonar, evidenciada pela
presenca de espessamento de septo e edema alveolar principalmente nos animais
expostos a particulas de COAL16 (Figura 2, Capitulo Il). De modo interessante, o grupo
exposto a COAL16 apresentou maior infiltrado celular no parénquima pulmonar,
indicando um processo inflamatério ativo como observado no significativo recrutamento
de células mononucleares e polimorfonucleares. De fato, somente os animais expostos ds
particulas de COAL16 mostraram niveis altamente significativos de expressdo de IL-6,
quando comparados ao grupo controle. Vdrios autores descrevem que durante o inicio
agudo da inflamagdo, apds a ativacdo de células fagociticas como os macréfagos, sdo
liberadas citocinas como TNF-a e IL-1B as quais estimulam a liberagéio de IL-6 (Schins &
Borm, 1999; Scheller et al.,, 2011; Li et al, 2015). IL-6 contribui notavelmente na
extensdo do processo inflamatério (Scheller et al.,, 2011; Allen & Kurdowska, 2014).
Levando na conta isto, os animais expostos as particulas COAL16 apresentaram maior
expressdo de citocinas TNF-a e IL-1B fato que pode explicar a significativa liberagdo
de IL-6 nesse grupo.

Para associar estes resultados, vale ressaltar que estas particulas sdo
consideradas pobremente solUveis e quimicamente complexas. Particulas com estas
caracteristicas sdo capazes de gerar uma inflamagdo persistente e manter um pico de
influxo de citocinas pré-inflamatérias, inclusive 24 horas apés a instilagdo intratraqueal,
como foi observado em nosso estudo. Diante destes achados, sugere-se uma associa¢do
entre a ativagdo da resposta inflamatéria pulmonar e as alteragdes observadas na
mecdnica respiratéria. Porém, como foi observado, n&o houve alteragdes significativas
no percentual de alvéolos colapsados (Tabela 1, Capitulo II).

Tem sido descrito que apés da ativagéio de macréfagos, ocorre a estimulagéio de
células epiteliais e fibroblastos, os quais sdo os principais produtores de componentes
da matriz extracelular, incluindo coldgeno, proteoglicanos e fibras eldsticas, e em
consequéncia existe deposicdo de fibras coldgenas, contribuindo para o processo de
fibrose pulmonar (Schins & Borm, 1999). Apesar do papel importante da inflamagéo na
fibrogénese, a mesma ndio estd necessariamente relacionada & resposta fibrética, como
foi verificado neste estudo. Os animais foram expostos durante 24 horas a estas
particulas, periodo muito curto para a formagdo e deposicéio de fibras de coldgeno e
eldsticas, mas sim um periodo acertado para o pico de expressdo de citocinas (Tabela
1, Capitulo ).

Sabe-se que quanto menor o didmetro aerodin@mico da particula, maior o nivel
de inflamag¢do desencadeado por elas (Knaapen et al,, 2004). Cerca de 40% das
particulas da amostra de COAL11 apresentaram didmetros menores de 10 um. O
diémetro das particulas de CFA11 foi maior comparado &s demais amostras. Entretanto,
aproximadamente 25% dessa amostra teve diéimetro menor de 10 Um. Mais de 30%
das particulas de COAL16 apresentaram diémetro menor que 10 Um, e todas as
particulas de CFA16 tiveram diGmetros menores de 10 um.
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Os estudos apontam que o didmetro da particula determina em grande parte
sua toxicidade potencial (para revisdo, ver: Donaldson et al.,, 2001; Donaldson & Stone,
2003). A probabilidade de deposicéio de particulas ultrafinas (UF) no trato respiratério
aumenta abruptamente entre as menores particulas. Além disso, é conhecido que as
particulas ultrafinas possuem um potencial inflamatério maior que as particulas finas
(Donaldson et al., 2001; Liuv et al., 2015). Elas tém a capacidade de depositar-se sobre
estruturas epiteliais frageis na regido de trocas gasosas. Adicionalmente, o acimulo
excessivo de particulas afeta a funcdo fagocitica dos macréfagos, associado com a
resposta inflamatéria, deposicdo intersticial de particulas e a proliferacdo de células
epiteliais (Borm et al.,, 2004). Além disso, durante a ativagdo dos macréfagos, uma
ampla gama de produtos incluindo oxidantes, lipideos bioativos, citocinas, fatores de
crescimento, proteases e antiproteases podem ser liberados (Schins & Borm, 1999;
Hiraiwa et al.,, 2013). Este fato poderia explicar os significativos efeitos na mecénica
pulmonar, o recrutamento de células mononucleares e a expressdo de citocinas TNF-a e
IL-1P, observados apés exposicdo as particulas de COAL11, COAL16 e CFA16.

De todas as amostras estudadas, CFAT1 apresentou maior diémetro das
particulas (65,52 Um), o que poderia justificar as andlises de mecdnica pulmonar serem
similares ao grupo controle. Porém, de maneira interessante, estudos demonstram que
particulas de diGmetro de 5 a 10 Um podem causar uma fagocitose incompleta ou
“frustrada” (Champion and Mitragotri, 2006; Schinwald and Donaldson, 2012). Neste
cendrio, produz-se uma inflamac¢do persistente, fato que poderia ter relagéio com o
significativo recrutamento de células mononucleares e a expressdo de TNF-O apds
exposicdo as particulas CFA11.

Os efeitos genotdxicos significativos evidenciados em células do sangue
periférico dos camundongos expostos as diferentes particulas poderiam estar associados
aos mecanismos celulares e ndo celulares de formagdo de ERO e, em consequéncia, ao
dano oxidativo gerado pela exposi¢éio a estas particulas, como foi observado também
em cultura células de fibroblastos de pulm&o de hamster chinés (V79), descritas no
primeiro capitulo deste trabalho. Neste contexto, estudos de genotoxicidade usando
sangue periférico de camundongos demostram os efeitos genotdxicos potenciais da
mineragdo de carvdo (Ledn et al.,, 2007; Caballero-Gallardo & Olivero-Verbel, 2016).

Muitos autores descrevem o papel importante dos metais na geragdo de dano
oxidativo (Beyersmann and Hartwig, 2008; Jomova & Valko, 2011; Jaishankar et al.,
2014). Assim, no presente estudo, foram analisadas as concentragdes de elementos
inorgdnicos presentes em diferentes 6rgdos, além do pulmdo. Diversos estudos
descrevem que as particulas ultrafinas podem ter seu acesso a outras células no epitélio,
ao intersticio, assim como as paredes vasculares aumentado (Borm et al.,, 2004; Mo et
al, 2009; Terzano et al, 2010) e, com isso, migrar para érgdos extrapulmonares
(Oberdérster et al.,, 2004). Em adigcdo, tem sido descrito que os metais presentes na
superficie das particulas podem se ftranslocar do pulmdo para outros érgdos,
manifestando seus efeitos toxicos em diferentes tecidos (Mani et al., 2007; Kreyling et
al.,, 2011).
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E importante ressaltar que o sistema respiratério pode néo ser o Unico alvo na
toxicidade de metais, mesmo na sua forma inalatéria (Zeng et al., 2016). Algumas
particulas e outros compostos solUveis difundem-se pela corrente sanguinea, podendo se
dissociar durante seu transporte. O sangue pode entdo transportar metais toxicos, que
podem dar lugar a efeitos sistémicos, afetando n&o somente o pulmdo, mas outros
érgdos como o encéfalo, figado, rins, entre outros, e levando a doencas neurolégicas,
danos renais e hepdticos (Borm et al.,, 2004; Zeng et al., 2016).

De modo geral, os metais que estiveram presentes em concentragdes
significativas no pulmdo, figado, baco e no encéfalo foram Cr, Fe e Ni (Figura 3,
Capitulo Il). Elementos como Cr e o Ni sdo catalogados pela IARC na categoria 1 como
carcinégenos para os seres humanos (IARC, 2012). E importante ressaltar como elemento
comum em todos os érgdos analisados, destaca-se o Fe, o qual estd relacionado com a
contitugo do carvdo como o importante conteddo de pirita no carvdo de Santa
Catarina (Silva et al., 2010).

E interessante notar que metais soliveis t&m sido descritos pela sua capacidade
de se translocar pela circulacdo sanguinea a érgdos extrapulmonares (Kreyling et al.,
2011). Mani et al. (2007) descreveram que ratos expostos ds particulas de cinza de
carv@o mostraram aumento das concentragdes de Cd nos pulmdes, figado e rins,
indicando que apds a absor¢éio do Cd nos pulmdes, este foi transportado a érgdos
extrapulmonares.

O figado pode ser o lugar primdrio de biotransformacéio de xenobidticos. E um
érgdo propenso a sofrer danos por receber substéncias téxicas do sistema circulatério,
além de ser o local da ativacdo de alguns destes componentes (Singh et al.,, 2016).
Assim, muitos destes compostos sdo detoxificados e eliminados, principalmente como
conjugados, alguns deles concentfram-se até atingir niveis tdéxicos e outros sdo
bioativados, transformando-se em intermedidrios reativos que podem levar a danos no
figado e desencadear doengas, incluindo o cancer (Butterworth, 2010). Os metais
pesados, por exemplo, tém afinidade pelos grupos sulfidrila livres do GSH, de
aminodcidos e de proteinas, e podem também causar inibicdo ndo competitiva de
muitas enzimas (Zenget al., 2016). A exposi¢cdio a metais pode reduzir drasticamente a
reserva de grupos SH disponiveis e produzir estresse oxidativo (Jomova & Valko, 2011).
Sabe-se que o figado é o principal local de armazenamento de ferro, sendo susceptivel
ao dano oxidativo. Ferro e outros metais pesados (Cu, V, Ni) tém a capacidade de
gerar ERO e em consequéncia, aumentar a peroxidacdo lipidica das membranas
hepdticas e a disfungdo mitocondrial (Butterworth, 2010).

