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RESUMO
A Colémbia é o pais com as maiores reservas de carvéo da América Latina, localizadas
principalmente no norte do pais, na regido da Costa Atlantica. Nos departamentos de La
Guagjira, Cesar e Cérdoba sdo encontrados 90% do carvao térmico. Nestas regifes, a
mineracdo de carvao acontece a céu aberto, ocorrendo a liberagdo de material particulado
com uma mistura de compostos quimicos no ambiente. Esta mistura complexa esta
associada a inducdo de efeitos genotdxicos em diferentes organismos. Ainda assim, € pouca
a informacdo da composicdo quimica e dos efeitos bioldgicos gerados pelo carvéo da
Colémbia. O objetivo deste trabalho foi caracterizar os principais compostos quimicos do
carvéo betuminoso da mina El Cerrgion e sub-betuminoso da mina La Guacamaya,
Colémbia, e avaliar seus efeitos biol dgicos utilizando modelos in silico, in vitro e in vivo. A
caracterizacdo das amostras de carvao identificou os principais Oxidos inorgéanicos,
elementos inorgénicos e hidrocarbonetos arométicos policiclicos. Alguns destes compostos
podem induzir a geragdo de Espécies Radicais de Oxigénio (ERO), que leva a estresse
oxidativo, e provoca a interrupgdo do ciclo celular como reagcdo aos danos no DNA. Além
disso, os carvbes betuminoso e sub-betuminoso da Colémbia induzem citotoxicidade,
lesBes primarias no DNA e instabilidade cromossdmica em nivels similares, associadas ao
dano oxidativo detectado in vitro. Da mesma forma, foi demostrado in vivo que a inalagéo
subaguda de carvao sub betuminoso, produz acumulacdo de p6 de carvéo no tecido do
pulmonar, resultando na inducdo de ERO e lesbes primarias no DNA em células do sangue
periférico e pulmé&o, além de provocar um aumento nos nivels das defesas antioxidantes e a

liberagdo de citocinas pro-inflamatério. Em conclusdo, os efeitos observados in silico, in

XVI



vitro e in vivo estdo relacionados com a capacidade de alguns compostos quimicos do

carvao da Coldmbia de induzir a geracdo de estresse oxidativo celular e tecidual.
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ABSTRACT

Colombia has the largest coa reserves in Latin America. Mineral reserves are |located
mainly in the north (Caribbean region), where 90% of the thermal coa is located in the
departments of La Gugjira, Cesar, and Cérdoba. In these regions, coal mining is open-pit,
which isrelated to the release of particulate materia into the environment with a mixture of
chemical compounds. This complex mixture is associated with thegenotoxic effects in
different organisms. However, the information about chemical composition and biological
effects generated by coal in Colombiais scarce. Our objective was to characterize the main
chemical compounds of the bituminous coa from El Cerrgjon and sub-bituminous mine
from La Guacamaya mine in Colombia and to evaluate the biological effects using in vitro,
in vitro, and in vivo models. Characterization of the carbon samples identified the main
inorganic oxides, inorganic elements, and polycyclic aromatic hydrocarbons. Some of these
compounds may induce the generation of ROS, which leads to oxidative stress and cause
cell cycle disruption as a reaction to DNA damage. In addition, bituminous and sub-
bituminous coals induce cytotoxicity, primary DNA damage, and chromosomal instability
at similar levels associated with oxidative damage detected in vitro. Likewise, it has been
shown that subacute inhalation of sub-bituminous carbon, produces accumulation of coa
dust in lung tissue in vivo. This leads to the induction of ROS and, consequently, causes
oxidative stress, primary lesions in the DNA in cells of the periphera blood and lung. In
addition, it causes increased levels of antioxidant defenses and markers of oxidative
damage, as well as the release of proinflammatory cytokines. In conclusion, the effects
observed in vitro, in vitro and in vivo are related to the ability of some chemica

compounds of coal in Colombiato induce oxidative stress.
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ESTRUTURA DO TRABALHO

O presente trabalho esta estruturado em introducéo, objetivos (gerais e especificos), trés
capitulos escritos em formato de artigos cientificos, discussdo geral, conclusfes,

perspectivas, referéncias bibliogréficas e anexos.

A introducdo contém informagdes gerais sobre o carvéo, classificacdo dos carvoes, usos,
producdo mundial e na Colémbia, mineracdo a céu aberto, efeitos da mineragdo, efeitos

biol 6gicos dos compostos quimicos do carvao e usos e aplicacdo da biologia de sistemas.

O capitulo | apresenta um manuscrito que aborda a caracterizagdo quimica dos principais
elementos do carvao betuminoso e sub-betuminoso e os possiveis efeitos na salide humana
focado nas alteracbes do ciclo celular, empregando uma abordagem de biologia de

sistemas.

No capitulo 11 € apresentado os efeitos citotoxicos, genotdxicos e mutagéni cos da exposi cao
a0 carvao betuminoso e sub-betuminoso com o uso de células V79 (fibroblastos de pulméo

de hamster chinés).

O capitulo 111 expde os efeitos toxicol 6gicos In Vivo da exposi¢éo inalada de po carvéo sub-

betuminoso, em ratos Wistar machos.

A seguir, € apresentada a discussdo geral, que integra os resultados dos trés capitulos, as
possiveis hipéteses que poderiam explicar os resultados obtidos e sua contribuicdo. Para

finalizar, sdo apresentadas as conclusdes, perspectivas e anexos do presente trabal ho.

Nos anexos 1 e 2 s30 apresentados o certificado do Comité de Etica para Uso de Animais,

XIX



da Universidade Luterana do Brasil — ULBRA, e o0 Atestado Sanitario do Centro de
Reproducdo e Experimentacdo de Animais de Laboratério (CREAL), da Universidade

Federal do Rio Grande do Sul - UFRGS. Por fim, 0 anexo 3 apresenta o curriculo
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1. INTRODUCAO

1.1. Carvéo

O carvao € um minera usado como combustivel féssil formado em um processo
natural, que pode ocorrer em ambientes anaerdbios, onde a matéria organica € enriguecida
com carbono pela perda progressiva de hidrogénio, nitrogénio e oxigénio ao longo de
milhdes de anos (El Cerrgjon S.A., 2011; International Energy Agency, 2016). Os principais
compostos do carvao sdo o0 carbono, o hidrogénio, o oxigénio, o nitrogénio e o enxofre, que
podem estar associados com outros el ementos rochosos, como arenito, siltito, folhelhos e

diamictitos e/ou minerais como a pirita (Chadwick et al. 2013).

1.2. Classificagdo do carvéo

A American Society for Testing and Materials classificou o carvéo por sua
composicao vegetal e pelas condicbes de pressdo e temperatura durante o processo de
formacdo. A classificagcdo divide os carvdes em quatro tipos: (1) antracito, (2) betuminoso,

(3) sub-betuminoso e (4) lignito (UPME 2005).

121 Carvao antracito
O carvd@o antracito é caracterizado por apresentar coloracdo negra e brilho
semimetdlico, uma maior porcentagem de carbono (86% - 98%), uma baixa porcentagem
de matéria volatil (1%) e uma baixa humidade. Além disso, seu poder caorifico chega a
mais de 32,6 MJKg. Essas caracteristicas tornam um carvéo de melhor qualidade e pouco

contaminante (UPME 2005).
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122 Carvéo betuminoso
Este tipo de carvé@o, chamado de hulha, também é conhecido como carvéo de
coque. Possui um teor de carbono entre 45 — 86%, uma maior porcentagem de umidade, e

poder calorifico que variade 24,5 - 32,6 MJkg (UPME 2005).

123 Carvao sub-betuminoso
Carvéo com menor poder caorifico, que varia de 8,2 a 24,5 MJkg. Seu teor de
carbono oscila entre 35 e 45%, e a porcentagem de umidade 20 — 30%, além de um alto teor

de matéria vol&til. Alguns destes carvoes apresentam poder metalirico (UPME 2005).

1.2.4. Carvéo lignito
Carvéo formado pela compressdo da turfa, caracterizado pela presenca de ata
umidade (> 30%), baixo teor de carbono (25 — 35%) e ato teor de cinzas junto com
materiais voléteis (96%). Portanto, possui um poder calorifico baixo (9,3 - 18,2 MJkg)

(UPME 2005).

1.3. Usos do carvéo

Dependendo da classificagcdo do tipo de carvao, que inclui a composicéo e poder
calorifico, este pode ser usado para diferentes finalidades. O carvéo do tipo antracito é
usado para a geracdo de calor ou vapor nas industrias de aco e ferro, e na fabricagdo de
borracha sintética, corantes e nos filtros de purificagdo de &gua para consumo humano. O
carvao do tipo betuminoso é usado nos processos de obtenc@o de aco e na producéo de
vapor para geracdo de energia elétrica. O carvao do tipo sub-betuminoso € utilizado na
geracdo de energia el étrica e em alguns processos industriais. Os carvfes de tipo lignito sdo

usados para geracdo de calor (Sistemas de agquecimento em casas) e em alguns processos
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industriais, para gerar vapor. Além disso, o carvao também é utilizado na producdo de
benzeno, dleos, acatréo e, por meio da liquefagdo, como substituto do petrdleo (UPME

2005).

1.4. Reservas de carvao no mundo

As reservas de carvado no mundo (Fig. 1) somam aproximadamente 847,5 bilhdes
de toneladas, sendo que as maiores porcentagens (52,7%) sdo de carvao dos tipos antracito
e betuminosos, e os 47,3% restantes s&0 de carvao sub-betuminoso e lignito (UPME 2005).
Essas reservas sdo suficientes para atender as necessidades atuais e por mais 130 anos
(British Petroleum 2017).

As reservas de carvao estdo distribuidas pelo mundo em quase todos os
continentes e as maiores quantidades estdo localizadas no hemisfério norte. Assim,
porcentagens de reservas gque equivalem a mais de 60% do volume total de carvédo no
mundo sd0 encontradas em paises como Estados Unidos (28,6%), Russia (18,5%) e China

(13,5%) (British Petroleum 2017).
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Figura 1. Distribuic&o das reservas de carvao mineral no mundo em milhdes de toneladas.

Fonte: https://es.actualitix.com/pai s’'wld/carbon-reserva.php
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1.5. Reservas de carvao na Coldmbia

A Colémbia é o pais com as maiores reservas de carvao da América Latina e é
considerado um dos paises exportadores de carvdo mais jovens no mundo (Rudas 2014).
Possui recursos potenciais de 16.992 milhdes de toneladas (Mt), e exportacdes de 85 Mt
por ano (Agencia Nacional de Mineria 2013; Jdhnig and Volkmann 2009). A maior parte da
atividade mineradora do pais estéa focada na producdo de carvdo minera (47%), que
equivale a 2 % do produto interno bruto (PIB) (Agencia Nacional de Mineria 2013;
Energética. 2007).

As reservas do mineral estdo localizadas principalmente no norte da Colémbia, na
regido da Costa Atlantica, onde sdo encontrados 90% das reservas de carvéo da melhor
gualidade, que equivalem a 98% do carvao nacional (UPME 2012). Estas reservas estéo
situadas nos Departamentos de Gugjira, Cesar, Cordoba, Norte de Santander,

Cundinamarca, Boyaca, Antioquia, Vale del Cauca e Cauca (Fig. 2).
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Figura 2. Zonas carboniferas da Colombia

Fonte: http://www.upme.gov.co/guia ambiental/carbon/areas/zonas/indice.htm.
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151 Mina de Carvéao El Cerrgén

A mina de carvéo El Cerrgén é amaior mina de carvao a céu aberto do mundo e
esta localizada no extremo nordeste do pais, ao sul do Departamento de La Gugjira. Ela
possui reservas estimadas em 2.193 Mt de carvdo numa extensdo de terra de 69 mil
hectares, distribuidas em cinco &reas. Zona Norte, Patilla, Oreganal, Zona Central e Zona
Sul. El Cerrgjén possui carvao do tipo betuminoso, com alto poder calorifico, baixo teor de
cinzas e baixa concentracdo de elementos-tragco (UPME 2012). Algumas andlises quimicas
feitas neste carvéo indicam que mais de 80% do peso do material mineral do carvéo de EL
Cerrgon esta composto por argila e quartzo (silicato de aluminio - Alsil, e silica — Si)
(Irons2000). A producdo deste tipo de carvdo com altos teores de silica tem sido
relacionada com altos niveis de poluicdo da agua potével das comunidades perto da mina

(Pulido 2007).

15.2 Mina de carvao L a Guacamaya
A mina La Guacamaya € uma mina de carvdo a céu aberto localizada no
Departamento de Cordoba entre os vales dos rios San Jorge, San Pedro e Uré. Possui
reservas calculadas em 381 Mt, distribuidas em quatro camadas, com espessuras entre 0,8 a
3,5 metros. Também possui carvao Sub-betuminoso de tipo A o qual apresenta um teor total
de enxofre de 2,3%, e ato teor de material vol&til (Prada et al. 2016). A mineragdo deste
tipo de carvéo tem sido relacionada & genotoxicidade ambiental em agumas espécies de

roedores das éreas de exploracdo (Leon et a. 2007).
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1.6. Mineracdo do carvao a céu aberto

As minas a céu aberto sdo chamadas assim porque suas atividades se desenvolvem
na superficie da terra. Para sua exploracéo, € necessario fazer a escavacdo da mina, que
acontece de duas formas. com meios mecanicos, ou sgja, com 0 uso de méquinas ou com o
uso de explosivos. O processo de mineracdo inicia com a retirada da cobertura de solo até
gue os mantos de carvdo sgam desvendados. Os residuos adicionais de rocha sdo
recolhidos e armazenados na &rea de rejeitos até serem recolocados na mina, quando o

processo de mineragdo finaliza (Aguiar et a. 2008).

Depois deste processo inicia de retirada da cobertura, ocorre uma operagéo
sequencia que envolve os processos de perfuracdo e detonacéo da rocha e do carvéo para
dividi-los e facilitar sua extracdo. Apos, sdo carregadas e transportadas as rochas e residuos
de carvéo em caminhdes de alta capacidade, que transportam o material para as &reas de
eliminagdo ou de manipulagdo do carvdo. A seguir, inicia-se a preparagcdo do carvéo, na
gual uma parte desse € lavado para que ocorra a diminui¢cdo do teor de cinzas. Finamente,

0 carvao é transportado até o local de armazenamento (Aguiar et a. 2008).

16.1 I mpactos da mineracéo de carvéo a céu aberto
A mineracdo de carvé@o a céu aberto esta relacionada com a liberaco de material
particulado (MP) no ambiente. Este MP esté associado com o desenvolvimento de efeitos
genotoxicos em popul agdes com exposi cdo ocupacional ou ambiental. As particulas que séo
liberadas no ambiente incluem uma mistura de eementos quimicos, tais como
hidrocarbonetos arométicos policiclicos (HAP) e elementos inorganicos (El) (Espitia-Pérez

et al. 2018).
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Alguns estudos mostraram que o0 material gerado pela exploragdo do carvéo pode
levar a0 aumento da mortalidade causada por cancer colorretal e cancer de pulméo
(Fernandez-Navarro et a. 2012). Além disso, tem relacdo com a ata mortalidade por
distarbios cardiacos, respiratorios e renais (Hendryx 2009), a pneumoconiose dos mineiros
de carvéo (Finkelman et al. 2002; Love et d. 1997), o incremento na frequéncia de doencas

respiratorias e casos graves de asma (Pless-Mulloli et al. 2000).

1.7. Material particulado do carvéao

O MP é um conjunto de particulas solidas ou liquidas suspensas e dispersas no ar
(WHO 2004) que variam em composicdo quimica, morfologia (tamanho/forma),
parametros Opticos (cor/espalhamento da luz) e caracteristicas elétricas (cargalresisténcia).
Esse materia pode ter origem natura ou artificial. As particulas naturais incluem aquelas
formadas pela evaporacdo do mar sob a forma de goticulas, os polens, as poeras, as
erupgoes vulcanicas e outros fendmenos geotérmicos. As particulas artificiais sdo aquelas
geradas por motores de veiculos, calderas industriais e fumo do cigarro, entre outras
(Olsson et a. 2010). Dependendo da fonte e da forma como estas particul as interagem com
outros compostos quimicos presentes na atmosfera, sua composi¢do quimica pode variar,
tendo, inclusive, influéncia sobre os impactos causados na salide humana (Armstrong et al.
2004). As queimadas também sdo importantes fontes de poluicdo do ar com MP e esta
poluicdo esta associada com o desenvolvimento de problemas respiratérios nas popul acoes
gue inalam este material (Queiroz et a. 2007).

O MP gerado pelas minas de carvéo a céu aberto é caracterizado por misturas
complexas (Pulido 2007) de particulas que variam em tamanho, morfologia, caracteristicas

guimicas e fisicas, dependendo do tipo de carvéo extraido (Lopez and Ward 2008; Vaentim
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et a. 2009). A producéo do MP acontece desde o inicio das atividades de mineracdo, com a
retirada do material “estéril” e a sua acumulacéo naareade regjeito, e vai aumentado durante
as atividades de mineracdo associadas, tais como perfuracdo, detonacéo, carregamento e
descarga do carvao e transporte em estradas de chdo batido (Chadwick et al. 2013). Além
disso, 0 carvéo € extraido e armazenado em areas de temperaturas altas e sem protegdo
contra o sol, sendo capaz de gerar combust&o incompleta e espontanea, que contribui com a
formagdo de hidrocarbonetos arométicos policiclicos (HAP) (Leon-Mgjia et al. 2011). As
atividades de mineracéo do carv@o também sdo responsaveis por 60% das emissdes de
didxido de enxofre, um dos precursores da chuva acida, sendo uma das causas associadas

com a geracdo de doengas respiratorias (International Energy Agency 2016b).

1.7.1 Composicéo do MP do carvéo
Alguns estudos tém mostrado a presenca no MP do entorno de minas de carvéo de
compostos como éxidos de enxofre (SOx), Oxidos de nitrogénio (NOx) e monodxido de
carbono (CO) (International Energy Agency 2016b), elementos inorganicos e HAP (Espitia-

Pérez et al. 2018; Ledn-Mejiaet a. 2016).

1.7.1.1.  Oxidos
Os éxidos sdo formados pela reagdo de um composto quimico com o oxigénio, e
os diferentes elementos quimicos que constituem o carvao contribuem na formacéo oxidos
(He et d. 2014). O enxofre é encontrado no carvao em diferentes teores conforme o tipo de
carvéo extraido. Quando o carv@o é usado para a geracdo de energia ou em aguns
processos industriais, o enxofre pode transformar-se em 6xido de enxofre (SOx), que é

liberado na atmosfera. Um exemplo em particular € o dioxido de enxofre (SO2), que esta
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associado a efeitos adversos na salide e no ambiente (Uren et a. 2014). Outros éxidos que
também podem ser liberados no ambiente sdo 6xido de nitrogénio (NO) e dioxido de
nitrogénio (NO2). Os mesmos sdo produzidos pela combustdo de carvdo em atas
temperaturas na geracéo de energia e/ou a partir da oxidacdo de NO a NO> na atmosfera. O
NO- € um gés toxico que ajuda na formagao do 0zonio (He et al. 2014). Além desses, outro
oxido encontrado € o monoxido de carbono (CO), um gas toxico incolor e inodoro,
resultado da combust&o incompleta de carvdo ou madeira (International Energy Agency

2016h).

1.7.1.2. Hidrocarbonetos aromaticos policiclicos (HAPS)

Os HAPs sdo substéncias organicas constituidas por domos de carbono e
hidrogénio agrupados em pelo menos duas estruturas de anéis arométicos condensados ou
fundidos (Canadian Council of Ministers of the Environment 2010). Esses compostos
apresentam propriedades lipofilicas que facilitam sua penetracéo através das membranas
celulares (Yu et al. 2011). Os HAPs s&o divididos em duas categorias. 0s de baixo peso
molecular, compostos com menos de cinco anéis, e os de elevado peso molecular,
constituidos por cinco ou mais anéis. Na Figura 3 sdo apresentadas as estruturas dos HAPs
mais comumente estudados.

Em geral, as populacdes sdo expostas aos HAPs pela inalagdo de ar contaminado,
ingestdo de alimentos contaminados, habitos como o tabagismo, ou pela respiracéo de
fumagas como as produzidas pelas lareiras (ACGIH 2005). No ar, os HAPs tém meia vida
curta, mas esta pode aumentar quando estes misturam-se aos elementos quimicos no MP do
ambiente (Mumtaz et a. 1996). Os HAPs presentes no ambiente sdo principamente

gerados pela combustdo incompleta de combustiveis que possuem carbono, e sdo oriundos
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de fontes naturais, industriais, comerciais, veiculares e residenciais. Tem sido demostrada a
presenca destes elementos nas &reas de mineragdo de carvéo do El Cerrejon, como produto

da combust&o espontéanea (Stracher et al. 2010).

A exposicdo ocupacional aos HAPs acontece durante a respiracdo dos gases de
escape gerados pelos veiculos usados nas minas e envolve também todos os trabalhadores
do processo de mineragdo, metalurgia, ou refino do petroleo (Armstrong et al. 2004; Wei
See et a. 2006). Em todos estes ambientes, as pessoas estdo expostas aingestdo, inalacdo e

contato dérmico com HPAs (Ravindra et al. 2008).
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Figura 3. Hidrocarbonetos aromaticos policiclicos (HAPs) mais comumente analisados.

®
:

Fonte: https://www.researchgate.net/figure/ The-most-commonly-anal yzed-pol ycyclic-

aromatic-hydrocarbons-PAHs-9_figl 288258362

A exposicdo aos HAP por curtos periodos de tempo (exposicdo aguda) tem sido

relacionada com efeitos na salde como, por exemplo, reducdo da funcdo pulmonar em
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asmaticos e aguns efeitos tromboticos em pessoas com doenca cardiaca coronariana

(ACGIH 2005).

Também é bem conhecido que as misturas de poluentes que contém niveis elevados
de HAP levam a irritagdo ocular, nauseas, vomitos, diarreia, entre outros sintomas (Unwin
et a. 2006). Existem estudos que mostram que trabalhadores expostos as misturas que
contenham HAPs (assim como outros produtos quimicos) apresentam uma série de
problemas na salde, dém do aumento do risco de cancer de pele, pulmdo, bexiga e
gastrointestinal (Bach et al. 2003; Boffetta et a. 1997; Olsson et al. 2010). Em tempo
prolongado de exposicdo aos HAPs (exposicdo cronica), os efeitos sobre a salde sdo
maiores e incluem a reducdo da funcdo imunoldgica, catarata, danos no rim e figado
(ATSDR 1995), problemas respiratorios e alteracbes da funcdo pulmonar (Srogi 2007,

Rengargan et al. 2015).

1.7.1.3. Elementos Quimicos I norganicos

Os elementos quimicos inorganicos so um tipo de matéria constituida por atomos
da mesma classe. Os metais pesados sdo €lementos quimicos que se originam de forma
natural e sdo encontrados em toda a crosta terrestre (Oliveira et al. 2013). Estes elementos
s80 capazes de gerar contaminagdo ambiental quando removidos do local de formagéo por
acao humana, como a mineracdo, fundicdo, producdo industrial e uso doméstico e agricola
de compostos com metais (He et a. 2005; Herawati et a. 2000). Alguns estudos que

avaliam os impactos ambientais da mineracdo de carvdo e a liberacdo de metais tém
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demostrado alteracdes na acidez do solo e liberacdo de metais toxicos (Adriano 2001), além
de danos na vegetacdo (Madejon et a. 2002).

Altas concentracdes de elementos-traco no meio ambiente podem gerar efeitos
Nocivos No organismo, que estariam associados a alta toxicidade desses elementos e a
capacidade de bioacumulagcdo. Neste cendrio, estes elementos podem induzir danos ao
DNA (Sunjog et a. 2016) e cancer em humanos (Moran-Martinez et a. 2013) e/ou animais
(Lanctot et al. 2016; Lourenco et a. 2013).

Nos processos de extracdo de carvao sdo liberados ao ambiente aguns metais
pesados como cobre (Cu), chumbo (Pb), cadmio (Cd), niquel (Ni), vanadio (V), zinco (Zn)
e enxofre (S), os quais aparecem associados a problemas da toxicidade do carvéo

(Tchounwou et al. 2012).

1.8. Efeitos Toxicol6gicos da Exposicdo a Carvao

As principais doencgas ocupacionais geradas pela exposicao ao MP gerado pelas
atividades de mineracdo de carvdo a céu aberto sdo a pneumoconiose simples dos
trabalhadores de carvéo, a fibrose massiva progressiva e a doenca pulmonar obstrutiva
crénica (Donoghue 2004). Além disso, alguns estudos realizados em populagbes com
exposicao ao pd de carvao sugerem gue os efeitos observados na salde estéo relacionados
ndo sO a eventos ocasionais de aumento nos niveis de MP de carvdo, mas também quando
estes nivels estdo abaixo do permitido pelos padrdes de qualidade do ar estabel ecidos pelas
agencias mundiais (WHO 2004).