No que diz respeito ao bago, sua fungéo estd relacionada & hematopoese e a
destruicdo de células sanguineas vermelhas velhas. Forma parte do sistema linfatico e é
o centro de atividade do sistema imune (Suttie, 2006). O bago é um sitio de toxicidade
direta ou indireta e um alvo para alguns xenobidticos, o qual pode levar a doengas
imunolégicas e cancer (De Jong & Van Loveren, 2007). Whittaker et al. (1996)
descreveram que, em ratos, a toxicidade de metais como Fe estd associada com
processos de morte celular em diferentes érgdos além do bago, sugerindo que o estresse
oxidativo estd envolvido na patogénese das lesdes. Outros elementos metdlicos como Cr
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tém sido associados com alteracdes no bago e no sistema imunolégico de camundongos
(Ferreira et al., 2003).

Outro érgdo bastante suscetivel ao dano de radicais livres é o encéfalo. Este é
um 6rgdo que tem uma alta concentragdo de dcidos graxos poliinsaturados, associada a
uma alta atividade metabdlica e relativamente baixa capacidade antioxidante. O ferro
é essencial no encéfalo, mas altas quantidades podem levar & geragdéo de dano nas
células cerebrais, uma vez que pode conduzir ao estresse oxidativo (Hagemeier et al.,
2012). Além do Fe, outro metal que esteve em concentragdes significativas no encéfalo
foi o Ni. Embora os mecanismos moleculares de carcinogenicidade do Ni ainda ndo
sejam claros, sugere-se que a exposicdo ao Ni induz estresse oxidativo, pela reducdo
na expressdo de enzimas antioxidantes e geragdo de quebras duplas no DNA (para
revisdo, ver Kim et al., 2015).

De forma similar ao descrito neste estudo, alguns autores relatam que a inalagéo
continua de poluentes ocupacionais como as particulas de carvdo ou cinzas contribui
significativamente para o surgimento e progressdo de vdrias doengas respiratérias
mediadas pela formagéo de ERO e estresse oxidativo (Pelucchi et al., 2006; Park et al.,
2009; Centers for Disease Control and Prevention (CDC), 2012). Como é mostrado no
Anexo 1, no trabalho intitulado “Genetic damage in coal miners evaluated by buccal
micronucleus cytome assay”, foram realizadas andlises de elementos inorgdnicos no
sangue periférico de mineiros expostos cronicamente as particulas de carvéo numa mina
localizada em Guaijira-Colémbia. Na andlise das concentragdes dos elementos, foram
observadas quantidades significativamente maiores de Si e Al no grupo exposto. Estes
elementos foram encontrados em quantidades considerdveis em forma de éxidos na
composi¢cdo do carvdo em Guaijira, caso similar & composicéo do carvdo e cinzas do
estado de Santa Catarina (Tabelas 1 e 2, Capitulo ).

E importante ressaltar que a exposi¢cdo crénica as misturas complexas como as
produzidas durante as atividades de minera¢do de carvdo tem sido objeto de estudo
ao redor do mundo, usando diferentes biomarcadores (Donbak et al, 2005; Santa
Maria et al.,, 2007; Minina et al.,, 2015). Sendo assim, a Tabela 1 do capitulo do livro
“Occupational Exposure to Coal, Genotoxicity and Cancer Risk” (Anexo 2) apresenta
uma compilag¢do de estudos acerca da exposicdo a residuos de combustdo e mineragdo
de carv@o em humanos.

Avaliar os riscos por meio de estudos de biomonitoramento em populacdes
expostas &s misturas complexas pode ser bastante complicado. E importante levar em
considerag¢do que os trabalhadores ndo estdo expostos a um Unico componente, sendo
necessdrio, portanto, considerar a toxicidade de cada componente na mistura, e a
natureza imprescindivel dos efeitos da interagdo, os quais podem ser aditivos ou
sinérgicos (Pastor et al.,, 2002; Cogliano, 2016).

Em relacéo aos efeitos da exposicéio a subprodutos do carvéo, estudos sobre a
toxicidade das particulas e de biomonitoramento de trabalhadores expostos a
mineracdo de carvdo representam uma boa referéncia na discusséo sobre os efeitos das
cinzas no tecido pulmonar. Neste contexto, Celik et al. (2007) encontraram um dano
citogenético significativo nos trabalhadores expostos as cinza e gases provenientes da
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queima de carvdo, atribuido aos efeitos acumulativos e relacionados & complexidade
da mistura produzidos pela combustdo.

Se considerarmos conjuntamente os resultados in vitro e in vivo, pode ser
observado que, nos resultados in vitro (Capitulo 1), a citotoxicidade e genotoxicidade
foram notdveis nas células expostas as particulas CFA16. In vivo (Capitulo Il) efeitos
inflamatoérios importantes e na mecdnica respiratéria foram observados nos animais
expostos a particulas de carvdo. Essas observagdes podem estar relacionadas com a
complexidade e diferenca entre os dois modelos. In vitro os diferentes
microcomponentes destas particulas conseguem se lixiviar, interagir e causar dano no
DNA, entretanto no modelo in vivo existe um processo de metabolizagdo de compostos
como os HAP, somado ao fato que est@o presentes particulas de diferentes tamanhos
que tentam ser fagocitadas pelos macréfagos desencadeando um processo inflamatério
muito ativo associado & formagéo de ERO, dano nas macromoléculas e mudangas no
tecido pulmonar.

Particularmente, se comparamos os efeitos entre as particulas de CFAT1 e
CFA16, pode se notar que as células expostas as particulas CFA16 apresentaram niveis
de danos oxidativos similares as expostas a particulas de carvdo. Nas andlises in vivo,
nos pardmetros da mecénica pulmonar e expressdo de citocinas, os valores foram
maiores nos animais expostos & CFA16, quando comparado com os expostos & CFA11.
Essas observagdes nos levam a sugerir que, além do processo de combustdo alterar a
toxicidade das particulas de carvdo, o uso de combustiveis adicionais no processo de
queima altera as caracteristicas das particulas geradas em relagdo ao tamanho e
composicdo quimica e consequentemente aumenta os possiveis riscos das populagdes
expostas.

Em resumo, a heterogeneidade quimica e o tamanho das particulas de cinzas e
carvdo podem explicar os efeitos citotdxicos, genotdxicos e pulmonares e os mecanismos
“acelulares” e “celulares” relacionados com a formagéo de ERO (Figura 19). Dentre os
mecanismos “acelulares” de geragdo de oxidantes, os metais e 6xidos presentes nas
particulas de carvdo e cinzas, por diferentes vias, desempenham um papel critico. Como
consequéncia, importantes macromoléculas como lipideos, proteinas e principalmente o
DNA sofrem modificacdes oxidativas. Adicionalmente, os HAP contidos nas particulas
também contribuem na toxicidade celular pela geragéo de ERO e formagdo de adutos
com o DNA. Estes componentes antes mencionados podem né&o somente afetar o pulméo,
mas também outros érgdios, devido a eficiente transloca¢do pela circulagéio sanguinea.
Uma segunda via indireta importante de formag¢do de ERO estd relacionada com
mecanismos celulares, consequéncia da produ¢do aumentada de oxidantes pelos
macréfagos e neutréfilos durante a fagocitose de particulas de carvdo e cinzas e da
inflamagdo produzida.

Todo este cendrio passa a ser alarmante, se forem consideradas as populagdes
expostas a inalagdo continua, ds altas cargas de particulas em células fagociticas no
pulmdo, e o desequilibrio redox que estdo ligados & origem de processos patolégicos.
Este trabalho contribui para conhecimento sobre os efeitos destas particulas e os riscos
da exposi¢cdo, além de contribuir para o estabelecimento de novas estratégias de
controle e prevencdo nas populacdes expostas.
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Figura 19. Resumo grafico do trabalho: avaliagdo in vitro e in vivo dos efeitos de particulas de carvédo e cinzas
provenientes de Santa Catarina
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VI. CONCLUSOES

1. Concluséo Geral

O conjunto de resultados desta tese permite concluir que as amostras de
particulas de carvdo e cinzas provenientes de Santa Catarina causam lesGes primdrias
no DNA e, nas concentracdes mais altas, induzem citotoxicidade e instabilidade
cromossdmica associada ao dano oxidativo in vitro. Adicionalmente, foi possivel
demostrar que a exposicdo aguda das particulas de carvdo e cinzas em camundongos
afeta a mecdnica pulmonar, induz o recrutamento de células principalmente
mononucleares, a expressdo de citocinas pré-inflamatérias no pulmdo e efeitos
genotdéxicos em células do sangue periférico. Além disso, foi demonstrada a
translocagdo eficiente de alguns metais pela corrente sanguinea, do pulméo ao figado,
baco e encéfalo. Estes resultados estdo relacionados com compostos contidos na
superficie das particulas, tais como 6xidos, metais e HAP detectados nas amostras.