A agéncia de protecdo ao ambiente dos Estados Unidos (USEPA) demostrou que a
poluicdo gerada pelo MP tem relacdo com ateragdes na funcdo pulmonar, com o

desenvolvimento de doengas respiratorias e também com o aumento da mortalidade a curto
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prazo (Yuet a. 2011). Outras ateracdes ocasionadas pelo material particulado no meio
ambiente incluem as mudancas climéticas pela absorcéo e reflexdo daradiacdo do sol (EPA

1996).

18.1. Efeitos da exposicdo a hidrocar bonetos aromaticos
policiclicos
Os efeitos genotoxicos gerados pela maioria dos HAPs tém sido demostrados em
roedores e em algumas linhagens celulares de mamifero (ACGIH 2005). Quando os HAPs
entram no organismo, sofrem ativagOes enziméticas pelo complexo citocromo P450 que
produz metabdlitos altamente eletrofilicos que podem interagir com o DNA e RNA e levar
a0 surgimento de tumores (Bernardo et a. 2016). No caso do benzo(a)pireno, a oxidagdo
enzimética com a P450 é seguida pela hidrélise, levando a formagéo de benzo(a)pireno-7,8-
diol-9,10- epdxido (Fig. 4), que apresenta caréater eetrofilico, favorecendo a unido entre
HPA e o DNA (Bernardo et al. 2016). Esta unido pode induzir mutacdes que levam a
ativacéo de oncogenes ou inativagdo de genes supressores de tumores, fazendo parte do
mecanismo carcinogénico (Jarvis et al. 2014).
Estas mutagOes ocasionadas pela exposicéo aos HAPs podem levar ao descontrole
do ciclo celular e aumento nos danos do DNA e que, finamente, conduzem a
carcinogénese. A exposicado a HAPs foi previamente associada com mutagdes de p53 em

cancer de pulméo e mama em humanos (Mordukhovich et a. 2010).
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Figura 4. Ativacdo metabdlica do benzo[a]pireno com formacao de diolepdxido. Fonte:

(Bernardo et al. 2016).

A mineracdo de carvao a céu aberto da origem a misturas complexas que incluem a
presenca de HAPs com potencia carcinogénico fraco, mas que ao serem misturadas com

alguns elementos do ambiente, potencializam da sua toxicidade (USEPA 2010).

1.8.2. Efeitos Toxicol6gicos da Exposicdo a metais pesados
Os metais pesados podem ocasionar genotoxicidade via indugdo de estresse
oxidativo (D Beyersmann and Hartwig 2008), modulacdo dos mecanismos de reparo do
DNA (A, H. 2007) e desregulacéo da proliferacéo celular.
Os metais podem ser classificados, pela toxicidade e abundancia no meio-
ambiente, em: ndo criticos, como Na, K, Ca, Mg, Fe e Al; tdxicos muito raros ou
insolUveis, como W, Zr, Ba e Ti; e muito toxicos e relativamente acessiveis, como Ni, Cu,

Zn, As, Cd, Hg e Pb (Forstner and Wittmann 1981). Esta toxicidade dos metais esta4
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relacionada com o0s mecanismos de captacdo pelas membranas celulares, distribuicdo
intracelular e biodisponibilidade (D Beyersmann and Hartwig 2008). Metais como Fe, Cu,
Cd, Cr, Ni, entre outros, tém a capacidade de gerar espécies reativas de oxigénio (ERO),
gue podem induzir peroxidacdo lipidica, dano ao DNA, deplecdo de grupamentos tidis,
aterar vias de transducéo de sinais e a homeostase do célcio (Stohs and Bagchi 1995).

As ERO formados na reacdo oxidativa de Fenton, ou pelainducéo de um processo
inflamatdério ou pela formacéo intermediaria de tioradicais, geram danos no DNA que
podem ocorrer de forma direta ou indiretamente, e amaior parte destes danos séo reparados
pelos mecanismos celulares, sendo que apenas uma fracdo deste dano resulta numa
mutacdo (Cadenas and Davies 2000).

O aumento nos niveis de ERO podem provocar alteracBes no equilibrio redox
intracelular, o que afeta as vias de transducéo de sinais, que ativam ou inativam multiplos
fatores de transcricdo relevantes para a funcionamento celular, que podem levar ao

desenvolvimento do cancer (Cadenas and Davies 2000).

1.9. Efeitos Toxicol 6gicos Ger ados pela Exposi¢cao ao Carvéao
19.1 Aumento de Espécies Reativas de Oxigénio e Estresse
Oxidativo
Todos os organismos aerdbios utilizam o oxigénio como aceptor fina de elétrons na
sua cadeia transportadora para a geracdo de energia ATP. A reducdo do oxigénio a agua,
entretanto, pode formar subprodutos altamente reativos, conhecidos como ERO (Da Silva
and Gongalves 2010). A producdo de ERO, e as espécies reativas de nitrogénio (ERN),
fazem parte do metabolismo humano e € notada, por exemplo, em processos como a

fagocitose, onde sdo produzidas para eliminar o agente agressor (Wulf 2002). Exemplos
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destas espécies reativas sdo 0 anion superoxido (02™), o anion peroxinitrito (ONOO), o
peréxido de hidrogénio (H202), o éxido nitrico (NO°) e o radica hidroxila (OH®) (Wulf
2002). O estresse oxidativo € conhecido como a perda do equilibrio fisiologico entre os
nivels de radicais livres e suas defesas antioxidantes na célula, tecido ou 6rgéo (Pradeep et
al. 2013). Porém, a producdo elevada de espécies reativas pode levar a morte celular por
necrose ou apoptose, por meio de interagdo com lipideos, proteinas e DNA (Da Silva and
Goncalves 2010; Vako et a. 2006). Os mecanismos dos sistemas celulares permitem a
internalizacdo das particulas do MP, sendo logo ativados indiretamente para a producgéo de

ERO/ERN (Fig. 5) (Knaapen et al. 2004).
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Figura 5. Possiveis mecanismos de dano a0 DNA induzido pela exposicdo ao MP: 1.
Explosdo oxidativa fagocitica (genotoxicidade secundéria), 2. Geracéo direta de ERO/ERN
em células alvo (2-5). 3. Via de ativagdo similar a enzimas NAD(P)H, 4. Ativacdo
mitocondrial. 5. Associacdo de metais sollveis, que podem aumentar a geracéo de ERO
(via dareacéo Haber-Weiss), 6. Alguns compostos absorvidos podem danificar diretamente
o DNA (genotoxicidade), e 7. Transocacdo de particulas no nucleo. Adaptado de
(Knaapen et al. 2004).
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A exposicdo aps compostos quimicos presentes nas particulas de pd do carvéo pode
levar & formacéo de ERO pelas vias celular e ndo celular (Knaapen et a. 2004). A via ndo
celular de geracdo de ERO esta relacionada com caracteristicas fisico-quimicas (tamanho e
forma), presenca de compostos téxicos, além de el evadas concentragdes de ferro (Dwivedi
et a. 2012; Zhang et a. 2002). Alguns compostos metdlicos presentes no MP do carvéo
podem aumentar a producdo de ERO pela via da reacdo de Haber-Weiss (Bonner 2007;
Knaapen et al. 2004), induzindo a peroxidagdo lipidica e causando danos ao DNA, deplecéo
de grupamentos tidis, aterando assim vias de transducdo de sinais e a homeostase do célcio
(Stohs and Bagchi 1995). Também tem sido descrito que a presenca de elevadas
concentragdes de ferro no organismo leva a oxidacdo de biomoléculas (via reacdo de
Fenton) e, posteriormente, ao desenvolvimento de lesbes pulmonares (Jomova and Vako
2011; Prousek 2007). Na reacdo de Fenton, é formado a radical hidroxila, que pode estar
relacionado com a prevaléncia de doencas pulmonares nos trabalhadores das minas de
carvao (Cohn et a. 2006).

Pela via celular, as ERO e os ERN sdo gerados em células fagociticas, endoteliais
vasculares e epiteliais pulmonares. Vérios estudos relatam que elementos como silica
cristalina, metais pesados contidos nos pos, cinza com 6leo, cinza de carvao podem induzir
ageracdo de ERO em neutrofilos e em macréfagos, os quais envolvem as NADPH oxidases
na ativagao destas moléculas (Joshi et a. 2015; Magnani et a. 2013; van der Vliet 2008).
Os macrofagos aveolares séo os principais geradores de ERN como 6xido nitrico (NO') e
peroxinitrito (ONOO"), ambos induzidos pela acdo da enzima 6xido nitrico sintase (Fubini
and Hubbard 2003; Sugiura and Ichinose 2011). A producéo destes relaciona-se com a
indlacdo de MP (Knaapen et al. 2004; Laskin et al. 2013). O dano oxidativo pulmonar

gerado por ERO pode se refletir em danos nas membranas celulares, que favorecem o
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desenvolvimento de ateracBes da permeabilidade do fluxo iénico e do fluxo de outras
substancias. Como resultado, percebe-se a perda da seletividade para entrada e/ou saida de
nutrientes e substancias toxicas, alteracdes do DNA, oxidacdo de lipoproteinas e o
comprometimento de componentes da matriz extracelular (proteoglicanos, colageno e

elastinag) (Fubini and Hubbard 2003; Schieber and Chandel 2014).

19.1.1. Danosoxidativosem lipidios

As ERO podem contribuir na peroxidacdo lipidica, levando ao dano celular e
remodelamento do tecido, o0 que resulta da formacgéo de radicais lipidicos, gerados pela
reacdo em cadeia nos &cidos graxos insaturados (Piljac Zegarac 2015). A peroxidacédo de
lipideos, também pode levar a perda da fluidez da membrana e da elasticidade, perda da
funcdo celular e ruptura celular. Nesta reacdo com os lipideos sdo gerados importantes
biomarcadores de estresse oxidativo nos tecidos como malondialdeido (MDA), isoprostanas
e 4-hidroxinonenal. O MDA é um composto mutagénico e cancerigeno que reage com o

DNA formando adutos (Piljac Zegarac 2015).

19.1.2. Danosoxidativos em proteinas

A oxidagdo de proteinas é outro processo que pode ocorrer pela acdo das ERO.
Neste, as ERO reagem com proteinas e levam a inativagdo de enzimas envolvidas no
metabolismo celular ou na transformagdo de componentes intra ou extracel ulares (Schieber
and Chandel 2014). Esta reacdo com as proteinas também € capaz de provocar quebra nos
residuos de aminoacidos, que podem levar a formagéo de pontes (cross-link) entre proteina-

proteina e oxidagdes estruturais das proteinas, que levam a perda da fungdo das mesmas
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(Tice et a. 2000). A oxidagdo proteica contribui para diferentes transtornos e doencgas, caso
0s mecanismos de degradacéo proteica ndo sejam executados corretamente (Piljac Zegarac

2015).

1.9.1.3. Danosoxidativos no DNA

O atague dos radicais livres ao DNA leva a mudancas na proliferacdo celular, que podem
ser causadas por modificagOes das bases de DNA, geracdo de sites AP, rompimento duma
ou as duas cadeia de DNA, mutacOes, ativacdo de oncogenes e inativacdo de genes
supressores, ou ainda pela geracéo de danos endoteliais que favorecem a metéstase (Jarvis
et a. 2014). Isso ocorre como consequéncia da quebra da estrutura do aglcar fosfato em
uma ou nas duas cadeias de DNA, realizando a modificacdo das bases nitrogenadas e a

formacdo de ligacOes cruzadas DNA-DNA ou proteina-DNA (Schieber and Chandel 2014).

192 Alter acbes Cromossomicas

Determinados compostos quimicos tém a capacidade de induzir efeitos
genotoxicos que provocam danos no DNA. Com isso, sucede o desenvolvimento de lesbes
celulares, como as anomalias cromossdmicas de nimero, que podem ocorrer pela inibicdo
da polimerizacdo de proteinas como tubulina e actina, necessarias na formacdo das
estruturas do citoesqueleto (microtibulos e microfilamentos) essenciais para a mitose,
ocasionando, também, danos nos cinetdcoros Ou coesinas, que S30 necessarios ha
segregacdo das cromatides na anéfase (Parker et a. 2014); e adicionamente, 0s compostos
guimicos conseguem causar segregacOes cromossOmicas incorretas e aberracOes
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cromossdmicas numericas, as quais ateram a formagdo do fuso mitético, ocasionando
alteracOes nos centrdmeros e cinetdcoros pela inativacdo dos processos de alinhamento das
cromatides no eixo, ou quando estas sdo separadas na anafase (Kirsch-Volders et al. 2011).

Estas alteracOes nos cromossomos foram avaliadas em culturas de células V79 in
vitro (Ledn-Mgjia et a. 2016), nas células da mucosa bucal (pelo facil acesso e o ato grau
de divisdes celulares) (Thomas et a. 2008), e também em linfécitos. Porém, no dltimo
caso, ha necessidade de cultura celular in vitro - ensaio BMNCyt - que considera outras
alteracOes celulares como aformagéo de brotos nucleares, células binucleadas (relacionadas
a defeito citocinético) e anormalidades nucleares, que representam morte celular
reconhecidas pela presenca de cromatina condensada, células cariorréticas e picnéticas
(Tolbert, Shy, and Allen 1992).

Alguns estudos em cultura de células (Morris et a. 1989; Zhai et a. 2012)
realizados em populactes de animais (Cabarcas-Montalvo et al. 2012; da Silva et al. 2000)
e humanas com exposi¢ao aos residuos de mineracéo do carvao (Ledn-Megjia et al. 2011,
Rohr et a. 2013) estabeleceram que a presenca de misturas complexas geradas pelas
atividades de exploracéo do mesmo tém a capacidade de ocasionar |esdes celulares como a
instabilidade genémica. Outros danos reportados incluem: presenca de micronicleos (MN),
pontes nucleopldsmicas (NPB) e brotos nucleares (NBUDS) em linfécitos e em células da
mucosa oral.

Os MN em células binucleadas sdo cromossomos inteiros ou fragmentos de
Ccromossomos, enquanto que as NPB sdo cromossomos dicéntricos ou cromatides, ndo
separadas durante a anafase/telofase, na qual a quebra de um NPB ou de um NBUD
também pode levar a formagdo de um MN (Chadwick et a. 2013; Gautam et al. 2016). Os

MN também sdo encontrados em células mononucleadas (MNMONO), quando estas sdo
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incapazes de se dividir ex vivo por danos ao DNA que ativaram paradas do ciclo celular
(checkpoints), impedindo a progressdo da divisdo da célula. Podem também ocorrer em
células que terminaram a sua replicacdo do DNA, mas gque, porém, ndo sdo capazes de se
dividir porque ja sairam da mitose, ou a partir de MN provenientes de NBUDS produzidos
nafase S pelaeliminacdo do DNA amplificado os complexos de reparacdo de DNA (Park et

al. 2001; Yu et al. 2011).

193. Alteracbes do Ciclo Celular

A exposicdo ao MP tem sido associada com ateragdes em vérias etapas do ciclo
celular (Deng et al. 2007; Guadltieri et a. 2011). Os compostos quimicos deste podem
induzir uma ateracdo marcante do ciclo celular, que se reflete no aumento do nimero de
células com paradatransitoriaem G2. Este efeito foi associado a fosforilacéo aumentada de
Chk2 e estd acompanhado por ateracOes graves no ciclo celular, as quais resultam no
aumento da frequéncia de células com dois nucleos e MN, e estd também relacionado com
a ativagdo metabdlica dos quimicos organicos, a qual pode causar danos no DNA e ao fuso
(Longhin et a. 2013).

No ciclo celular, as proteinas ATM (Ataxia-telangiectasia mutada) — ATR (ATM e
Rad3 relacionadas) ajudam na resposta ao dano no DNA e geram a ativagéo das cinases do
check-point, o que poderia resultar na parada do ciclo celular via p53 dependente (Pearce
and Humphrey 2001). Nessa via, que depende de p53, Chk1/2 atua fosforilando p53 e, pela
ativagéo transcricional de mediadores p21 e 14-3-3, inibe a Cdkl/ciclinaB1l (Fig. 6)

(Branzel and Foiani 2008).
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Figura 6. Alteragdes apresentadas no ciclo celular induzidas pelaviade sindizagdo ATM-

ATR. Adaptado de Lapennaand Giordano (2009).

Os efeitos produzidos pelo MP no ciclo celular sugerem que estas particulas
também sdo capazes de induzir parada na progressao da mitose, provavel mente devido ao
distarbio na estrutura dos microtibulos e na montagem do fuso mitético (Gualtieri et al.
2011). Podem também gerar outros tipos de ateragdes do aparelho mitético, tais como
fusos tripolares, multipolares e incompletos (Lapenna and Giordano 2009). Algumas
alteracOes que atuam de modo semelhante no fuso mitético foram relatadas em estudos
feitos com células V79 expostas a MP (Glowala et a. 2001) e em células BEAS-2B de

epitélio bronquial humano, também expostas a MP (Longhin et a. 2013). Esses estudos
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indicam gue a exposicdo ao MP pode impactar na dinamica dos microtubulos e na parada
do fuso, sendo este o principal mecanismo relacionado a parada da transicdo M/A. De
acordo com relatos, 0 aumento no nuimero de polos do fuso e a amplificacdo dos
centrossomas podem contribuir para o atraso do inicio da anéfase pela ativacdo do Spindle

Assembly Checkpoint (SAC) (Acilan and Saunders 2008).

1.10. Introducéo a Biologia de sistemas

A biologia sofreu uma mudanga progressiva na era pés-genémica pelo aumento
gradual dos dados “6micos” (gendmica, protedmica, trascritdmica, metaboldmica, entre
outros), o que levou ao desenvolvimento de ferramentas para a andlise desta informagao.
Iniciou também uma nova forma de andlise - ou desenho de redes - que incluia diferentes
dados hioldgicos tais como gene-proteina, proteina-metabdlito, transcrito-proteina, entre
outros. Essas redes, ou grafos, possuem propriedades mateméticas definidas, o que facilitaa
compressao dos dados (Bader and Hogue 2003) e estdo constituidas por dois elementos

principias:

1. vértices ou nés (nodes) (Fig. 7), que constituem as partes que interagem num
sistema (Barabasi and Oltvai 2004; Newman 2008), e estdo formadas por proteinas,
genes, metabdlitos, acidos nucleicos, RNAs, carboidratos ou qualquer outro
componente celular, moléculas sintéticas (por exemplo, farmacos), elementos
inorganicos (isto &, ions metdlicos) ou quaisquer moléculas de importanciabioldgica; e

2. conectores (edges) (Fig. 7), que mostram o vincul o entre os nés (Barabasi and

Oltvai 2004; Newman 2008).
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Figura 7. Principias elementos da rede.

Para 0 entendimento das redes de interacdo é necessario definir os tipos de
conectores existentes. Dependendo da interago, a rede pode ser dirigida ou bidirecionada.
Numa rede dirigida, a informacdo € difundida no sentido dos conectores e, nas redes
bidirecionais, a informagédo se difunde nas duas direcbes, o que faz com que este tipo de

rede sgja propenso a sofrer modificagdes, quando alguma interferéncia negativa acontece.

Além disso, existem trés modelos de redes de interacdo: Redes de livre escala,
definida pela lei de potenciagiio. E uma rede com uma dindmica que possibilita o
crescimento pela adicdo de novos noés, o que faz que este tipo de rede inicie com um
pequeno grupo de nds, e consiga aumentar seu tamanho exponencialmente. Alguns nos
terdo conectividade acima da média de conectividade da rede (menor quantidade), e nés
com baixa conectividade (menor quantidade). Redes aleatoriamente conectada
(randémica) sdo aquelas onde os nés tém a mesma probabilidade de ter iguais quantidades

conexdes (ndo € regida por uma lei de potenciacdo). As Redes hierarquica sdo onde a
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maior parte dos nés tém conectividade semelhante e na sua disposi¢do mostra os graus de

hierarquia de forma evidente (Barabési and Oltvai 2004).

As redes randémicas e hierarquicas ndo so usadas para modelar conexdes em um
sistema biolégico, uma vez que as interacbes proteinas-proteinas e genes-proteinas em
sistemas vivos ndo sdo aleatdrias, e a organizagdo no nivel molecular da céula ndo é
hierérquica (Barabasi and Oltvai 2004; Newman 2008). Neste sentido, é importante a
clusterizacdo dos elementos centrais para melhor entendimento devido & complexidade das

andlise de redes

1.10.1. Clusterizacdo
Também chamada de modularizacdo é o processo que inclui uma variedade de
procedimentos que gudam a gerar uma classificagdo, baseado no principio de agrupamento
de partes individuais em um sistema, e analisa as regides altamente conectadas (Wagner,

Pavlicev, and Cheverud 2007).

A modularizacdo pode ser usada na organizacdo de itens por funcionalidade
(Scardoni, Petterlini, and Laudanna 2009). As ciéncias foram baseadas em categorizacdes
gue estruturaram os dominios para a sua investigacdo. Um exemplo disto é a classificagdo
usada nos elementos quimicos, a qual € fundamental para a quimica inorganica e a teoria

atdbmica da matéria.

Quando falamos de evolucdo, percebemos que 0s organismos possuem moléculas
gue estéo organizadas, e geram interagdes com biomoléculas e em alguns casos com outros
organismos e 0 seu ambiente (Wagner et al. 2007). Os sistemas também podem ser

chamados de clusters ou modulos e conseguem influenciar diretamente a formacdo de redes
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moleculares e/ou a dindmica evolutiva da espécie (Wagner et a. 2007). A modularizacdo
em um interatoma possibilita a observacdo de grupos de elementos altamente conectados e
também pode gjudar a identificar novas funcbes para algumas biomoléculas, assm como
facilitar 0 estudo de novas rotas bioguimicas, que podem ser fundamentais para algum

Processo.

1.10.2. Analisesde Centralidade
A centralidade em andlise de rede avalia aimportancia de um vértice em um grafo usando

Grau de n6, Betweenness e Closeness.

1.10.2.1. Grau deno (node degree)

E uma medida usado para o entendimento de andises topoldgicas e cacula o
nimero de nds conectadas diretamente com outro no (Scardoni and Laudanna 2012). Este
parametro considera os conectores diretos que incidem e saem de um n6 determinado. Em
termos biol6gicos, os hubs podem ser proteinas que possuem um grande ndmero de
biomoléculas parceiras diretas como, por exemplo, fatores de transcricdo, que podem
interagir com uma ampla gama de proteinas (Ferecatu et a. 2009; Scardoni and Laudanna

2012) e mediar a ativacao de distintos bioprocessos.

1.10.2.2. Centralidade deintersecdo (Betweenness)
E uma medida de centralidade usada como parametro para avaliar a circulacéo de

informagdo em um determinado né (Scardoni and Laudanna 2012) e considera os caminhos
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mais curtos entre 0s nds. Quanto maior é o valor da centralidade betweenness num no,
maior sera o poder que ele terd para controlar ou modificar a mensagem dentro darede. Sdo
chamados de gargalos ou bottlenecks, e ndo necessariamente possuem muitas conexdes
com outros nés; aém disso, também podem ser chamados de hubs (grau de n6 acima da
meédia dos nos da rede). Os hub-gargalos (HGS) sdo nés com uma maior possibilidade de
importancia topol 6gica numa rede de interacéo, porque combinam as caracteristicas de ter
muitas conexdes do hub, e podem possuir capacidade de ser um né comunicante em

muUltiplos processos, que € caracteristicado gargalo (Yu et a. 2004).

Um exemplo de betweenness em uma rede € uma proteina capaz de interagir em
diferentes processos biol 6gicos (proteina p53, participa em ciclo celular, reparo de DNA e

apoptose) (Ferecatu et a. 2009).

1.10.2.3. Centralidade de proximidade (Closeness)

E um par@metro que analisa as vias mais curtas entre um determinado vértice e
todos os outros vértices da rede, e classifica os parametros de isolamento ou aproximagdo
em um noé (Scardoni et al. 2009). Valores altos de closeness indicam proximidade, e baixos
valores indicam que uma proteina é afastada da maior parte dos outros vértices de um

sistema (isolada) (Scardoni et al. 2009).

Um exemplo deste pardmetro é a proteina p53, que depois de ser ativada coordena
Varios processos e proteinas a0 mesmo tempo ou em momentos diferentes (Ferecatu et al.

2009), e possui um impacto direto em diversos processos biol gicos.
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2. OBJETIVOS
2.1. OBJETIVO GERAL:
v Caracterizar acomposi¢cdo quimica do carvao betuminoso da mina El Cerrejon e
sub-betuminoso da mina La Guacamaya, da Colémbia, e avaliar os seus efeitos

biol6gicos utilizando modelos in silico, in vitro e in vivo.

2.2. OBJETIVOSESPECIFICOS:
v Determinar a concentragdo de elementos inorganicos, hidrocarbonetos
arométicos policiclicos e 6xidos inorganicos do carvdo betuminoso e sub-
betuminoso da Col6mbia.
v Andlisar as possiveis ateracfes in silico geradas pelos compostos quimicos do
carvao da Colémbiano ciclo celular por biologia de sistemas.
v Avdiar in vitro os efeitos citotoxicos, genotoxicos e mutagénicos em células de
fibroblastos de hamster chineses-V79, submetidas a tratamento com carvéo
betuminoso e sub-betuminoso de Colémbia.
v Analisar ateragdes histol6gicas em 6rgéos de ratos machos adultos da linhagem
Wistar expostos ainaacéo de p6 de carvao sub-betuminoso da mina La Guacamaya,
da Colombia.
v Avdiar os efeitos genotoxicos, 0s parametros estresse oxidativo e inducdo de
citocinas (TNF-a e IL-1B) em ratos machos adultos da linhagem Wistar, expostos a

inalacdo de pd de carvao sub-betuminoso da mina La Guacamaya da Colémbia
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3. CAPITULOI

Chemical characterization and systems chemo-biology analysis of major chemical

constituents of Colombian coal and itsimplication for human health

Manuscrito submetido para publicacdo na Enviromental Pollution
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ABSTRACT

One of the main characteristics of cancer is the alteration in the cell cycle.
Consequently, the study of cell-cycle regulators has emerged as an important topic in
cancer research, particularly in terms of environmental exposure. Particulate matter and
coal dust around coal mines have the potential to induce cell-cycle aterations. Therefore, in
the present study, we performed chemical analyses to identify the main compounds present
in two mineral coal samples from Colombian mines and performed systems chemo-biology
analysis to elucidate the interactions between these chemical compounds and proteins
associated with the cell cycle. Our results highlight the role of oxidative stress generated
by the exposure to the residues of coal extraction, such as magjor inorganic oxides (MIOs),
inorganic elements (IEs) and polycyclic aromatic hydrocarbons (PAH) on DNA damage
and alterations in the progression of the cycle cellular, (blockage and / or delay), as well as
structural dysfunction in several proteins. Particularly, 1Es such as Cr, Ni and S and PAHs
such as benzo[a]pyrene may have an essentia role in the regulation of the cell cycle
through both DNA damage and DNA damage inhibition. In this process, cyclins; cyclin-
dependent kinases; zinc finger proteins, such as P53, and protein kinases may play a central
role.

Keywords:. coal, Colombia, cell cycle, systems chemo-biology

Capsule

Using a system biology approach, we identified the main effects generated by MI1Os,
IEs and PAHs in humans and we anayze the main biological processes affected by the

exposure of harmful chemica mixtures.
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3.1. INTRODUCTION

One of the most lagest open-pit coa mines in the world is located in northern
Colombia (Energética, 2007). According to the 2015 BP Statistical Energy Survey,
Colombia aims to increase its coa production by 35% to 115,000 tons per year by 2015
from 85,000 tons in 2011. Almost 50% of this increase is to be produced from open-pit
mines (BP, 2014). According to Chaulya, 2004 and Huertas et a., 2012b, during surface
coal mining, activities associated with coal extraction, such as topsoil removal, drilling,
blasting, overburden loading and unloading, coal transport over unpaved roads and wind
erosion of exposed surfaces, release major air pollutants into the atmosphere as particulate
matter (PM) and coal dust. In addition to coal, which is the main component, PM and coal
dust around coal mines can also contain O, N, H, trace species and several inorganic
minerals. The trace species may include SiO,, Cu, Al, Ni, Cd, B, Sh, Fe, Pb and Zn
(Huertas et a., 20124a). In mining, the excess of occupational exposure to metalsisthe main
cause of metal-related cancers (Gloscow, 2007). Additionally, in open-cast coa mines, the
coal is stored at elevated ambient temperatures, where coal combustion may lead to the
emission of polycyclic aromatic hydrocarbons (PAHSs) (Liu et al., 2008), most of which
exhibit mutagenic and carcinogenic activities (Celik et al., 2007).

There is a growing body of evidence that links long-term exposure to coal-mining
residues with increased risks of cardiovascular mortality (Brook et al., 2010; Pope and
Dockery, 2006), premature mortality (Callén et al., 2009) and cancer (Pope Il €t a., 2002;
Pope 11l et al., 2011). However, the mechanistic understanding of how these substances
exert their various adverse effects is still incomplete. In vitro toxicological studies have

found that PM causes damaging effects on cells, including genotoxicity (Billet et al., 2008;

53



de Kok et a., 2005), cell death (Alfaro-Moreno et a., 2002; Hsiao et al., 2000), cell-cycle
aterations (Poma et a., 2006) and stimulation of pro-inflammatory cytokine production
(Schins and Borm, 1999). Some of the mechanisms proposed for these effects include the
occurrence of oxidative damage through the production of reactive oxygen species (ROS)
(Valko et a., 2006); the release of growth factors, such as TGF- (Borm, 1997; Sambandam
et al., 2015), and reduced proliferation associated with cell-cycle arrest in response to
genotoxic stresses and structural dysfunction of proteins (Gualtieri et a., 2011; Kocbach et
al., 2008). Furthermore, a recent study (Espitia-Perez et a., 2018) revealed a highly
significant correlation between PM2s levels around the coal-mining areas of northern
Colombia and incidences of mitotic arrest, centromere damage, kinetochore malfunction
and disruption of the mitotic spindlein local populations.

It has been shown that oxidative stress can override the spindle checkpoint (D'Angiolella et
a., 2007), inducing microtubule depolymerisation (Parker et a., 2014) and aterations in
the spindle structure (Choi et al., 2007). This observation supports prior results showing
that the organic components of PM2s, particularly PAHS, have deleterious effects on the
cell cycle and cause DNA damage (Longhin et al., 2013). DNA-integrity checkpoints G1/S
and G2/M and metaphase-anaphase (M/A) transitions are particularly implicated in cell-
cycle delay (Branzei and Foiani, 2008).

Considering that one of the main characteristics of cancer is the alteration in the cell
cycle (Otto and Sicinski, 2017), the study of cell-cycle regulators has emerged as important
in cancer research, particularly in terms of environmental exposure (Puente et a., 2014).
Populations are rarely exposed to single ar pollutants;, therefore, experimental
investigations focused on single-pollutant effects do not accurately assess real-world

exposure risks. Specificaly, it has been suggested that air quality management must be
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developed in a multi-pollutant perspective, instead of a single-pollutant view (Huang et al.,
2012). Furthermore, although several recent studies have investigated the combined toxicity
of complex mixtures of chemicals (Labranche et a., 2012), detailed investigations into
synergistic toxicity and possible mechanisms involved in biological responses to complex
exposures remain scarce (Ku et a., 2017). Therefore, in the present study, we performed a
chemical analysis of mineral coas from two different Colombian mines to identify the
main compounds present therein. We then performed systems chemo-biology analyses to
revea the interactions between these compounds and proteins associated with the cell

cycle, elucidating their underlying regulatory mechanisms.

3.2. MATERIAL AND METHODS
3.2.1. Coal samples collection

To construct a chemo-biology interactome network for the proteins associated with
the cell cycle and the magjor chemica constituents present in the coal samples, we
performed chemical characterization of a bituminous and sub-bituminous coal sample, each
collected from a different open-pit mine in Colombia. The coal samples used for chemical
characterization were collected from coalfaces at the ‘El Cerrejon’ (La Guajira, Colombia)
and ‘Guacamaya’ (Puerto Libertador, Cordoba, Colombia) coal mines in December 2013
(Figure 1). The samples were collected from six random sampling points at each mine and
prepared as a homogeneous pool. Coals from El Cerrgjon are typically bituminous with a
volatile content of 37.4% and an ash content of 6.8% (dry basis) (Feng et a., 2003). Coals
from Guacamaya are sub-bituminous with a high S content (2.30% total S with 1.06% as
pyritic, 1.10% as organic and 0.14% from sulphates) and a high volatile content (Prada et

al., 2016). While detailed chemical characterizations of El Cerrgjon coal have been reported
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elsawhere (Nathan et al., 1999), other Colombian coals, such as those obtained from the

Guacamaya mine, have not been sufficiently characterized.

El Cerrejan
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Figure 1. Coal sample collection sites in Colombia: ‘El Cerrejon’ (La Guajira, Colombia)

and ‘Guacamaya’ (Puerto Libertador, Cordoba, Colombia) coal mines

3.21.1. Analytical methods
Chemical anaysis of the coal samples comprised an identification of the maor
inorganic oxides (MIOs) in the coa ashes, inorganic element (IE) determination and

guantification of PAHSs.
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3.2.1.2. Analysisof MIOsin coal ashes
We obtained a fraction of bituminous and sub-bituminous coal samples from
Colombia which was incinerated at 815 °C separately. The ashes obtained were processed
according to the methods described by Norrish and Hutton (1969). Finally, the detection of
MIOs was performed using X-ray fluorescence spectrometry (XRF) in a Philips PW2400

spectrometer system equipped with SuperQ software.

3.21.3. |1E measurementsby particle-induced X-ray emission
(PIXE) assay
The elemental composition of each coal sample was measured by the conventional
in vacuo PIXE assay, as described by Johansson et a., (1995). Individua portions of each
coa sample were homogenized using a mortar and pressed into pellets, and then placed in
the reaction chamber at ~ 10-5 mbar, into 3-MV Tandetron accel erator, equipped with an
energy resolution of ~ 155 eV to 5.9 keV for obtaining the spectra. The spectra were
analized using GUPIXWIN software (Campbell et al., 2010), and expressed in parts per
million. Each sample was evaluated three times in independent experiments to obtain the

mean and standard deviation.

3.21.4. Measurement and quantification of PAHs
The PAH contents of the coa samples were quantified using the HPLC-UV/Vis
method according to Sun et a. (1998) and Cavalcante et a. (2008). Briefly, 5 g of each coal
sample was dried at 30°C for 24 h (in duplicate) and used for extraction purposes. The
extraction was performed by ultrasonification in 5 mL acetone/hexane (1:1, v/v) for 15 min.

The filtrate was then concentrated on a rotary evaporator and then further under a stream of
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nitrogen gas to ~2 mL. A clean glass column was used for adsorption chromatography. The
concentrated extracts were fractionated using a 20 x 1.5-cm column containing pre-cleaned
silicagel (20 h at 110°C). The column was first eluted with 20 mL hexane/dichloromethane
(9:1, vv), then further with 30 mL hexane/dichloromethane (4:1, v/v) and finally with 10
mL dichloromethane/methanol (9:1, v/v). The eluted volumes were reduced to 1 mL, and
finaly, each extract was injected into an HPLC-UV system. The chromatographic
conditions were as follows: 5 ym Kromasil C18 reverse-phase column (250 x 4.6 mm);
injection volume: 20 pL; mobile phase (A): acetonitrile; mobile phase (B): MilliQ water;
gradient method: O min (1:1), 10 min (7:3), 20 min (8:2), 25 min (8:2), 28 min (1:1), 30
min (1:1) and = 254 nm. Analytical curves were created using external standardization for
guantification. In our study, we detected 11 PAHSs in the samples. The PAHs detected and
their limits of detection were naphthalene (1.7976 g L™1), acenaphthalene (0.0041 g L™),
phenanthrene (0.1758 g L), anthracene (0.0339 g L™), fluoranthene (0.3787 g L),
benzo[alanthracene (0.3411 g L™), benzo[b]fluoranthene (0.0691 g L™),
dibenzo[a,h]anthracene (1.1110 g L™1), benzo[K]fluoranthene (2.2221 g L™1), indene[1,2,3-
cd]pyrene (3.5788 g L™1) and benzo[g,h,i]perylene (0.0005 g L™). All chromatographic

operations were performed in duplicate at ambient temperature.

3.2.2. I nteractome data mining and design of the chemo-biology
networ k
To design the interactome network among the main chemical substances present in
the coal samples and their potential interactions with Homo sapiens proteinsinvolved in the

cell cycle, we used STITCH search engine version 5.0 [http://stitch.embl.de/] and STRING

10.0 [http://http://string-db.org/newstring_cgi/show_input_page.pl/] (Jensen et al., 2008;
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Snel et al., 2000). A total of 36 chemical elements were detected in the chemical analysis of
both coal samples with XRF, PIXE and HPLC/UV/Vis methodologies, and these were used
for the prospection of networks with the STITCH metasearch engine. While STITCH
allows visualization of the physical interactions between chemica elements and proteins,
STRING metasearch engine generates protein-protein interactions (PPIs) (Feltes et a.,
2013). Each chemical—protein interaction (CPl) and PPl has a confidence level between O
and 1.0 (where 1.0 indicates the highest confidence). Parameters used by the STITCH and
STRING metasearch engines were as follows: all predictive methods enabled except text
mining; interactions: 50; degree of confidence: 0.7 and network depth: 1. The results were
combined and analysed using Cytoscape 3.4.0 (Shannon et al., 2003) and the search engine
GeneCards (Rebhan et al., 1997; Safran et al., 2010) using the default parameters.

The chemical elements with no interaction with the STITCH use were excluded. Then,
using Cytoscape 3.4.0., we created the interactome that fused the smal CPl and PP

networks (not shown) that were generated by STITCH and STRING, respectively.

3.22.1. Centrality analysis
To evaluate the node degree, betweenness, and identify in the interactome
the ‘central’ nodes (chemical compounds/proteins), a centraity analysis of the
interactome was performed with CentiScaPe 2.1 installed in Cytoscape (Scardoni et

al., 2009).

3.2.2.2. Modular analysis of the major CPI-PPI network
In the interactome or CPI-PPI network, we analyzed clusters or highly connected

regions which are indicative of functional protein complexes. These regions were identified
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using the Molecular Complex Detection application (MCODE) (Bader and Hogue, 2003;
Scott, 2017). The MCODE application is included within the Cytoscape program and was
used with the following parameters: loops; grade limit: 2; cluster expansion by a neighbor
shell allowed; removal of a single connected node from the clusters; cut off node density:

0.1; node score limit: 0.2; score: 2 and maximum network depth: 100.

3.22.3. Geneontology (GO) analysis

The genetic ontology anadysis was performed using Biological Networks Gene
Ontology tool (BiNGO 3.0.3) (Maere et al., 2005), which is an application installed in
Cytoscape. The clusters obtained with MCODE were analyzed to determine the main
bioprocesses associated with each cluster. The degree of functional enrichment was
evaluated quantitatively using the hypergeometric distribution by group and category (p-
value). The correction of the multiple tests was also evaluated with the application of the
false discovery rate algorithm (Benjamini and Hochberg, 1995), implemented in BINGO,

with a significance of p <0.05.

3.3. RESULTSAND DISCUSSION
3.3.1. Chemical characterization, interactome data mining and
design of the chemo-biology networ k
The chemical characterizations of the El Cerrejon and Guacamaya coal samples are
shown in Tables S1-S3 in the Supplementary Information. Chemical anaysis by XRF
revealed a similar oxide composition for each coal ash (Table S1). A total of 10 different
oxides were determined. As expected, samples from El Cerrejon showed a bulk chemical

composition containing several metal oxides in the order SO, > Al>03 > FexO3 > K20 >
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MgO. Ashes from the sub-bituminous coal samples from Guacamaya showed higher
concentrations of CaO, MgO and SOz and lower concentrations of SiO2 and Al>Os than
those reported in similar studies on bituminous and sub-bituminous coas (Blissett and

Rowson, 2012).

Table S1. Major inorganic oxide components in coa ashes (%wt) asidentified by XRF

Elements Guacamaya (%) El Cerrgjon (%)
SO2 13.01 62.21
TiO2 0.33 0.92
Al2O3 7.52 19.62
FexOs3 9.7 8.42
MgO 13.66 2.01
CaO 29.64 1.62
Na-O 10.58 1.11
K20 0.44 2.17
P20s 0.04 0.17
SOs 15.08 1.75

%wt: percentage by weight
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Table S2. Inorganic element concentrationsin coal samples as revealed by PIXE assay

(mean = standard deviation)

Inorganic Guacamaya El Cerrgon
elements (PPM) (PPM)
Sodium (Na) 9212 + 1050.73™" 3283 + 285.97
Magnesium (Mg) 4779.33 + 332.27""" 2166.33 + 167.63
Aluminium (Al) 1634.33 + 75.22 21311 + 2110.55™"
Silicon (S) 1341.67 + 91.09 37252.33 £ 3907.90"""
Sulphur (S) 4084 + 312.64 6807.67 + 239.43"™"
Chlorine (ClI) 52.94 + 10.28 243.77 + 40.05"
Potassium (K) 137.33+£2.76 1873.33+ 180.79""
Calcium (Ca) 7838+ 241.01"" 1675 + 595.25
Titanium (Ti) 115.37 + 14.79 879.97 + 241.27""
Chromium (Cr) 4.638 + 3.591 20.98 + 0.97
Manganese (M n) 9.56+1.38 85.46 + 18.21°
Iron (Fe) 3078.67 + 76.63 6113.33 + 1399.06
Nickel (Ni) 1761 +£21.44 241.77 + 163.14
Zinc (Zn) 1240+ 1.71 31.63 + 6.89"
Srontium (Sr) 180.7 + 8.54 ND

Unpaired T Test/ Bold for significantly higher values***P < 0.001, **P< 001, *P< 0.05

ND = Not detected




Table S3. Polycyclic aromatic hydrocarbon concentrations per sample (mean + standard
deviation) as reveded by HPLC/UV/Vis

PAH Guacamaya El Cerrgon
(ugkg™) (Mgkg™)
Naphthalene 465 + 16.34 864.1 + 90.88
Acenaphthene 2.4+0.03 3.8+0.89
Phenanthrene 386.6 + 1.46 846.2 + 47.75
Anthracene 309.9 + 13.37 1285.1 + 110.57
Fluoranthene 1159.9 £ 50.17 1437.5 + 245,52
Benzo[a]anthracene 676.5 + 38.95 5045.4 + 413.45
Benzo[g,h,i]pyrene 091+7.60 1.3+3.56
Benzo[b]fluoranthene 0.06 = 0.02 0.6+0.04
Dibenzo[a, h]anthracene 13.2+0.001 28.9+3.85
Indeno[1,2,3-cd]pyrene 9.5+ 0.006 12.3 £ 0.005
Benzo[Kk]fluoranthene 0.9+ 0.06 30.8+1.10

As shown in Table S2, 15 IEs were identified by PIXE. Typicaly, bituminous
samples from El Cerrgjon showed higher concentrations of Si, Al, S and Fe than those of
the sub-bituminous samples from Guacamaya. Conversely, relatively high concentrations of
Na, Ca and Mg were present in the Guacamaya samples. Sr was detected only in the
Guacamaya samples. Finaly, concentration data for the 11 PAHs identified by
HPLC/UV/Vis are shown in Table S3. For both samples, the most abundant PAHSs detected
were naphthalene, phenanthrene, anthracene, fluoranthene and benzo[a]anthracene. In
general, however, higher concentrations of all PAHs were found in the El Cerrejon samples.
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Chemical characterization of the bituminous and sub-bituminous coal samples
revealed no significant differences in their chemical compositions. To design the chemo-
biology interactome, a primary analysis was established with these 36 compounds (i.e. 10
MIOs detected in coal ash, 15 [Es and 11 PAHS).

From the initia list, al compounds not connected were excluded, yielding 24
protein-interacting compounds (Table 1) and the generation of 48 small CPI-PPI networks
using the STRING and STITCH metasearch engines. All the small networks were
combined, resulting in alarge CPI-PPI network with 2,057 nodes and 24,957 edges (Figure
2). This large CPI-PPI network was then analysed using CentiScaPe 2.1 to identify the
nodes (proteins) with a central position in the network architecture. In this scenario, nodes
known as hub-bottlenecks (HBs) are the most important and combine hub (high degree)
and bottleneck (high betweenness) characteristics (Azevedo and Moreira-Filho, 2015).
Through centrality analysis, we observed three HB nodes (UBC, UBAS52 and RPS27A) and
15 bottlenecks (HSP90OAA1, CAD, SRC, JUN, MAPK14, APP, CREBBP, AKT1, K, Na,

Ni, Mg, Fe, benzo[a]pyrene and Cr).
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Table 1. Chemical constituents of coal samples found in the major CPI-PPI network

Compound Classification Chemical classification
Acenaphthene Organic Polycyclic Aromatic Hydrocarbon
Anthracene Organic Polycyclic Aromatic Hydrocarbon
Benzo(a)pyrene Organic Polycyclic Aromatic Hydrocarbon
Benzo(b)fluoranthene Organic Polycyclic Aromatic Hydrocarbon
Fluoranthene Organic Polycyclic Aromatic Hydrocarbon
Naphthalene Organic Polycyclic Aromatic Hydrocarbon
Phenanthrene Organic Polycyclic Aromatic Hydrocarbon
SOz Inorganic Oxide
TiO2 Inorganic Oxide
FeO3 Inorganic Oxide
Al Inorganic Metal
Ca Inorganic Alkaline earth metal
Cl Inorganic Haogen
Cr Inorganic Transition metal
Fe Inorganic Transition metal
K Inorganic Alkali metal
Mg Inorganic Alkaline earth metal
Mn Inorganic Transition metal
Na Inorganic Alkali metal
Ni Inorganic Transition metal
S Inorganic Non-metal
Sr Inorganic Alkaline earth meta
Ti Inorganic Transition metal
Zn Inorganic Transition metal
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Figure 2. Main CPI-PPI network generated by the Cytoscape 3.4.0 program. Final network
shows 24 chemical elements detected in coa samples after chemica characterization

(yellow), 2057 nodes (24 substances, 2,033 proteins) and 24,957 edges (connections).
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Ubiquitin (UBC) and two ubiquitin-coding genes (UBA52 and RPS27A) presented
the highest node degree and betweenness values, thus representing highly central proteins
inside the network (Feltes et a., 2013). UBC is a smal 76-amino acid protein that is
involved in severa different pathways within the cell, including the clearing of
damaged/misfolded proteins during proteotoxic stress (Bianchi et a., 2015). UBC genes are
upregulated under oxidative stress response (Lee and Ryu, 2017) to increase cellular UBC
above threshold levels, thus conferring resistance against oxidative stress.