2. Conclusées especificas

e Os resultados no Ensaio Clonogénico permitiram evidenciar o potencial citotéxico
das particulas em cultura de células de fibroblastos de pulmdo de hédmster chinés
(V79).

e As andlises pelo ensaio Cometa Alcalino mostraram que a exposicdo das células
V79 as particulas de carvdo e cinzas induziram lesdes primarias no DNA.

e As particulas de COAL16 e CFAT6, nas concentragdes mais altas, sdo capazes
de induzir danos oxidativos no DNA em células V79.

e A andlise dos biomarcadores do CBMN-Cyt evidenciou que as concentrac¢des
mais altas de particulas de carv@o e cinzas foram capazes de induzir efeitos
citotéxicos (apoptose e necrose) e instabilidade cromossémica (formagdo de
ponte, broto e MN), porém nenhuma das amostras teve efeito significativo sobre
a proliferacdo celular.

e Nas andlises de mecdnica pulmonar, os animais expostos as particulas de carvdo
apresentaram rigidez e obstru¢des das vias aéreas centrais, oferecendo maior
resisténcia ao movimento durante os ciclos respiratérios.

e As particulas de carvdo e cinzas induziram significativamente o recrutamento de

células, principalmente células mononucleares no pulmdo e, portanto, a liberacdo

de citocinas pré-inflamatérias como TNF-a e IL-13.
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Efeitos genotdxicos foram observados no sangue periférico de camundongos
expostos a particulas de carvdo e cinzas, os quais poderiam estar associados &
geracdo de dano oxidativo.

Na andlise da morfometria, ndo foram evidenciadas alteragdes significativas no
percentual de alvéolos colapsados apds 24 horas de instilagdo intratraqueal
com particulas de carvdo e cinzas.

Na andlise da formagdo de fibras, ndo foi observada a formagdo de fibras
elasticas e coldgenas no pulmé&o dos camundongos expostos.

Na avaliagdo da concentragéio dos elementos nos diferentes 6rgdos dos
camundongos pelo método de PIXE, foram encontradas quantidades
significativamente maiores de Cr, Fe e Ni, quando comparadas com o grupo
controle.

A deteccdio de metais no figado, bagco e encéfalo permite concluir que existe
translocagcdo eficiente de metais pela circulagdo sanguinea até o6rgdos
extrapulmonares.

Os efeitos observados in vitro e in vivo estdo relacionados com a geragdo de
ERO e formagdo de adutos pré-mutagénicos, consequéncia dos efeitos de
componentes destas particulas como HAP, éxidos e metais.
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VIl. PERSPECTIVAS

Para uma melhor compreensdo dos efeitos gerados pela exposicdo a particulas de

carvdo e cinzas, seria de grande importdncia a avaliagdo dos seguintes aspectos:

e Avadliar os efeitos citotéxicos e genotdxicos em outras linhagens celulares como
macréfagos alveolares murinos (RAW264.7), células epiteliais humanas (A549) e

células do figado (HEPG2);

e Avadliar a inducdo de estresse oxidativo in vitro (medida de SOD, CAT, GPx,
GSH);

e Avadliar in vivo periodos de exposicdo subcrdnica, e também periodos de
exposi¢do crénica as particulas de carvdo e cinzas;

e Conjuntamente ao uso de periodos de exposigdio subcrdnica, seria interessante
incluir andlise de TGF-B para reforgar a investigagdio histolégica de formagdo
de fibras de coldgeno em camundongos expostos a particulas de carvéo e
cinzas;

® Incluir andlises de marcadores de estresse oxidativo (medida de SOD, CAT,
GSH) no pulmdo de camundongos expostos a particulas de carvdo e cinzas;

e Incluir a andlise da expressdo de quimiocinas no pulmdo de camundongos
expostos a particulas de carvéo e cinzas, tais como IL-8 e MCP-1/CCL2;

® Incluir andlises de expressdo de RNAm para analisar a expressdo de pro-
coldgeno 3 e pré-coldgeno 9, os quais estdo relacionados com periodos de
remodelamento do tecido pulmonar em camundongos;

® Incluir técnicas de imunohistoquimica para visualizar a expressdo da sintese de
pré-coldgeno 3 em camundongos expostos a particulas de carvdo e cinzas;

e Analisar a express@o de diferentes marcadores de proteinas de estresse em
camundongos, apds exposicdo a particulas de carv@o e cinzas, tais como
caspase 8 e NF-kB usando western blotting;

e Incluir andlises de histologia de figado, baco, encéfalo, rins e corac¢do de
camundongos expostos a particulas de carvdo e cinzas;

e Analisar a transloca¢cdo de HAP do pulmé&o ao figado de camundongos expostos
a particulas de carvdo e cinzas; e

e Utilizar ICP-MS (espectrometria de massas com plasma de acoplamento indutivo)
para determinar as concentragdes de elementos inorgdnicos presentes em outros

érgdos de camundongos, como rins e coragdo.
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Occupational exposure

During coal mining activities, large quantities of coal dust, ashes, polycyclic aromatic hydrocarbons and
metals are released into the environment. This complex mixture presents one of the most important
occupational hazards for health of workers. The aim of the present study was to evaluate the genetic
damage together with the presence of inorganic elements, in an exposed workers population to coal
mining residues of Guajira-Colombia. Thus, 100 exposed workers and 100 non-exposed control
individuals were included in this study. To determine genetic damage we assessed the micronucleus
(MN) frequencies and nuclear buds in buccal mucosa samples (BMCyt) assay, which were significantly
higher in the exposed group than non-exposed control group. In addition, karyorrhectic and karyolytic
cells were also significantly higher in the exposed group (cell death). No significant difference was
observed between the exposed groups engaged in different mining activities. No correlation between
age, alcohol consumption, time of service and MN assay data were found in this study. However, the content of
inorganic elements in blood samples analyzed by a Particle-induced X-ray emission technique (PIXE) showed
higher values of silicon (Si) and aluminum (Al) in the exposed group. In this study we discuss the possibility of

DNA damage observed in the mine workers cells be a consequence of oxidative damage.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

It is known that coal mining activities are a major source of
environmental contamination. Mining activities release large amounts
of substances that can form complex mixtures containing CO,, NO,,
SO, aluminum silicon crystals, quartz, metals (arsenic, boron, cad-
mium, chromium, lead, copper, selenium, iron, and zinc), and poly-
cyclic aromatic hydrocarbons (PAH) into the environment (Zhou et al.,
2005).

* Corresponding authors at: Departamento de Biofisica, Prédio 43422, Labora-
tério 210, Campus do Vale, Universidade Federal do Rio Grande do Sul, Avenida
Bento Gongalves 9500, Bairro Agronomia, CEP 91501-970, Porto Alegre, RS, Brasil.
Fax: +55 5133167003.
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http://dx.doi.org/10.1016/j.ecoenv.2014.05.023
0147-6513/© 2014 Elsevier Inc. All rights reserved.

The main route of coal mining exposure to these potentially
hazardous residues is by inhalation of coal dust particles from the
extraction and manipulation activities. Currently, it is known that
chronic inhalation of coal dust particles can result in lung disorders
including simple pneumoconiosis, progressive massive fibrosis, bron-
chitis, lung function loss, emphysema and cancer. Studies were able
to establish that some of these disorders could have their origin
in genetic damage generated by the inhalation of mineral particles. In
particular interaction of particles with macrophages, epithelial cells
and other cells could lead to generation of reactive oxygen species
(ROS) (Schins and Borm, 1999; Cooke et al., 2003).

The effects of coal exposure have been studied using bacteria
(Nakajima et al., 2008), bats (Zocche et al., 2010), rodents (Da Silva
et al.,, 2000, Leé6n et al., 2007) and human cells (Celik et al., 2007;
Rohr et al., 2013a, 2013b). Some studies in workers exposed to coal
mining residues assessed by chromosomal aberrations (Santa
Maria et al., 2007), sister chromatid exchange, and micronuclei

134



134 G. Leén-Mejia et al. / Ecotoxicology and Environmental Safety 107 (2014) 133-139

(MN) in peripheral blood lymphocytes (Donbak et al., 2005; Le6n-
Mejia et al., 2011) demonstrated that occupational exposure to
coal dust can lead to a significant induction of cytogenetic damage.
In a previous study, we found elevated DNA damage in coal mining
workers from Guajira-Colombia, assessed by the Comet assay and
MN test in lymphocytes (Leon-Mejia et al.,, 2011). Despite these
findings, coal dust remains classified as “not classifiable as to its
carcinogenicity to humans” (Group 3) by the International Agency
for Research on Cancer (IARC, 1997).

The fact that a very high percentage of cancers have an
epithelial origin suggests that micronuclei in epithelial cells are
an important biomarker that can be used for epidemiological studies.
Micronuclei that are detected in exfoliated buccal cells reflect
genotoxic events that occurred in basal cells, and these events can
be observed in exfoliated cells over an approximately three week
period (Holland et al., 2008). The buccal micronucleus cytome assay
(BMCyt assay) is considered a fast and simple method for in situ
biomonitoring of human populations exposed to environmental
genotoxicans (Majer et al., 2001; Bonassi et al., 2011).

The aim of the present study was to evaluate the genotoxic
effects in exfoliated buccal cells and concentrations of inorganic
elements in a population exposed to coal residues in the open-cast
mine “El Cerrejon” in Guajira-Colombia using the buccal micro-
nucleus cytome assay (exfoliated buccal cells; BMCyt assay) and
the particle-induced X-ray emission (PIXE) in blood samples. The
MN data in buccal were compared to MN data in lymphocytes
from our previous study (Leon-Mejia et al, 2011) to assess
whether buccal cells can be used as a non-invasive source to
investigate biomarkers of genetic damage in exposed individuals.