To understand how coal chemical constituents interact with cell-cycle processes, we
identified the modules in the main CPI-PPI network using the MCODE program. From
these analyses, we obtained eight significant modules related to cell-cycle processes
(Figures 3-4). Clusters 6, 11, 13 and 14 are associated with MIOs, 1Es and PAHs (Figure
3), clusters 9 and 12 appear to be associated with 1Es and PAHs (Figures 4A and 4B) and
clusters 2 and 4 are associated with IEs (Figures 4C and 4D). The analysis revealed 15

common proteins associated with different cell-cycle processes (Table 4).
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Figure 3. Cluster analysis of the major CPI-PPI network showing clusters 6, 11, 13
and 14 associated with MIOs, 1Es and PAHs (yellow). A) Cluster 6, composed of 487
nodes and 5,545 edges, with Ci = 22,725. The associated constituents are SiO, Ti, Mg, Cr,
Cl, fluoranthene and benzo[a]pyrene. B) Cluster 11, composed of 117 nodes and 867 edges,
with Ci = 14,695. The associated constituents are SiO2, Cr, benzo[b]fluoranthene,
fluoranthene, phenanthrene and benzo[a]pyrene. C) Cluster 13, composed of 118 nodes and
732 edges, with Ci = 12,303. The associated constituents include SiO2, Cr, fluoranthene
and benzo[a]pyrene. D) Cluster 14, composed of 432 nodes and 2,520 edges, with Ci =
1,164. The associated constituents are S, Mn, Mg, Fe, FexOs and benzo[a]pyrene.
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Figure 4. Cluster analysis of the major CPI-PPI network showing clusters 9 and 12
associated with 1Es and PAHSs (yellow) and clusters 2 and 4 associated with 1Es (yellow).
A) Cluster 9, composed of 249 nodes and 2,180 edges, with Ci = 17,44. The associated
compounds are S, Cr, Ti and benzo[a]pyrene. B) Cluster 12, composed of 102 nodes and
741 edges, with Ci = 14,388. The associated compounds are Cr and benzo[a]pyrene. C)
Cluster 2, composed of 250 nodes and 5,976 edges, with Ci = 47,618, associated with Mg.
D) Cluster 4, composed of 208 nodes and 3,134 edges, with Ci = 2,999, associated with Cr
and S.
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3.3.2. Systemic effects of M10s, |Esand PAHsin thecell cycleand
DNA damage

Tables 2-4 show the results of the GO analysis of each cluster and the cell-cycle
processes category. The main biological processes linked to clusters 6, 11, 13 and 14
included the following: (i) cell-cycle process, (ii) mitotic cell cycle, (iii) cell cycle, (iv) cell-
cycle checkpoint, (v) regulation of cell cycle and (vi) cell-cycle arrest (Table 2).
Interestingly, DNA repair bioprocesses were found in this module only in co-occurrence
with MIOs, IEs and PAHs. The particular combination of these compounds is associated
with increased DNA damage in cell systems in vitro (Leon-Mgjia et a., 2016) and human
populations in coal mining environments (Leon-Megjia et a., 2011). The main mechanism
proposed for these effects involves oxidative damage through the production of ROS
(Vako et al., 2006). In this regard, within the same modul e, proteins regulated by oxidative
stress inside the cell were identified as bottlenecks (AKT, APP, JUN and CREBBP). While
AKT has been reported to be regulated by oxidative stress for cell survival (Wang et al.,
2000), severa studies have indicated that oxidative stress participates in events that
enhance amyloidogenic APP processing in neurons (Lin and Beal, 2006; Mouton-Liger et
a., 2012) and that affect cerebrovascular endothelial APP processing (Muche et a., 2017).
ROS-facilitated protein phosphorylation can aso lead to kinase-mediated activation of
transcription factors, such as the JUN group (Nathan and Cunningham-Bussel, 2013),
affecting cell-cycle progression by their ability to regulate the expression and function of
cell-cycle regulators, such as cyclins (Chiba et a., 2017; Schreiber et al., 1999), and
apoptosis (Meixner et al., 2010). Together with JUN, CREBBP is aso involved in cell
division and cell proliferation, and it has been found to be upregulated by the oxidative

stress  response  in  retinoblastoma cells  (Meixner et d.,  2010).
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Table 2. Mgjor cell cycle bioprocessesin clusters 6, 11, 13 and 14 associated with M1Os, |Es and PAHs

GOID p-ve corr p- k* n* Description Genesin test set
APPICDKN1A|CETN2|CLTC|UBE2D1|PSMD8|PSMD9|PPP3CA|PSMD7|PSM D4|PSMD2|PSMD3PSMD1|AK T 1] L12B|NBNPOL EJAPC2JH2AFX|CDC25A|
2402 164E-22 974E21 7 sgp el cyde  DNM2PSMASPSMAGIDNAJC2PSMASADAM17[PSMA4IPSMALPSM E3[PSMELPSME2[TP53PSMD10PSMD12[PSMD11RGSL4|PSMD13ICUL2]THBS
' ' process  1[EGFR|PSMB10JPSMB6|PSMB7|PSMB4|C6|PSM B5|PSMB2|PSMB3|POLD1|PSMB1|CLTCL1/APBB1|UBE2I [TGFB1/SMAD3|VDRIRPA1MRE11A|CDC6|H
SPA2|PSMB8|MAPK 12|PSMB9|PPP5C|RA D50|PSM C6|PSM C3JAPC|I L8|PSM C4|PSMC1PSMC2|CDK 2]MDM2|CTNNBLICALR|SUGT1
APPICDKNIA[CETN2ICLTCJUBE2D1|PSMD8JPSMD9|PPP3CA[PSMD7[PSMD4[PSMD2[PSMD3JPSMD1|AK T 1[POL EJAPC2ICDC25ADNM2|PSMAS5[PSM
278 OBIE21 508E-19 60 3go Mitoticcell  ABDNAJC2IPSMA3JADAM 17|PSMA4IPSMA 1[PSME3|PSMELPSME2PSMD10[PSMD12[PSMD11[RGS14|PSMD 13iICUL 2[EGFRIPSMB10JPSMB6|PSMB7|
' ' cycle  PSMB4|C6|PSMB5|PSMB2|PSMB3|POLD1PSMB1|CLTCL1JUBE2I[CDC6|PSMB8|PSMB9|PPPSCIPSM C6|PSM C3JA PCIPSMC4PSMC1[PSMC2|CDK2/MD
M2|SUGT1
APPICDKN1A|STEAP3|CCNH|CETN2|CLTC|UBE2D1|PSMD8PSM D9|PPP3CA [PSMD7[PSMD4[PSMD2|PSMD3|PSMD1JAK T 1| L12B|[EP300[NBN[POLE|A
PC2JANX A1|H2AFX|CDC25A|DNM2|PSMAS|GAK [PSMAGDNAJC2PSMA3JADAM17|PSMA4IPSM A 1PSM E3|PSM E1|PSME2[TP53|PSMD 10[PSMD12|PS
7049 3,12E-18 1,43E-16 84 794 celcyde  MD11|RGS14PSMD13|CUL2[THBSLEGFR|PSMB10|PSMB6|PSMB7|PSMB4|C6|PSMB5|PSMB2|PSMB3POLD1PSMB1|CLTCL1|APBB1|UBE2I[TGFBL|S
MAD3|VDR|RPA1MRE11A|CDC6HSPA2|PSMB8MAPK 12|PSMB9ICY L D |PPP5C|RADS0[PSM C6|PSM C3JAPCI L8|PSM C4|PSMC1PSMC2|CDK 2MDM?2)
CTNNB1REN|CALR|SUGT1
22402 AGE06 LAGE-04 - gy celcyde  CDKNIANPMIUBE2IICDKN2AICETN2IPLK1H2AFXINCAPGISMCLAMLHIICENPAINDCBOSM C2]M SHE[PPP2CAIPOL A L[PPPSCIM SH2IFANCD2ICD
process K1|NBN|TP53
75 561E-06 173E-04 11 107 &iﬁgg ﬁt CDKNZ1A|MSH2|CDKN2A|PLK 1H2AFX |CDK 1NBN|PPP2R5CISMCLA[TPS3JATR
6281 700E12 471E-10 ” 298 DNA repair %LIAQ_I;EN1|PARP1|PRKDC|PARP2|H2AFX [RAD23A|SMC1A|MLH1|RAD23B|DDB2|MSH6|POL B[POLA 1M SH2|SUMO1[FANCD2JAPEX 1{UBE2N|NBN[T
51726  1,37E-05 1,78E-04 19 446 O;egé"lagj’c’:e MAP2K 1JJUN|CREBBP|CDKN1A|HDAC2NGFTNFICY LD|KAT2B|IL1AJADAM17|IFNG|CDC37|CASP3|IL1B|IL12BJAK TLHRASIMAP2K 6
requiation  CDSLICDKNIAHDAC2[TRRAPHDACIICITED2|CUL 1| LK|FOXO4ETS1EGFRISOX2ICCND3ICCND1ICDHIAK T 1| L12B|SFNPRKACAIBTRCRUNBIH
51726  525E-11 1,98E-09 48 447 Ofeg Al ovele  RASMENLAPC2ITCF7L2JUNICREBBPIMAP2K 1[TIPINISMADSICDKN2A|GSS|INSRIPTPN11/CDC25CICDC25A|ISMARCA4|FOSL 1[KAT2BICOPSSAPC]
YEI®  pKIAIMDM2|TIMELESSIATM TCFA[TCF3[TP53
ool cvdle  CAMK2BICDKNIANCAPG2ICUL 1UBE2D1|ILK|FOX O4[EGFRISOX 2JPPP2CA|PPP3CAICCND1ICDHLRUV BLLABL1AKT1IL12BBTRCIHRASMENT]
22402  9,37E-06 1,83E-04 46 583 rocf’ss SKP1JAPC2[TCF7L2[MAP2K 1TIPIN|UBE2I|SMAD3|CSNK 1A 1|CDKN2A [GSS|CDC25CICDC25A K AT2B|PPPSCIAPCIMDM2|TIMEL ESSICTNNB1|NCAP
P D2|MDMA4|ATM|TCF4NCAPD3[TCR3[TP53[TAFL
CDKNIA|STEAP3INCAPG2|UBE2D1|I LK|CDC73|SOX 2|PPP3CA|CCND1|CDH1RUV BL1JAK T1[IL12B|EP300[B TRCIHRASIMEN1|SKP1JAPC2MAP2K 1T
7049 241E-05 4,31E-04 55 795 cellcycle  IPINJANXA1DUSP1FBXW11[CDC25C|ICDC25A KA T2B[TIMELESSTP53|CDS1ICAMK 2B|CUL1|FOX O4|EGFRIRNF2|PPP2CA|ABL1[TCF7L2|UBE2I [SM
AD3|CSNK1A1|CDKN2A|GSS|PPP1CA |PPPSCIAPCIMDM2|CTNNB1NCAPD2MDM4JATM[TCF4|NCAPD3[TCF3[TAFL
7050 2,63E-05 4,64E-04 18 109 Ce'a'rrcé:'e TCF7L2|CDKN1AMAP2K 1|SMAD3|CDKN2A|GSS|CUL 1|ILK |[FOX O4{SOX 2|K AT2B|APC]I L12BJATM[TCFA[TP53HRASMEN1
#: total number of nodes in the gene ontology (GO) annotation; *: number of nodes related to a given GO in the network.
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Table 3. Mgjor cell cycle bioprocessesin clusters9 and 12 associated with |Es and PAHs

GOID p-value corr p- k* n Description Genesin test set
UBE2D1]BUB1B|CDC20|PPP3CA|CDC23[EX O1ICHEK 1/CDC27|IL 12BJAK TLINEK 2NBNJHRASITIPINJANAPC7H2AFX |CDC25CIRAD5S1BM SHEICCNA2ICCNALIRADS
oa00 —_— — o7 . call oyele brocess 1CIMSH2|IFNGICK S2[TIMEL ESSANAPCA|BIRCS|ANAPCS[TPS3JANAPCLIANAPC2JANAPCL3/BLM [CUL 5ICUL 2INCAPGICDCABPKMY T1{CENPA[THBSLIANAPCIO|
i g yelep! EGFRIAURKBJANAPC11JAURKA|CCNB2|ICCNB1[FZR1/BUB1[BARD1|UBE2I[TGFB1|PLK 1MRE11AICDCE|ML H1NDCSO[T PX2|CENPERADS0RADS51ICDC16/CDK 2|
CDK1JATMMAD2L1
UBE2D1[BUB1B|FOXM1{CK SIBICDC20|PPP3CA|CDC23[EXOLICHEK 1|CDC27|IL 12BJAK T LEP300NEK 2NBNJHRASIT IPINJANAPC7|H2AFX|CDC25CIRADS1BMSHS
7009 303633 340520 - 204 cell oycle |CCNAZICCNALRADS51CIM SH2|IFNGICK S2[TIMEL ESSANAPCA[BIRCS|ANAPCS[TPS3JANAPCLIANAPC2/ANAPC13/BLM [CUL 5|ICUL 2NCAPGICDCASIPKM Y TLICE
g g oy NPA[THBSLIANAPC10EGFRIAURK BJANAPC11JAURK A|ICCNB2|ICCNB1[FZR1/CDCASMAPK 1ICL SPN|BUBLIMAPK 3BARD1{UBE2I [T GFBLIPL K 1M REL1A|CDCEM
LH1INDC80[TPX2|CENPERADS0RAD51/CDC16/CDK 2ICDK ATMIATRIMAD2L 1
BUB1B|CDC20[PPP3CA|CDC23[EX O1/CHEK 1/CDC27)AK T 1NEK 2INBN|TIPINJANAPC7H2AFX [CDC25CIRAD51B[M SHEICCNA2ICCNALIRADSICICK S2TIMEL ESS|
22403 2,04E-31 1,06E-28 57 435 cell cycle phase ANAPC4)BIRC5JANAPC5|ANAPCLIANAPC2JANAPC13[BLM|CUL5|CUL 2NCAPGICDCASIPK MY T1ANAPCLOEGFRIAURK BJANAPCL1AURKA|CCNB2|CCNBLFZR
1jBUB1|UBE2I|PLK 1]MRELIA|CDCEMLH1INDC80[TPX 2|CENPERADS0RAD51|CDC16/CDK 2ICDK 1ATMMAD2L 1
BUB1BJFOXM1[CK S1BICDC23[CHEK 1]IL 12BJAK T1INEK 2INBN|PRK ACAHRASITIPIN[H2AFX [CDC25CICCNA2IM SH2|IFNGICDC37/CK S2[TIMEL ESSIBIRCS[T FS3|AN
51726 1,03E-27 3.84E-25 54 446 regulation of cell cycle APC2|BLM|CUL5|CUL 2PKMY T1[THBS1JANAPCIO[EGFRIBRIPLICCNB1FZR1/CDCA5[RBBPSICL SPN|BUB1BARD1IUN|CREBBPIT GFB1|PLK 1MRELIA|CDCE[TPX2|
CENPE|COPS5|CDC16[FAM175A|CDK 2ICDK ATMIATRIMAD2LL
ANAPC13[BLM|CULS5|CUL 2NCAPG|CDCAS|UBE2D1/BUB1B|PKMY T1|ICENPAJANAPC10EGFRIAURK BJANAPCL1JAURK A|CDC20[PPP3CAICCNB2ICCNBLFZR1IC
278 6,00E-23 821E-21 46 380 mitotic cell cycle DC23ICDC27AK T LINEK 2/BUBL[TIPINJUBE2IANAPCT|PL K LICDC6|CDC25CINDC80[CCNA 2T PX 2ICENPEICCNALICDC16CDK 2[TIMEL ESSICDK LANAPC4BIRCS|A
NAPC5/ANAPCLMAD2L1JANAPC2
) ) - ANAPC13NCAPGICDCAS/BUB1BIPKMY T1ANAPC10AURK BIANAPC11/AURK A[CDC20ICCNB2|ICCNB1FZR1ICDC23ICDC27INEK 2|BUB[TIPINJUBE2IANAPCTP
87 1,108-22 1,368-20 38 239 M phase of mitofic cell cycle LK 1ICDCB|CDC25CINDC80ICCNA2[T PX2|CENPEICCNALICDC16{CDK 2[TIMEL ESSICDK 1ANAPC4BIRCS|ANAPCS/ANAPCLMAD2L 1ANAPC2
75 832621 6.556-10 o7 107 cell eycle checkpoint BLM|BUB1B|BRIP1ICCNB1[FZR1{CDCAS|CHEK 1RBBPBINBN|CL SPNHRASIBUBL[TIPIN[TGFB1JPLK 1H2AFX [CDC6|CCNAZICENPEM SH2JFAM 175A|CDK 1/BIRCS|A
TM[TPS3ATRMAD2LL
316 LOTEL 366E-10 o4 174 regulation of mitatic cel cycle 'I'\;I(Zl?Z:LJI?LLK1|BUBlB|CDC6|CDC25C|PKMYT1|ANAPC10|EGFR|CCNA2|TPX2|CENPE|CCNBl|CDC23|CDC16|CDK2|CDK1|BIRC5|ATM|NEK2|NBN|TP53|HRAS|BUBl|
10564 1,19E-08 2,53E-07 19 138 regulation of cell cycleprocess  TIPIN|CREBBP[TGFB1MREL1A|CDC25CIPKMY T1[FOXMLJANAPCI0[TPX2ICENPEICCNB1FZR1ICDC23|CDC16/TIMEL ESSBIRCSATMNEK 2/BUB1
7093 357E-07 5,87E-06 12 52 mitotic cell cycle checkpoint CCNA2ICENPEICCNBL[TGFBLICDK 1|BUB1BIATMINBN[TPS3HRASBUBLMAD2L 1
51327 1,15E-06 1,75E-05 15 102 M phase of meiotic cell cycle H2AFXMREL1AMLH1JRAD51B|MSHEICCNA1RAD50[RADS1CIRADS1EX O1/CHEK 1{CK SZATMINEK 2INBN
51329 1,15E-06 1,75E-05 15 102 interphase of mitotic cell cycle  BLMICUL5|CUL 2ICDC6{CDC25CIANAPCL0[EGFRIPPP3CAICCNB1/CDC23(CDK 2JAK TLANAPCAIBIRCSANAPCS
51321 1,33E-06 1,99E-05 15 103 meiotic cell cycle H2AFXMREL1AMLH1|RAD51B|MSHE[CCNA1RAD50[RAD51CIRADS1EX O1/CHEK 1{CK S2ATMINEK 2NBN
CDKN1AMCM7|NCAPG2|BUB1BJFOXM 1|SM C4|SM C2|CK S1BICHEK LIEP300JAK T LINEK 2[TIPIN|CDC25C|SM C1A|CDC25A M SHEICCNA2ICCNALDBFAM SH2IFANC
7049 4,53E-45 6,63E-42 59 794 cell cycle D2[TIMEL ESSIMCM3|CK S2JBIRC5M CM6[TPS3IM CM2NCAPGICDCASIPKM Y T1NCAPHIRNF2JAURK BJAURK AICCNB2|ICCNB1/CDCA5MAPK 1(CL SPN[BUB1MAPK
3IPLK 1JFANCA|CDC7|CDCBINDC8O[TPX 2|CENPEICDK 2|ICCNG1M DM 2|CDK 1ATMINCAPD2NCAPD3JATRIMADZL 1
CDKNIA|NCAPG2|BUB1BNCAPGICDCASPKMY T1/SMC4NCAPHJAURKBISMC2JAURK A[CCNB2ICCNBLICHEK LIAK T INEK 2/BUB[TIPIN|PLK 1FANCA|CDC7ICD
22403 7,21E-37 527E-34 44 435 cell cycle phase C6|CDC25CISMC1A|CDC25ANDC80IM SHBICCNA2[T PX 2|CCNALICENPEDBF4FANCD2|CDK 2ICCNGLTIMEL ESSMDM2/CDK 1(CK S2[BIRCS|ATMINCAPD2INCAPD
3MAD2L1
CDKN1A|NCAPG2/BUB1BNCAPGICDCASIPKMY T1/SMCA4NCAPHJAURKBISMC2JAURK AICCNB2ICCNBLICHEK LIAK T INEK 2/BUB[TIPIN|PLK 1FANCA|CDC7ICD
22402 573E-34 2,79E-31 46 582 cell cycle process C6|CDC25CISMC1A|CDC25ANDC80MSHBICCNA2[T PX 2|CCNALICENPEDBF4IM SH2JFANCD2|CDK 2|CCNGL{TIMEL ESSMDM2/CDK LICK S2/BIRCS|ATMINCAPD2)|
NCAPD3[TPS3MAD2L1
78 413532 12120 2 80 mitotic cell evcle CDKNIA|NCAPG2/BUB1BNCAPGICDCASIPKMY T1/SMC4NCAPHIRNF2JAURK BISMC2JAURK AICCNB2ICCNBAK T 1NEK 2BUBL[TIPIN|PLK 1{CDC7|CDC6/CDC25
. : o CISMCI1A|CDC25AINDC80[CCNAZ[TPX2|CCNALICENPE|DBFA|CDK 2ICCNGL[TIMEL ESSMDM2ICDK 1BIRC5NCAPD2INCAPD3MAD2L 1
) ) - NCAPG2|BUB1BNCAPG|CDCASIPKM Y T1[SMCA4NCAPH|AURK B|SM C2/AURKA|CCNB2ICCNB1INEK 2/BUBL[TIPIN|PL K 1ICDC6|ICDC25CISM CLAICDC25AINDCS0IC
87 1,236-30 3.01E-28 33 239 M phase of mitofic cell cycle CNA2[TPX2|CCNAL|CENPE|CDK 2|CCNGL[TIMELESSICDK 1|BIRCSNCAPD2INCAPD3MAD2L 1
) ) ) CDKNIAJHDAC1BUB1BIPKMY T1[FOXM1/CK S1B|CCNB1ICDCAS|ICHEK 1AK T LINEK 2ICL SPN|BUBL[TIPINMUN|CREBBPIPL K 1ICDC7|CDC6ICDC25CISMC1AICDC25
51726 1,028-26 1,368-24 S 446 regulation of cell cycle AICCNA2[TPX 2ICENPEIM SH2|CDK 2|CCNGL[TIMELESSMDM2/CDK 1/CK S2[BIRCS/ATM[TPS3ATRIMAD2L L
75 22921 257E-19 21 107 cell cycle checkpoint TIPINJCDKN1APLK 1jBUB1BICDC6|SM C1A|CCNA2|CENPEICCNB1ICDCA5M SH2|CHEK 1CCNGLICDK 1/BIRCS|ATMICL SPN[TPS3BUBLATRIMAD2L 1
7346 2552E-15 2,30E-13 20 174 regulation of mitotic cell cycle  CDKN1A|PLK 1/BUB1BICDC6/CDC25CIPKMY T1ICCNA2[T PX2ICENPEICCNB1ICDK 2ICCNG1MDM2ICDK 1BIRCSINEK 2JATM[TP53BUBLMAD2L 1
10564 4,70E-13 3.44E-11 17 138 regulation of cell cycleprocess  TIPIN|CREBBPICDKN1A|CDC7ICDC25CIPKM Y TLIFOXM LiSMC1A[TPX2|CENPEICCNBL[TIMEL ESSMDM2BIRCSNEK 2JATM|BUBL
7093 4,22E-10 1,81E-08 11 52 mitotic cell cycle checkpoint CCNA2|CENPEICCNB1/CDKN1A|CCNGLICDK 1BUB1BJATM[TP53BUB1MAD2L 1
51329 9,39E-07 2,41E-05 11 102 interphase of mitotic cell cycle  CCNBLICDKN1A|DBF4|ICDK 2|M DM2JAK T 1jBIRC5ICDC7ICDC6{CDC25CICDC25A

#: total number of nodes in the gene ontology (GO) annotation; *: number of nodes related to a given GO in the network.
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Table 4. Mgjor cdl cycle bioprocessesin clusters 2 and 4 associated with |Es

GOID p-value corr p- k* Description Genesin test set
CLTCJBUB1BIPSMDS|CDC20[PSMDI|PSMD7|CDC23PSMD2|PSMD3|CDC27[PSMD1/AK T 1/ANAPC7IRPSSDNM2IPSMASPSMAGIPSMA3|ADAM17PSMAJIPSMALIPSME3IPSMELIRPL24PSME2/ANA
278 6,00E-38 2,63E-36 60 380 mitotic cell cycle PC4/ANAPCSANAPC1/ANAPC2|PSMD10JANAPCL3PSMD12[PSMD11{CUL5[PSMD13(CUL 2/ANAPCI0|PSMBLOJANAPC11IPSMB6[PSMB7|PSMBA4|CCNB1|FZR1IPSMB5|PSMB2|PSMB3PSMBLICLTC
L1|PSMBSIPSMBIMAD2L2[PSMC6|PSMC3[PSM CAIPSMC1/CDC16/PSM C2MDM2MAD2L 1
CLTCJBUB1BIPSMDS|CDC20[PSMD9|PSMD7|CDC23PSMD2|PSMD3|CDC27|PSMD 1AK T1/ANAPCIRPSSDNM2IRADS51BIPSMASIPSMAGBIPSMASJADAM17|RADS1CIPSMA4PSMALPSME3PSME|
22402 493632 184E-30 65 582 cell cycle process RPL24|PSME2|ANAPCAJANAPCS[TP53JANAPCLIANAPC2|PSMD10/ANAPCI3[PSMD12[PSMD11[CUL5|PSMD13|CUL 2/ANAPC10/PSMBIOANAPC11[PSMB6|PSMB7|PSMBA|CCNB|FZR1PSMBSIPSM
B2|PSMB3|PSMB1/CLTCL1BARD1PSMBSIPSMBIMAD2L 2|PSMCBRAD51PSMC3[PSMCAPSMCICDC16/PSMC2MDM2IMAD2L L
CLTCIBUB1BJBRCA1PSMDS|CDC20[PSMDPSMD7|CDC23PSMD2|PSMD3|CDC27|PSMD1AKT1/ANAPCT|RPSSDNM2|RADS1B|PSMAS|GAK PSMAGPSMA3JADAM 17|RADSICIPSMAAIPSMALPS
7049 1,12E-25 345E-24 67 794 cell cycle ME3|PSMELIRPL24[PSMEZANAPCAANAPCS[TPS3JANAPCLANAPC2PSMD10JANAPCL3PSMD12|PSMD11{CUL5[PSMD13/CUL 2/ANAPCLOPSMBLOJANAPC11[PSMB6|PSMB7|PSMB4|CCNBL|FZR1|
PSMBS5|PSMB2PSMB3IPSMB1|CLTCL 1[BARD1IPSMBSIPSMB9IMAD2L 2/PSMCEIRADS1IPSM C3PSM CAIPSMC1{CDC16PSMC2MDM2MAD2L 1
ANAPCI3|CUL5|CLTCICUL 2[BUBIBJANAPCI0JANAPCL1|CDC20|CCNBIIFZR1ICDC23ICDC27|CLTCLIAKT1ANAPC7IRPSSIDNM2IRADS1BIMAD2L 2/ADAM17|RAD51CIRADS1{CDC16MDM2|RPL
22403 384E-07 8,30E-06 0 435 cell cycle phase SAANAPCHANARCHANAPCIMAD2L JANAPC2
87 5.19E-06 103E-04 2 280 Mphaseof mitoticcell cyde  ANAPCI3JANAPC7ICLTCIRPS|BUB1BJANAPCIOJANAPCI1/CDC20]MAD2L2ICCNB1|FZRIICDC23(CDC27|CDCI6|CLTCLARPL24JANAPCAANAPCSJANAPCLMAD2L LANAPC2
CCNK|CDKN1A|CCNT2ICONT1IMCM7|CCNHICETN2IBUB1B[BRCA1ICK SLBICDC20[CDC23[EX O1|CHEK 1{CDC27[EP300JNBN|POL KPOLE[TIPIN|LIG1/ANAPCY|LIGA|LI G3[RAD51BMSHB|ICCNAZIC
7049 573E-35 437633 7 794 ool cycle CNA1[RADS51CIDBF4MSH2|CK S2[TIMEL ESSMCM3JANAPCAJANAPCSIMCMB[TPS3JANAPCT/ANAPC2IM CM2JANAPCI3[BLMIANAPCIOJANAPC1/CCNB2|CCNB1ICDCAS|POLD1ICLSPN|BARDIIU
BE2I|UBE2BIRPALMREL1A|CDC7|CDCSMAD2L 2|POLA 1RAD50[CDK6|RADSLICDCL6|CDK2MDM2ICDK LATMMNATLATRIMAD2LL[TAFL
CCNK|CDKN1A|CETN2|BUB1B|CDC20[CDC23{EXOLICHEK 1/CDC27INBN|POL K [POLE[TIPINJANAPCY|LIG3RAD51B|MSHEICCNA2ICCNALRADS1CIDBFAICK S2ITIMEL ESSIANAPCAANAPCS/ANA
22403 264E-31 1,79E-20 53 435 cell cycle phase PCIJANAPC2/ANAPCI3/BLMJANAPCIOJANAPCL1|CCNB2|CCNB1POL D1|UBE2I|UBE2BIRPALIMREL1A|CDC7ICDCSMAD2L 2|POL A LRADS0/CDK6|RADS1{CDC16/CDK 2MDM2ICDK 1ATMIMNAT
1MAD2LI[TAFL
CCNK|CDKN1A|CETN2|BUB1B|CDC20[CDC23[EXOLICHEK 1/CDC27INBN|POL K [POLETIPINJANAPCT|LIG3RADS1B|MSHEICCNA2ICCNALRADS1CIDBFAIMSH2ICK S2[TIMELESSIANAPCAANAPC
22402 7,256-28 415626 56 582 cell cycle process 5[TPS3JANAPCLJANAPC2JANAPCL3JBLM|ANAPCI0JANAPCL1|CCNB2|CCNB1POLD1jBARD1|UBE2I[UBE2B|RPA1MRELIA|CDC7|CDC6IMAD2L 2POLA1|RADS0ICDK6RAD51[CDCI6(CDK2IMDM
2/CDK1ATMIMNATLMAD2L1[TAFL
s1726 o 045526 © i eulaion of cel cycle CCNK|CDKN1A|CCNT2ICONTIBUB1B[BRCA1ICKSLBICCND3|CDC23{CASP3ICHEK 1INBN[TIPIN|DDB1/CCNAZIMSH2|CK S2[TIMELESS|TPS3ANAPC2|BLMJANAPCI0[BRIPLICCNB1|CDCAS|RBBPS
: k egul o ICLSPN[BARD1JUN|CREBBPIUBE2BMREL1A|CDC7|GTF2H1|CDC6|MAD2L 2ICDK 7ICOPS5|CDK6|ERCC3|CDCL6|FAM175A|CDK2ERCC2MDM2(CDK LATMIMNATLATRMAD2L 1
75 5.24E-20 213E-18 2 107 cell cycle checkpoint CDKN1AJBLM|BUB1B|BRCABRIP1ICCNB1{CDCAS|CHEK 1RBBPSINBN|CLSPN|TIPINICDCS[DDB1MAD2L 2ICCNA2IMSH2|ERCC3IFAM175A ERCC2ICDK LATM[TPS3ATRIMAD2L L
- ar1Es Lo ® 250 itotic ool cyde ANAPCI3ICCNKICDKNIA[BLMICETNZ|BUB1B|ANAPCL0JANAPCL1{CDC20|CCNB2ICCNB1ICDC23POLD 1[CDC27POL K POLE[TIPIN[UBE2IANAPC7|ICDC7|CDCSIMAD2L2ICCNA2IPOLALICCNAL
CDK6|DBFAICDC16/CDK2TIMELESSMDM2/CDK LANAPCAANAPCSIMNAT1ANAPCIMAD2L 1ANAPC2TAF1
- ANAPCI3|CCNK|CETN2]BUB1BJANAPCIOANAPC11/CDC20[CCNB2ICCNB1{CDC23|CDC27|POLK|TIPIN[UBE2IANAPC7|ICDC6IMAD2L 2ICCNA2ICCNAT|CDC6ICDK 2] TIMEL ESSICDK 1ANAPCAA
87 3,12E-14 1,00E-12 28 239 M phase of mitotic cell cycle NAPCSANAPCLIMAD2L L/ANAPC2
interphase of mitotic cell
51320 2.90E-11 6.99E-10 18 102 ocle CDKN1AJBLM|CDC7|CDCE/ANAPCI0[POLA1[CCNB1{CDC23|CDK6DBF4POLDCDK2IMDM2JANAPCAANAPCSMNATPOLE[TAFL
51327 1,02E-07 1,44E-06 15 102 M phase 2;;“:0‘” el UBE2B|RPA1MRELIA|LIG3|RADS51BMSHG|CCNA1IRADS0|RAD51CIRADS1EX OLICHEK 1|CKS2ATMINBN
51321 118E-07 1,65E-06 15 103 meiotic cell cycle UBE2BIRPA1IMREL1A|LIG3|RAD51B|MSHG|CCNA1|RADS0|RADS1CIRADSLEX O1[CHEK 1ICKS2JATMINBN
regulation of cell cycle
10564 8,19E-06 9,75E:05 15 138 o TIPIN|CREBBPICDKN1A|UBE2B|MREL1A|CDC7|BRCATANAPCIOMAD2L 2ICCNB1ICDC23(CDCI6[TIMEL ESSMDM2IATM
7093 2,08E-05 238504 10 52 mitotic cell cycle checkpoint  MAD2L2ICCNA2ICDKNIA|CCNB1CDK1[BUB1BIATMINBN[TPS3MAD2LL
7346 2,63E-05 2,95E-04 16 174 'eg”'a"""czfd':'“’"cce" CDKN1A|BUB1B|CDCS/ANAPCIOMAD2L 2|CCNA2|CCNBI/CDC23(CDCL6ICDK2IMDM2|CDK LATMINBN[TPS3MAD2L L
86 9,00E-05 0,82E-04 7 21 G2M wransitionof mitolic. ) 4 CONB1ICDK 2JANAPCAANAPCSIANAPCI0[TAFL

cell cycle

#: total number of nodes in the gene ontology (GO) annatation; *: number of nodes related to a given GO in the networ
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The oxidative stress can generate alterations in the progression of the cycle cellular,
(blockage and/or delay), as well as structural dysfunction in severa proteins. DNA-
integrity checkpoints G1/S and G2/M and M/A transitions determine cell-cycle delays
(Rieder, 2011) depending on the cyclin-dependent kinase (Cdk)/cyclin system, such as
Cdk1/cyclin B1, which drives the progression from G2 to the mitotic phase (Pearce and
Humphrey, 2001). The protein kinases ataxia-telangiectasia mutated (ATM) and ATM and
Rad3-related (ATR) promote DNA damage response and stimulates the checkpoint protein
kinases Chk1/2, that can influence cell-cycle arrest. CDK1 and other important proteins
related to cell-cycle checkpoints, such as CDC25C and CDC25A, as well as DNA damage
were found to be the key proteins inside this cluster. Oxidative stress often induces cell-
cycle arrest (Klein and Ackerman, 2003; Pyo et a., 2013), in part through the degradation
of the CDC25C protein through a Chk1 protein kinase-dependent pathway (Savitsky and
Finkel, 2002).

Cell-cycle arrest associated with complex mixtures of PAHs, metals and other
organic compounds upon exposure to coal mining residues has been observed in vitro
(Tucker and Ong, 1985) and in vivo (Espitia-Perez et a., 2018). More recently, exposure to
benzo[a]pyrene (also present in the cluster) has been reported to induce cell-cycle arrest
and apoptosis in human choriocarcinoma cancer cells through the generation of ROS (Kim

etal., 2017).

3.3.3. Systemic effects of IEsand PAHsin the cell cycle
As shown in Table 3, the GO analysis of clusters 9 and 12 reveadled 14 main process
annotations associated with the cell cycle and particularly Cr and benzo[a]pyrene. The main

biological processes found in these clusters included the following: i) regulation of mitotic
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cell cycle, ii) cell-cycle checkpoint and iii) interphase of mitotic cell cycle. Severa reports
have demonstrated that more-than-additive mortality is common for |E/PAH mixtures. The
PAH toxicity in individual aspects suggests that they may modify the accumulation of IEs
and improve element-derived reactive ROS. Redox-active elements (e.g. Cu and Ni) are
also capable of enhancing the redox cycling of PAHs (Gauthier et a., 2015). Several reports
have implicated |Es as modifiers of P450 function and regulation, which implies that such
elements could alter P450-mediated PAH mutagenicity and carcinogenicity (Peng et a.,
2015). Cristypically used in coa mining processes (Pandey et a., 2014) and is particularly
associated with the fine fractions of PM (Kotha et a., 2009). The genotoxic effects of Cr
are predominantly represented by the formation of oxidative adducts and
apurinic/apyrimidinic lesions, eventually resulting in DNA breakage (Vasylkiv et a., 2010).
Additionally, Cr(VI) has been shown to be aneugenic, as revealed by both chromosome
assays and centromere-positive micronuclel assays (Wise and Wise, 2010). However, the
combined toxicity of Cr and benzo[a]pyrene has rarely been studied.

Interestingly, in vitro cell-cycle analysis has demonstrated that mixtures of benzo[a]pyrene
and metals reduce the cell population in the G1 phase and increase cell arrest or
accumulation in the G2/M phase (Muthusamy et al., 2018). Once more, the mechanisms
suggested include oxidative stress (Fischer et a., 2005), DNA-repair ateration (Tran et al.,
2002) and suppressor protein p53 inhibition (Chiang and Tsou, 2009). Particularly, in vitro
exposure to a combination of benzo[a]pyrene with As, Cr and Pb increase the ROS-
mediated oxidative stress in HepG2 cells (Muthusamy et a., 2018). In this regard, within
the same module, proteins regulated by oxidative stress and DNA damage inside the cell
were aso identified as bottlenecks (AKT1, JUN and CREBBP) together with

benzo[a]pyrene. Other trace species found in our |E analysis, such as SiO, have also been
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found to cause DNA damage, oxidative stress, cell-cycle arrest at the G2/M checkpoint and
apoptosis synergistically in co-exposure with benzo[a]pyrene (Asweto et a., 2017).
3.34. Systemic effects of IEsin the cell cycle

This cluster addresses a particular area of interest in relation to whether metal ions
and |Es interfere with other cellular responses to DNA damage, such as cell-cycle
progression and control. In clusters 2 and 4, AKT1, JUN and CREBBP and the TP53,
CCNB1, CCNA2, CDK6, CDK2, CDK1, ATM, ATR and CDK?7 proteins were found to be
bottlenecks together with Cr and S. The biological processes linked to this cluster and its
respective proteins are presented in Table 4.

Among al the chemical species present in coa mining environments, IEs in particular,
are capable of causing the most oxidative damage through the generation of ROS (Valko et
al., 2006). IEs can enter to the body through the inhalation or consumption of contaminated
meals and then accumulate in the bloodstream (Schweinsberg and Von Karsa, 1990). These
elements are deposited in tissues by various mechanisms (Bridges and Zalups, 2005) and
may cause DNA damage. In this cluster, together with proteins regulated by oxidative stress
and DNA damage, we a so found proteins such as cyclins and cyclin-dependent kinases that
have been reported to be down-regulated in response to ROS and are implicated in the
induction of cell-cycle arrest as one of the immediate defence mechanisms against
genotoxic damage from oxidative stress (Burch and Heintz, 2005). Particularly, CCNB1
seems to be depleted in response to oxidative stress, causing the regulation of G2/M transit
via the Chk1-Cdc2 DNA damage checkpoint pathway (Pyo et al., 2013). Conversely,
because altered cell cycle progression and/or cell cycle control and DNA repair inhibition
have been observed under low, non-cytotoxic concentrations of the metal compounds, some

authors have suggested that inhibition could also be a result of the ability of metal ions to
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modify zinc finger proteins involved in cell-cycle control and DNA repair (Hartwig et al.,
2002). Interestingly, as a response to DNA damage caused by Cd(l1), some authors have
reported the suppression of TP53-mediated cell-cycle arrest in human breast cancer MCF7
(Méplan et d., 1999). Other IEs involved in the modification of zinc finger proteins include
Ni and Co (Hartwig and Schwerdtle, 2002). However, no similar implications have been
reported for Cr and S.

As discussed in the previous section, Cr(VI) has been demonstrated to be consistently
mutagenic in bacteriad and mammalian model systems, and its carcinogenic activity is
thought to be due to the induction of DNA damage generated by reactive intermediates,
eventually resulting in DNA breakage (Vasylkiv et al., 2010). Free radicals from SOz
metabolisms, such as SOz, SO4-, SOs— may also induce DNA strand breaks (Meng et al.,
2005), and recent studies have confirmed that SO, derivatives (bisulfite and sulfite) cause
mitotic delay in cultured human blood lymphocytes in a dose-dependent manner (Uren et

a., 2014).

3.4. CONCLUSIONS

Using a systems chemo-biology approach, we examined how some of the maor
chemical constituents of coa dust and PM derived from coal mining activities interact with
specific biological processes related to the cell cycle. Thus, the main proteins and
compounds present in the network were taken into account for the design of a molecular
model about the effect of major coa residues on the cell cycle (Figure 5). The analysis
performed in the present study suggests that coa residue MIOs (SiO-), IEs (Ti, Mg, Cr, Cl
and S) and PAHSs (benzo[a]pyrene, fluoranthene, benzo[b]fluoranthene and phenanthrene)

can induce ROS generation. The resultant oxidative stress can induce cell cycle arrest
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through the upregulation of proteins such asAKT, APP, JUN and CREBBP, leading to DNA
damage response activation by ATM/ATR and Chk1/Chk2 or by CDC25C or CCNB1
degradation. The model also considered that protein p53 can be activated by Chk1/Chk2

and induce cell-cycle arrest, senescence or apoptosis.
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Figure 5. Molecular modd illustrating how major coal residues potentially affect cell cycle progression:
Exposure to mgor coa residues, such as benzo[a]pyrene, fluoranthene, benzo[b]fluoranthene,
phenanthrene, Ti, Mg, Cr, Cl, Sand SIO,, is able to generate reactive oxygen species (ROS) via severa
pathways (e.g. Fenton-like reactions). The ROS imbalance and/or inhibition of the DNA repair process
can lead to oxidative stress and the upregulation of several proteins associated with the oxidative
response (AKT, APP, JUN and CREBBP) that are also involved in the control of the cell cycle. DNA
and protein damage caused by oxidative attack trigger repair pathways, i.e. the DNA damage response,
including the ATM/ATR pathway, and activate the checkpoint protein kinases Chk1/2, which may result
in cell cycle arrest. Oxidative stress can aso induce cell cycle arrest through the degradation of
CDC25C viathe Chk1 protein kinase-dependent pathway. As aresponse to DNA damage, the activation
of TP53 activates the expression of various genes related to cell death, cell cycle arrest, senescence,
DNA repair and various other processes.
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ABSTRACT
In recent years, an increasing body of evidence has demonstrated that occupationa and

environmental exposure to open-cast coa mining residues such as Polycyclic Aromatic
Hydrocarbons (PAHS) and inorganic elements (IE) might cause a wide range of chronic
diseases through the generation of DNA damage and genomic instability. Coal is a fossil
fuel of economic importance in Colombia. The main goal of our study is to evaluate the
cytotoxic and genotoxic effects induced in V79 cells by the exposure to bituminous and
sub-bituminous coal samples from two open-pit coa mines located in La Gugjira
(bituminous coal from EI Cerrgjon mine (ECCS)) and Cordoba (sub-bituminous coal from
La Guacamaya mine (LGCS)) from Colombia. The ICso values obtained after 3 and 24 h
showed significantly increased inhibition of clonogenic cell survival induced by bituminous
samples from El Cerregjén mine compared to sub-bituminous samples from La Guacamaya
mine. The comet assay showed that exposure to coa of ECCS and LGCS, induced primary
DNA lesions after 3 and 24 h. A significant dose-depend increase in % Tail DNA in the
alkaline comet assay was observed in cells exposed to ECCS for 3 h. When the lesion-
specific endonuclease Formamidopyrimidine-DNA Glycosylase (FPG) was applied, % tail
DNA damage increased in cells exposed to LGCS. Results of the enzyme-modified comet
assay suggest oxidation of guanine in DNA generated by coa exposition. The cytokinesis-
block micronucleus cytome assay (CBMN cyt) showed that exposure to bituminous cod
induces the formation of micronuclel (MN) in V79 cells line from 3 h of exposure, while
sub-bituminous coa only induces MN formation in 24 h. DNA damage could be a
consequence of the ability of the complex mixture in bituminous and sub-bituminous coal
from Colombia, including PHA (benzo[a]pyrene, fluoranthene, benzo[b]fluoranthene and
phenanthrene) and IE (Ti, Mg, Cr, Cl and S), to cause oxidative damage.

Keywords: bituminous coal; sub-bituminous coal; DNA damage; purine oxidation; in
vitro; V79 cells.
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4.1. Introduction

Colombia has significant coa reserves in Latin America. Production is estimated
approximately 16,992 million tonnes (Mt), which is ranked as the fifth largest exporter of
coa worldwide, equivalent to 50 Mt for year (1). Most of the reserves are located in the
Caribbean region (departments of La Gugjira, Cesar, and Cdrdoba), where technified and
large-scale open-pit mining predominates with 90% of the thermal coal. (1,2). The coal in
this region is characterized by a caorific value of 11,600 BTU/Ib, approximately, low
humidity, ash, and sulfur. Coa produced in Colombia is used in industry and for the
generation of heat, vapor, and electricity, and is easily transported overseas thanks to the

proximity of coastal ports (3).

According to American Society for Testing and Materias, coal is classified by
vegetal composition, temperature and pressure conditions in the formation process in
anthracite, bituminous, sub-bituminous and lignite (2). Anthracite-type coad is used in the
steel and iron industries for heat or steam generation, and in the manufacture of synthetic
rubber, colorants, and water purification filters. Bituminous coal is used in processes for
obtaining steel and in the production of steam for the generation of electricity energy. Sub-
bituminous coa is used in the generation of electricity and some industrial processes.
Lignite type coals are used for heat generation (heating systems) and industrial processes to
generate steam. Likewise, coa is used for production of benzene, ails, tar, and liquefaction,

as a substitute for petroleum (2).

Coal from “El Cerrejon” is typically bituminous with a volatile content of 37.4%

and ash content of 6.8% (dry basis), 76.2%, hydrogen 4.8%, oxygen 11.1%, nitrogen 1.7%,
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and sulfur 0.7% (4). Coal exploited in “La Guacamaya” are sub-bituminous with a high
sulfur content (2.30% total sulfur: 1.06% as pyritic, 1.10% as organic and 0.14% from
sulfates) and a high volatile content (5). Although, a chemical characterization has been
reported with some elements present in El Cerrggén cod (6). Other Colombian coals like
those exploited in the La Guacamaya mine have not been sufficiently characterized. Inthis
sense, previously our group conducted a study concerning the characterization of the main
chemical compounds in the bituminous coal of El Cerrejon and sub-bituminous coal of La
Guacamaya of Colombia (6). Results from this study reported different amounts of major
inorganic oxides (M10s) (SIOz, TiO2, Al203, Fex0O3, MgO, Ca0, NaO, K20, P.Os, and
S03), inorganic elements (IE) (Na, Mg, Al, Si, S, Cl, K, Ca, Ti, Cr, Mn, Fe, Ni, Zn, and Sr),
and polycyclic aromatic hydrocarbons (PAH) (naphthalene, acenaphthene, phenanthrene,
anthracene, fluoranthene, benzo[a]anthracene, benzo[g,h,i]pyrene, benzo[b]fluoranthene,

dibenzo[a, h]anthracene, indeno[1,2,3-cd]pyrene and benzo[k]fluoranthene) (7).

El Cerrgdn and La Guacamaya mines are open pits coa mining (3). Open-pit coal
mining is considered the largest generator of particulate matter (PM). The PM is classified
by aerodynamic diameter in microns into particles. gross (PM1o), fine (PM2s), ultrafine
(PMo.1), and nanoparticles (less than 0.1) (8). In general, PM10 particles deposit in the
upper respiratory airways and are eliminated by mucociliary clearance or by mechanical
processes (such as coughing or sneezing) and PM 2.5, PM0.1 and nanoparticles, due to their
small size, can reach the pulmonary parenchyma (9). Depending on size these particles are
dispersed by the air in the atmosphere, remain in the environment for long time, and
inhaled by occupationaly exposed workers (10,11), and human settlements and fauna

nearby (12).
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Studies from Leon-Megjia et al. (13,14) and Espitia-Perez et a. (15,16) demonstrated
DNA damage induced by coal, in the areas of influence of the El Cerrgon and La
Guacamaya mines in Colombia, using alkaline comet assay and micronucleus assay in
workers, habitants and native animals. Suggesting the possible genotoxic effect, generated
by the inhalation of the MP from the coals and their components (13,16-18). Other
toxicological investigations using PM with some of the chemical compounds present in the
cod (in vitro), showed that these elements could induce several types of adverse cellular
effects, including genotoxicity (19,20), cell death (21,22), aterations of the cell cycle
(23,24), and stimulation of the production of proinflammatory cytokines (25). In silico
Torres-Avila et d.,. (7) showed that some chemical components of coa could induce ROS
generation resulting in oxidative stress that can cause cell cycle arrest through the positive

regulation of proteins (7).

Our study evaluated the potential cytotoxic, genotoxic and mutagenic generated by
bituminous coal from El Cerrgdn and sub-bituminous coa from La Guacamaya of
Colombia in V79 cell line (lung fibroblasts, Chinese hamster), for determine the effect
caused by the exposure for two Colombian coal types and eliminate the possible effects that

could cause other toxic molecules in the environment.

4.2. Materials and methods

4.2.1. Coal samples
Coal samples used for in vitro treatments were collected from coalfaces from “El

Cerrejon” (La Guajira, Colombia) (ECCS) and “La Guacamaya” (Puerto Libertador,
Cordoba, Colombia) (LGCS) (Figure 1). Samples were collected for coal mines in

December of 2013, from six random sampling points from each mine and prepared as a
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homogeneous pool and pulverized. Coals from “El Cerrejon” are typically bituminous (4).
Coals from “La Guacamaya” are sub-bituminous (5). Detailed chemical characterization of

both coal samplesused inthein vitro test isavailable at Torres-Avilaet al. (7).

42.2. Cdll culture and treatment

The cdl line V79 (Chinese hamster lung fibroblasts) was obtained in the cell bank
from Rio de Janeiro (Rio de Janeiro, Brazil), characterized by a stable karyotype and
widely used in genotoxicity and cytotoxicity assays. The cells were cultured with
Dulbecco's Eagle modified medium (DMEM) high glucose, supplemented with 10% heat-
inactivated fetal bovine serum (FBS), 2% penicillin/streptomycin 10,000 Units/mL /10,000
pg/mL and 0.1% fungizone at 37°C in a humidified atmosphere with 5% CO2 and

following the protocol used by Leon-Mejiaet a. (18).

Initialy, dilutions of 1 mg/mL were prepared with ECCS and LGCS individually in
DMEM medium without FBS, then sonicated for 10 min 2 times and kept under agitation at
180 rpm overnight at room temperature to obtain a uniform dispersion of the particles of
coal. From the initial concentration, serial dilutions were made using DMEM, until
reaching the desired concentrations. These dilutions were prepared each time an experiment

was started. All the experiments were carried out three times (18).

94



El Cerrején
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A

Figure 1. Coal samples collection sites in Colombia: “El Cerrejéon” (La Guajira, Colombia)
and “Guacamaya” (Puerto Libertador, Cérdoba, Colombia) coal mines.

4.2.3. Cytotoxicity assay

The clonogenic assay allows the evaluation of cell viability through the formation of
colonies. Initially, 200 cells per well were seeded in 6-well cell culture plate and incubated
for 24 h. After , the cells cultures was treated with coa dilution (0.15, 0.25, 0.5, 0.75 and 1
mg/mL) of ECCS and LGCS for 3 and 24 h. The negative control was incubated with
DMEM medium (free FBS). The treatment was removed, and incubated with DMEM

medium for seven days. Each experiment was performed three times individualy.
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Subsequently, the colonies obtained were fixed with methanol and colored with violet
crystal (1%). The percentage of clonogenic survival was expressed relative to the negative

control, and IC50 values were calculated (22, 23, 24).