2. Materials and methods
2.1. Individuals and sampling

This study was approved by the Committee on Research Ethics at University of
Sind Ethic and details of the study through the informed consent were obtained
from each individual before the research began.

This study involved a total of 200 individuals, who live in the same region in order
to ensure a comparable genetic background and life habits. The exposed group were 100
workers occupationally exposed to coal with a minimum time of service of 5 years in “El
Cerrejon” open-cast coal mine, in the Guajira Department in the north coast of
Colombia, South America. The non-exposed control group consisted of 100 individuals
with no known exposure to genotoxic agents including coal, radiation, chemicals or
cigarettes. Both study populations (exposed and non-exposed groups) lived in the same
region; it was considered that the two populations should have presented the same
genetic background and the same life habits.

The workers were involved in different activities in the mine: (i) transport of
extracted coal (n=50), in which the workers are involved in coal transport up to arrival
in the storing centers; (ii) equip field mai e (n=18), these workers drive
trucks to spread water onto the roads where large quantities of coal dust are
generated, and also maintain the coal extraction equipment; (iii) coal stripping
(n=17), these workers are engaged in coal stripping activities and the accumulation
of the material for the transport in trucks, they also extinguish fires generated by
spontaneous combustion of coal; (iv) coal embarking (n=15), these workers are
involved in shipping of coal in containers to be exported to other countries. All
workers were exposed to large quantity of coal dust, but was perceived that the coal
stripping group was the most exposed to coal mining residues.

All individuals in the study were required to answer a questionnaire and
participate in a face-to-face interview, which included determination of standard
demographic data and questions concerning medical issues (exposure to X-rays,
vaccinations, medication, etc.), life style (smoking, alcohol consumption, diet, etc.),
cancer history, other chronic diseases and occupation (number of working hours
per day, protective measures adopted). All individuals included in the study were
non-smokers and have time of service =5 years. Buccal cell and blood samples
were obtained from all individuals.

2.2, Buccal micronucleus cytome assay (BMCyt assay)

After informed consent was obtained from each individual, buccal mucosa
samples from all 200 individuals were collected. The subjects were asked to rinse
their mouth with water before sampling. The exfoliated buccal mucosa cells were

collected using a cytobrush to gently scrape the mucosa of the inner lining of both
cheeks. All buccal sample tubes were coded and kept in upright position at room
temperature.

The cells were washed three times in 0.9 percent phosphate saline buffer, the
smears were made from the pellet and fixed in methanol:acetic acid (3:1). For
microscopic analysis, the slides were incubated at 37 “C overnight and then stained
with Giemsa (Stich and Rosin, 1984; Acar et al.,, 2001). The frequency of MN was
determined in 2000 cells for each person following recommendations of Thomas
et al. (2009). All slides were scored by one reader blinded to the exposure status of
the individuals.

MN and other nuclear abnormalities were classified according to Tolbert et al.
(1992) and Thomas et al. (2009). Nuclear anomalies, such as karyorrhectic and
karyolytic cells (different forms of cell death), and nuclear buds (indicative of gene
amplification) were assessed in 2000 cells/individual and recorded separately.

2.3. Farticle-induced X-ray emission (PIXE)

Peripheral blood samples from all 200 individuals were collected by venipunc-
ture. Thus, 5mL of blood were drawn into heparin tubes (Becton Dickenson,
vacutainer) for the particle-induced X-ray emission (PIXE) analysis. All blood
samples tubes were coded and kept at room temperature. Blood samples were
analyzed for the total content of metals by the particle induced X-ray emission
(PIXE) technique (He et al.,, 1993; johansson et al., 1995). This technique has been
successfully employed to detect trace elements in plants and animals because of its
multielemental character, high sensitivity, simplicity and high sample throughput
(Mireles et al., 2004).

For the analyses, the blood samples were dried at 40 °C for 72 h, then
macerated using a mortar, and finally pressed into pellets which were positioned
on the target of the reaction chamber. A 3 MV Tandetron accelerator provided
2.0 MeV proton beams with an average current of 5 nA at the target. The X-rays
induced by the beam in the samples were detected by a Si(Li) detector with an
energy resolution of about 155 eV at 5.9 keV. The spectra were analyzed with the
GUPIXWIN software package (Maxwell et al., 1995; Campbell, 2000) and the final
results are expressed in parts per million (ug g~ ). The chemical elements analyzed
in the samples by the PIXE method were: sodium (Na), magnesium (Mg),
aluminum (Al), silicon (Si), phosphorus (P), sulfur (S), chlorine (Cl), potassium
(K), calcium (Ca), iron (Fe), copper (Cu), zinc (Zn), bromine (Br) and rubidium (Rb).
The organic matrix of the blood (the organic composition of the sample) was
determined by the Rutherford Backscattering Spectrometry (RBS) technique.

2.4. Statistical analysis

The normality of the variables was evaluated using the Kolmogorov-Smirnov
test; * and t-tests were used to compare the demographic characteristics of study
populations and chemical elements analyzed by PIXE. The statistical analysis of
differences in MN frequency between the exposed and control group were carried
out using the non-parametric Mann-Whitney U-test, and statistical differences
between the five groups (non-exposed control, extracted coal transport, equipment
field maintenance, coal stripping, and coal embarking) were analyzed using the
non-parametric two-tailed Kruskal-wallis test with the Dunn correction. Correla-
tions between MN frequency in lymphocytes obtained in our previous study (Le6n-
Mejia et al,, 2011) and MN frequencies in buccal cells of the present study in control
and exposed individuals were determined by Spearman rank correlation test. The
critical level for rejection of the null hypothesis was considered to be P<0.05.
All analyses were performed with the PRISMA 5.0 statistical software package.

3. Results

The mean age and standard deviation of exposed group was
44.0 + 7.5 years (range, 24-60 years), and non-exposed control group
was 43.7 + 7.8 years (range, 27-60 years). The mean time of service of
the exposed group was 17.7 +6.9 years (range, 5-30 years). The
percentage of alcohol consumption for non-exposed group was 45
percent and for exposed group was 55 percent, considering as alcohol
consumer to drink alcohol in excess of once/week.

Table 1 summarizes the values of the MN frequencies for both
study groups, exposed and control groups, with exposed group
differentiated by the mining area activities. There was no statis-
tically significant difference between the different mining area
activities (P> 0.05; Kruskal-Wallis test), however the micronuclei
frequencies observed to each individual subgroup exposed to coal
mining were significantly increased compared to control group
values (P < 0.05; Kruskal-Wallis test).
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Table 1

Parameters of genetic damage (micronuclei), gene amplification (nuclear bud) and cell death (karyorrhexis and karyolitic cells) observed in exfoliated buccal of the control

and exposed group divided by mining area activities (mean + standard deviation).

Groups Micronucleus test parameters

Micronucleus Nuclear bud Karyorrhexis Karyolytic
Control (n=100) 1.0+22 1.0+ 11 35.8 +30.5 253 +173
Exposed (n=100) 8.8+ 12.8° 2.7+42° 64.8 +54.9" 36.1 +40.1°
Exposed per mining area
Transport of extracted coal (n1=50) 8.9+ 11.7° 23+29° 63.1 +49.0° 303 + 384
Equipment field maintenance(n=18) 8.7 +14.9° 1.6+23 64.4 +56.0° 36.3 + 37.6°
Coal stripping (n=17) 1.3 £ 17.7° 41 +6.5° 85.7 +78.3° 38.2 + 68.8°
Coal embarking (n=15) 57+6.1° 3.0 +4.3° 52.0 +33.7° 29.0 +16.1

? P < 0.001, Mann-Whitney U-test.
" Significant difference compared to the control group at P < 0.05.

© Significant difference compared to the control group at P < 0.05, Kruskal Wallis test.
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Fig. 1. Scatterplot comparing MN frequencies (BMCyt assay) of control individuals and
exposed individuals. Horizontal lines represent the group mean MN frequencies.

The results obtained for MN frequency in exfoliated buccal cells
showed that the values in the exposed group to coal mine residues
are significantly higher compared with the control group, which
were evaluated by Mann-Whitney U-test (P < 0.001). In addition,
Table 1 lists additional markers of nuclear abnormalities in
exfoliated buccal cells: nuclear buds, karyorrhectic and karyolytic
cells. The mean values of the exposed group of these biomarkers
were statistically significant compared to control group (P < 0.05).

The Spearman correlation coefficient of MN frequency with
respect to age for the exposed (P=0.7159; r=—0.03685) versus
control group (P=0.1475; r=0.5272) were not significant
(P> 0.05). A high inter-individual variation between MN frequen-
cies was only observed in the exposed group and ranged from
0 percent to 3.6 percent (0-72 MN/2000 cells) (Fig. 1). Fig. 2 shows
the scatterplot comparing MN frequencies of the control group
and exposed group divided by mining area activities. However,
there were no significant correlations between the MN frequency
and the service time for the different exposed groups (P> 0.05):
extracted coal transport (P=0.9116; r= —0.0500); equipment field
maintenance (P=0.1618; r=0.5126); coal stripping (P=0.9359;
r=—0.02112); and coal embarking (P=0.0760; r= —0.6360). The
MN data in buccal cells obtained in this study were compared with
MN data in lymphocytes obtained in our previous study (Ledon-
Mejia et al., 2011). Fig. 3 shows a significant and positive correla-
tion between MN frequency in lymphocytes and buccal cells of
control and exposed individuals (P < 0.001; r=0.573).