4.2.4. High-Throughput Comet Assay

The akaline comet assay was carried out according to Singh et al. (28) and Tice et
a. (29) with several modifications for a high-throughput comet assay version, which allows
the processing of multiple samples (29). The high-throughput “96-mini gel format” is an
8x12 multi-array on GelBond® film (Lonza, Rockland Inc. ME, USA) (30). A detailed
experimental protocol has been described by Kiskinis (31). For this assay 6 x 10* V79 cells
per well were seeded in 12-well cell culture plate and incubated for 24 h. After, the cells
cultures was treated with 0.14, 0.29 and 0.57 mg/mL coa dilution of ECCS and 0.17, 0.34
and 0.68 mg/mL coal dilution of LGCS for 3 h and 24 h. The negative control was
incubated with DMEM medium (free FBS) and the positive control was treated with 150
UM of H20. for 3 h. Cells were then collected using 0.15% trypsin-0.08% EDTA and
resuspended in complete medium. An aliquot of 10-pL of V79 cells suspension was drawn
for cell viability assessment using trypan blue dye exclusion assay (cell viability = 90%).
Cells were gently resuspended, concentrated (800rpm for 10 min), transferred to a 96-well
microplate and mixed in the ratio of 1:10 with a previously prepared 0.5% low melting
point agarose (LMA-Invitrogen) in PBS (pH 7.4) without calcium and magnesium. 5 pL
aliquots of LMA-cell suspension were added onto the hydrophilic side of pre-cut
GelBond® sheets positioned on an ice-cold metal plate. One mini gel of the 8X12 array
was prepared from V79 cell suspension harvested from each well. Minigels were immersed

overnight in lysis solution (2.5 M NaCl, 100 mM EDTA and 10 mM Tris, pH 10.0-10.5,
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1% with freshly added 1% Triton X-100 and 10% DMSO) at 4°C in the dark and rinsed the
next day using cold PBS. For DNA unwinding, films were immersed in a cold
electrophoresis solution (300 mM NaOH and 1 mM EDTA, pH=13) for 40 min. The
electrophoresis was carried out a 0.8-1.0 V/cm for 40 min (32). The minigels were
neutralized with cold Tris buffer (0.4M Tris, pH 7.5) for 3x5 min, fixed with 96% ethanol
for 1.5 h and kept in the dark in a dust-free area. Finally, GelBond® films were cut into
arrays containing 3x4 mini gels, stained with 10 mL of ethidium bromide (1 pg/mL),
rehydrated with cold deionized water. Preparations were stored in the dark at 4°C until
scoring the same or the next day (33). For semi-automated scoring, stained cells were
analyzed using an Olympus BX51 fluorescence microscope (Olympus, Japan) and
examined at 40X magnification under a green filter of 540 nm. Direct light exposure of the
samples was avoided during the whole process. Individually, we analyzed 100 randomly
selected 50 cells from each of two replicate slides. To avoid selection bias, overlapping
comets were excluded (33). % Tail DNA was scored using the Comet Assay |V software

(Perceptive Instruments, Haverhill, UK).

The alkaline comet assay using lesion-specific enzyme Formamidopyrimidine DNA
glycosylase (FPG) (New England Biolabs, MA, USA) was used to detect oxidized purines
(34). The protocol was used as previously described with minor modifications for the high-
throughput comet assay (35). After the lysis mini gels were washed with the enzyme buffer
(40 mM HEPES, 100 mM KClI, 0.5 mM EDTA and 0.2 mg/mL bovine serum abumin), and
incubated with (i) FPG (1:1000, 45 min), and (ii) with enzyme buffer (control) at 37°C for
30 min. FPG recognizes oxidized purines, specifically 8-oxo-guanine (35). DNA

unwinding, electrophoresis, neutralization, staining and scoring procedures were made
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according to the same high-throughput comet assay protocol, as described above.
Significant differences between 7-11% in registered values of DNA in the tail were
identified for each treatment (FPG) over control (buffer without enzyme) (36). Different
dilutions of FPG enzymes were tested, and calibration curves were established using H20-

(0.1 M) an oxidative genotoxic agent.

4.2.5. Cytokinesis-block micronucleus cytome assay

The cytokinesis-block micronucleus cytome (CBMN cyt) assay was used to
measure DNA damage, evaluating: (i) micro-nuclei (MN), as a biomarker of chromosomal
breakage and/or complete chromosomal loss; (ii) nucleoplasmic bridges (NPB), a defective
DNA repair biomarker and telomere termina fusions; and (iii) nuclear buds formation
(NBUD), a biomarker for the elimination of amplified DNA and/or DNA repair complexes.
The Cytostatic effects was evaluated by estimating the nuclear division index (NDI)
caculated by the proportion of mono, bi and multinucleated cells and findly the
cytotoxicity establishing the proportion of necrotic and / or apoptotic cellsin V79 cells that
were exposed to the same concentrations and time intervals used in the akaline and

modified comet assay(37)

To calculate the potential genotoxic effects of Colombian coal, 15 x 10* V79 cells
per well plate were seeded in 6 well cell culture plates and incubated for 24 h. The cells
cultures was treated with 0.14, 0.29 and 0.57 mg/mL coal dilution of ECCS and 0.17, 0.34
and 0.68 mg/mL coal dilution of LGCS for 3 and 24 h. The negative control was incubated
with DMEM medium (free FBS), and the positive control was treated with Methyl

methanesulfonate (MMS) 40 uM for 2 h. After the treatment, the wells were washed to
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remove residues of the treatment and placed DMEM with cytochalasin B (3 pg/mL) and
were incubated for 24 h. Then the cultures were washed with PBS 1X, and the cells were
collected using 0.15% trypsin-0.08% EDTA which was inactivated with SBF and
transferred in 15 mL falcon and centrifuged for 800 rpm for 5 min. The supernatant was
discarded, the pellet was homogenized, and cold KCL 75mM was added and incubated for
3 min. After, 500 pl of fixative solution (ethanol: glacial acetic acid (3:1)) was added and
centrifuged at 800 rpm for 5 min. The supernatant is discarded, then 5 mL of fixative
solution is added to the pellet and carefully mixed and centrifuged (2 times), then the
samples are homogenized and kept a 4 ° C overnight. The next day, the samples are
centrifuged, to concentrate the cells, the pellet is homogenized gently and findly, it is

dripped on slides to be colored with 10% Giemsa for 10 min (37).

For the analysis of cytome assay, 1000 binucleated cells (BN) were counted under
an optical microscope (100X). To estimating the nuclear division index (NDI), 500 cells
per slide were counted, and the proportions of mononuclear, binucleated and multinucleated
cells were determined. The calculation was performed according to the procedure used by
Fenech (2000). The frequency of micronuclei, NPB and NBUD per 1000 BN cells (500

cells per slide) were used as indicators of DNA damage and chromosomal instability (37).

4.2.6. Satistical analysis

The data from clonogenic assay in 3 and 24 hrs were used to calculate 1Cso values
using nonlinear regression. The data from the akaline comet assay, akaline comet assay
modified and CBMN cyt in 3 and 24 hrs of exposition were evaluated for normality using

Shapiro-Wilk test. The treatments with normality were compared with the negative control
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(untreated) using one-way ANOVA followed by Tukey's post hoc test. The treatments non-
normally distributed were subjected to Kruskal-Wallis test with a Dunn's multiple
comparison tests. We used a significant P value < 0.05. Statistical analyses were carried out

using software Graph Pad Prism 7.0 software (GraphPad Inc., San Diego, CA).

4.3. Results

4.3.1. Cytotoxicity induced by ECCSand L GCS exposure

The clonogenic assay was used to determine the colony formation capacity of V79
cells exposed to different concentrations of pulverized coal samples of ECCS and LGCS
(Figure 2) in two different exposure times (3 and 24 h). ECCS and LGCS were able to
decrease the cdll viability in a dose-dependent manner. However, ECCS showed a higher
cytotoxic effect compared to LGCS. The ICso vaues of bituminous coa from ECCSis 0.57
mg/mL in 3 h and 0.23 mg/mL in 24 h. In sub-bituminous coal of LGCS the |Csp values
was little increased in 3 h (0.68 mg/mL) and 24 h (0.34 mg/mL). Decreased of ICsp values

was observed in 24 h in the two samples.
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Figure 2. Cell viability of V79 exposed to ECCS and LGCS evaluated using clonogenic
assay after 3-and 24 h of exposure for the V79 cell line. The concentration was considered

cytotoxic when cell survival was 50 %.

4.3.2. Effect of ECCS and LGCS exposure on alkaline and FPG
high-throughput Comet assay

DNA damage induced by ECCS and LGCS was determined by the akaline high-
throughput comet assay evaluating the % Tail DNA for each treatment. Cells were exposed
to 0.14, 0.29 and 0.57 mg/mL of ECCS and 0.17, 0.34 and 0.68 mg/mL of LGCS for 3 and
24 h. Compared to the NC, all treatments showed statisticaly significant differences (P
<0.05) in the akaline and modified comet assay (Figure 3). However, a dose-depend
relationship was observed only for % Tail DNA in the alkaline version in 3 h with ECCS.
Under FPG conditions, % Tail DNA increased significantly in cells exposed to 0.14 mg/mL

of ECCS and 0.17 mg/mL of LGCS and remained almost unchanged at higher doses. The
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positive control, H2O> (150 uM) showed expected effect, demonstrating the sensitivity of

the test.
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Figure 3. % Tail DNA in the alkaline comet assay (strand breaks in white) and oxidized
purines (grid) in modified comet assay with FPG in V79 cells. (A) 3 h treatment with
ECCS, (B) 3 h treatment with LGCS, (C) 24 h treatment with ECCS and (D) 24 h treatment
with LGCS. *Statistically significant difference about negative control (NC) P <0.05. The
results are shown as the mean + SEM
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4.3.3. Effect of ECCSand LGCS exposure on the CBMN Cyt assay

The frequencies of the CBMN-cyt assay parameters presented in Table 1 were
significantly higher (P <0.05). When we evaluated the biomarker MN, the exposure at 0.57
mg/mL for 3 h with ECCS showed a significant increase (P <0.05). When the time
exposition was increased to 24 h, the concentrations of 0.29 and 0.57 mg/mL of ECCS and
0.68 mg/mL of LGCS showed significance (P <0.05) for the biomarker of MN. The NBUD
biomarker, only showed a significant increase (P <0.05) when used sub-bituminous coal
(LGCS) for 24 h and dilution of 0.68 mg/mL. The other parameters evaluated for CBMN-
cyt assay, show increase in number, but not shown statistically significant levels when was

compared with negative control.

The nuclear division index did not show significant differences in 3 and 24 h of
exposure to the different concentrations of coa used from ECCS and LGCS (Table 1).
Similar results were obtained when the cytotoxicity index was analyzed, which did not
show significant differences in the number of apoptotic and necrotic cellsin 3 h and 24 h of
exposure (Table 1) compared to the negative control. For the positive control was used

Methyl methanesulfonate (MMS) 40 uM for demonstrating the sensitivity of the assay.
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Table 1. CBMN cytome biomarkers in V79 cells exposed for 3 and 24 h and different
concentrations of El Cerrejon and La Guacamaya coal.

Exposuretime NDI MN NPBs NBUDs APOP (%) NECRO (%)
3h
El Cerrgjon Coal
NC 1.86+0.04 3.00+1.15 1.50+0.57 1.25+0.50 0.25+0.50 0.00+0.00
0.14mg/mL  1.79+0.03 4.50+1.29 3.50+1.00 1.75£0.95 0.25+0.50 0.25+0.50
029 mg/mL  1.82+0.03 6.50+3.10 3.75+1.89 1.00£0.00 0.50+0.57 0.75+0.95
057 mg/mL  1.80+0.03 9.75+1.70* 4.75+2.87 3.25+2.50 0.75+0.50 1.00£1.41
MMS40puM  1.81+0.05 9.25+1.70* 6.75+4.19* 4.75+0.95* 3.25+0.95*  2.00+0.81*
La Guacamaya Coal
NC 1.86+0.04 3.00+1.15 1.50+0.53 1.00£0.75 0.75%£1.03 0.37+0.51
0.17mg/mL  1.84+0.04 5.00+2.94 3.00+2.94 150£1.91 1.00+0.81 0.50+1.00
0.34mg/mL  1.84+0.05 4.25+2.50 3.00+1.41 1.25+1.25 0.25+0.50 1.00£1.15
0.68 mg/mL  1.84+0.05 5.25+2.21 2.00+2.16  0.75+0.95 0.50+0.57 0.50+1.00
MMS40puM  1.81+0.05 8.75+1.25* 5.75£3.49* 3.62+1.50* 2.62+1.06*  2.00+0.75*
24 h
El Cerrgjon Coal
NC 1.87+0.01 2.25+0.88 1.37£1.18 1.1240.35 0.25+0.46 0.50+0.53
0.14mg/mL  1.84+0.04 7.00+3.36 4.50+3.10 1.50£1.73 0.25+0.50 0.25+0.50
029 mg/mL  1.85+0.01 9.50+6.40* 5.50+1.29 2.75+1.89 0.50+0.57 0.25+0.50
0.57mg/mL 1.84+0.01 9.25+4.42* 5.25+2.75 2.00+1.15 0.75+0.50 0.50+0.57
MMS40puM  1.82+0.05 11.0+5.03* 10.88+3.56* 3.25+0.70* 2.25+0.95*  1.37+0.74*
L a Guacamaya Coal
NC 1.87+0.01 2.25+0.95 0.50+0.57 0.50+0.53 0.25+0.46 0.50+0.53
0.17mg/mL  1.81+0.03 8.00+0.81 9.00+4.08 3.00+1.15 0.50+1.00 1.00£1.41
0.34 mg/mL  1.80+0.04 10.25+2.98 6.75+3.09 3.00+2.16 0.50+0.57 0.00+0.00
0.68 mg/mL  1.80+0.02 13.25+2.98*  7.00+3.16  4.00+1.82* 0.25+0.50 1.00+0.81
MMS40puM  1.82+¢0.05 11.00+5.03* 10.75+2.06* 3.00+0.75* 2.25+0.95*  1.75+0.46*

Data are expressed as mean + SEM of three independent experiments *Bold for significant
difference compared with negative control (NC) group within acolumn, p < 0.05.
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4.4. Discussion
In recent years the genotoxic potential of the bituminous coal of El Cerrejon mine was

estimated in neighboring populations and workers (Espitia-Pérez et al., 2016 and 2018
Leon-Mgjia et al., 2011; Espitia-Pérez et a., 2018). While, genotoxic potential of sub-
bituminous coa of La Guacamaya mine was evaluated in native animals (Ledn et al.,
2007). The potentialy harmful effect related to the exposition of coal mining waste could
increase by exposure to another type of contaminant or xenobiotics in the environment.
Therefore, we evaluated the cytotoxic and genotoxic potential caused by exposure of
bituminous coa from ECCS and sub-bituminous coa from LGCS in V79 cells line
(Chinese hamster lung fibroblasts) to determine the potentia generated from each cod

sample without the presence of other possible contaminants.

After exposure to ECCS and LGCS for 3 and 24 h in the different concentrations, the
V79 cells showed evidence of cytotoxicity (Fig. 2). We observed a variation in the
concentration of IC50 related to time and type of coal, indicating that the cytotoxic effects
of ECCS (bituminous coa) are 16.17% higher in 3 h and 32.36% higher in 24 h when
compared with sub-bituminous coal of LGCS. These results demonstrate higher
cytotoxicity in ECCS bituminous coal, which could be related to the levels of chemical
compounds in this coal reported by Torres-Avilaet a. (7). Bituminous coa of ECCS has a
high concentration of (silicon, aluminum, sulfur, iron, sodium, manganese, nickel, chlorine,
zinc, benzo (a) anthracene, fluoranthene, anthracene, naphthalene, phenanthrene, and benzo
(g, h, i) pyrene, compared to sub-bituminous coal of LGCS (7), which can be influence our

results.
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We used the akaline high-performance comet assay and modified to evaluate the
genotoxic activity of ECCS and LGCS in 3 and 24 h. In the alkaline comet assay modified
was used the FPG enzyme to detect oxidized purines and open ring purines (38,39). Our
results of the akaline high-performance comet assay showed the presence of primary
lesions (%DNA tail increased) in V79 cells exposed for 3 and 24 h with ECCS and LGCS.
Additionaly, our results of comet assay modified showed that the cultures exposed with
ECCS maintain the levels of % tail DNA concerning dose and time of exposure, while the
cultures exposed with LGCS presented an increase in % tail DNA when the time increased
for 24 hrs. These results could indicate that the oxidative damage presented by ECCS could
be starting the process of DNA repair by the damage levels do not increase concerning
time, while the damage caused by LGCS is exceeding the antioxidant capacity, as it
increased level oxidative lesions. A work conducted by Leon-Mejia et al., with coal and its
products related DNA damage and oxidative stress generated by the presence of IE and
PAH (18). Another study reported the risk of environmental and/or occupational exposure
to miscellaneous chemical products (40). The response of cells exposed to LGCS could be
associated with the production of ROS in more significant proportion, and this exceeds the
antioxidant protection and cellular mechanisms repair only a part of the DNA as
demonstrated by Rohr et a., (41) and Sambandam et al., (42). These results may also be
associated with those obtained by Torres-Avila et a. (7) that reported the different levels of
inorganic elements (heavy metals) in bituminous coa from ECCS and sub-bituminous coal
from LGCS and the coa from LGCS presented high levels of chromium. Vako et al., (43)
reported that some inorganic elements (heavy metals) could generate greater oxidative

damage by generating ROS.
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Our results about the CBMN-Cyt test indicate that the bituminous coa from ECCS
produces an increase in the frequency of MN in 3 h with 0.57 mg/mL. The cells exposed to
0.29 mg/mL for 24 h to ECCS produced chromosomal instability (increased MN
frequency). While the cells exposed to sub-bituminous coa about the LGCS needs
exposition to a dose of 0.68 mg/mL for 24 h to initiating elevating MN frequency
significantly. These data are support of results of Torres-Avilaet d., (7), that characterized
the IE, PAH and major inorganic oxides (MIO) of the coa samples used in our study and
that report higher levelsin the ECCS and where they associate this combination of elements
with the generation of oxidative stress and DNA damage and aterations in the progression
of the cell cycle, (blockage and/or delay), as well as structural dysfunction in severa
proteins (7). Other studies have reported the combination of IEs, PAHs, and MIOs with
increased DNA damage in vitro cellular systems (11,18) and in human populations in

environments with coa mining (44).

Besides, cell cultures exposed to sub-bituminous coa for LGCS presented nucleoplasmic
bridges that indicate a higher level of damage, which could be associated with the higher
levels of chromium reported in LGCS(7). Since the genotoxic effects of Cr are represented
predominantly due to the formation of oxidative adducts and apurinic/apyrimidinic lesions
and finally results in DNA breaks (45). Also, Cr (V1) has been shown to be aneugenic,

measured both by chromosomal assays and by positive centromeres of micronuclei (46).

4.5. Conclusions
In summary, our results showed that the bituminous coal of ECCS can induce an increase in

MN frequency and oxidative damage from 3 h of exposition with alow dose, whereas the
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sub-bituminous coal of LGCS only increased MN frequency with the highest dose in 24 h.
Additionally, induced nucleoplasmic bridges a defective DNA repair biomarker and
telomere terminal fusions and increase in levels of oxidative lesions. These differences
could be related to chemical components in different proportions in bituminous coal of
ECCS and sub-bituminous coa of LGCS could be associated with the generation of
reactive oxygen species (ROS) in different levels, and consequently lead to DNA damage

and the formation of pro mutagenic adducts.
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Abstract

Coal dust inhalation is associated with lung disorders such as ssmple pneumoconiosis,
progressive massive fibrosis, bronchitis, loss of lung function, emphysema, and cancer in
coal miners. Our objective was to evauate the effects (genotoxic, histopathological,
oxidative stress, and inflammatory) of subacute inhalation of sub-bituminous coal from
Colombia on adults male of Wistar rats. Our results showed that subacute inhalation of
sub-bituminous coa for 14 days increased the levels of DNA damage index in blood and
lung, histopathological lesions in lungs compatible with anthracosis, and accumulation of
coal residues in lung tissues. The biochemical anaysis showed an increase in antioxidant
defenses expressed by elevation of levels of glutathione S-transferase (GST) in lung and
superoxide dismutase (SOD) in livers. The markers of oxidative damage (levels of
thiobarbituric acid reactive species (TBARS) and total reduced thiol content (SH) were
increased in lungs. Also, we observed the expression of tumor necrosis factor alpha (TNF-
a). Our data showed the relation between inhalation of sub-bituminous coal dust and
generation of genotoxic, histopathological, biochemica alterations, and expression of
inflammation factor in lungs. These reactions may be also associated with the generation
and evolution of diseases in lungs caused by the inhalation of particulate matter from coal
mining. This work provides a state of knowledge about the effects of inhaation of sub-
bituminous coal from Colombia in terms of DNA damage, histopathological alterations,
oxidative esters and related inflammatory response, and invites further studies to know in

depth the evolution of the initial damage produced by the inhalation of coal.

Keywords: genotoxicity; oxidative stress; inhalation subacute; sub-bituminous cod;

Colombia
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5.1. Introduction
Inhalation of coal dust is the main cause of pneumoconiosis and chronic obstructive
pulmonary disease in workers of coal mines (1). In addition, several studies have suggested
that health effects of this pollutant are not only restricted to occupationaly exposed
populations but by the levels of circulating particles. (2). The US Environmental Protection
Agency, showed particulate matter (PM) in the air has a direct relationship in lung function
changes and respiratory diseases in human populations; in addition, mortality rate induced

by pollution varies from 2 to 8% per 50 pg/m3 of PM (3).

The PM generated by coa extraction in drilling, blasting, loading, unloading, and
transport is composed by a mixture of particles that vary in size, shape, and chemical
composition that depends on the extracted coal type (4-6). Some compounds found in PM
of coal are inorganic oxides such as sulfur dioxide (SO,), associated with the generation of
adverse effects on health and the environment. Other oxides aso reported in the carbon PM
are nitrogen oxide (NO) and nitrogen dioxide (NO2) that can be converted into nitric acid
and contributing to the production of acid rain and carbon monoxide (CO) have harmful

effects on health (7),

Other chemical compounds that have been reported in the carbon PM are polycyclic
aromatic hydrocarbons (PHA), and inorganic elements such as heavy metals (8,9). The
PAHs are organic substances (10) with lipophilic characteristics that allow easy penetration
into cell membranes (11). PAHs with low molecular weight are considered less toxic, but
they are capable of reacting with other pollutants such as ozone, sulfur oxide, and sulfur
dioxide to produce compounds with a high level of toxicity as (diol, nitro, and dinitro-

PAHSs) (11). Other work of Zocche et a. (12) showed that high concentrations of inorganic
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elements (including heavy metals) in the environment, may generate genotoxic effects. In
addition, the high toxicity and bioaccumulation capacity induce damages to genetic

material (13), and cancer in humans (14) and animals (15).

Coa exploration activities in Colombia can generate changes related to increased
genomic instability in lymphocytes such asin oral cells of human populations (16), animals
(17,18) that live in the vicinity of mines, aswell asin workers (19,20). La Guacamaya cod
mine is an open-pit coal mine, located in Cordoba department (Colombia), and is a sub-
bituminous coa type A, with high sulfur content (2.30% of total sulfur: 1.06% as pyritic,
1.10 % as organic and 0.14% sulfates) and a high volatile content (21,22). Sub-bituminous
coa is used for electricity production due to the calorific potential. A previous study
characterized the inorganic oxides (principals), inorganic elements, and PAH of coa sample
used to subacute inhaled exposure in the present study (8). Also, another study reported
levels of cytocity and DNA damage in V79 cells (Chinese hamster fibroblasts) caused by
the exposition of cells to sub-bituminous coa from La Guacamaya in different

concentrations (23).

The goal of this study is to evaluate the effects (genotoxic, histopathological, oxidative
stress, and inflammatory) of sub-acute inhalation of sub-bituminous coal from Colombiain
adults of male Wistar rats. The effects produced by the inhalation of sub-bituminous coal in
low doses in a controlled environment simulate the initial impact on populations exposed to

particulate matter (PM) from open-pit coa mining in Colombia.
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5.2. Material and methods
The Ethics Committee for the Use of Animals of the Lutheran University of Brazil
reviewed and approved the project (2017/259). The experimenta procedures of this project
were carried out taking into account the recommendations of the Brazilian Society of
Laboratory Anima Sciences (SBCAL-COBEA), Nationa Council for the Control of
Anima Experimentation (CONCEA) and the Nationa Institute of Health of the United

States (24).

521 Animals and experimental design

Mae of Wistar rats (Rattus novergicus, 16 weeks old) were used as a reliable
experimental model for human populations. The experimental animals were acquired from
the Center for Reproduction and Experimentation of Laboratory Animals (CREAL) in the
Federa University of Rio Grande do Sul (UFRGS) and maintained in the Bioterium of
Lutheran University of Brazil (ULBRA). The animals were managed in groups of 4 animals
in polypropylene boxes of 50 x 60 x 22 cm with wire bar lids and fragments of pine wood
as bedding (Maravalha Rossa Ltda., Porto Uniao, SC, Brazil). The experimental animals
were received in the bioterium of ULBRA with 14 weeks and with the habituation phase of
two weeks. The maintenance conditions were 22 + 2°C, humidity of 55 + 10%, light control
(12h daylight/12h darkness), free access to water and standard food (CR1 lab chow,

Nuvilab Ltda., Curitiba, Brazil).