The chemical elements present in the samples determinate
by the PIXE method are presented in Table 2. The organic matrix of
the blood (the organic composition of the sample) was 72.50

percent carbon, 7.50 percent oxygen, 13.50 percent nitrogen and
6.50 percent fluorine. There was no individual differences in the
ppm concentrations of metals in the blood of workers measured
by PIXE, in relation to the function performed in coal mining area
as assessed by Kruskal-Wallis ANOVA and Dunn's post-test. Thus,
for the evaluation of different correlations with regards to chemi-
cal present in blood samples, the whole study population of the
exposed individuals was considered as the “exposed group”. In the
analysis of the difference between exposed and control group, the
exposed group showed significantly higher ppm levels of alumi-
num (Al) and silicon (Si) using t-Student test with Welch correc-
tion (P < 0.05). The ppm amounts of metals showed no correlation
with age or exposure time (Spearman correlation).

4. Discussion

Coal mining is an activity with a high potential for environ-
mental pollution. In the case of exposure to coal mining residues,
the studies that used biomarkers of biological effects, susceptibility
and exposure as epidemiological tools are still scarce and most
studies assessed underground mining activities (Agostini et al.,
1996; Moriske et al., 1996; Santa Maria et al., 2007; Donbak et al.,
2005). However, potential genotoxic effects caused by coal open-
cast mining activities on human health remain poorly explored.

In the present study, MN formation in exfoliated buccal cells of
workers exposed to open coal mining was used as a biomarker for
genotoxic exposure. This study did not show any effect of alcohol
consumption, age and time of service on the MN frequency of the
populations investigated. In concordance, Holland et al. (2008)
cite that most occupational studies conducted with the buccal
micronucleus cytome assay do not find a statistically significant
influence of age and lifestyles in the MN frequency of study
populations.

When we compared the MN frequencies in the group exposed
to coal mining residues we observed a significantly higher fre-
quency compared to the matched control group. No significant
difference was observed in the extent of MN formation among the
four different mining activities (transport of extracted coal, equip-
ment field maintenance, coal stripping, and coal embarking). This
observation indicates that the workers did show a genotoxic
response to a complex mixture independent of the working area.
Several individuals in the exposed group showed a higher MN
frequency and high inter-individual variability. There was no clear
difference in the exposed subgroups of the different working
areas; therefore it can be assumed that there was no specific
factor that would induce a particular high MN frequency. In a
recent study using lymphocytes from coal mine workers from
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Fig. 2. Scatterplot comparing MN frequencies (BMCyt assay) of the control group
and exposed group divided by mining area activities. Horizontal lines represent the
group mean MN frequencies.
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Fig. 3. Nonparametric Spearman correlation analysis between MN frequency in
lymphocytes and buccal cells of control and exposed individuals (n=200).

Guajira-Colombia, we found comparable results with regards to
occupational hazard effects using the Comet assay and MN test in
lymphocytes (Ledn-Mejia et al., 2011). These previous results
demonstrated that the group exposed to coal mining residuals
exhibited a significantly higher extent of DNA damage in periph-
eral lymphocytes in the Comet assay. In the exposed group, MN
frequency was 2.9-fold and DNA damage index was 6.6-fold higher
compared to the control group (Leon-Mejia et al., 2011), in this
study we observed that MN frequency in buccal cells was 8.8-fold
higher than control group. While the comet assay detects primary
DNA damage with high sensitivity (Collins et al., 2008), the
assessment of the MN frequency in isolated lymphocytes has
become a reliable biomarker of chromosome breakage and/or
whole chromosome loss (Fenech et al., 2003; Fenech, 2006). It
has been demonstrated that high frequencies of MN in peripheral
blood lymphocytes are predictive of cancer risk and that high
levels of MN formation are associated with early events in
carcinogenesis (Bonassi et al., 2007; Kirsch-Volders et al., 2014).
In our previous study (Leon-Mejia et al., 2011), MN frequencies
were analyzed in lymphocytes from the same sample groups as
those used in the current study, and these data were compared
with data on MN in buccal cells from the current study. There was
a significant and positive correlation between MN frequencies in
the lymphocytes and buccal cells of the control and exposed
individuals (P<0.001; r=0.573; Fig. 3). Similarly Ceppi et al.

Table 2

Concentration of inorganic elements in the blood samples (ppm) of the control group and exposed group divided by mining area activities by PIXE method (mean + standard deviation).

Inorganic elements (ppm)

Groups

Zn

Cu

a

Si

Na

17 +9
19+11

8+9
7+8

5+2
5+2

2945 + 431
2777 + 538

312 +116
292 +106

9285 + 1481
8731 + 2109

927 + 2623

14,
13,

5717 + 892
5396 + 1051

1629 + 284
1529 + 422

44 + 30

109 + 50
127 + 60°

210+ 170

209 + 81

8942 + 1657
8049 + 2019

100)
100)
Exposed per mining area

Control (n

37+10

572 + 3366

81 +95°

Exposed (n

18 +11
18 +12
19+9

18+£6 21+10

7+8
7+7

37+9

2

5+2

54+

2783 + 482
2854 + 704

291 +120
298 +103

276 +81

8675 + 1786
473 + 3834 9001 + 2315

531 + 2794

13,
14,

5401 + 878
5354 + 1491

1525 + 467
1517 + 360
1526 + 474
1565 + 290

117 + 63 71 +91

150 + 61

172+ 89

219 + 202
205+ 121

8042 + 1900

~50)

Transport of extracted coal (n

517

+13
4+ 11
38+ 8

2775+ 635
2658 + 363

8524 + 2544

5388 + 1234
5443 + 779

97 + 123
91 +

127 + 46
133+ 63

8450 + 2235
7855 + 2398
7788 + 1784

18)

Equipment field maintenance (n

4+2
5+2

306 +91

13,003 + 3916

65

73 ; 101

232; 183

17)

Coal stripping (n

8811 + 2499 + +

13,216 + 3973

15)

Coal embarking (n

* Significant increase in relation to the control group at P <0.05; Student's t test (Welch correction).
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(2010) prepared a compilation of 19 studies which measured the
MN frequency in buccal cells and lymphocytes showed a high
correlation between both tissues, revealing that the MN evaluation
in buccal cells has a similar potential to demonstrate the effects of
exposure to genotoxic agents. The formation of micronuclei in
both lymphocytes and epithelial cells has been proposed as a
useful biomarker to assess the cytogenetic damage in biomonitor-
ing studies (Diler and Celik, 2011; Rohr et al., 2013b; Kirsch-
Volders et al., 2014). The formation of micronuclei in both
lymphocytes and epithelial cells has been proposed as a useful
biomarker to assess the damage cytogenetic in biomonitoring
studies (Diler and Celik, 2011).

Our results further support that the mechanism of MN forma-
tion in buccal exfoliated cells is consistent with the model
proposed for lymphocytes (recently reviewed by Ceppi et al.
(2010)).

Besides the formation of MN, cell death indicators (karyor-
rhectic and karyolytic cells) and other nuclear anomalies such as
nuclear buds (indicative of gene amplification) (Diler and Celik,
2011) were also evaluated in buccal cells. The results showed that
the number of karyorrhectic and karyolytic cells were significantly
higher in the exposed group compared with the control group.
These markers of genetic damage found in our study suggest that
these events could be a consequence of exposure to some
genotoxic agents related to coal mining residues forming a com-
plex mixture of agents present at low concentrations can interact
additively or synergistically (Kalantzi et al., 2004), similar to what
had been demonstrated by Rohr et al. (2013a, 2013b).

The main route of exposure of coal mine workers to potentially
hazardous coal residues is by inhalation of particles. Today it is
known that chronic inhalation of this cocktail (which may contain
a mixture of substances such as inorganic elements and PAH) can
produce pulmonary disorders (Schins and Borm, 1999; Beckman
and Ames, 1997; Cooke et al., 2003). Some characteristics of coal
from “El Cerrejon” are moisture (~10 percent), volatile (~30
percent), ash (~8 percent), sulfur (~1 percent), carbon (70
percent), hydrogen (~6 percent), oxygen (~5 percent), nitrogen
(~1 percent) and different metals (ETSU and Department of Trade
and Industry, 2000). In our study we included the assessment of
several elements (Na, Mg, Al, Si, P, S, Cl, K, Ca, Fe, Cu, Zn, Br and Rb).
The elements assessed in peripheral blood samples showed no
difference when comparing the four mining area activities and no
correlation with age or time of service was observed. In the
analysis of the levels of the different elements in the study
population we observed significantly higher amounts of silicon
(Si) and aluminum (Al) in the exposed compared to the control
group. In the composition of the Cerrejon-Guajira coal these
elements are found in substantial quantities in the form of oxides
(ETSU and Department of Trade and Industry, 2000), and presence
of Al and Si in coal fly ash is recognized in coal fly ash (Prahalad
et al., 2000). The abundance of different mineral elements in
Cerrejon coal determined by Scanning Electron Microscopy
Computer-Controlled shows that more than 80 percent of weight
of the mineral material is composed of clay and quartz minerals
(aluminum silicate, aluminum silicate, and silica). Analysis of the
product reveals that the combustion ashes are formed mainly of
aluminum silicates, iron oxide and quartz particles (Irons and
Quick, 2000). It is known that inhalation of particulate material
typically contains high levels of Al. Experimental studies indicate
that the presence of excessive Al is associated with inflammatory
processes in the lung which can trigger respiratory diseases
(Clarke et al., 2000; Wagner et al., 2007) and carcinogenic
processes (Spinelli et al, 2006; Exley et al, 2007; Neumann
et al, 2011). The interaction of inorganic elements with living
matter is complex, but it is possible that common mechanisms
for the majority of inorganic compounds include oxidative stress,

DNA repair modulation and disturbance of signal transduction
pathway (Beyersmann and Hartwig, 2008).

PAH are also associated with the generation of oxidative stress.
The spontaneous combustion of coal is very common in centers
of open mining storage systems, and is a major cause of the
production of PAH. Many PAH have mutagenic and carcinogenic
effects (Cherng et al., 1996; IARC, 1997; Da Silva et al., 2000).
Exposure to PAH has been associated with increased DNA damage
by cytokinesis-block micronucleus cytome and oxidative stress in
occupational exposed populations (Duan et al., 2009, Guo et al.,
2014). Several studies have showed buccal MN induction in
exposed populations (Giri et al., 2012, Karahalil et al., 1999) and
in vitro studies suggest that PAH-quinones induce genotoxic effects
by modulating the metabolic machinery inside the cells by a
combined effect of oxidative stress (Gurbani et al, 2013,
Ekstrand-Hammarstrom et al., 2013). Mixtures of DNA-reactive
procarcinogens compounds such as PAH at environmentally rele-
vant low-dose concentrations give rise to markedly elevated DNA
damage (Hewitt et al., 2007). One of the proposed mechanisms of
generation of DNA damage by exposure to PAH is associated with
oxidation-reduction processes occurring during the metabolism of
these compounds, which result in the formation of quinones.
These quinones can undergo redox cycling and produce reactive
oxygen species (ROS) (Singh et al., 2007). Another way of ROS
generation by exposure to coal mine residues is related to the
inhalation of coal dust particles which triggers an inflammatory
cell response in macrophages and lung epithelial cells producing
large amounts of ROS and cytokines. There is evidence of oxidative
damage in coal mining workers, as higher levels of SOD (super-
oxide dismutase) in individuals exposed to coal (due to an
enzymatic response) comparing with non-exposed individuals
(Rohr et al., 2013a, 2013b). ROS may also be generated indepen-
dently of the cellular pathway due to the intrinsic chemical
properties of coal dust such as iron content and the radicals on
the surface (Schins and Borm, 1999). It is known that ROS are
capable of causing oxidative damage to DNA such as single strand
breaks and base and nucleotide modifications, particularly in
guanosine. The oxidative modifications induce a broad response
in the repair characterized by excision of modified bases and
nucleotides (Bennett, 2001; Klaunig et al., 2011).

5. Conclusions

In summary, increased levels of micronuclei in the BMCyt assay
were observed in coal mining workers. The data of the present
study are in agreement with the results of a previous study
assessing DNA damage in lymphocytes using the comet assay
and MN assay (Le6n-Mejia et al., 2011). The increased MN
frequencies observed in the mine workers may be a consequence
of oxidative damage resulting from their exposure to coal residues
mixtures, including inorganic elements, as Al and Si. However,
there are several additional compounds that are released during
the processes of exploration and extraction of coal and therefore,
due to the complex mixture, it is difficult to relate the genotoxic
effects found to the actions of a single compound. Therefore, our
study demonstrates that buccal cells present a suitable and non-
invasive source to investigate biomarkers of genetic damage in
exposed individuals.
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e Abstract
10 Coal is a heterogeneous mixture containing large quantities of organic and inorganic
11 matter, including carbon, hydrogen, oxygen, sulfur, nitrogen, and organometallic forms.
12 The presence of mineral matter in coal may result in a number of environmental and
13 human health problems related to its mining, preparation, and combustion. During coal
14 mining activities, large quantities of coal dust, ashes, polycyclic aromatic hydrocarbons
15 {PAHSs), and heavy metals are released into the environment, forming a complex mixture,
16 This mixture becomes one of the most important occupational risks for the health and
17 safety of workers due to its synergistic, additive, and enhancing effects. Once inside the
18 organism, this cocktail-like mixture can interact with cellular mechanisms related to the
19 production of reactive oxygen species (ROS) and can cause damage in important
20 macromolecules such as DNA, lipids, and proteins. In this review, human populations
21 exposed to coal and coal burning were analyzed. Data from different studies were
22 evaluated in relation to the effect of complex mixture exposition on DNA damage and
23 mechanisms, and the background factors, such as gender, age, or smoking habit. The high
24 ternperatures that ocour in combustion processes affect the characteristics of the resulting
25 particles. The coal fly ash is released by combustion and its composition varies depend-
26 ing on the coal type and the method af collection used such as electrostatic precipita-
27 tors. Compounds such as PAH once activated by the organisms have been shown to have
28 mutagenic and carcinogenic activity due to its ability to form adducts with purines.
29 Moreover, metals that commonly are evaporated during the cooling process increase its
30 toxicity. The particles when inhaled can pass from the alveoli into the bloodstream and
31 affect extrapulmonary organs. Several studies have described the inflammatory cascade
32 that triggers exposure to coal and coal fly ash particles; they have a complex composi-
33 tion capable of generating a persistentinflammatory process, resulting in diseases widely
34 describedasemphysema, bronchitis, pneumoconiosis, asthma,and cancer. Severalhuman
35 biomonitoring studies have been conducted evaluating the inﬂammat‘m}' process and

I NTEC H £ 2016 The Author(s). Licensee InTech. This chaptes is distributed under the terms of the Creative Cammions
Attribution License (http:/ fcreativecommons.org flicense s/ by 3.0), which permits unrestricted use, distribution,
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the release of cytokines, polymorphismsinvolved in detoxification mechanisms, different
biomarkers associated with occupational exposure, DNA damage, and the influence of
oxidative stress in disease development. The relationship between chronic exposure to
coal and coal ash particles and cancer is still widely debated., This review gave us a broad
assessment about the associated mechanisms between cancer and exposure to coal and
different findings around the world.

Keywords: coal, biomonitoring, DNA damage, ROS, PAH, diseases

1. Introduction

In the last decades, the human population genetics integrity has been compromised by the great
industrial activity, which exposes people to a variety of chemicals and genotoxic agents. As a
result, itisimportant to determine whatis considered asan “acceptable” level of geneticdamage
in a concrete population, carry out assay genotoxicity as a routine and also monitor those who,
by their occupation or lifestyle, are more exposed or with a bigger risk of having alterations on
their genetics stability [1].

One method to quantify the exposition to those substances, as well as its possible impact on
the organism, is the use of biological monitoring procedures, or biomonitoring, through
biomarkers. Biomonitoring studies try to establish a connection between the environmental
tactors and the diseases. They detect first alterations in nonmalignant phases, so as to prevent
health problems by recognizing the environmental cause of them.

The biological markers, or biomarkers, are the measurable changes (biochemical, physiologi-
cal, or morphological) that associate to a toxic exposure or any early biochemical alteration,
whose study on the biological fluids, tissues, or exhaled air that allow to assess the health risk
exposure intensity. The identification of genotoxicity markers believed to cause genome
damage is useful, since it can define a prepathogenesis state, such as cancer. It is of vital
importance for different diseases prevention, which is the final goal of biomonitoring. In order
to achieve it, there must be two stages: 1) detecting human exposure to environment carcino-
genic agents; 2) determining genotoxic effects in vivo [2].

The combined use of genetic biomarkers and classic epidemiology tools (clinic history and
questionnaires) has enabled the identification of early effects to the occupational exposure to
distinct pollutant around the world [2-4]. Many biomarkers are used to assess genotoxic effects
on human populations exposed to complex mixtures of chemicals. Although there are different
possibilities, micronuclei (MN) frequency, chromosomal aberrations (CAs), and comet assay
are the most commonly chosen biomarkers. MN originates from chromosome fragments or
whole chromosomes that are not included in the main daughter nuclei during nuclear division
[5, 6]. MN induction reflects clastogenic and aneugenic damage and is a predictive biomarker
of cancer risk [7]. Comet assay detects DNA lesions in individual cells obtained under a variety
of experimental conditions; the technique can also be used to evaluate DNA repair [8, 9].
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The large inter-individual variability in the capacity to activate or inactivate potential geno-
toxic and carcinogenic compounds is probably influenced by polymorphisms of the genes
encoding the metabolizing enzymes. Genes and proteins involved in metabolization/detoxi-
tication of xenobiotics, as well as those involved in DNA repair, are usually used as potential
markers of susceptibility for the development of several diseases in which the etiology is
related to exposure to environmental hazards. Polymorphisms in such genes have been linked
with an increased risk of cancer in several case-control studies [10].

Biomonitoring studies in populations exposed to complex mixtures of chemicals considering
individual susceptibility are quite complicated due to inadequate toxicity data, and the
unpredictable nature of interaction effects that may be synergistic, additive, or enhancers.