5.2.2. Grouping and treatments
After complying with the period of habituation, the animals were randomized in

four experimental groups (12 animals per group). The animals were exposed in groups of 4
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animals (one hour per day) in an inhalation chamber of 0.087 m3 with constant air flow and
sub-bituminous coal from La Guacamaya mine of Colombia in doses of 6.25, 12.5 and 25
mg/m3/day. One group of animals was used as a control and exposed to inhalation of
filtered air. The animals were weighed three times during the experimentation (day 1, 7 and
14). Then, 24h after the last inhaled dose of coa dust, the animals were euthanized for
decapitation with guillotine. Appropriate procedures were taken to minimize suffering and

discomfort of animals.

5.2.3. Alkaline comet assay

The akaline comet assay was performed as described by Singh et al. (25) with
minor modifications following the guide by Tice et al. (26). We collected 2 mL of blood in
atube containing heparin and a fraction of lung immediately after euthanasia. The lung was
washed with cold PBS and transferred to Eppendorf with 500 pyL of cold PBS and
homogenized. The blood and lung samples were protected from direct light and cooled until
processed. After processing the samples were colored with silver nitrate. Finaly, the
analysis of the samples was carried using an optical microscope analyzing 50 cells were per
plate (2 per sample) and differentiating the damage levels (0,1, 2, 3 and 4), for the
calculation of the damage index was made according to the visual classification system
(27). Additionally, positive control (1 M H20.) was used to demonstrate the sensitivity of

alkaline comet assay.
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5.2.4. Histological examination
Tissue sections of lung, liver, kidney, heart, and brain were fixed in formalin 10%
and then embedded in paraffin. A portion of 5 um was cut in a microtome and placed in a
glass dlide, colored with hematoxylin and, eosin (28), the readings of the samples were
made by a veterinarian pathologist in an optical microscope and without identification of

the treatments.

5.2.5. Oxidative stress
A generous fraction of liver and lung of each animal was separated by dissection
and immediately placed on ice and stored at -20 °C. For the subsequent analysis, the tissues
were homogenized in 50 mM PBS at pH 7.4, centrifuged to remove cell debris (10,000 x g,
10 minutes) and finally, the supernatant was collected and stored at -20 °C. Samples were

normalized for total proteins contents using bovine serum albumin (BSA) as standard (29).

5.25.1. Evaluation of enzymatic antioxidant defenses

The activities of the enzymes superoxide dismutase (SOD), catalase (CAT),
glutathione peroxidase (GPx) and glutathione S-transferase (GST) were measured in liver
and lung. The SOD activity was determined by evauating the inhibition rate induced by
each sample on the superoxidation of superoxide-dependent adrenaline and measured at
480 nm for 10 min of kinetics with readings each 30 seconds (30). The CAT activity was
evaluating the decrease in the absorbance of hydrogen peroxide (H202) in kinetics at 240
nm for 5 min every 30 seconds (31). GPx activity was determined by a decrease in the
absorbance of tert-butyl hydroperoxide, measured in the kinetics of 6 min with readings

each 30 seconds at 340 nm (32). The GST activity was determined by the rate of increase of
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conjugated glutathione (GSH) in absorbance of 1-chloro-2,4-dinitrobenzene for 5 min of
kinetics and readings each 30 seconds at 340 nm (33). The results were expressed as U
SOD/mg protein, U CAT/mg protein, U GPx/mg protein, and U GST/mg protein.
Additionally, the relationship between SOD and the sum of CAT, GPx, and GST (PER)
activities were analyzed for understanding of the effects induced by coal dust exposure on
the enzymatic antioxidant system, taking into account that al enzymes related, work in

enzymatic pathways to convert superoxide anion into water (34).

5.25.2. Analysesof redox statusin biomolecules (proteins and
lipids)

We determined the redox state assessment of the general cellular environment by
evaluation of the content of total reduced thiol (SH) (35), where the samples were mixed
with 10 mM 5,5-dithiobis-2-nitrobenzoic acid prepared in ethanol. The SH content was
determined after 60 min by the absorbance at 412 nm and the results were expressed in
pmol SH/mg protein. The formation of reactive species of thiobarbituric acid (TBARS) was
evaluated as the index of lipid peroxidation (36), where 10% trichloroacetic acid was added
to each sample, then centrifuged at 10,000 RCF at 4°C. The supernatant was heated with
0.67% thiobarbituric acid for 20 minutes. The level of TBARS was determined by
measuring the absorbance at 532 nm and the results were expressed in nmol of TBARS/mg

of protein.
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5.2.6. Expression of interleukin-13 (IL-1B) and tumor necrosis
factor-alpha (TNF-a)

Systemic concentrations of interleukin-1p (IL-1f) and tumor necrosis factor-alpha
(TNF-0) were determined by Enzyme-Linked Immunosorbent Assay (ELISA) with
commercial reagents (ELISA Ready-SET-Go, eBioscience, USA). The intra-assay
coefficient variation was of <4.5% for all cytokines. Subsequently, 96-wells were incubated
overnight with captured antibody anti-IL-13 or TNF-a diluted in PBS 1X. After blocking
for 1 h to avoid non-specific binding, we added 100 pL of standard anti-IL-1p3 or TNF-a
and plasma samples. The cytokines were detected by the use of horseradish peroxidase-
labeled monoclonal antibody to each target after the addition of 100 pL anti-rat anti-1L-1(3
or TNF-a biotinylated. The antibodies were placed in each well and incubated for 2 h at
room temperature. The microplate was gently washed to remove unbound enzyme-labeled
antibodies. The horseradish peroxidase in each well was determined by the addition of 100
ML sulfuric acid 1 M to reaction stop. All readings were performed at 405 nm in plate reader
(EZ Reader 400, EUA). The interpolation from the calibration curve determined cytokines
concentrations and the results were presented in pg/mL.

5.2.7. Satistical analysis
We checked normality of al the data obtained, using the Shapiro-Wilk test, normal
data were tested using one-way ANOVA with post hoc Tukey test. In the absence of
normality, data were tested with Kruskal-Wallis test with Dunns comparisons. The
criterion of significance was set at p<0.05. The statistical analyses were carried out using

Graph Pad Prism 7.0 software (GraphPad Inc., San Diego, CA).
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5.3. Results

53.1 Damageindex in blood and lung using comet assay
Fig. 1 shows statistically significant higher  DNA damage indexes of male Wistar
rat exposed to sub-bituminous coal in whole blood when was exposed with 12.5 and 25

mg/m?3/day, while in lung tissue was only observed a significant increase with the inhalation

of 25 mg/m3/day.
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Figure 1. DNA Damage index (DI) in whole blood and lung tissue of control rats (O
mg/md/day) and rats exposed to inhalation of sub-bituminous coal of La Guacamaya mine.
(A) DNA Damage index in whole blood, and (B) DNA Damage index in lung tissue.
Results are shown as mean + SEM. *Satistically significant from the control group (p

<0.05).
5.3.2. Histopathological effects studied and Bodyweight alterations.

Histopathological aterations were detected only in the lung tissue. The histological
aterations reported in the lung were the multifocal presence of black pigments inside the

macrophages in different levels depending on exposition dose used (Figure 2).
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In Table 1, we reported histopathological aterations with different levels of
multifocal black pigments inside the macrophages in the lung tissue of male Wistar rats
exposed to the inhalation of sub-bituminous coal from La Guacamaya mine.

Subacute inhalation of sub-bituminous coa from La Guacamaya mine did not
induce toxic effects in weight of adult male of Wistar rats. The animals showed no clinical
signs of toxicity related to the inhalation of coa along the experiments or abnormal

macroscopic lesions in the necropsy examination.

(B)

©)

Figure 2. Different levels of multifocal black pigments inside macrophages (blue) in the
lung tissue of male Wistar rats exposed to inhalation of sub-bituminous coa from La
Guacamaya mine (A) discrete (+) (B) moderate (++) and (C) severe (+++).
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Table 1. Numbers of animals and percentage of multifocal black pigments inside
macrophages in different levels discrete (+)moderate (++) and severa (+++) in the lung
tissue of control rats (0 mg/m3day) and rats exposed to inhalation of sub-bituminous coal
from La Guacamaya mine.

0 6 12,5 25
Alteration mg/m3/day | mg/m3/day | mg/m3/day | mg/m3/day

Not Alterations (n; % )* 12 (100%) | 8 (66.66%) | 2 (16.66%) | 3 (25%)
Discrete (+) (n; %)* 0 3(25%) | 2(16.66%) | 2 (16.66%)
Moderate (++) (n; %)* 0 1(8.33%) | 8(66.66%) | 5 (41.66%)
Severe (+++) (n; %)* 0 0 0 2 (16.66%)

* Columns contain information of quantity of animal (n) and percentage (%) per ateration

reported.

5.3.3. Enzymatic levels of antioxidant defenses

Table 2 shows the enzymatic levels of antioxidant defenses in lung and liver of rats
exposed to subacute inhalation of sub-bituminous coal dust. It was detected a significant
increase in glutathione S-transferase (GST) activity in lungs on animals exposed to 12.5
and 25 mg/ m3/day, while in liver, it was detected a significant increase in superoxide
dismutase (SOD) activity in rats exposed to 25 mg/m3/day (Table 2).
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Table 2. Antioxidant enzyme activity in lung and liver of control rats (O mg/m3day) and

rats exposed to inhalation of sub-bituminous coa from La Guacamaya mine.

Enzymatic antioxidant 0 6 12.5 25
defenses mg/m3/day | mg/m®/day | mg/m3day | mg/m®day
Lung
SOD activity (U SOD/mg
protein) 27.48+0.9 | 25.74+1.91 | 26.67£1.81 | 25.48+1.31
CAT activity (U CAT/mg protein) | 54.92+8.92 | 39.1+8.83 40.5+9.31 | 84.89+£10.64
GPx activity (U GPx/mg protein) | 0.65:0.02 | 0.76:0.05 | 0.67+0.02 | 0.68+0.04
GST activity (U GST/mg protein) | 10.67+2.63 | 17.72+2.74 | 20.67+3.55* | 30.95+8.32*
SOD/PER ratio 0.72+£0.17 | 1.00+0.28 0.89£0.15 0.39£0.06
Liver
SOD activity (U SOD/mg
protein) 77.56+£3.11 | 77.27£5.76 | 84.68+6.82 | 115.4+8.13* ‘

207.1+36.8
CAT activity (U CAT/mg protein) 9 181.7+£79.28 | 163.3£47.73 | 156.0+32.76
GPx activity (U GPx/mg protein) | 1.26£0.06 | 1.20+0.07 | 1.28+0.08 | 1.50+0.29
GST activity (U GST/mg protein) | 0.049+0.01 | 0.047+0.01 | 0.057+0.01 | 0.058+0.009
SOD/PER ratio 0.50£0.08 | 0.60+0.25 1.18+0.27 1.32+0.42

Results are expressed in mean + SEM. *Bold indicates significant changes (p <0.05).

5.3.4.

L evels of markers of oxidative damage

The markers of oxidative damage showed significantly increased levels of

thiobarbituric acid species reactives (TBARS) and a significant decrease in the levels of

reduced thiol content (SH) in the lung of animals exposed to 25 mg/m3/day. However, we

did not detect changes in markers of oxidative damage in the liver (Figure 2).
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Figure 3. Oxidative damage markers levels in lung an liver of control rats (0 mg/m?3/day )

and rats exposed to inhalation of sub-bituminous coal from La Guacamaya. (A) levels of

TBARS in lung, (B) levels of SH in lung, (C) levels of TBARS in liver and (D) levels of

SH in liver. Results are expressed as the mean + SEM. * indicates significant changes (p

<0.05).
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5.35. Systemic concentrations of inflammatory factors (TNF-a and
IL-1B) in plasma

Figure 4 showed a significant increase in levels of tumor necrosis factor apha
(TNF-a) in Male of Wistar rats exposed to 25 mg/m3day. However, the levels of

interleukin-1B (IL-1pB) did not shown significant changes.
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Figure 4. Systemic concentrations of inflammatory factors of control rats (0 mg/m3) and
rats exposed to inhalation of sub-bituminous coa from La Guacamaya. (A) Levels of TNF-
a and (B) Levels of IL-1B. Results expressed as the mean + SEM. * Satistically significant
difference (p <0.05).

5.4. Discussion
Particul ate matter released to the environment by open-pit coal mining generates health
complications in coa mine workers (37,38). This complications also have demonstrated in
human populations (39) and wildlife in the vicinity of coa mining areas (28,40). In the
world, research has been conducted on the effects of coal on exposed populations, despite
these researches few environmental measures are taken to protect affected communities.
Studies in Colombia that evaluate the impact of sub-bituminous coa are scarce. In this

study, it was exposed to subacute inhalation of sub-bituminous coa from Colombia, mae
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Wistar rats in a controlled ambient, to generate an approximation of the affected
populations and reveal the effect caused by exposure to sub-bituminous coal in a short time.
The akaline comet assay has been used to biomonitoring the health status of
different biological species (18,41-43). Our results showed an increased DNA damage
index in whole blood and lung tissue of male Wistar rats exposed to sub-bituminous coal
dust for 14 days. These results are supported by the results obtained in the biomonitoring
of coa mining areas in Colombia (16,19) and Brazil (44), where the evidence of genotoxic
damage was demonstrated in workers and inhabitants of the zones. Additionally, a work of
Torres-Avila et al,. reported different levels of inorganic elements, polycyclic aromatic
hydrocarbons, and inorganic oxides in sub-bituminous coal from La Guacamaya mine with
the ability to induce oxidative stress leading to DNA damage, blockage and/or delay in the
progression of the cell cycle, as well as structural dysfunction in several proteins (8). Other
studies also supported that the exposure to the residues of coa extraction produces the same
consequences and, additionally, inflammatory activity (45-47). In addition, other work of
Torres-Avila et al. reported that exposition to sub-bituminous coa from La Guacamaya
increased the primary lesion levels and oxidative lesion in DNA in V79 cell line (23).

The lung tissue analysis of male of Wistar rat exposed to subacute inhalation of sub-
bituminous coal showed multifocal black pigments into macrophages, which was
increasing with the elevation of exposition dose. The presence of black pigments inside the
macrophages in the lung tissue could be related to the accumulation of sub-bituminous coal
dust. These results are compatible with the results showed in coa work pneumoconiosis
(CWP) (48,49). Additionally, inhaation of coal dust can lead to the development of several

diseases, including CWP, bronchitis, emphysema, Caplan syndrome and silicosis (48,49),
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lung tumors (50,51), and induce bronchoalveolar reactive hyperplasia and reordering of
epithelia cells (52).

In our study, the evaluation of total antioxidant defenses in the lung showed an
increase in the detoxification system in GST levels, indicating that male of Winstar rats
exposed to sub-bituminous carbon induces the response of the detoxification system in the
lung that would associate with the increase in ROS generation stimulated by chemical
compounds of coal accumulated in the tissue. These results are consistent with the results
of severa studies that show that the increase in ROS generation can lead to oxidative stress
(9,44,53). Additionally, Da Silva et a. (54) reported the risk of environmental and/or
occupational exposure to miscellaneous chemical products that can lead to oxidative stress.

Torres-Avila et a. (8) reported that the sub-bituminous coa from La Guacamaya
mine has a variable composition of chemical compounds associated with the generation of
toxicologic effects in the humans. This work also reports the presence of different
concentrations of inorganic elements such as Na, Mg, Al, Si, S, Cl, K, Ca, Ti, Cr, Mn, Fe,
Ni, Zn and Sr, polycyclic aromatic hydrocarbons such as Naphthalene, Acenaphthene,
Phenanthrene, Anthracene, Fluoranthene, Benzo (a) anthracene, Benzo (g,h,i) pyrene,
Benzo (b) fluoranthene, Dibenzo (a,h) anthracene, Indeno (1,2,3-cd) pyrene, and Benzo (k)
fluoranthene and major inorganic oxides such as SiO, TiO», Al2O3, Fex0O3, MgO, Ca0,
NaO, K20, P.Os and SO3) (8). In the same work Torres-Avila et a. (8) proposed a model
where the residues of benzo [a] pyrene, fluoranthene, benzo [b] fluoranthene, phenanthrene,
Ti, Mg, Cr, Cl, S, and SIO2 presented in coal was capable of generating reactive oxygen
species (ROS) for several routes (similar to Fenton reactions). The ROS can affect the

progression of the cell cycle (8).
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Subacute inhalation of sub-bituminous coal produces alterations in the level of
markers of oxidative damage in lipids and proteins. The increase in lipid peroxidation
levels could affect the normal functioning of biological membranes after the transformation
of polyunsaturated lipids into polar lipid hydroperoxides (34,55). Additionally, thiols are
part of total antioxidant defenses in the body and play a role against reactive oxygen
species (56). The decrease of sulfhydryl groups could lead to the excessive generation of
bonds disulfide, misfolding, aggregation, degradation of proteins, and cell death because it
is known that SH groups proteinaceous or nonproteinaceous are highly susceptible to

oxidation by ROS induced (57-59).

Finally, ROS generation induced by the exposure to residues of coal mining has also
been reported to cause an increase in inflammatory activity (45-47). In this work, was
analyzed the levels of rapid response cytokines (IL-1p and TNF-a) with similar biological
functions and act together in the initiation of the inflammatory processes (60, 61). In our
study, the inhalation of the sub-bituminous coal-induced liberation of TNF-a, which has an
important role in the initiation of the inflammatory response in lungs and other organs.
This initial reaction results in the activation of the cytokine cascade and the stimulation of
neighboring cells, which produce mediators involved in the recruitment of neutrophils,
monocytes, and lymphocytes (62, 63). It is aso known that coal particles are poorly soluble
and tend to generate inflammatory processes (64). This reaction could be associated with
accumulation of coal dust in the lung tissue detected in the histopathological analysis.

In conclusion, our work demonstrates that sub-acute inhalation of sub-bituminous

coa from La Guacamaya mine from Colombia, increased the genotoxicity, produced
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histopathological lesions, induced primary inflammatory response, and the mainly

mechanism suggested was oxidative stress.
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6. DISCUSSAO GERAL

A Colémbia é o pais com as maiores reservas de carvao da América Latina e é
considerado um dos paises exportadores de carvao mais jovens no mundo (Rudas 2014). O
pais possui recursos potenciais de 16.992 milhdes de tonedladas (Mt) de carvéo, e
exportacoes de 85 Mt por ano (Agencia Naciona de Mineria 2013; Jahnig and Volkmann
2009). A maior parte da atividade mineradora do pais est4 focada na producdo de carvéo
mineral (47%) (Agencia Naciona de Mineria2013).

As principais reservas do mineral estdo localizadas no norte da Colémbia, na
regido da Costa Atlantica, nos departamentos de La Gugjira, Cesar e Coérdoba, onde a
mineracdo do carvdo acontece a ceéu aberto (UPME 2012). O carvdo nesta regido é
caracterizado por possuir um poder calorifico de aproximadamente 11.600 BTU/Ib, baixa
umidade, cinza e enxofre. O carvao produzido na Colémbia é usado na indUstria e na
geracdo de calor, vapor e eetricidade, e é facilmente transportado para o exterior gracas a

proximidade dos portos costeiros (UPME 2012).

A mina de carvéo El Cerrejon € a maior mina de carvao a céu aberto do mundo e
possui reservas estimadas em 2.193 Mt de carvéo do tipo betuminoso, com alto poder
calorifico, baixo teor de cinzas e baixa concentracéo de elementos-traco (UPME 2012). A
producdo deste tipo de carvéo com altos teores de silica tem sido relacionada com altos
nivels de poluicdo da &gua potavel das comunidades perto da mina Além disso, as
popul agdes destas regides comegaram a apresentar algumas doengas e sintomas como dores
de cabeca, erupcdes cutaneas e doencas do pulméao (Pulido 2007).

A mina La Guacamaya € também uma mina de carvéo a céu aberto, possuindo

reservas calculadas em 381 Mt com carvao Sub-betuminoso de tipo A, 0 qual apresenta um
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teor total de enxofre de 2,3%, e ato teor de material volatil (Prada Fonseca et a. 2016). A
mineracdo deste tipo de carvdo tem sido relacionada a genotoxicidade ambiental em

algumas espécies de roedores das areas de exploracéo (Leon et a. 2007).

Para compreender melhor os efeitos produzidos pela exposicdo ao carvao
betuminoso e sub betuminoso da ColGmbia, este trabalho caracterizou e avaliou amostras
destes carvOes. A caraterizacdo das amostras identificou os principals compostos nos
carvdes da Coldmbia e, apos esta etapa, foi feita a avaliagdo in silico e analisado o efeito
dos compostos em proteinas de Homo sapiens com o uso de ferramentas bioinformaticas. A
avaliacao in vitro foi feita em linhagens de células V79 (fibroblastos de pulméo de Hamster
chinés) e a avaliacdo in vivo feita em ratos Wistar machos adultos expostos a inaacédo

subaguda de carvéo sub-betuminoso.

No Capitulo I, foram identificados os principais elementos quimicos do carvéo
betuminoso e sub betuminoso da Coldmbia, com o objetivo de conhecer os diferentes
nivels dos principais Oxidos inorganicos, elementos inorganicos e hidrocarbonetos
aromaticos policiclicos. Adicionamente, neste capitulo, foi feita a andise de quimio-
biologia de sistemas entre os compostos detectados e as proteinas de Homo sapiens, para a
compreensdo dos mecanismos de atuacdo destes compostos do carvéo da Coldmbiano ciclo
celular.

Como pode ser observado nas Tabelas S1, S2 e S3 do Capitulo |, as particulas de
carvao betuminoso e sub-betuminoso da Coldmbia apresentam diferentes concentracdes de
elementos inorganicos, hidrocarbonetos arométicos policiclicos e 6xidos inorganicos em
diferentes concentragtes. O carvéo betuminoso possui maiores concentragoes de Si, Al, S,

Fe, Ti, K, Cl, Ni, Mn, Zn, Benzo[a]anthracene, Fluoranthene, Anthracene, Naphthalene,
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Phenanthrene, Benzo[g,h,i]pyrene, Benzo[b]fluoranthene,  Dibenzo[ah]anthracene,
Indeno[1,2,3-cd]pyrene, Benzo[k] fluoranthene, SIO,, Al2O3, TiO2, K20 e P.Os, enquanto
gue o carvdo sub betuminoso possui maiores concentracbes de Na, Ca, Mg, Cr, S,

Acenaphthene, Ca0, SOz, MgO, Fex0O3 e NaxO.

E importante ressaltar a presenca de 6xidos inorganicos (Tabela S1, Capitulo 1)
como 0 SOz, conhecido como silica, e AloOz, assim como a presenca elementos
inorganicos e hidrocarbonetos aromaticos policiclicos (Tabelas S2 e S3, Capitulo |) nas
particulas de carvdo betuminoso e sub-betuminoso da Colémbia. Estudos in vitro tém
demostrado que a silica possui a capacidade para a geracdo de estresse oxidativo, levando a
geracdo de citotoxicidade e genotoxicidade (Guidi et a. 2015; Sandberg et al. 2012; Zhang
et a. 2015). Complementarmente, estudos in vivo reportam a geracéo de estresse oxidativo
pelaformacdo de radicais hidroxila ou ERN, que provocam episodios de sinalizacdo da NF-
kB e AP-1, claves na patogénese das doencas pulmonares como silicose, fibrose e cancer
(Chen and Shi 2002; Cox 2011; Ding et a. 2002). Similarmente, foi demostrada a formacéo
da radical hidroxila e a geracdo de estresse oxidativo causada pelo Oxido de auminio
(Al20g) (Shrivastava et a., 2014) in vitro (Achary et a., 2012; Rajiv et d., 2015) ein vivo.

Também é importante ressaltar a presenca de el ementos inorganicos do tipo metais e
componentes organicos como os HAP presentes no carvdo da Colombia. Estes compostos
podem influenciar consideravelmente a formacgéo de ERO, que levam a danos no DNA e a
inducdo de processos inflamatorios (Knaapen, et a., 2004; Mgller et al., 2014).

As andlises de quimio-biologia de sistemas do Capitulo | mostram os possiveis
efeitos dos compostos quimicos do carvdo da Colémbia nos processos do ciclo celular.

Curiosamente, 0s bioprocessos de reparo de DNA foram encontrados em associagdo com
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oxidos, elementos inorganicos e hidrocarbonetos arométicos policiclicos. Ao que parece,
esta combinag8o particular esta associada a0 aumento do dano ao DNA em sistemas
celulares in vitro, como foi reportado por (Ledn-Mejia et a. 2016) em popul acbes humanas
em ambientes de mineracdo de carvdo. Adicionalmente, Valko et a. (2006) informou que o
principal mecanismo proposto para esses efeitos envolve dano oxidativo pela producéo de
ROS. O estresse oxidativo gerado pelos ROS pode causar aterages na progressao do ciclo
celular (blogueio €/ou atraso), bem como disfungédo estrutural em diversas proteinas. Além
disso, € sabido que os pontos de verificagdo de integridade do DNA (G1/S e G2/M e M/A)
determinam atrasos no ciclo celular (Rieder 2011). A parada do ciclo celular associada a
misturas complexas de HAPs, metais e outros compostos organicos ap0s exposicao a
residuos de mineragdo de carvdo foi observada in vitro por (Tucker and Ong 1985), e in
vivo por Espitia-Perez et a. (2018). Mais recentemente, a exposicdo ao benzo [a] pireno
(também presente no cluster) tem sido relatada como indutora de parada do ciclo celular e
apoptose em células de cancer de coriocarcinoma humano pela geracdo de ROS (Kim et dl,.
2017).

No Capitulo 11, os resultados de citotoxicidade e genotoxicidade in vitro descritos
estdo relacionados com os mesmos do Capitulo |, no qual € indicada a composicdo das
amostras de carvao betuminoso e sub-betuminoso. Esta relagdo € sugerida pela composicéo
do carvéo da Colémbia (O6xidos, elementos inorganicos e hidrocarbonetos arométicos
policiclicos). E sabido que a presenca de elementos inorganicos de tipo metais sollveis,
como o Fe, Pb, Hg, Cd, Ag, Ni, V, Cr, Mn e Cu tem a capacidade de gerar ERO pelaviada
reacdo de Haber-Weiss e, como consequéncia, levar a estresse oxidativo (Knaapen et a.
2004; Lodovici and Bigagli 2011). Os HAP também tém um papel importante na geracéo

de genotoxicidade nas particulas de p6é de carvdo, as quals, a0 serem ativadas
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metabolicamente, conseguem induzir a formagdo de ERO, levando a producgdo de estresse
oxidativo e formagdo de adutos ou quebras simples no DNA (Mazzoli-Rocha et a., 2010;
Perera et d., 2005 & Valavanidis et a., 2013). A principa via para a ativacéo metabdlica
dos HAP é catalisada pela citocromo P450 para a formacéo de diol epdxido, que leva a
formacdo de adutos no DNA, radicais catibnicos e formacdo de quinonas com atividade
redox (Das et a. 2014; Deder, Johannessen, and Rasmussen 2009). E destacado que o
Antraceno e o0 Fuoranteno presentes nas amostras do carvéo da Colémbia estdo
classificados no Grupo 3 pela IARC como mutagénicos (IARC 2010), apesar de existem
estudos que demostrem efeitos carcinogénicos do Fluoranteno (Bostrom et al. 2002). O
Benzo(a)antraceno € classificado no grupo 2A pela IARC (IARC 2010), como mutagénico
para varios organismos, incluindo humanos (Kido et a. 2011; Scientific Committee on

Food 2002; USEPA 1999)

No Capitulo |11, podemos observar que pulmdes de ratos expostos a inalacéo
subaguda com particulas de carvéo sub betuminoso mostraram presenca multifocal de
pigmentos de coloracdo preta no interior de macréfagos (Figura 2 Tabela 1, Capitulo 111).
Nestes experimentos, 0s animais expostos a particulas de carvdo sub-betuminoso
mostraram lesbes compativeis com pneumoconioses, que vao aumentando conforme maior
dose inalada. A pneumoconiose de traba hadores de carvéo € uma doenca pulmonar crénica
causada pela inalagdo de poeira, que desencadeia a inflamacéo dos aveéolos, resultando em
danosirreversiveis ao pulméo e varia em gravidade do simples ao avancado (CDC 2012).

Os efeitos genotoxicos evidenciados em células do sangue e pulméo de ratos
expostos a diferentes concentragdes de carvao sub betuminosos poderiam estar associados

com a acumulagdo de residuos de carvdo observada no estudo histopatologico, tendo em
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conta que as particulas de carvdo sdo consideradas pouco sollUveis e quimicamente
complexas. Elas sdo compostas por uma variedade de elementos quimicos que, com a guda
dos mecanismos celulares e ndo celulares, contribuem para a formagdo de ERO. Como
consequéncia, geram dano oxidativo, como foi observado também em culturas de células
V79 (fibroblastos de pulméo de Hamster chinés), em resultados descritos no Capitulo 11
deste trabalho e no Capitulo I. Neste, foi sugerido que o estresse oxidativo produzido pelos
ERO pode gerar ateractes na progressdo do ciclo celular (bloqueio e/ou atraso) e disfuncéo
estrutural em diversas proteinas. Esta hipotese também se apoia em alguns estudos de
genotoxicidade feitos por Caballero-Gallardo & Olivero-Verbel (2016) e Leon et a. (2007),
nos quais foi determinado o potencial genotdxico dos residuos da mineragdo de carvéo
usando sangue periférico de camundongos silvestres.

Assim, no presente estudo, foi analisada a atividade enzimética antioxidante no
pulmdo e no figado de ratos. No pulméo, as duas concentracbes mais atas sdo as que
apresentam elevados niveis na atividade da enzima GST, que também poderiam estar
relacionados com a acumulagdo de pd de carvdo. esta acumulacdo foi observada na
histopatologia em maiores niveis nas concentragdes mais atas, o que indicaria que os
pulmdes estéo reagindo e depurando os produtos de estresse oxidativo, que estaria sendo
gerado pela acumulacédo de residuos de carvdo com capacidade de induzir a producéo de
ERO, j& que tem sido descrito por vérios autores o rol dos elementos inorganicos do tipo
metais na geracdo de dano oxidativo (Detmar and Hartwig 2008; Jaishankar et a. 2014,
Jomova and Valko 2011). Dados que sdo complementados com estudos que relatam a
existéncia de varios polimorfismos funcionais da GST, que provavelmente contribuem na

resposta contra os xenobioticos e depuracdo de produtos de estresse oxidativo. Portanto,
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podem determinar a suscetibilidade a varias patologias inflamatdrias, incluindo cancer e
doencas cardiovascul ares e respiratorias (Hayes et a. 2005; Mcllwain et al. 2006).

No figado, a atividade elevada da SOD poderia estar relacionada com a capacidade
de translocacdo de alguns metais solGveis. Tem sido descrito por Winfried et a. (2011) que
alguns metais solUiveis possuem a capacidade de transloucar-se pela circulagcdo sanguinea a
0rgdos extrapulmonares e, complementarmente, Mani et al. (2007) demostraram que ratos
expostos a cinza de carvao expressam concentragcdes de Cd nos pulmdes, figado e rins,
indicando que o Cd foi levado para ¢6rgéos extrapulmonares. Além disso, sabe-se que o
figado é um lugar importante para biotransformagdo de xenobiéticos sendo, portanto, um
0rgdo predisposto a sofrer danos por receber as substancias toxicas do sistema circulatério
e, adicionamente, também pode ser o local da ativagcdo de alguns destes componentes
(Singh, Cho, and Upadhyay 2016). Com o aumento dos niveis da SOD no figado, é
indicado que as defesas antioxidantes estéo sendo ativadas, conforme descrito por Fukaya
& Yamaguchi (2004) que a superoxido dismutase (SOD) desempenha um papel importante
na remocao de radicais superoxido que induzem morte celular e apoptose.

A inaacéo subaguda de carvéo sub-betuminoso também produz alteracdes no nivel
de marcadores de dano oxidativo em lipidios e proteinas. A peroxidacdo lipidica é um
marcador sensivel devido a ata probabilidade de lipidios sofrerem oxidacéo e, portanto, €
um marcador de estresse oxidativo atamente utilizado. O aumento dos niveis de
peroxidacdo lipidica detectados no pulméo poderiam indicar que os residuos de carvéo
acumulados neste 6rgéo podem afetar o funcionamento norma das membranas biol 6gicas
das células no pulméo. Avery (2011) e Halliwell & Gutteridge (2006) reportaram que 0
aumento dos niveis de peroxidagéo lipidica pode afetar o funcionamento das membranas
biol6gicas apods a transformacdo de lipidios poli-insaturados em hidro peroxidos lipidicos
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polares. Adicionalmente, a diminuicdo dos grupos sulfidrila detectada no pulméo poderia
levar a geracéo excessiva de ligacOes disulfeto, desdobramento, agregacdo e degradacdo de
proteinas, e até mesmo a morte celular. E possivel que isso acontega, uma vez que é sabido
gue os grupos SH proteinaceous ou ndo proteindceous sdo altamente suscetiveis a oxidacdo
induzida pelos ERO (Cumming et al. 2004; Sitia and Molteni 2004; Winterbourn and
Metodiewa 1999).

Em relacdo a resposta inflamatéria (Figura 4, Capitulo 111), observou-se um
significativo de TNF-a em ratos expostos a altas concentrages de carvao. E descrito por
varios autores que, apos a ativacdo de céulas fagociticas como os macrofagos, séo
liberadas citocinas como TNF-a e IL-1B (inicio agudo da inflamacdo) (Li et a. 2015;
Scheller et a. 2011; Schins 1999).

Considerando os efeitos induzidos in vivo pela exposi¢ao as particulas de carvao sub
betuminoso, cabe ressaltar que estes efeitos poderiam estar associados com a geracéo de
eventos prévios a carcinogénese. Coerentemente, nossos resultados do ensaio CBMN-Cyt
(Tabela 4, Capitulo I1) mostraram uma maior instabilidade cromossdmica, associada com a
eXposi¢ao as particulas de carvao sub-betuminoso, e tem sido sugerida a utilizacdo de MN
como um biomarcador preditivo de risco de cancer (Bonassi et a. 2011). Assim, aparece a
preocupacdo do risco causado pela exposi¢ao a produtos derivados da mineracéo de carvéo,
tais como silica, metais e compostos organicos (Jenkins et al. 2013).

Se considerarmos conjuntamente os resultados dos Capitulos|, 11 elll observamos
a complementacdo dos dados dos trés capitulos, onde a diversidade quimica achada nos
carvOes betuminoso e sub betuminoso pode explicar a geragdo de ERO que leva a estresse
oxidativo e dano no DNA demostrado in silico, in vitro e in vivo. E importante considerar
0s riscos gue sofrem as populagtes humanas, vegetais e animais por estarem em exposi¢éo
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aos residuos de mineracdo de carva@o na Colbmbia. Também, os desequilibrios causados
pela inalacdo de particulas aumentam o0s possiveis riscos para 0 desenvolvimento de

doencas respiratorias e de cancer.

150



7. CONCLUSOES
7.1. Conclusdo Geral

O conjunto de resultados desta tese permitiu concluir que as amostras de carvao
betuminoso e sub-betuminoso da Coldémbia apresentam citotoxicidade, genotoxicidade e
mutagenicidade ocasionadas pela mistura complexa de suas constituicdes, tanto in vitro
como in vivo. Os mecanismos de danos celulares demonstrados neste estudo envolvem

estresse oxidativo, processo inflamat6rio e blogqueio de ciclo celular.

7.2. Conclusdes especificas

e As andises de quimico biologia de sistemas a partir da caracterizacdo quimica
das amostras de carv@o mostraram que a mistura complexa de 6xidos, metais e HPA
estdo associados com a formacdo de ERO, aumento do estresse oxidativo e
induzem, consequentemente, parada do ciclo celular, senescéncia ou apoptose.

e Os resultados do ensaio clonogénico permitiram evidenciar o potencia
citotoxico dos carvoes betuminoso e sub-betuminoso em culturas de células V79
(fibroblastos de pulméo de Hamster Chinés), sendo o carvao betuminoso levemente
mali's citotoxico.

e As andlises pelo ensaio cometa alcalino e modificado com o uso da
endonuclease FPG demostraram que a exposicao das de células V79 aos dois tipos
de carvao induziram niveis similares de lesbes primérias e danos oxidativos em
bases puricas no DNA.

e Nas andlises dos biomarcadores do CBMN-Cyt foi observado que em atas

concentragbes de carvdo betuminoso ocorre a inducdo de instabilidade
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cromossomica com formagdo de microntcleos (MN) tanto em 3 horas como em 24
horas de exposicéo, enquanto que nessa concentragdo o carvao sub-betuminoso
induz formacgéo de broto e MN apenas em 24 horas de exposi ¢éo.

e Nas andises histopatol6gicas dos érgdos de ratos Wistar expostos a inaacéo
subaguda de carvao sub-betuminoso foram encontradas alteracfes histopatol dgicas
somente no tecido pulmonar.

e As andises do ensaio cometa alcalino de células do sangue periférico e tecido
pulmonar de ratos Wistar expostos a indagdo de carvdo sub-betuminoso
apresentaram aumento significativo dos niveis de lesdes primérias no DNA.

e A inalagdo de carvdo sub-betuminoso em ratos Wistar provoca alteractes
significativos dos niveis enziméticos de defesas antioxidantes, dos marcadores de
dano oxidativo de lipidios e proteinas do pulméo e figado, assim como a liberagdo

da citosina pro-inflamatéria (TNF-0).
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8. PERSPECTIVAS

Para aprofundar os conhecimentos sobre os efeitos da exposicdo ambiental aos residuos da
mineracdo do carvao betuminoso e sub-betuminoso, poderiam ser implementadas as

avaliacOes dos aspectos rel acionados a seguir.

v Determinar concentraces de elementos inorganicos presentes nos 6rgaos como
cérebro, coracdo, pulmdo, figado e rim de ratos Wistar expostos a inalacdo de
particulas de carvao da Colémbia.

v Andisar concentragbes de HAP no pulm&o de ratos Wistar expostos a inalacéo
de particulas de carvéo da Colémbia.

v Avdiar os efeitos genotdxicos na medula Ossea de ratos Wistar expostos a
inalac&o das particulas de carvéo.

v Confirmar as concentragdes de elementos inorganicos usando técnicas mais
sensiveis, como a espectrometria de massas com plasma de acoplamento indutivo.

v Avdiar in vivo periodos de exposicdo cronica nas particulas de carvéo de
Coldmbia.

v Andlisar aexpressdo de diferentes marcadores de proteinas de estresse em ratos,
apOs exposicao a inalacdo de particulas de carvao da Colémbia, usando western
blotting.

v Avdiar os €efeitos citotdxicos e genotoxicos em outras linhagens celulares e

diferentes tempos, com a exposi¢cado das particulas de carvao de Colémbia.
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Anexos 1. Certificado da Comissao de ética de Uso de Animais da Universidade Luterana
do Brasil.

“ ’
&
< <
bpagan®

LBRA

Comissio de Etica no Uso de Animais

CERTIFICADO

Certificamas que a proposta inbtulada “Asaliacio dos pardmetros Reshobdgions, genobiioos,
mutagénions & bioguimicos em ratos Wistar evposios a0 pd de orvio das minas Cemeon 2
Guacamaya da Coldmbia®, registada oom o nf2017/255, sob a responsabilidade de Jukana da Sia -
que ernoke 3 prococio, manrtencie oo whiliracis de animals pertencentes a0 flo Chordata, subfiio
Wertebrata {mooso fumanos), par fins de pesquisy centifice (ou ensno) - enconta-se de amrdo
OO 0% precsicos o3 Le e 11754 de B de ogtubro de 2008, do Deoeto n© 855, de 15 de julha de
2009, & com a5 normas ediadas peo Conselho Madonad de Controle de Experimentacic Animal
(COMCER), & fol aprovads pela COMISSED D ETI0A MO LSO DE ANTMATS (CEUA) da UNIVERSIDADE
LUTESANA DO BRASIL, em reonsio de 1270672017

a) resporsden] fica cemte gue neshuma 3o pocderd mer fefta na da proeto,
mﬂanﬁh]mﬂzmmdﬂamnuﬁ:m -

Apls dez dias do béming dos atvidades, ou quando st Comisssio julgar necessing, ofa)
resporsaivee] deserd apresentar nelatdng.

Finabdate | i 1 Ensno {x) Pesguem Cientfica
Wighncia ch antorsocin: L0017 & 04072018

Crmtidade
Edoe animal Linhagem/Raca Idade P Origem
MM | i | F | M4E
ot -
Rata heteroglnico | Wistar 155 17mg gae e [gges | e
Perbi (LUFPEL
M
Ca 1% g unho de 117,
noas, pn |bf_\1|j-l-'"‘"'-
Hﬂrﬂﬁhﬁ-f—m‘hﬂ
ol dr Een ma Lk e e LA

Peraia i |201114 - TVRR0 |4 - LARs
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Anexos 2. Atestado sanitario do Centro de Reproducgéo e Experimentagdo de Animais de
Laboratério (CREAL) da UFRGS.

BV ERESIE AT E FEASE AL Db B b0 R %0 1% 5 0 s
"FHGE S 0 TR § RE S A A A I %0 I C R E A [
wravrmsnane rrnonae  © F S TR I HEPRODLC R0F EPERIVIE ST A A0 1 4N AR IF 1 ATIOR A TTiE
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ATESTAIDG SANITARICE

[kaia de cmissiio: b4 de onimbre de 2007,
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Com closaficagio  genética comespomdente 3 Beterspludee ¢ classificaghe sanitiria
correspondente a convenceoisal msonitorada, provensentes da sala de paodugio - 1VLs
(Bisterna de reprodugio dpo harém), do Cemro de Repredecio ¢ Experimentacio de
Amimais die Labosasdeio da Universidade Fﬂh‘ll do Rin Grande do Sal (CREALUFRGS],
Y, m.-ﬂwim:us com ke aprosimsda & 14

:5!5f

alimentpdos com mgio M
semnanas (M 25 & 2606200 7).
Deesninnn dliss. mmimsis

05 anamals serio ransp Machado, em camo oficial da
BRALY, Labomtime de Gendtica

Toxicolbgiea, Av. Faroupilha, 8001, Prédio 22, 47 andan, sals 12, S50 logs, Canoss -

LUFRGS, para Universidsde Luterana dre Beasil fL

RS sob p responsabilidnde da profiessora Fulinna Silv

[eclaragio do médicn veterinaria

Desclare que os animais acima identificndos nie manifestim sinais clinees de doengas
aparembes ¢ eshio chimcamente sashos.

*Fere atestado & valicho por 11 dax
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Dra. Fernanda Basios de Mella
Witdles srterindns © HEALLUFRGS
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Av, Henio Gongalhves, 1500, peddio 47, 46, Pore Slepre’ RS Tel Fus: (511 130800450043
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Anexo 3. Curriculum Vitae

JOSE FERNANDO TORRESAVILA

Nacionaidade: Colombiano

Estado Civil: Solteiro

Data de Nascimento: 30/04/1979
E-mail: fernandot85@hotmail.com
FORMACAO

Doutorado em Biologia Celular e Molecular. Universidade Federal do Rio Grande do
Sul - UFRGS. Tese: Caracterizacdo quimica e efeitos biolégicos de duas amostras de
carvao das minas Cerrejon e Guacamaya na Coldmbia usando modelos in silico, in vitro e
in vivo. Orientador: Jodo Antdnio Pégas Henriques. Em andamento, com conclusio

prevista para abril de 2018.

Mestrado em Ciéncias Microbiologia. 2008. Universidade Nacional da Colémbia,
Bogota. Dissertacdo: Estudo da farmacorresisténcia e genotipagem do Mycobacterium

leprae colombiano no periodo 2000-2004. Orientadora: Martha Inirida Guerrero.

Graduacdo em Microbiologia. 2002. Universidade Libre de Barranquilla — Colémbia.
TCC: Producdo de écido gluconico por Acetobacter diazotrophicus PALS. Orientadora:

Paulina Lara Calderon.
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PUBLICACOESE PALESTRAS

¢ds M. leprag's drug resistance a real cause for concern? First approach to molecular
monitoring from multibacillary Colombian patients with and without previous leprosy
treatment. Artigo publicado na Revista Biomeédica, ISSN: 0120-4157 V.34 Fasc.1 p.1 - 6

,2014

Genotyping of Colombian Mycobacterium leprae for determining patterns of disease
transmission Colombia. Artigo publicado na Revista de Salde Publica, 1ISSN:0124-0064, V:

11 Fasc.1, 2009

Limitaciones Para el Serodiagnostico del Virus del Oeste del Nilo en Zonas Endémicas con
Co-circulacion de Havivirus en e Caribe Colombiano. Artigo publicado na Revista

ColombiaMédica 1SSN: 1657-9537.V:36: N° 3, 2005.

Presencia de Salmonella spp en Alimentos en e Caribe Colombiano. Artigo curto publicado

na Revista Infectio ISSN0123-9392. V: 8, N:2 2004

Deteccion de Anticuerpos contra Ehrlichia, Bartonellay Coxiella en Habitantes Rurales del
Caribe Colombiano. Artigo curto publicado na Revista Infectio, ISSN0123-9392.V:8 N:2

2004.

Problematica Ocupacional y Ambiental del Uso de Mercurio en la Mineria de Oro, |
Palestrante convidado no Simposio Internacional de Genotixidad y Salud Ocupacional,

BarranquillaNoviembre 24 y 25 de 2012.

Genotoxicidad del Carbdn. Palestrante convidado no Congreso de Salud Ambiental

“Adaptacion al Cambio Climético y Salud Ambiental” Bogota D.C. 1-3 de Agosto de 2012.
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Presencia de Salmonella spp en Alimentos en € Caribe Colombiano. Cartel apresentado no
IV Encuentro de Investigacion en Enfermedades Infecciosas, 10 al 12 de junio de 2004.

Pai pa-Boyaca-Colombia.

Tras el Descubrimiento de un Virus Emergente en Cordoba: Avance sobre la Circulacion
del Virus del Oeste del Nilo. Palestrante convidado no 1° Simposio de la Biologia

“Reconciliate con la Ciencia”, Octubre 19, 20 y 21 de 2004. Monteria, Cérdoba, Colombia.
IDIOMAS

Espanhol: idioma nativo

Portugués: fala fluentemente e |&/escreve

Inglés: 1€ e escreve com competéncia bésica

EXPERIENCIA

PROFESSOR E PESQUISADOR - UNIVERSIDADE SIMON BOLIVAR DE
BARRANQUILLA, COLOMBIA. (Desde Janeiro de 2012 ) — Atuagio como Pesquisador
na Unidade de Investigacdo Cientifica, Desenvolvimento e Inovacdo em Genética e
Biologia Molecular, Professor de Fundagdes bioldgicas do comportamento em Psicologia
2012-1, Genética Microbiana em Microbiologia 2012-2, Biologia em Enfermagem e

Fisioterapia2013-1e 2.

PROFESSOR - UNIVERSIDADE LIBRE DE BARRANQUILLA, COLOMBIA. (Desde
Agosto de 2012 — Dezembro 2012) — Atuagdo como Professor de Biologia Molecular

especializada no Mestrado em Microbiologia Molecular
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COORDENADOR DE PESQUISA FORMATIVA - FUNDACAO UNIVERSITARIA DO
AREA ANDINA, BOGOTA - COLOMBIA. (De fevereiro de 2008 — Novembro 2011) —
Atuacdo como coordenador metodolégico e de investigagdo do Centro de Pesquisa e

Desenvolvimento.

PROFESSOR- FUNDACAO UNIVERSITARIA DO AREA ANDINA, BOGOTA -
COLOMBIA. (De Maio de 2007 — Janeiro de 2008) — Atuacd como Professor de

metodol ogia e orientacdo metodol 6gicade TCC.

PESQUISADOR - CENTRO DERMATOLOGICO FEDERICO LLERAS ACOSTA
BOGOTA- COLOMBIA. (De Julho de 2006 — Julho de 2007) — Atuacd como
pesgquisador no projeto "Estudo da variabilidade genbmica e resisténcia a drogas de

Mycobacterium leprag".

PROFESSOR E PESQUISADOR - UNIVERSIDADE DEL SINU - MONTERIA -
COLOMBIA. (De Janeiro de 2005 — Junho de 2005) — Atuagdo como professor no curso
de Biologia Celular e Molecular para Medicina e pesquisador em projetos de pesguisa em

HIV e HTLV, Teste de Citogenética Humana, amostragens para a obtencéo de sangue.

PROFESSOR- UNIVERSIDADE DE CORDOBA — MONTERIA — COLOMBIA. (De
Fevereiro de 2004 — Dezembro de 2004) — Atuagdo como professor no curso de

Mecanismos de Doencas Infecciosas Medicina Veterinaria.

PESQUISADOR - INSTITUTO DE PESQUISA BIOLOGICA DO TROPICOS
UNIVERSIDADE DEL SINU - MONTERIA — COLOMBIA. (De Julho de 2003 —

Outubro de 2004) — Atuacdo como pesquisador em projetos de Microbiologia (isolamento,
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identificacdo, sorotipagem, manutencdo, extracdo de DNA bacteriano, eletroforéses, PCR,

imunofluorescéncia, ELISA).
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