2. Occupational exposure to coal

The coal reserves in a worldwide level is up to 847.5 billion of tons, enough amount to serve
the current production for 119 years. This prediction is different from the ones related to oil
and gas, which have available supplies for less time [11]. According to data from the Interna-
tional Energy Agency (IEA), coal is the most used resource for energy generation in the world,
responsible for 41% of the total production. Nowadays, the main application of mineral coal
is to generate energy through thermal power plants. These reserves are considered to have a

109-year lifespan and their coalfields are located in 75 countries. The main world coal pro-
ducers are China, the United States, India, Australia, Indonesia, Bussia, South Africa, Germa-
ny, Poland, and Kazakhstan, which are responsible for 91% of the world’s production [12]. If
those projections are right, the consequences of coal mining and combustion will have large
effects in the environment. Thus, the exposed populations monitoring is fundamental with the
aim of contributing to the state of knowledge about the health risk and motivate the estab-
lishment of control, hygiene, and prevention strategies.

It is well known that coal mining activities are one of the biggest resources of contamination
due to the large quantity of substances liberated in the environment. The content of the coal
dust and ashes produced by burning are not always homogeneous and this depends on the
source and rank of the coal [13, 14]. Coal dust is constituted from carbon, hydrogen, oxygen,
nitrogen, quartz {cr}rstalline silica), and inorganic minerals, such as ber}*llium, cadmium,
cobalt, chromium, iron, boron, copper, nickel, antimony, zinc, aluminum (Al), titanium,
magnesium, manganese, mercury, and lead [15]. As observed, coal is a mixture of a variety of
chemicals, including hydrocarbons, which may raise polycyclic aromatic hydrocarbons
(PAHSs). All technological processes associated with open fire or temperatures between 400
and 600°C, that may lead to PAH, should be considered potentially hazardous [16, 17].

In relation to coal mining residues exposure, studies in which biomarkers of effect, suscepti-
bility, and exposure are used as epidemiological tools remain rare and a big part of them come
from studies on underground coal mining [18, 19]. The effects generated by open coal mining
are little explored, though. In open coal mining, the residues pass directly to the atmosphere,
where complex mixtures are formed, and the coal exposure to environmental factors such as
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sunlight facilitates the processes of spontaneous combustion and, therefore, the release of PAH
[20].

Studies about the coal exposure and its harmful effects have been conducted around the world
[21-23]. The main way for exposure of the coal mining workers to the potentially dangerous
residues is through the inhaling of coal dust particles from mining and manipulation. It is a
known fact that the coal mining continuous exposure can cause a variety of diseases, such as
coal workers pneumoconiosis (CWP), silicosis, cancer, and chronic obstructive pulmonary
disease (COPD), as emphysema and chronic bronchitis [24].

o~ S B W k=

9 Many studies have established that some of those diseases could have been originated from
10 the genotoxic damage generated by the inhalation of those mineral particles, able to interact
11 with macrophages, epithelial cells, and other cells generating the production of large amount
12 of reactive oxygen species (ROS) [24-26]. The continuous inhalation of coal dust and fly ashes
13 particles is an important cell and non-cell source of ROS in the lung. This may be associated
14 to the damage of target cells of that tissue and other cell lines, after spreading through the
15 bloodstream [27].

16 Coal-induced DNA damage is related to macrophage activation and the recruitment of
17 polymorphonuclear cells. This cell activation induces the release of inflammatory mediators,
18 such as cytokines, ROS and reactive nitrogen species (RNS). The proinflammatory properties
19 of ROS and RNS include endothelial cell damage, lipid peroxidation and oxidation, the
20 formation of chemostatic factors, the recruitment of neutrophils, and DNA damage [26, 28].
21 Interaction of ROS with DNA can result in DNA structural and transcriptional errors [29, 30].
22 Damage caused by ROS is recognized by DNA glycosylases, apurinic/apyrimidinic endonu-
23 cleases of the base excision repair (BER) mechanism, and in some cases, by the nucleotide
24 excision repair (NER) machinery, leading to DNA strand-breaks [31, 32].

25 Although chronic exposure may continue to damage the DNA, it has been suggested that
26 inorganic elements can induce DNA single-strand breaks, possibly via the generation of ROS
27 and that this type of damage is soon repaired. Metals are also known to modulate gene
28  expression of enzymes [33]. In addition, PAH can induce DNA lesions as single-strand breaks
29  wvia DNA repair mechanisms, related with increased adduct formation and electrophilic
30 metabolites [34-36]. Electrophilic metabolites covalently interact with the DNA [37, 38], and
31 adducts are formed with purines, especially guanine, after metabolic activation by enzymatic
32 complex P450 [39]. The International Agency for Research on Cancer (IARC) classified quartz,
33 main constituent of coal, into IARC Group 1 (carcinogen), due to sufficient evidence for
34 carcinogenicity in experimental animals and in humans [40, 41]. The other factor that could
35  lead to different results in coal dust exposure, with positive and negative results, might be
36 explained by the possible differences in composition, in which the proportion of the metals,
37 PAH, and silica (quartz) content may have an influence on the genotoxicity. Despite those
38 findings, coal dust remains classified as non-carcinogen for human (Group 3) in IARC [40,
39 41). The importance of coal as an energy source makes its characterization and estimation of
40 risks of extreme importance to the safety of those individuals and the environment.
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Several factors may explain conflicting results among different studies with human exposed
to coal, e.g. cigarettes smoked, age, gender, nutritional status, and individual polymorphisms
[6, 42]. Susceptibility is critical to an understanding of coal diseases, including cancer, and
many xenobiotic agents act to alter susceptibility. Unknown individual susceptibility, inade-
quate toxicity data, and the unpredictable nature of interaction effects make the implementa-
tion of a human biomonitoring assessment for complex mixtures of chemicals extremely
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complicated.

8 3. Oxidative stress and genotoxic damage related with coal exposure

Y9 Oneimportant aspect to consider about the coal exposure is the amount of products generated
10 during the coal combustion. The burning of coal, in order to generate electricity, produces flue
11 gasses and particulate materials like coal fly ashes and residues as scoria and bottom ash. The
12 finer particles (coal fly ash) are obtained by mechanical or electrostatic precipitation of the dust
13 in suspension in the gases produced by combustion, while the coarser particles fall to the
14 bottom by gravity and are removed at the bottom of the boiler [43, 44].

15 The combustion temperature is an important factor that determines the physical properties of
16 the particles. In the combustion of conventional high temperature (>1400°C), the main
17 aluminosilicate melts and condenses to form spherical particles. The coal fly ash particles
18 produced are mostly irregularly shaped and contain a complex mixture consisting of unburned
19 carbon; oxides; quartz; elements such as Al, silicon (Si), iron, and calcium; elements trace as

20 nickel, arsenic, chromium, copper, lead, cadmium, zinc [45, 46], and PAH [47].

21 The coal fly ash has a relatively low toxicity as compared with coal or quartz [45]. Studies have
22 determined the role of coal fly ash particle size and the release of iron, which leads to generation
23 of radicals and oxidative stress. In this context, it was demonstrated the ability of coal fly ash
24 release of bioavailable iron, which triggers processes and redox oxidant production [48]. In
25 addition, it was shown that interleukin 8 (IL-8) levels in human lung epithelial cells are
26 increased in response to coal fly ash and vary with the bioavailability of iron, as a function of
27 source of coal and particle size [49]. The smaller size fraction had more stimulatory activity,
28 which may be related to the fact that iron is more concentrated in this fraction. Particle size is
29 a critical factor because a larger surface area allows more significant transport of metal and
30U other adsorbed components, increasing the pulmonary toxicity of particulate matter (PM) [50].

31 The particles are classified according to their aerodynamic diameter (in micrometer) in coarse
32 (PM 10), fine (PM 2.5), ultrafine (PM 0.1) [51]. The smaller particles are more harmful with
33 respect to health effects because of their very high alveolar deposition fraction, large surface
34 area, chemical composition, ability to induce inflammation, and potential to translocate to the
35 circulation to extrapulmonary organs [52-54]. These particles could trigger persistent lung
36 inflammation compared to the coarse particles in addition to the exposure to genotoxic
37 compounds, which are contained in the particles [26, 55].

38  Depending on the toxicity, the chemical properties, and the concentration in air, coal and coal
39 fly ash particles can constitute a risk to exposed workers. When these particles are inhaled and
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deposited in the lungs, they can lead to health risks due to the leaching of genotoxic compounds
and altered immunological mechanisms affecting the lung parenchyma causing diseases [56].
These nanometric particles are very small, which allows them to penetrate the biological organs
and affect its normal function. More specifically, as the particle load in the lung increases the
alveolar macrophages and epithelial cells are activated, leading to the release of inflammatory
mediators, ROS, enzymes (elastases, proteases, collagenases), cytokines [tumor necrosis factor
alpha (TNF-a), interleukins], and growth factors (TGF-f3) that control and stimulates the
fibrosis, genotoxic events, and cell death [45, 57, 58].

Persistent inflammatory processes have been accepted as a crucial factor in the pathogenesis.
In [59], it was investigated whether systemic TNF-a, soluble TNF-a receptors (p55, p75), IL-6,
and soluble IL-6 receptor could be markers of biological activities of Chinese CWP. Interest-
ingly, those results suggest that serum levels of TNF receptors and IL-6 are associated with
the fibrotic process of CWI and serum cytokine levels may be correlated with the severity of
CWP. In the pathogenesis of these respiratory diseases related with coal exposure, oxidative
damage plays a key role. Either acting in association or independently, the chemical and
physical characteristics can lead to the generation of ROS and oxidative stress [60, 61].

These particles are chemically heterogeneous and can be a source of oxidants by themselves
“acellular” mechanisms), due to their composition, such as oxides, metals, and PAH [26].
Soluble metals (transition) associated to the particle can increase the generation of ROS by
Haber-Weiss reactions. PAH may be metabolically activated and induce ROS and oxidative
stress, also forming bulky adducts or strand breaks on DNA [50, 62, 63].

Another way of generating oxidants is via cellular. Once in the lungs, alveolar macrophages
are activated and generate large amounts of ROS, and chemoattractant factors of other
inflammatory cells such as monocytes and neutrophils are released, which amplify this
response generating more oxidants [64]. The particle size is a critical factor, because very large
particles are difficult to phagocytose, leading to the process of incomplete or “frustrated”
phagocytosis aggravating the response [65, 66].

Considering three different scenarios with respect to exposure to particles, the generation of
oxidative stress, inflammation, and oxidative DNA damage, several authors questioned
whether the lung inflammation may be related to secondary genotoxic etffects. They also
questioned if phenomena of oxidative stress, inflammation and DNA damage are independent
or interrelated, whether oxidative stress stimulates inflammatory processes, or inflammation
mediated by particles cause oxidative stress, or even if it is possible that particles may cause
both phenomena of oxidative stress and inflammation but for different mechanisms of action
[26, 61].

Innormal physiological conditions, there is a balance between ROS generation and antioxidant
defenses. However, the continuous inhalation of particles may interfere in this equilibrium
leading to oxidative stress process in the lung. Consequently, a high loading of particles alters
the oxidant-antioxidant balance, leading to oxidative damage and the beginning of patholog-
ical processes [67]. The most important effects of ROS in the lung include damage to cell
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membranes by lipid peroxidation process, protein oxidation, and DNA damage in target cells
[27].

As seen in Figure 1, oxidative DNA damage can have many consequences, from cell death and
tissue destruction to cell proliferation. Furthermore, ROS can also act as regulators in signaling
pathways intracellularly and transcription factors of a variety of genes including those of
proinflammatory cytokines, adhesion molecules, and proto-oncogenes [68].

In vitro effects induced by coal exposure have been described in different cells such as murine
alveolar type Il epithelial cells (C10) [69] and in 7TD1 cells [70]. ROS generation and oxidative
damage by coal fly ash particles have been described in different cell lines, in human peripheral
blood mononuclear cells [71], in rat alveolar macrophages (NE8383) [72], in BEAS-2B human
lung epithelial cells [73], and in rat lung epithelial (RLE) cells [74].

Exposure to coal or coal
fly ash particles

Particle surfscé |

it n E Y ROS / Genetic susceptibility
] (“ 8
| /",
=3 |
PR . [-P I‘M" *J DNA repair

(oG s N

Figure 1. Main pathways associated with the generation of oxidative damage and the development of diseases induced
by coal and coal fly ash particles.

ROS induce point mutations and CAs in cells. Many inhaled toxic substances contained in the
particles contribute to oxidative modification that has as target of attack specific components
of the cytoplasm and the nucleus. Such changes include DNA breakage, DNA oxidative

modification, base modifications, alterations in the DNA sequence, poly-ADP ribosylation,
activation of kinases, activation of proto-oncogenes, and inactivation of tumor suppressor
genes. Persistent generation of ROS generated by mineral particles indestructible or engulfed
incompletely leads to damage to organelles keys [59, 61, 75]. The oxidation of C8 deoxygua-
nosine (dG), resulting in 7-dihydro-8-oxo-2"-deoxyguanosine (8-oxodG), is the most common
oxidative lesion generated by ROS. The proportion of 8-0x0dG/dG has been considered as a
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biomarker of oxidative stress and has been studied in relation to exposure to mineral particles
in vitro and in vive [76].

Human biomonitoring studies about the effects of exposure to coal and residues using different
biomarkers have been conducted around the world. In this context, our group has obtained
interesting findings in workers exposed to coal mining in Colombia and Brazil. In [77], it was
found that Brazilian workers with occupational exposure to coal had significantly increased
genetic damage in peripheral blood lymphocytes compared with unexposed individuals.
Exposed workers presented lower average levels of thiobarbituric acid reactive substances
(TBARSs) and catalase activity (CAT). In addition, DNA damage evaluated by human buccal
micronucleus cytome (BMCyt) assay was observed in mine workers, which could be a
consequence of oxidative damage resulting from exposure to coal residue mixtures [78].

In Colombia, DNA damage in lymphocytes of coal open-cast mining workers using the
cytokinesis-blocked micronucleus test and the comet assay were observed [79]. Also, in buccal
mucosa samples, the micronucleus frequencies and nuclear buds were significantly higher in
the exposed group than in non-exposed control group. Interestingly, blood samples of
Colombian mining workers analyzed showed higher values of 5i and Al, characteristic
elements of coal particles, compared with the control group [80]. All these studies converge to
a point: the compounds contained in the particles may be related to ROS generation, DNA
damage, and formation of pro-mutagenic adducts.

These are important findings if we consider that oxidative DNA damage can lead to long-term
risk of cancer and other diseases caused by air pollution by these particles. In Table 1, can be
observed an overview of key studies on the genotoxicity in human population exposed to coal
and coal combustion products. These studies demonstrated DNA damage using different
methods, related with inorganic elements and oxidative stress.

References Country Exposurels) Biomarker Outcomel(s)

[81] Slovenia _ Sister-chromatid exchanges  Significantly higher levels of
(SCE), unstable chromosome chromosomal aberrations, SCE and
and chromatid aberrations  micronuclei in exposed group
and micronuclei in compared with the control group.
blood lymphocytes
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References Country Exposure(s) Biomarker Outcomels)
Turkey Coal Chromosomal aberrations  Significantly higher levels of CA,

combustion  (CAs), polypleidy, sister-  polyploidy, SCE, and MN in peripheral
products chromatid exchanges (SCEs), blood lymphocytes of workers compared

and micronuclei (MN) with controls.
in blood cells.
[21] Indoor smoky GETMI and GSTT1 The GETMI null genotype may enhance

coal emissions genoty pes. Expression susceptibility to lung cancer due to
that contain  of p33 protein in these indoor coal combustion emissions.
highlevels  sputum samples. Smoky coal use was strongly
of polycyclic associated with overexpression of p53
aromatic in tumor cells among highly
hydrocarbons exposed women.
(PAHS)

[80] Colombia Open cast Micronucleus (MN) MN frequencies and nuclear buds in
mining frequencies, nuclear buccal mucosa samples were significantly

buds, karyorrhectic higher in the exposed group than in
and karyolytic the non-exposed control group.
cells in buccal In addition, karyorrhectic and karyolytic
mucosa samples and cells were also significantly higher
content of inorganic in the exposed group (cell death).
elements in blood Blood samples showed higher
samples by PIXE. values of silicon (Si) and

aluminum (Al) in the exposed group.

150



10 Environmental Health Risks

References Country Exposure(s) Biomarker Outcome(s)

[77] Brazil  Opencoal  MN and nucleoplasmic Increased MN and nucleoplasmic bridge
mining bridge frequencies frequencies in peripheral lymphocytes,
in peripheral increased damage index and damage
lymphocytes, damage frequency {comet assay). Lower
index and damage average levels of TBARS and
frequency (comet assay). catalase activity (CAT), while
the mean superoxide dismutase
activity (SOD) levels were higher in
the exposed group.

[19] Peru Underground Chromosomal aberrations  Miners occupationally exposed to underground
coal in peripheral lymphocytes  mining activity have an increased frequency
mining of chromosomal aberrations compared with

the controls.

[86] Germany Underground Structural chromosomal Coal miners had significantly higher
coal aberrations in frequencies of chromosomal aberrations compared

mining peripheral lymphocytes with controls.
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References Country Exposure(s) Biomarker Outcomels)

[27] Turkey Underground Sister chromatid SCE and MM frequencies in CWP patients
coal exchange (SCE) and were found significantly higher than
mining micronuclens (VM) in coal workers and unexposed groups.

frequency in
lymphocytes of
Turkish CWF patients,

Table 1. Overview of key studies on the genotoxicity in human population exposed to coal and coal combustion
products.

4. Conclusions

The coal mining activities generate different types of compounds that are released into the
environment. Once into the atmosphere, these compounds form a complex mixture that
consists of metals, oxides, and PAH. These compounds can interact with “acellular” and
cellular mechanisms related with ROS production. The metals found in the coal fly ash and
coal particles by different ways lead to the ROS formation. Important macromolecules as DNA,
proteins, and lipids can suffer oxidative modifications. The PAHs contained in the particles
also influence the particles toxicitv. A second indirect wav for excessive ROS formation is
related to cellular mechanisms, which is consequence of oxidative burst of macrophages and
neutrophils during phagocytosis of particles and inflammation produced.

If we think in exposed populations, we cannot ignore the social and environmental impact
associated with coal mining. The continuous inhalation, the high load of particles in phagocytic
cells, the oxidant-antioxidant imbalance which are linked to the origin of pathological
processes; this whole scenario is worrisome to biologic level for these populations. In addition,
in recent years, coal mining had a remarkable increase in demand; international mining
companies have increased their investments in exploration around the world. For this reason,
human biomonitoring studies in exposed populations become really necessary to contribute
to knowledge state about the risk for those people in order to motivate the design of control,
hygiene, and prevention strategies, besides epidemiological surveillance.
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